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Introduction

EMUstack is an open-source simulation package for calculating light propagation through multi-layered stacks of dispersive, lossy, nanostructured, optical media. It implements a generalised scattering matrix method, which extends the physical intuition of thin film optics to complex structures.

At the heart of the scattering matrix approach is the requirement that each layer is uniform in one direction, here labelled z. In this nomenclature the incident field is unconstrained in $ k_{\parallel} = k_{x,y} $ but must have $ k_{\perp} = k_z \ne 0 $.

In-plane each layer can be homogeneous, periodic in x or y, or double periodic (periodic in x and y). The modes of periodic (structured layers) are calculated using the Finite Element Method in respectively 1 or 2 dimensions, while the modes of homogeneous media are calculated analytically. This approach maximises the speed and accuracy of the calculations.
These layers can be stacked in arbitrary order.

An advantage of EMUstack over other scattering matrix methods (for example CAMFR [http://docutils.sf.net/rst.html]) is that the fields in each layer are considered in their natural basis with transmission scattering matrices converting fields between them. The fields in homogeneous layers are expressed in terms of plane waves, while the natural basis in the periodically structured layers are Bloch modes. Expressing fields in their natural basis gives the terms of the scattering matrices intuitive meaning, providing access to greater physical insights. It is also advantages for the speed and accuracy of the numerical method.

EMUstack has been designed to handle lossy media with dispersive refractive indices, with the complex refractive index at each frequency being taken directly from tabulated results of experimental measurements. This is an advantage of frequency domain methods over time domain methods such as the Finite Difference Time Domain (FDTD) where refractive indices are included by analytic approximations such as the Drude model. It is also possible to include media with lossless and/or non-dispersive refractive indices and EMUstack comes with a built in Drude model.

Taking full advantage of the boundary-element nature of the scattering matrix method it is possible to vary the thickness of a layer by a single, numerically inexpensive, matrix multiplication. Furthermore, EMUstack recognises when interfaces are repeated so that their scattering matrices need not be recalculated but rather just retrieved from memory, which takes practically no computation time.

EMUstack is a completely open source package, utilising free, open source compilers, meshing programs and libraries.
All user interaction with EMUstack is done using the dynamic and easy to script language of python.
The low-level numerical routines are written in Fortran for optimal performance making use of the LAPACK, ARPACK, and UMFPACK libraries. The Fortran routines are compiled as python subroutines using f2py.
EMUstack currently comes with template FEM mesh for 1D and 2D gratings, Nanowire/Nanohole arrays, elliptical inclusions and split ring resonators. The mesh of other structures may be easily created using the open source program gmsh [http://geuz.org/gmsh/].
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Installation

The source code for EMUstack is hosted here on Github [https://github.com/bjornsturmberg/EMUstack]. Please download the latest release from here.

EMUstack has been developed on Ubuntu and is easiest to install on this platform. Simply ‘sudo apt-get install’ the packages listed in the dependencies.txt file and then run setup.sh.

$ sudo apt-get update
$ sudo apt-get -y install <dependencies>
$ /setup.sh





UPDATE: the current version of SuiteSparse is not fully compatible with 64 bit Linux... a solution to this is to backport SuiteSparse 3.4 from Ubuntu 12.04 [http://packages.ubuntu.com/source/precise/suitesparse] using the method described here [https://help.ubuntu.com/community/PinningHowto#Example_.231:_Pinning_the_ubuntu-x-swat.2BAC8-q-lts-backport-precise_PPA]. Alternatively the pre-compiled libraries have been shown to work on Ubuntu 14.04

On other linux distributions either use the pre-compiled libraries of install them from the package manager or manually.

All that is required to use the pre-compiled libraries is to switch to a slightly modified Makefile and then run setup.sh.

$ cd backend/fortran/
$ mv Makefile Makefile_ubuntu
$ mv Makefile-pre_compiled_libs Makefile
$ cd ../../
$ /setup.sh





The Fortran components (EMUstack source code and libraries) have been successfully compiled with intel’s ifortran as well as open-source gfortran. In this documentation we use gfortran.

NOTE: different versions of gmsh can give errors in the final test. This is okay, provided the test simulation ran, i.e. the test gives E rather than F.


SuiteSparse

The FEM routine used in EMUstack makes use of the highly optimised UMFPACK [https://www.cise.ufl.edu/research/sparse/umfpack/] (Unsymmetric MultiFrontal Package) direct solver for sparse matrices developed by Prof. Timothy A. Davis. This is distributed as part of the  SuiteSparse libraries under a GPL license. It can be downloaded from https://www.cise.ufl.edu/research/sparse/SuiteSparse/

This is the process I followed in my installations. They are provided as little more than tips...

Unpack SuiteSparse into EMUstack/backend/fortran/, it should create a directory there; SuiteSparse/
Make a directory where you want SuiteSparse installed, in my case SS_installed

$ mkdir SS_installed/





edit SuiteSparse/SuiteSparse_config/SuiteSparse_config.mk for consistency across the whole build; i.e. if using intel fortran compiler

line 75 F77 = gfortran --> ifort





set path to install folder:

line 85 INSTALL_LIB = /$Path_to_EMustack/EMUstack/backend/fortran/SS_install/lib
line 86 INSTALL_INCLUDE = /$Path_to_EMustack/EMUstack/backend/fortran/SS_install/include





line 290ish commenting out all other references to these:

F77 = ifort
CC = icc
BLAS   = -L/apps/intel-ct/12.1.9.293/mkl/lib/intel64 -lmkl_rt
LAPACK = -L/apps/intel-ct/12.1.9.293/mkl/lib/intel64 -lmkl_rt





Now make new directories for the paths you gave 2 steps back:

$ mkdir SS_installed/lib SS_installed/include





Download metis-4.0 [http://glaros.dtc.umn.edu/gkhome/fsroot/sw/metis/OLD] and unpack metis into SuiteSparse/ Now move to the metis directory:

$ cd SuiteSparse/metis-4.0





Optionally edit metis-4.0/Makefile.in as per SuiteSparse/README.txt plus with -fPIC:

CC = gcc
or
CC = icc
OPTFLAGS = -O3 -fPIC





Now make metis (still in SuiteSparse/metis-4.0/):

$ make





Now move back to EMUstack/backend/fortran/

$ cp SuiteSparse/metis-4.0/libmetis.a SS_install/lib/





and then move to SuiteSparse/ and execute the following:

$ make library
$ make install
$ cd SuiteSparse/UMFPACK/Demo
$ make fortran64
$ cp SuiteSparse/UMFPACK/Demo/umf4_f77zwrapper64.o into SS_install/lib/





Copy the libraries into EMUstack/backend/fortran/Lib/ so that EMUstack/ is a complete package that can be moved across machine without alteration. This will override the pre-compiled libraries from the release (you may wish to save these somewhere).:

$ cp SS_install/lib/*.a EMUstack/backend/fortran/Lib/
$ cp SS_install/lib/umf4_f77zwrapper64.o EMUstack/backend/fortran/Lib/








EMUstack Makefile

Edit EMUstack/backend/fortran/Makefile to reflect what compiler you are using and how you installed the libraries. The Makefile has further details.

Then finally run the setup.sh script!
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Simulation Structure

Simulations with EMUstack are generally carried out using a python script file.
This file is kept in its own directory which is placed in the EMUstack directory.
All results of the simulation are automatically created within this directory. This directory then serves as a complete record of the calculation. Often, we will also save the simulation objects (scattering matrices, propagation constants etc.) within this folder for future inspection, manipulation, plotting, etc.
Traditionally the name of the python script file begins with simo_. This is convenient for setting terminal alias’ for running the script.
Throughout the tutorial the script file will be called simo.py.

To start a simulation open a terminal and change into the directory containing the simo.py file.
To run this script:

$ python simo.py





To have direct access to the simulation objects upon the completion of the script use,:

$ python -i simo.py





This will return you into an interactive python session in which all simulation objects are accessible. In this session you can access the docstrings of objects, classes and methods. For example:

>>> from pydoc import help
>>> help(objects.Light)





where we have accessed the docstring of the Light class from objects.py

In the remainder of the guide we go through a number of example simo.py files. These cover a wide range (though non-exhaustive) of established applications of EMUstack. The source files for these examples are in EMUstack/examples/
The first 8 examples are pretty essential for using EMUstack, while those thereafter show EMUstack applied to a number of (IMHO) interesting situations.

Another tip to mention before diving into the examples is running simulations within Screen Sessions. These allow you to disconnect from the terminal instance and are discusses in Screen Sessions.




Single Interface

"""
Simulating an interface between 2 homogeneous, non-dispersive media.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()

################ Light parameters #####################
wl_1     = 500
wl_2     = 600
no_wl_1  = 4
# Set up light objects, starting with the wavelengths,
wavelengths = np.linspace(wl_1, wl_2, no_wl_1)
# and also specifying angles of incidence and refractive medium of semi-infinite
# layer that the light is incident upon (default value is n_inc = 1.0).
# Fields in homogeneous layers are expressed in a Fourier series of diffraction
# orders,where all orders within a radius of max_order_PWs in k-space are included.
light_list  = [objects.Light(wl, max_order_PWs = 1, theta = 0.0, phi = 0.0, \
    n_inc=1.5) for wl in wavelengths]

# Our structure must have a period, even if this is artificially imposed
# on a homogeneous thin film. What's more,
# it is critical that the period be consistent throughout a simulation!
period = 300

# Define each layer of the structure.
superstrate = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Material(1.5 + 0.0j))
substrate   = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Material(3.0 + 0.0j))

def simulate_stack(light):
    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)
    ###################### Evaluate structure ######################
    """ Now define full structure. Here order is critical and
        stack list MUST be ordered from bottom to top!
    """

    stack = Stack((sim_substrate, sim_superstrate))
    # Calculate scattering matrices of the stack (for all polarisations).
    stack.calc_scat(pol = 'TE') # Incident light has TE polarisation,
    # which only effects the net transmission etc, not the matrices.

    return stack

stacks_list = map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list=stacks_list)

# Calculation of the modes and scattering matrices of each layer
# as well as the scattering matrices of the interfaces of the stack
# is complete.
# From here on we can print, plot or manipulate the results.

# Alternatively, you may wish to finish the simo file here,
# and be output into an interactive python instance were you
# have access to all simulation objects and results for further
# manipulation. In this case you run this file as
# $ python -i simo_010-single_interface.py
# In this session the docstrings of objects/classes/methods
# can be accessed by typing

# >>> from pydoc import help
# >>> help(objects.Light)

# where we have accessed the docstring of the Light class from objects.py


######################## Post Processing ########################
# We can retrieve the propagation constants (k_z) of each layer.
# Let's print the values at the short wavelength in the superstrate,
wl_num = 0
lay = 1
betas = stacks_list[wl_num].layers[lay].k_z
print 'k_z of superstrate \n', betas
# and save the values for the longest wavelength for the substrate.
wl_num = -1
lay = 0
betas = stacks_list[wl_num].layers[lay].k_z
np.savetxt('Substrate_k_zs.txt', betas.view(float).reshape(-1, 2))
# Note that saving to txt files is slower than saving data as .npz
# However txt files may be easily read by other programs...


# We can also access the scattering matrices of individual layers,
# and of interfaces of the stack.
# For instance the reflection scattering matrix off the top
# of the substrate when considered as an isolated layer.
wl_num = -1
lay = 0
R12_sub = stacks_list[wl_num].layers[lay].R12
print 'R12 of substrate \n', R12_sub

# The reflection matrix for the reflection off the top of the
# superstrate-substrate interface meanwhile is a property of the stack.
R_interface = stacks_list[wl_num].R_net
# Let us plot this matrix in greyscale.
plotting.vis_scat_mats(R_interface)
# Since all layers are homogeneous this matrix should only have non-zero
# entries on the diagonal.

# Lastly, we can also plot the transmission, reflection, absorption
# of each layer and of the stack as a whole.
plotting.t_r_a_plots(stacks_list)

# p.s. we'll keep an eye on the time...
######################## Wrapping up ########################
print '\n*******************************************'
# Calculate and record the (real) time taken for simulation,
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }
print hms_string
print '*******************************************'
print ''

# and store this info.
python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()








Dispersion & Parallel Computation

"""
Simulating an interface between 2 homogeneous, dispersive media.
We use multiple CPUs.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()

# We begin by remove all results of previous simulations.
plotting.clear_previous()

################ Simulation parameters ################
# Select the number of CPUs to use in simulation.
num_cores = 2

################ Light parameters #####################
wl_1     = 400
wl_2     = 800
no_wl_1  = 4
# Set up light objects (no need to specifiy n_inc as light incident from
# Air with n_inc = 1.0).
wavelengths = np.linspace(wl_1, wl_2, no_wl_1)
light_list  = [objects.Light(wl, max_order_PWs = 1, theta = 0.0, phi = 0.0) \
    for wl in wavelengths]

# The period must be consistent throughout a simulation!
period = 300

# Define each layer of the structure, now with dispersive media.
# The refractive indices are interpolated from tabulated data.
superstrate = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air)
substrate   = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.SiO2_a) # Amorphous silica

def simulate_stack(light):
    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)
    ###################### Evaluate structure ######################
    """ Now define full structure. Here order is critical and
        stack list MUST be ordered from bottom to top!
    """

    stack = Stack((sim_substrate, sim_superstrate))
    stack.calc_scat(pol = 'TM') # This time TM polarised light is incident.

    return stack

# Run wavelengths in parallel across num_cores CPUs using multiprocessing package.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list=stacks_list)

######################## Post Processing ########################
# This time let's visualise the net Transmission scattering matrix,
# which describes the propagation of light all the way from the superstrate into
# the substrate. When studying diffractive layers it is useful to know how many
# of theplane waves of the substrate are propagating, so lets include this.
wl_num = -1
T_net = stacks_list[wl_num].T_net
nu_prop = stacks_list[wl_num].layers[0].num_prop_pw_per_pol
plotting.vis_scat_mats(T_net, nu_prop_PWs=nu_prop)

# Let's just plot the spectra and see the effect of changing refractive indices.
plotting.t_r_a_plots(stacks_list)

######################## Wrapping up ########################
print '\n*******************************************'
# Calculate and record the (real) time taken for simulation,
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }
print hms_string
print '*******************************************'
print ''

# and store this info.
python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()








Thin Film Stack

"""
Simulating a stack of homogeneous, dispersive media.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()

# Remove results of previous simulations.
plotting.clear_previous()

################ Simulation parameters ################
# Select the number of CPUs to use in simulation.
num_cores = 2

################ Light parameters #####################
wl_1     = 400
wl_2     = 800
no_wl_1  = 4
wavelengths = np.linspace(wl_1, wl_2, no_wl_1)
light_list  = [objects.Light(wl, max_order_PWs = 1, theta = 0.0, phi = 0.0) \
for wl in wavelengths]

# The period must be consistent throughout a simulation!
period = 300

# Define each layer of the structure.
superstrate = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air)
# Define a thin film with (finite) thickness in nm and constant refractive index
TF_1 = objects.ThinFilm(period, height_nm = 100,
    material = materials.Material(1.0 + 0.05j))
# EMUstack calculation time is independent dispersion and thickness of layer!
# This layer is made of Indium Phosphide, the tabulated refractive index of which
# is stored in EMUstack/data/
# We artificially set the imaginary part of the layer to zero for all wavelengths.
TF_2 = objects.ThinFilm(period, height_nm = 5e6,
    material = materials.InP, loss=False)
# By default loss = True
TF_3 = objects.ThinFilm(period, height_nm = 52,
    material = materials.Si_a)
# Note that the semi-inf substrate must be lossess so that EMUstack can distinguish
# propagating plane waves that carry energy from evanescent waves which do not.
# This layer is therefore crystalline silicon with Im(n) == 0.
substrate   = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Si_c, loss=False)

def simulate_stack(light):
    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_TF_1 = TF_1.calc_modes(light)
    sim_TF_2 = TF_2.calc_modes(light)
    sim_TF_3 = TF_3.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)
    ###################### Evaluate structure ######################
    """ Now define full structure. Here order is critical and
        stack list MUST be ordered from bottom to top!
    """
# We can now stack these layers of finite thickness however we wish.
    stack = Stack((sim_substrate, sim_TF_1, sim_TF_3, sim_TF_2, sim_TF_1, \
        sim_superstrate))
    stack.calc_scat(pol = 'TM')

    return stack

# Run wavelengths in parallel across num_cores CPUs using multiprocessing package.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list=stacks_list)

######################## Post Processing ########################
# We will now see the absorption in each individual layer as well as of the stack.
plotting.t_r_a_plots(stacks_list)

######################## Wrapping up ########################
print '\n*******************************************'
# Calculate and record the (real) time taken for simulation,
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }
print hms_string
print '*******************************************'
print ''

# and store this info.
python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()








Including Metals

"""
EUMstack loves metal \m/
However, as we saw in the previous example the substrate layer must be lossless,
so that we can distinguish propagating waves from evanescent ones.
To terminate the stack with a metalic mirror we must make it finite, but very thick.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()

# Remove results of previous simulations.
plotting.clear_previous()

################ Simulation parameters ################
# Select the number of CPUs to use in simulation.
num_cores = 2

################ Light parameters #####################
wl_1     = 400
wl_2     = 800
no_wl_1  = 4
wavelengths = np.linspace(wl_1, wl_2, no_wl_1)
light_list  = [objects.Light(wl, max_order_PWs = 1, theta = 0.0, phi = 0.0)\
    for wl in wavelengths]

# The period must be consistent throughout a simulation!
period = 300

# Define each layer of the structure, as in last example.
superstrate = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air)
TF_2 = objects.ThinFilm(period, height_nm = 5e6,
    material = materials.InP, loss=False)
TF_3 = objects.ThinFilm(period, height_nm = 52,
    material = materials.Si_a)
# Realistically a few micron thick mirror would do the trick,
# but EMUstack is height agnostic.... so what the hell.
mirror = objects.ThinFilm(period, height_nm = 1e5,
    material = materials.Ag)
substrate   = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air)

def simulate_stack(light):
    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_mirror = mirror.calc_modes(light)
    sim_TF_2 = TF_2.calc_modes(light)
    sim_TF_3 = TF_3.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)
    ###################### Evaluate structure ######################
    """ Now define full structure. Here order is critical and
        stack list MUST be ordered from bottom to top!
    """
# Put semi-inf substrate below thick mirror so that propagating energy is defined.
    stack = Stack((sim_substrate, sim_mirror, sim_TF_3, sim_TF_2, sim_superstrate))
    stack.calc_scat(pol = 'TM')

    return stack

pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list=stacks_list)

######################## Post Processing ########################
# The total transmission should be zero.
plotting.t_r_a_plots(stacks_list)

######################## Wrapping up ########################
print '\n*******************************************'
# Calculate and record the (real) time taken for simulation,
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }
print hms_string
print '*******************************************'
print ''

# and store this info.
python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()








1D Grating

"""
Simulating a lamellar grating that is periodic in x only.
For this simulation EMUstack uses the 1D diffraction orders for the basis
of the plane waves and carries out a 1D FEM calculation for the modes of
the grating.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()

# Remove results of previous simulations.
plotting.clear_previous()

################ Simulation parameters ################
# Select the number of CPUs to use in simulation.
num_cores = 2

################ Light parameters #####################
wl_1     = 400
wl_2     = 800
no_wl_1  = 2
wavelengths = np.linspace(wl_1, wl_2, no_wl_1)
light_list  = [objects.Light(wl, max_order_PWs = 5, theta = 0.0, phi = 0.0) for wl in wavelengths]

# The period must be consistent throughout a simulation!
period = 300

# Define each layer of the structure
# We need to inform EMUstack at this point that all layers in the stack will
# be at most be periodic in one dimension (i.e. there are no '2D_arrays's).
# This is done with the Keyword Arg 'world_1d' and all homogenous layers are
# calculated using the PW basis of 1D diffraction orders.
superstrate = objects.ThinFilm(period, height_nm = 'semi_inf', world_1d=True,
    material = materials.Air)

substrate   = objects.ThinFilm(period, height_nm = 'semi_inf', world_1d=True,
    material = materials.Air)
# Define 1D grating that is periodic in x.
# The mesh for this is always made 'live' in objects.py the number of
# FEM elements used is given by 1/lc_bkg.
# See Fortran Backends section of tutorial for more details.
grating = objects.NanoStruct('1D_array', period, int(round(0.75*period)), height_nm = 2900,
    background = materials.Material(1.46 + 0.0j), inclusion_a = materials.Material(5.0 + 0.0j),
    loss = True, lc_bkg = 0.0051)

def simulate_stack(light):
    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_grating     = grating.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)
    ###################### Evaluate structure ######################
    """ Now define full structure. Here order is critical and
        stack list MUST be ordered from bottom to top!
    """

    stack = Stack((sim_substrate, sim_grating, sim_superstrate))
    stack.calc_scat(pol = 'TE')

    return stack

pool = Pool(num_cores)
# stacks_list = pool.map(simulate_stack, light_list)
stacks_list = map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list=stacks_list)

######################## Post Processing ########################
# The total transmission should be zero.
plotting.t_r_a_plots(stacks_list)

######################## Wrapping up ########################
print '\n*******************************************'
# Calculate and record the (real) time taken for simulation,
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }
print hms_string
print '*******************************************'
print ''

# and store this info.
python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()








2D Grating

"""
Simulating a nanowire array with period 600 nm and NW diameter 120 nm.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()
################ Simulation parameters ################

# Number of CPUs to use in simulation
num_cores = 7

# Remove results of previous simulations
plotting.clear_previous()

################ Light parameters #####################
wl_1     = 310
wl_2     = 1127
no_wl_1  = 3
# Set up light objects
wavelengths = np.linspace(wl_1, wl_2, no_wl_1)
light_list  = [objects.Light(wl, max_order_PWs = 2, theta = 0.0, phi = 0.0) \
    for wl in wavelengths]

# Period must be consistent throughout simulation!!!
period = 600

# In this example we set the number of Bloch modes to use in the simulation
# Be default it is set to be slightly greater than the number of PWs.
num_BMs = 200

superstrate = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air, loss = False)

substrate  = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.SiO2, loss = False)

NW_diameter = 120
NW_array = objects.NanoStruct('2D_array', period, NW_diameter, height_nm = 2330,
    inclusion_a = materials.Si_c, background = materials.Air, loss = True,
    make_mesh_now = True, force_mesh = True, lc_bkg = 0.1, lc2= 2.0)
# Here we get EMUstack to make the FEM mesh automagically using our input parameters.
# the lc_bkg parameter sets the baseline distance between points on the FEM mesh,
# lc_bkg/lc2 is the distance between mesh points that lie on the inclusion boundary.
# There are higher lc parameters which are used when including multiple inclusions.

# Alternatively we can specify a pre-made mesh as follows.
NW_array2 = objects.NanoStruct('2D_array', period, NW_diameter, height_nm = 2330,
    inclusion_a = materials.Si_c, background = materials.Air, loss = True,
    make_mesh_now = False, mesh_file='4testing-600_120.mail')


def simulate_stack(light):

    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)
    sim_NWs         = NW_array.calc_modes(light, num_BMs=num_BMs)

    ###################### Evaluate structure ######################
    """ Now define full structure. Here order is critical and
        stack list MUST be ordered from bottom to top!
    """

    stack = Stack((sim_substrate, sim_NWs, sim_superstrate))
    stack.calc_scat(pol = 'TE')

    return stack


# Run in parallel across wavelengths.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list=stacks_list)


######################## Plotting ########################

# We here wish to know the photovoltaic performance of the structure,
# where all light absorbed in the NW layer is considered to produce exactly
# one electron-hole pair.
# To do this we specify which layer of the stack is the PV active layer
# (default active_layer_nu=1), and indicate that we want to calculate
# the ideal short circuit current (J_sc) of the cell.
# We could also calculate the 'ultimate efficiency' by setting ult_eta=True.
plotting.t_r_a_plots(stacks_list, active_layer_nu=1, J_sc=True)

# We also plot the dispersion relation for each layer.
plotting.omega_plot(stacks_list, wavelengths)

######################## Wrapping up ########################
# Calculate and record the (real) time taken for simulation
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }

python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()

print hms_string
print '*******************************************'
print ''








Angles of Incidence & Eliptical Inclusions

"""
Simulating circular dichroism effect in elliptic nano hole arrays
as in T Cao1 and Martin J Cryan doi:10.1088/2040-8978/14/8/085101.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()
################ Simulation parameters ################

# Number of CPUs to use in simulation
num_cores = 4

# Remove results of previous simulations
plotting.clear_previous()

################ Light parameters #####################
wl_1     = 300
wl_2     = 1000
no_wl_1  = 21
# Set up light objects
wavelengths = np.linspace(wl_1, wl_2, no_wl_1)
light_list  = [objects.Light(wl, theta = 45, phi = 45, max_order_PWs = 2) \
    for wl in wavelengths]



# Period must be consistent throughout simulation!!!
period = 165
diam1  = 140
diam2  = 60
ellipticity = (float(diam1-diam2))/float(diam1)

# Replicating the geometry of the paper we set up a gold layer with elliptical air
# holes. To get good agreement with the published work we use the Drude model for Au.
# Note that better physical results are obtained using the tabulated data for Au!
Au_NHs = objects.NanoStruct('2D_array', period, diam1, inc_shape = 'ellipse',
    ellipticity = ellipticity, height_nm = 60,
    inclusion_a = materials.Air, background = materials.Au_drude, loss = True,
    make_mesh_now = True, force_mesh = True, lc_bkg = 0.2, lc2= 5.0)

superstrate = objects.ThinFilm(period = period, height_nm = 'semi_inf',
    material = materials.Air, loss = True)
substrate = objects.ThinFilm(period = period, height_nm = 'semi_inf',
    material = materials.Air, loss = False)

# Again for this example we fix the number of BMs.
num_BMs = 50

def simulate_stack(light):
    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_Au   = Au_NHs.calc_modes(light, num_BMs = num_BMs)
    sim_substrate = substrate.calc_modes(light)

    stackSub = Stack((sim_substrate, sim_Au, sim_superstrate))
    stackSub.calc_scat(pol = 'R Circ')
    stackSub2 = Stack((sim_substrate, sim_Au, sim_superstrate))
    stackSub2.calc_scat(pol = 'L Circ')
    saveStack = Stack((sim_substrate, sim_Au, sim_superstrate))

    a_CD = []
    t_CD = []
    r_CD = []
    for i in range(len(stackSub.a_list)):
        a_CD.append(stackSub.a_list.pop() - stackSub2.a_list.pop())
    for i in range(len(stackSub.t_list)):
        t_CD.append(stackSub.t_list.pop() - stackSub2.t_list.pop())
    for i in range(len(stackSub.r_list)):
        r_CD.append(stackSub.r_list.pop() - stackSub2.r_list.pop())
    saveStack.a_list = a_CD
    saveStack.t_list = t_CD
    saveStack.r_list = r_CD

    return saveStack


# Run in parallel across wavelengths.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list=stacks_list)

######################## Plotting ########################
# Just to show how it's done we can add the height of the layer and some extra
# details to the file names and plot titles.
title = 'what_a_lovely_day-'

plotting.t_r_a_plots(stacks_list, add_height=Au_NHs.height_nm, add_name=title)


# Calculate and record the (real) time taken for simulation
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }

python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()

print '*******************************************'
print hms_string
print '*******************************************'
print ''








Plotting Fields 1D

"""
Show how to plot electric fields.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()
################ Simulation parameters ################

# Number of CPUs to use in simulation
num_cores = 7

# Remove results of previous simulations
plotting.clear_previous()

################ Light parameters #####################
wl     = 615
light_list  = [objects.Light(wl, max_order_PWs = 10, theta = 0.0, phi = 0.0)]

# Period must be consistent throughout simulation!!!
period = 600

superstrate = objects.ThinFilm(period, height_nm = 'semi_inf', world_1d = True,
    material = materials.Air, loss = False)

substrate  = objects.ThinFilm(period, height_nm = 'semi_inf', world_1d = True,
    material = materials.Air, loss = False)

spacer  = objects.ThinFilm(period, height_nm = 200, world_1d = True,
    material = materials.SiO2_a, loss = True)

grating = objects.NanoStruct('1D_array', period, int(round(0.7*period)), height_nm = 400,
    background = materials.Material(1.45 + 0.0j),
    inclusion_a = materials.Material(3.77 + 0.01j),
    loss = True, lc_bkg = 0.005, plotting_fields = True)


def simulate_stack(light):

    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)
    sim_grating     = grating.calc_modes(light)
    sim_spacer      = spacer.calc_modes(light)

    ###################### Evaluate structure ######################
    """ Now define full structure. Here order is critical and
        stack list MUST be ordered from bottom to top!
    """

    stack = Stack((sim_substrate, sim_spacer, sim_grating, sim_superstrate))
    stack.calc_scat(pol = 'TE')

    return stack


# Run in parallel across wavelengths.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list = stacks_list)


######################## Plotting ########################

# Plot fields on slices through stack.
#
# Note that all field plots of previous simulations are deleted! Move any
# results that you wish to keep into a different folder, ideally copying the
# whole simo directory to future reference to simo parameters.
#
# plotting.fields_vertically(stacks_list)
# # We can also plot only the scattered field (disregarding the incident field)
# plotting.fields_vertically(stacks_list, no_incoming = True, add_name = '-no_incoming')
#
# The above fields are the total fields, we can also look at the fields of
# each individual Bloch mode, which for a 1D array is done like so,
plotting.Bloch_fields_1d(stacks_list)

######################## Wrapping up ########################
# Calculate and record the (real) time taken for simulation
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }

python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()

print hms_string
print '*******************************************'
print ''








Plotting Fields 2D

"""
Show how to plot electric fields.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()
################ Simulation parameters ################

# Number of CPUs to use in simulation
num_cores = 7

# Remove results of previous simulations
plotting.clear_previous()

################ Light parameters #####################
wl     = 615
light_list  = [objects.Light(wl, max_order_PWs = 15, theta = 0.0, phi = 0.0)]

# Period must be consistent throughout simulation!!!
period = 600

superstrate = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air, loss = False)

substrate  = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air, loss = False)

spacer  = objects.ThinFilm(period, height_nm = 200,
    material = materials.SiO2_a, loss = True)

NW_diameter = 120
NW_array = objects.NanoStruct('2D_array', period, NW_diameter,
    height_nm = 2330, inclusion_a = materials.Si_c, background = materials.Air,
    loss = True, make_mesh_now = True, force_mesh = True, lc_bkg = 0.1,
    lc2= 2.0, plotting_fields = True)


def simulate_stack(light):

    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)
    sim_NWs         = NW_array.calc_modes(light)
    sim_spacer      = spacer.calc_modes(light)

    ###################### Evaluate structure ######################
    """ Now define full structure. Here order is critical and
        stack list MUST be ordered from bottom to top!
    """

    stack = Stack((sim_substrate, sim_spacer, sim_NWs, sim_superstrate))
    stack.calc_scat(pol = 'TE')

    return stack


# Run in parallel across wavelengths.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list = stacks_list)


######################## Plotting ########################

# Plot fields on slices through stack along the x & y axis,
# and along the diagonals.
# This is done through all layers of the stack and saved as png files.
#
# Note that all field plots of previous simulations are deleted! Move any
# results that you wish to keep into a different folder, ideally copying the
# whole simo directory to future reference to simo parameters.
#
plotting.fields_vertically(stacks_list)

# Plot fields in the x-y plane at a list of specified heights.
plotting.fields_in_plane(stacks_list, lay_interest = 2, z_values = [0.0, 2.0])
plotting.fields_in_plane(stacks_list, lay_interest = 1, z_values = [1.0, 3.2])

# Plot fields inside nanostructures in 3D which are viewed using gmsh.
plotting.fields_3d(stacks_list, lay_interest = 2)

# Save electric field values (all components) at a list of selected point.
plotting.field_values(stacks_list, lay_interest = 0, xyz_values = [(4.0, 2.5, 7.0), (1.0, 1.5, 3.0)])

######################## Wrapping up ########################
# Calculate and record the (real) time taken for simulation
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }

python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()

print hms_string
print '*******************************************'
print ''








Plotting Amplitudes

"""
Here we investigate how efficiently a stack of 1D gratings excite diffraction orders.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()
################ Simulation parameters ################

# Number of CPUs to use in simulation
num_cores = 5

# Remove results of previous simulations
plotting.clear_previous()
################ Light parameters #####################
wavelengths = np.linspace(1500,1600,10)
light_list  = [objects.Light(wl, max_order_PWs = 6, theta = 0.0, phi = 0.0) \
    for wl in wavelengths]


################ Grating parameters #####################
# The period must be consistent throughout a simulation!
period = 700

superstrate = objects.ThinFilm(period, height_nm = 'semi_inf', world_1d = True,
    material = materials.Air, loss = False)

substrate  = objects.ThinFilm(period, height_nm = 'semi_inf', world_1d = True,
    material = materials.Air, loss = False)

absorber    = objects.ThinFilm(period, height_nm = 10, world_1d = True,
    material = materials.Material(1.0 + 0.05j), loss = True)

grating_1 = objects.NanoStruct('1D_array', period, int(round(0.75*period)),
    height_nm = 2900, background = materials.Material(1.46 + 0.0j),
    inclusion_a = materials.Material(3.61 + 0.0j), loss = True,
    lc_bkg = 0.005)


def simulate_stack(light):

    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)
    sim_absorber    = absorber.calc_modes(light)
    sim_grating_1   = grating_1.calc_modes(light)

    ###################### Evaluate structure ######################
    """ Now define full structure. Here order is critical and
        stack list MUST be ordered from bottom to top!
    """

    stack = Stack((sim_substrate, sim_absorber, sim_grating_1, sim_superstrate))
    stack.calc_scat(pol = 'TE')

    return stack


# Run in parallel across wavelengths.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list = stacks_list)

######################## Post Processing ########################
# We can plot the amplitudes of each transmitted plane wave order as a
# function of angle.
plotting.PW_amplitudes(stacks_list, add_name = '-default_substrate')
# By default this will plot the amplitudes in the substrate, however we can also give
# the index in the stack of a different homogeneous layer and calculate them here.
# We here chose a subset of orders to plot.
plotting.PW_amplitudes(stacks_list, chosen_PWs = [-1,0,2], \
    lay_interest = 1)

# When many plane wave orders are included these last plots can become confusing,
# so instead one may wish to sum together the amplitudes of all propagating orders,
# of all evanescent orders, and all far-evanescent orders
# (which have in plane k>n_H * k0).
plotting.evanescent_merit(stacks_list, lay_interest = 0)


plotting.BM_amplitudes(stacks_list, lay_interest = 2, chosen_BMs = [0,1,2,3,4,5])

# Lastly we also plot the transmission, reflection and absorption of each
# layer and the stack.
plotting.t_r_a_plots(stacks_list, xvalues = wavelengths)


######################## Wrapping up ########################
# Calculate and record the (real) time taken for simulation
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }

python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()

print hms_string
print '*******************************************'
print ''








Shear Transformations

"""
Here we introduce a shear transformation to shift layers relative to one
another in the plane.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()
################ Simulation parameters ################

# Number of CPUs to use in simulation
num_cores = 5

# Remove results of previous simulations
plotting.clear_previous()

################ Light parameters #####################
azi_angles = np.linspace(0,20,5)
wl = 1600
light_list  = [objects.Light(wl, max_order_PWs = 2, theta = p, phi = 0.0) \
    for p in azi_angles]

################ Grating parameters #####################
period = 760

superstrate = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air, loss = False)

substrate  = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air, loss = False)

grating_1 = objects.NanoStruct('1D_array', period, small_d=period/2,
    diameter1=int(round(0.25*period)), diameter2=int(round(0.25*period)),
    height_nm = 150, inclusion_a = materials.Material(3.61 + 0.0j),
    inclusion_b = materials.Material(3.61 + 0.0j),
    background = materials.Material(1.46 + 0.0j),
    loss = True, make_mesh_now = True, force_mesh = False, lc_bkg = 0.1, lc2= 3.0)

grating_2 = objects.NanoStruct('1D_array', period, int(round(0.75*period)),
    height_nm = 2900, background = materials.Material(1.46 + 0.0j),
    inclusion_a = materials.Material(3.61 + 0.0j),
    loss = True, make_mesh_now = True, force_mesh = False, lc_bkg = 0.1, lc2= 3.0)

num_BMs = 60


def simulate_stack(light):
    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)
    sim_grating_1   = grating_1.calc_modes(light, num_BMs = num_BMs)
    sim_grating_2   = grating_2.calc_modes(light, num_BMs = num_BMs)

    ###################### Evaluate structure ######################
    """ Now define full structure. Here order is critical and
        stack list MUST be ordered from bottom to top!
    """

    # Shear is relative to top layer (ie incident light) and in units of d.
    stack = Stack((sim_substrate, sim_grating_1, sim_grating_2, sim_superstrate), \
        shears = ([(0.1,0.0),(-0.3,0.1),(0.2,0.5)]) )
    stack.calc_scat(pol = 'TE')

    return stack


# Run in parallel across wavelengths.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list=stacks_list)

plotting.t_r_a_plots(stacks_list)

######################## Wrapping up ########################
# Calculate and record the (real) time taken for simulation
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }

python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()

print hms_string
print '*******************************************'
print ''








Ultrathin Absorption Limit - Varying n

"""
Simulating an ultrathin film with a range of real and imaginary refractive
indices. Can we reach the theoretical limit of 0.5 absorption?
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()

# Remove results of previous simulations.
plotting.clear_previous()

################ Simulation parameters ################
# Select the number of CPUs to use in simulation.
num_cores = 8

################ Light parameters #####################
wl     = 700
light  = objects.Light(wl, max_order_PWs = 0, theta = 0.0, phi = 0.0)

# The period must be consistent throughout a simulation!
period = 660

# Define each layer of the structure.
superstrate = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air, world_1d=True)
substrate   = objects.ThinFilm(period, height_nm = 'semi_inf',
    material = materials.Air, loss=False, world_1d=True)

n_min = 1
n_max = 10
num_n_re = 51
num_n_im = num_n_re
Re_n = np.linspace(n_min,n_max,num_n_re)
Im_n = np.linspace(n_max,n_min,num_n_im)
# Having lists run this way will ease plotting, as matshow plots from top left

def simulate_stack(Re):
    ################ Evaluate each layer individually ##############
    sim_superstrate = superstrate.calc_modes(light)
    sim_substrate   = substrate.calc_modes(light)

    # Re_stack = []
    # for Re in Re_n:
    Im_stack = []
    for Im in Im_n:
        TF_1 = objects.ThinFilm(period, height_nm = 10,
            material = materials.Material(Re + Im*1j))
        sim_TF_1 = TF_1.calc_modes(light)

        stack = Stack((sim_substrate, sim_TF_1, sim_superstrate))
        stack.calc_scat(pol = 'TM')

        Im_stack.append(stack)
        # Re_stack.append(Im_stack)

    return Im_stack

# Run wavelengths in parallel across num_cores CPUs using multiprocessing package.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, Re_n)
# # Save full simo data to .npz file for safe keeping!
# np.savez('Simo_results', stacks_list=stacks_list)

######################## Post Processing ########################

abs_mat = np.zeros((num_n_im,num_n_re))
for i in range(num_n_re):
    for j in range(num_n_im):
        abs_mat[j,i] = stacks_list[i][j].a_list[-1]

# Now plot as a function of Real and Imaginary refractive index.
# Requires a bit of manipulation of axis...
import matplotlib
matplotlib.use('pdf')
import matplotlib.pyplot as plt
fig = plt.figure()
linesstrength = 3
font = 18
ax1 = fig.add_subplot(1,1,1)
mat = ax1.matshow(abs_mat,cmap=plt.cm.hot)
cbar1 = plt.colorbar(mat, extend='neither',alpha=1)
ax1.xaxis.set_ticks_position('bottom')
ax1.set_xticks(np.linspace(n_min,(num_n-1),n_max))
ax1.set_yticks(np.linspace(n_min,(num_n-1),n_max))
ax1.set_xticklabels([str(i) for i in np.linspace(n_min,n_max,n_max-n_min+1)])
ax1.set_yticklabels([str(i) for i in np.linspace(n_max,n_min,n_max-n_min+1)])
ax1.set_xlabel('Re(n)',fontsize=font)
ax1.set_ylabel('Im(n)',fontsize=font)
plt.title('Absorption of %(h)5.1f nm thick film @ wl = %(wl)5.1f'% \
    {'h' : stacks_list[0][0].heights_nm()[0],'wl' : wl})
plt.savefig('ultrathin_limit')



######################## Wrapping up ########################
print '\n*******************************************'
# Calculate and record the (real) time taken for simulation,
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }
print hms_string
print '*******************************************'
print ''

# and store this info.
python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()








Varying a Layer of a Stack

"""
Simulating solar cell efficiency of nanohole array as a function of
substrate refractive indices (keeping geometry fixed).
We also average over a range of thicknesses to remove sharp Fabry-Perot resonances.
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()
################ Simulation parameters ################

# Number of CPUs to use in simulation
num_cores = 4

# Remove results of previous simulations
plotting.clear_previous()

################ Light parameters #####################
wl_1     = 310
wl_2     = 1127
no_wl_1  = 3
# Set up light objects
wavelengths = np.linspace(wl_1, wl_2, no_wl_1)
light_list  = [objects.Light(wl, max_order_PWs = 2, theta = 0.0, phi = 0.0) \
    for wl in wavelengths]


# Period must be consistent throughout simulation!!!
period = 550

cover  = objects.ThinFilm(period = period, height_nm = 'semi_inf',
    material = materials.Air, loss = True)

sub_ns = np.linspace(1.0,4.0,100)

NW_diameter = 480
NWs = objects.NanoStruct('1D_array', period, NW_diameter, height_nm = 2330,
    inclusion_a = materials.Si_c, background = materials.Air, loss = True,
    make_mesh_now = True, force_mesh = True, lc_bkg = 0.17, lc2= 2.5)

def simulate_stack(light):
    ################ Evaluate each layer individually ##############
    sim_cover = cover.calc_modes(light)
    sim_NWs   = NWs.calc_modes(light)

    # Loop over substrates
    stack_list = []
    for s in sub_ns:
        sub = objects.ThinFilm(period = period, height_nm = 'semi_inf',
        material = materials.Material(s + 0.0j), loss = False)
        sim_sub = sub.calc_modes(light)

        # Loop over heights to wash out sharp FP resonances
        average_t = 0
        average_r = 0
        average_a = 0

        num_h = 21
        for h in np.linspace(2180,2480,num_h):
            stackSub = Stack((sim_sub, sim_NWs, sim_cover), heights_nm = ([h]))
            stackSub.calc_scat(pol = 'TE')
            average_t += stackSub.t_list[-1]/num_h
            average_r += stackSub.r_list[-1]/num_h
            average_a += stackSub.a_list[-1]/num_h
        stackSub.t_list[-1] = average_t
        stackSub.r_list[-1] = average_r
        stackSub.a_list[-1] = average_a
        stack_list.append(stackSub)

    return stack_list


# Run in parallel across wavelengths.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list=stacks_list)



######################## Plotting ########################
eta = []
for s in range(len(sub_ns)):
    stack_label = s # Specify which stack you are dealing with.
    stack1_wl_list = []
    for i in range(len(wavelengths)):
        stack1_wl_list.append(stacks_list[i][stack_label])
    sub_n = sub_ns[s]
    Efficiency = plotting.t_r_a_plots(stack1_wl_list, ult_eta=True,
        stack_label=stack_label, add_name = str(s))
    eta.append(100.0*Efficiency[0])
    # Dispersion of structured layer is the same for all cases.
    if s == 0:
        plotting.omega_plot(stack1_wl_list, wavelengths, stack_label=stack_label)

# Now plot as a function of substrate refractive index.
import matplotlib
matplotlib.use('pdf')
import matplotlib.pyplot as plt
fig = plt.figure()
linesstrength = 3
font = 18
ax1 = fig.add_subplot(1,1,1)
ax1.plot(sub_ns,eta, 'k-o', linewidth=linesstrength)
ax1.set_xlabel('Substrate refractive index',fontsize=font)
ax1.set_ylabel(r'$\eta$ (%)',fontsize=font)
plt.savefig('eta_substrates')

# Animate spectra as a function of substrates.
from os import system as ossys
delay = 30 # delay between images in gif in hundredths of a second
names = 'Total_Spectra_stack'
gif_cmd = 'convert -delay %(d)i +dither -layers Optimize -colors 16 \
%(n)s*.pdf %(n)s.gif'% {
'd' : delay, 'n' : names}
ossys(gif_cmd)
opt_cmd = 'gifsicle -O2 %(n)s.gif -o %(n)s-opt.gif'% {'n' : names}
ossys(opt_cmd)
rm_cmd = 'rm %(n)s.gif'% {'n' : names}
ossys(rm_cmd)



# Calculate and record the (real) time taken for simulation
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }

python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()

print '*******************************************'
print hms_string
print '*******************************************'








Convergence Testing

"""
    Replicate Fig 2a from Handmer Opt Lett 2010
"""


import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()
################ Simulation parameters ################

# Number of CPUs to use in simulation
num_cores = 8

# Remove results of previous simulations
plotting.clear_previous()

################ Light parameters #####################
wavelengths = np.linspace(1600,900,1)

BMs = [11,27,59,99,163,227,299,395,507,635,755,883,1059,1227,1419]
B = 0

for PWs in np.linspace(1,10,10):
    light_list  = [objects.Light(wl, max_order_PWs = PWs, theta = 28.0, phi = 0.0) for wl in wavelengths]

    ################ Grating parameters #####################
    period = 760

    superstrate = objects.ThinFilm(period, height_nm = 'semi_inf',
        material = materials.Air, loss = False)

    substrate  = objects.ThinFilm(period, height_nm = 'semi_inf',
        material = materials.Air, loss = False)

    grating_1 = objects.NanoStruct('1D_array', period, small_d=period/2,
        diameter1=int(round(0.25*period)), diameter2=int(round(0.25*period)), height_nm = 150,
        inclusion_a = materials.Material(3.61 + 0.0j), inclusion_b = materials.Material(3.61 + 0.0j),
        background = materials.Material(1.46 + 0.0j),
        loss = True, make_mesh_now = True, force_mesh = True, lc_bkg = 0.1, lc2= 3.0)

    grating_2 = objects.NanoStruct('1D_array', period, int(round(0.75*period)), height_nm = 2900,
        background = materials.Material(1.46 + 0.0j), inclusion_a = materials.Material(3.61 + 0.0j),
        loss = True, make_mesh_now = True, force_mesh = True, lc_bkg = 0.1, lc2= 3.0)

    num_BMs = BMs[B]+30
    B += 1


    def simulate_stack(light):

        ################ Evaluate each layer individually ##############
        sim_superstrate = superstrate.calc_modes(light)
        sim_substrate   = substrate.calc_modes(light)
        sim_grating_1   = grating_1.calc_modes(light, num_BMs = num_BMs)
        sim_grating_2   = grating_2.calc_modes(light, num_BMs = num_BMs)

        ###################### Evaluate structure ######################
        """ Now define full structure. Here order is critical and
            stack list MUST be ordered from bottom to top!
        """

        stack = Stack((sim_substrate, sim_grating_1, sim_grating_2, sim_superstrate))
        # stack = Stack((sim_substrate, sim_grating_2, sim_superstrate))
        stack.calc_scat(pol = 'TE')
        return stack



    # Run in parallel across wavelengths.
    pool = Pool(num_cores)
    stacks_list = pool.map(simulate_stack, light_list)
    # Save full simo data to .npz file for safe keeping!
    np.savez('Simo_results', stacks_list=stacks_list)


    additional_name = str(int(PWs))
    plotting.t_r_a_plots(stacks_list, add_name = additional_name)



######################## Wrapping up ########################
# Calculate and record the (real) time taken for simulation
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }

# python_log = open("python_log.log", "w")
# python_log.write(hms_string)
# python_log.close()

print hms_string
print '*******************************************'
print ''








Extraordinary Optical Transmission

"""
Simulating Extraordinary Optical Transmission
as in H. Liu, P. Lalanne, Nature 452 2008 doi:10.1038/nature06762
"""

import time
import datetime
import numpy as np
import sys
from multiprocessing import Pool
sys.path.append("../backend/")

import objects
import materials
import plotting
from stack import *

start = time.time()
################ Simulation parameters ################

# Number of CPUs to use in simulation
num_cores = 16

# Remove results of previous simulations
plotting.clear_previous()

################ Light parameters #####################
wl_1     = 0.85*940
wl_2     = 1.15*940
no_wl_1  = 600
# Set up light objects
wavelengths = np.linspace(wl_1, wl_2, no_wl_1)
# wavelengths = np.array([785,788,790,792,795])
light_list  = [objects.Light(wl, max_order_PWs = 5, theta = 0.0, phi = 0.0) for wl in wavelengths]


#period must be consistent throughout simulation!!!
period = 940
diam1 = 266
NHs = objects.NanoStruct('2D_array', period, diam1, height_nm = 200,
    inclusion_a = materials.Air, background = materials.Au, loss = True,
    inc_shape = 'square',
    make_mesh_now = True, force_mesh = True, lc_bkg = 0.12, lc2= 5.0, lc3= 3.0)#lc_bkg = 0.08, lc2= 5.0)

strate  = objects.ThinFilm(period = period, height_nm = 'semi_inf',
    material = materials.Air, loss = False)

NH_heights = [200]
# num_h = 21
# NH_heights = np.linspace(50,3000,num_h)

def simulate_stack(light):
    ################ Evaluate each layer individually ##############
    sim_NHs    = NHs.calc_modes(light)
    sim_strate = strate.calc_modes(light)

# Loop over heights
    height_list = []
    for h in NH_heights:
        stackSub = Stack((sim_strate, sim_NHs, sim_strate), heights_nm = ([h]))
        stackSub.calc_scat(pol = 'TE')
        height_list.append(stackSub)

    return [height_list]


# Run in parallel across wavelengths.
pool = Pool(num_cores)
stacks_list = pool.map(simulate_stack, light_list)
# Save full simo data to .npz file for safe keeping!
np.savez('Simo_results', stacks_list=stacks_list)



######################## Plotting ########################
last_light_object = light_list.pop()

wls_normed = wavelengths/period

for h in range(len(NH_heights)):
    height = NH_heights[h]
    wl_list = []
    stack_label = 0
    for wl in range(len(wavelengths)):
        wl_list.append(stacks_list[wl][stack_label][h])
    mess_name = '_h%(h)i'% {'h'   : h, }
    plotting.EOT_plot(wl_list, wls_normed, add_name = mess_name, savetxt = True)
# Dispersion
plotting.omega_plot(wl_list, wavelengths)


# Calculate and record the (real) time taken for simulation
elapsed = (time.time() - start)
hms     = str(datetime.timedelta(seconds=elapsed))
hms_string = 'Total time for simulation was \n \
    %(hms)s (%(elapsed)12.3f seconds)'% {
            'hms'       : hms,
            'elapsed'   : elapsed, }

python_log = open("python_log.log", "w")
python_log.write(hms_string)
python_log.close()

print '*******************************************'
print hms_string
print '*******************************************'
print ''








Screen Sessions

screen





is an extremely useful little linux command. In the context of long-ish calculations it has two important applications; ensuring your calculation is unaffected if your connection to a remote machine breaks, and terminating calculations that have hung without closing the terminal.
For more information see the manual:

$ man screen





or see online discussions here [http://www.howtoforge.com/linux_screen], and here [http://www.rackaid.com/blog/linux-screen-tutorial-and-how-to/].

The screen session or also called screen instance looks just like your regular terminal/putty, but you can disconnect from it (close putty, turn off your computer etc.) and later reconnect to the screen session and everything inside of this will have kept running. You can also reconnect to the session from a different computer via ssh.


Basic Usage

To install screen:

$ sudo apt-get install screen





To open a new screen session:

$ screen





We can start a new calculation here:

$ cd EMUstack/examples/
$ python simo_040-2D_array.py





We can then detach from the session (leaving everything in the screen running) by typing:

Ctrl +a
Ctrl +d





We can now monitor the processes in that session:

$ top





Where we note the numerous running python processes that EMUstack has started. Watching the number of processes is useful for checking if a long simulation is near completion (which is indicated by the number of processes dropping to less than the specified num_cores).

We could now start another screen and run some more calculations in this terminal (or do anything else).
If we want to access the first session we ‘reattach’ by typing:

Ctrl +a +r





Or entering the following into the terminal:

$ screen -r





If there are multiple sessions use:

$ screen -ls





to get a listing of the sessions and their ID numbers. To reattach to a particular screen, with ID 1221:

$ screen -r 1221





To terminate a screen from within type:

Ctrl+d





Or, taking the session ID from the previous example:

screen -X -S 1221 kill








Terminating EMU stacks

If (for some estranged reason) a simulation hangs, we can kill all python instances upon the machine:

$ pkill python





If a calculation hangs from within a screen session one must first detach from that session then kill python. A more targeted way to kill processes is using their PID:

$ kill PID





Or if this does not suffice be a little more forceful:

$ kill -9 PID





The PID is found from one of two ways:

$ top
$ ps -fe | grep username
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objects module

objects.py is a subroutine of EMUstack that contains the NanoStruct,
ThinFilm and Light objects. These represent the properties of a
structured layer, a homogeneous layer and the incident light
respectively.

Copyright (C) 2015  Bjorn Sturmberg, Kokou Dossou, Felix Lawrence

EMUstack is free software: you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation, either version 3 of the License, or
(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program.  If not, see <http://www.gnu.org/licenses/>.


	
class objects.EMUstack

	Bases: object






	
class objects.Light(wl_nm, max_order_PWs=2, k_parallel=None, theta=None, phi=None, n_inc=1.0)[source]

	Bases: object

Represents the light incident on structure.

Incident angles may either be specified by k_parallel or by
incident angles theta and phi, together with the refractive
index n_inc of the incident medium.

wl_nm and k_pll are both in unnormalised units.

At normal incidence and TE polarisation the E-field is aligned
with the y-axis.

At normal incidence some plane waves and Bloch modes become degenerate.
This causes problems for the FEM solver and the ordering of the plane
waves. To avoid this a small (1e-5) theta and phi are introduced.





	Parameters:	wl_nm (float) – Wavelength, in nanometers.




	Keyword Arguments:

		
	max_order_PWs (int) –
Maximum plane wave order to include.

	k_parallel (tuple) –
The wave vector components (k_x, k_y)                 parallel to the interface planes. Units of nm^-1.

	theta (float) –
Polar angle of incidence in degrees.

	phi (float) –
Azimuthal angle of incidence in degrees                 measured from x-axis.














	
class objects.NanoStruct(periodicity, period, diameter1, period_y=None, inc_shape='circle', is_hex=False, ellipticity=0.0, ff=0, ff_rand=False, small_space=None, edge_spacing=False, split_touching_incs=False, len_vertical=0, len_horizontal=0, background=<materials.Material object at 0x7fb8aa8789d0>, inclusion_a=<materials.Material object at 0x7fb8aa878710>, inclusion_b=<materials.Material object at 0x7fb8aa878ad0>, inclusion_c=<materials.Material object at 0x7fb8aa878c90>, inclusion_d=<materials.Material object at 0x7fb8aa878c50>, inclusion_e=<materials.Material object at 0x7fb8aa878950>, inclusion_f=<materials.Material object at 0x7fb8aa86cf50>, loss=True, height_nm=100.0, diameter2=0, diameter3=0, diameter4=0, diameter5=0, diameter6=0, diameter7=0, diameter8=0, diameter9=0, diameter10=0, diameter11=0, diameter12=0, diameter13=0, diameter14=0, diameter15=0, diameter16=0, gap=0, smooth=0, hyperbolic=False, world_1d=None, posx=0, posy=0, xshift=None, make_mesh_now=True, force_mesh=True, mesh_file='NEED_FILE.mail', lc_bkg=0.09, lc2=1.0, lc3=1.0, lc4=1.0, lc5=1.0, lc6=1.0, plotting_fields=False, plot_real=1, plot_imag=0, plot_abs=0, plot_field_conc=False, plt_msh=True)[source]

	Bases: object

Represents a structured layer.





	Parameters:	
	periodicity (str) – Either 1D or 2D structure ‘1D_array’, ‘2D_array’.

	period (float) – The period of the unit cell in nanometers.

	diameter1 (float) – The diameter of the inclusion in nm.






	Keyword Arguments:

		
	period_y (float) –
The period of the unit cell in the y-direction.                If None, period_y = period.

	inc_shape (str) –
Shape of inclusions that have template mesh,                 currently; ‘circle’, ‘ellipse’, ‘square’, ‘ring’, ‘SRR’,
‘dimer’, ‘square_dimer’, ‘strip_circle’, ‘strip_square’.

	is_hex (bool) –
Simulating a hexagonal lattice, using a rect unitcell?

	ellipticity (float) –
If != 0, inclusion has given ellipticity,                 with b = diameter, a = diameter-ellipticity * diameter.                 NOTE: only implemented for a single inclusion.

	len_vertical (float) –
Vertical length of split ring resonator                 (if inc_shape = ‘SRR’).

	len_horizontal (float) –
Horizontal length of split ring resonator                (if inc_shape = ‘SRR’).

	diameter2-16  (float): The diameters of further inclusions in nm.                 Implemented up to diameter6 for 1D_arrays.

	gap (float) –
The dimer gap in nm.                 (if inc_shape = ‘dimer’ or ‘square_dimer’).

	smooth (float) –
smoothness of square_dimer angles, between 0 (sharp).                 and 1 (circle).
(if inc_shape = square_dimer’).

	inclusion_a –
A :Material: instance for first inclusion,                 specified as dispersive refractive index (eg. materials.Si_c)                 or nondispersive complex number (eg. Material(1.0 + 0.0j)).

	inclusion_b –
A :Material: instance for the second                 inclusion medium.

	inclusion_c –
A :Material: instance for the third                 inclusion medium.

	inclusion_d –
A :Material: instance for the fourth                 inclusion medium.

	inclusion_e –
A :Material: instance for the fifth                 inclusion medium.

	background –
A :Material: instance for the background medium.

	loss (bool) –
If False, Im(n) = 0, if True n as in                 :Material: instance.

	height_nm (float) –
The thickness of the layer in nm or                 ‘semi_inf’ for a semi-infinite layer.

	hyperbolic (bool) –
If True FEM looks for Eigenvalues around                 n**2 * k_0**2 rather than the regular                 n**2 * k_0**2 - alpha**2 - beta**2.

	world_1d (bool) –
Does the rest of the stack have exclusively 1D                 periodic structures and homogeneous layers?                 If True we use the set of 1D diffraction order PWs.                Defaults to True for ‘1D_array’, and False for ‘2D_array’.

	ff (float) –
The fill fraction of the inclusions. If non-zero,                 the specified diameters are overwritten s.t. given ff is                 achieved, otherwise ff is calculated from parameters and                 stored in self.ff.

	ff_rand (bool) –
If True, diameters overwritten with random                 diameters, s.t. the ff is as assigned. Must provide non-zero                 dummy diameters.

	posx (float) –
Shift NWs laterally towards center (each other),                 posx is a fraction of the distance possible before NWs touch.

	posy (float) –
Shift NWs vertically towards center (each other),                 posx is a fraction of the distance possible before NWs touch.

	small_space (float) –
Only for 1D_arrays with 2 interleaved                 inclusions. Sets distance between edges of inclusions.                 By default (d_in_nm - diameter1 - diameter2) / 2.                 The smaller distance is on the, which left of center                 (inclusion_a remains centered).

	edge_spacing (bool) –
For 1D_array with >= 3 inclusions. Space                 inclusion surfaces by equal separations. Else their centers                 will be equally spaced.

	split_touching_incs (bool) –
For 1D_array with > 1 inclusions.                 Arrange inclusions with touching edges, with the                 aggregate centered in the unit cell.

	make_mesh_now (bool) –
If True, program creates a FEM mesh with                 provided :NanoStruct: parameters. If False, must provide                 mesh_file name of existing .mail that will be run despite                 :NanoStruct: parameters.

	force_mesh (bool) –
If True, a new mesh is created despite                 existence of mesh with same parameter. This is used to make                 mesh with equal period etc. but different lc refinement.

	mesh_file (str) –
If using a set premade mesh give its name                 including .mail if 2D_array (eg. 600_60.mail), or .txt if                 1D_array. It must be located in backend/fortran/msh/

	lc_bkg (float) –
Length constant of meshing of background medium                 (smaller = finer mesh)

	lc2 (float) –
factor by which lc_bkg will be reduced on inclusion                 surfaces; lc_surface = cl_bkg / lc2.

	lc3-6’  (float): factor by which lc_bkg will be reduced at center                 of inclusions.

	plotting_fields (bool) –
Unless set to true field data deleted.                Also plots modes (ie. FEM solutions) in gmsh format.                 Plots epsilon*|E|^2 & choice of real/imag/abs of                 x,y,z components & field vectors. Fields are saved as gmsh                 files, but can be converted by running the .geo file found in                 Bloch_fields/PNG/

	plot_real (bool) –
Choose to plot real part of modal fields.

	plot_imag (bool) –
Choose to plot imaginary part of modal fields.

	plot_abs (bool) –
Choose to plot absolute value of modal fields.

	plt_msh (bool) –
Save a plot of the 1D array geometry.










	
calc_modes(light, **args)[source]

	Run a simulation to find the NanoStruct’s modes.





	Parameters:	
	light (Light instance) – Represents incident light.

	args (dict) – Options to pass to :Simmo.calc_modes:.






	Returns:	



	Simmo:	object


















	
make_mesh()[source]

	








	
class objects.ThinFilm(period, period_y=None, height_nm=1.0, num_pw_per_pol=0, world_1d=False, material=<materials.Material object at 0x7fb8aa86ca50>, loss=True)[source]

	Bases: object

Represents an unstructured homogeneous film.





	Parameters:	period (float) – Artificial period imposed on homogeneous film                 to give consistently defined plane waves in terms of                 diffraction orders of structured layers.




	Keyword Arguments:

		
	period_y (float) –
The period of the unit cell in the y-direction.                If None, period_y = period.

	height_nm (float) –
The thickness of the layer in nm or ‘semi_inf’                for a semi-infinte layer.

	num_pw_per_pol (int) –
The number of plane waves per polarisation.

	world_1d (bool) –
Does the rest of the stack have exclusively 1D                 periodic structures and homogeneous layers?                 If True we use the set of 1D diffraction order PWs.

	material –
A :Material: instance specifying the n of                 the layer and related methods.

	loss (bool) –
If False sets Im(n) = 0, if True leaves n as is.










	
calc_modes(light)[source]

	Run a simulation to find the ThinFilm’s modes.





	Parameters:	
	light (Light instance) – Represents incident light.

	args (dict) – Options to pass to :Anallo.calc_modes:.






	Returns:	



	Anallo:	object






















	
objects.calculate_ff(inc_shape, d, dy, a1, a2=0, a3=0, a4=0, a5=0, a6=0, a7=0, a8=0, a9=0, a10=0, a11=0, a12=0, a13=0, a14=0, a15=0, a16=0, el1=0)[source]

	Calculate the fill fraction of the inclusions.





	Parameters:	
	inc_shape (str) – shape of the inclusions.

	d (float) – period of structure, in same units as a1-16.

	dy (float) – period of structure along y-axis, in same units as a1-16.

	a1 (float) – diameter of inclusion 1, in same units as d.






	Keyword Arguments:

		
	a2-16  (float): diameters of further inclusions.

	el1 (float) –
ellipticity of inclusion 1.














	
objects.dec_float_str(dec_float)[source]

	Convert float with decimal point into string with ‘_’ in place of ‘.’
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materials module

materials.py is a subroutine of EMUstack that defines Material objects,
these represent dispersive lossy refractive indices and possess
methods to interpolate n from tabulated data.

Copyright (C) 2015  Bjorn Sturmberg, Kokou Dossou, Felix Lawrence

EMUstack is free software: you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation, either version 3 of the License, or
(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program.  If not, see <http://www.gnu.org/licenses/>.


	
class materials.Material(n)[source]

	Bases: object

Represents a material with a refractive index n.

If the material is dispersive, the refractive index at a given
wavelength is calculated by linear interpolation from the
initially given data n. Materials may also have n calculated
from a Drude model with input parameters.





	Parameters:	n – Either a scalar refractive index,                 an array of values (wavelength, n), or                 (wavelength, real(n), imag(n)),                 or omega_p, omega_g, eps_inf for Drude model.





Currently included materials are;








	Semiconductors
	Metals
	Transparent oxides


	Si_c
	Au
	TiO2


	Si_a
	Au_Palik
	TiO2_anatase


	SiO2
	Ag
	ITO


	CuO
	Ag_Palik
	ZnO


	CdTe
	Cu
	SnO2


	FeS2
	Cu_Palik
	FTO_Wenger


	Zn3P2
	Al
	FTO_Wengerk5


	AlGaAs
	
	


	Al2O3
	
	


	Al2O3_PV
	
	


	GaAs
	
	


	InGaAs
	Drude
	Other


	Si3N4
	Au_drude
	Air


	MgF2
	
	H2O


	InP
	
	Glass


	InAs
	
	Spiro


	GaP
	
	Spiro_nk


	Ge
	
	


	AlN
	
	


	GaN
	
	


	MoO3
	
	


	ZnS
	
	


	AlN_PV
	
	


	
	
	Experimental incl.


	
	
	CH3NH3PbI3


	
	
	Sb2S3


	
	
	Sb2S3_ANU2014


	
	
	Sb2S3_ANU2015


	
	
	GO_2014


	
	
	GO_2015


	
	
	rGO_2015


	
	
	SiON_Low


	
	
	SiON_High


	
	
	Low_Fe_Glass


	
	
	Perovskite_00


	
	
	Perovskite


	
	
	Perovskite_b2b


	
	
	Ge_Doped






	
__getstate__()[source]

	Can’t pickle self._n, so remove it from what is pickled.






	
__setstate__(d)[source]

	Recreate self._n when unpickling.






	
n(wl_nm)[source]

	Return n for the specified wavelength.










	
materials.plot_n_data(data_name)[source]
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mode_calcs module

mode_calcs.py is a subroutine of EMUstack that contains methods to
calculate the modes of a given layer, either analytically
(class ‘Anallo’) or from the FEM routine (class ‘Simmo’).

Copyright (C) 2015  Bjorn Sturmberg, Kokou Dossou, Felix Lawrence

EMUstack is free software: you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation, either version 3 of the License, or
(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program.  If not, see <http://www.gnu.org/licenses/>.


	
class mode_calcs.Anallo(thin_film, light)[source]

	Bases: mode_calcs.Modes

Interaction of one :Light: object with one :ThinFilm: object.

Like a :Simmo:, but for a thin film, and calculated analytically.


	
Z()[source]

	Return the wave impedance as a 1D array.






	
calc_kz()[source]

	Return a sorted 1D array of grating orders’ kz.






	
calc_modes()[source]

	Calculate the modes of homogeneous layer analytically.






	
k()[source]

	Return the normalised wavenumber in the background material.






	
n()[source]

	Return refractive index of an object at its wavelength.






	
specular_incidence(pol='TE')[source]

	Return a vector of plane wave amplitudes corresponding             to specular incidence in the specified polarisation.

i.e. all elements are 0 except the zeroth order.










	
class mode_calcs.EMUstack

	Bases: object






	
class mode_calcs.Modes[source]

	Bases: object

Super-class from which Simmo and Anallo inherit common functionality.


	
air_ref()[source]

	Return an :Anallo: for air for the same :Light: as this.






	
calc_1d_grating_orders(max_order)[source]

	Return the grating order indices px and py, unsorted.






	
calc_2d_grating_orders(max_order)[source]

	Return the grating order indices px and py, unsorted.






	
k_pll_norm()[source]

	




	
prop_fwd(height_norm)[source]

	Return the matrix P corresponding to forward propagation/decay.






	
shear_transform(coords)[source]

	Return the matrix Q corresponding to a shear transformation to coordinats coords.






	
wl_norm()[source]

	Return normalised wavelength (wl/period).










	
class mode_calcs.Simmo(structure, light)[source]

	Bases: mode_calcs.Modes

Interaction of one :Light: object with one :NanoStruc: object.

Inherits knowledge of :NanoStruc:, :Light: objects
Stores the calculated modes of :NanoStruc: for illumination by :Light:


	
calc_modes(num_BMs=None)[source]

	Run a Fortran FEM calculation to find the modes of a         structured layer.










	
mode_calcs.r_t_mat(lay1, lay2)[source]

	Return R12, T12, R21, T21 at an interface between lay1         and lay2.






	
mode_calcs.r_t_mat_anallo(an1, an2)[source]

	Returns R12, T12, R21, T21 at an interface between thin films.

R12 is the reflection matrix from Anallo 1 off Anallo 2

The sign of elements in T12 and T21 is fixed to be positive,
in the eyes of numpy.sign






	
mode_calcs.r_t_mat_tf_ns(an1, sim2)[source]

	Returns R12, T12, R21, T21 at an1-sim2 interface.

Based on:
Dossou et al., JOSA A, Vol. 29, Issue 5, pp. 817-831 (2012) [http://dx.doi.org/10.1364/JOSAA.29.000817]

But we use Zw = 1/(Zcr X) instead of X, so that an1 does not
have to be free space.
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stack module

stack.py is a subroutine of EMUstack that contains the Stack object,
which takes layers with known scattering matrices and calculates
the net scattering matrices of the multilayered stack.

Copyright (C) 2015  Bjorn Sturmberg, Kokou Dossou, Felix Lawrence

EMUstack is free software: you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation, either version 3 of the License, or
(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program.  If not, see <http://www.gnu.org/licenses/>.


	
class stack.Stack(layers, heights_nm=None, shears=None)[source]

	Bases: object

Represents a stack of layers evaluated at one frequency.

This includes the semi-infinite input and output layers.





	Parameters:	
	layers (tuple) – :ThinFilm:s and :NanoStruct:s                 ordered from top to bottom layer.

	heights_nm (tuple) – the heights of the inside layers,                i.e., all layers except for the top and bottom. This                overrides any heights specified in the :ThinFilm: or                :NanoStruct: objects.

	shears (tuple) – the in-plane coordinates of each layer,                including semi-inf layers in unit cell units (i.e. 0-1).
e.g. ([0.0, 0.3], [0.1, 0.1], [0.2, 0.5]) for ‘2D_array’                e.g. ([0.0], [ 0.1], [0.5]) for ‘1D_array’.                Only required if wish to shift layers relative to each                other. Only relative difference matters.









Note that: scattering matrices, are organised as                 | TE -> TE | TM -> TE |                 | TE -> TM | TM -> TM |


	
calc_scat(pol='TE', incoming_amplitudes=None, calc_fluxes=True, save_scat_list=False)[source]

	Calculate the transmission and reflection matrices of the stack.

In relation to the FEM mesh the polarisation is orientated,
- along the y axis for TE
- along the x axis for TM
at normal incidence (polar angle theta = 0, azimuthal angle phi = 0).





	Keyword Arguments:

		
	pol (str) –
Polarisation for which to calculate transmission                     & reflection.

	incoming_amplitudes (int) –
Which incoming PW order to give                     1 unit of energy. If None the 0th order PW is selected.

	calc_fluxes (bool) –
Calculate energy fluxes. Only possible if                     top layer is a ThinFilm.

	save_scat_list (bool) –
If True, save tnet_list, rnet_list                     as property of stack for later access.














	
heights_nm()[source]

	Update heights of each layer to those given in Keyword Arg
‘heights_nm’. If no heights specified in Stack, the heights of
each layer object are used.






	
heights_norm()[source]

	Normalise heights by the array period.






	
structures()[source]

	Return :NanoStruct: or :ThinFilm: object of each layer.






	
total_height()[source]

	Calculate total thickness of stack.
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plotting module

plotting.py is a subroutine of EMUstack that contains numerous plotting
routines.

Copyright (C) 2015  Bjorn Sturmberg, Kokou Dossou, Felix Lawrence

EMUstack is free software: you can redistribute it and/or modify
it under the terms of the GNU General Public License as published by
the Free Software Foundation, either version 3 of the License, or
(at your option) any later version.

This program is distributed in the hope that it will be useful,
but WITHOUT ANY WARRANTY; without even the implied warranty of
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
GNU General Public License for more details.

You should have received a copy of the GNU General Public License
along with this program.  If not, see <http://www.gnu.org/licenses/>.


	
plotting.BM_amplitudes(stacks_list, xvalues=None, chosen_BMs=None, lay_interest=1, up_and_down=True, add_height=None, add_name='', save_pdf=True, save_npz=False, save_txt=False)[source]

	Plot the amplitudes of Bloch modes in selected layer.





	Parameters:	stacks_list (list) – Stack objects containing data to plot.




	Keyword Arguments:

		
	xvalues (list) –
The values stacks_list is to be plotted as a                 function of.

	chosen_BMs (list) –
Bloch Modes to include, identified by their                 indices in the scattering matrices (order most propagating                 to most evanescent) eg. [0,2,4].

	lay_interest (int) –
The index in stacks_list of the layer in                 which amplitudes are calculated.

	up_and_down (bool) –
Average the amplitudes of up & downward                 propagating modes. Else include only downward in all layers                except for the superstrate where include only upward.

	add_height (float) –
Print the heights of :Stack: layer in title.

	add_name (str) –
Add add_name to title.

	save_pdf (bool) –
If True save spectra as pdf files.                 True by default.

	save_npz (bool) –
If True, saves lists of BM amplitudes to file.

	save_txt (bool) –
If True, saves lists of BM amps to txt file.














	
plotting.Bloch_fields_1d(stacks_list, lay_interest=None)[source]

	Plot Bloch mode fields along the x axis.



	Args:

	stacks_list  (list): Stack objects containing data to plot.

	Keyword Args:

	lay_interest  (int): the index of the layer considered within                 the stack. Must be a 1D_array NanoStruct layer. By default                 routine finds all such layers.











	
plotting.EOT_plot(stacks_list, wavelengths, pol='TM', params_layer=1, add_name='', savetxt=False)[source]

	Plot T_{00} as in Martin-Moreno PRL 86 2001.





	Parameters:	pol (str) – Take the (0,0) component for TE->TE scattering
or the (0,0) component for TM->TM scattering.










	
plotting.E_conc_plot(stacks_list, which_layer, which_modes, wavelengths, params_layer=1, stack_label=1)[source]

	Plots the energy concentration (epsilon E_cyl / epsilon E_cell) of given layer.





	Parameters:	
	stacks_list (list) – Stack objects containing data to plot.

	which_layer (int) – The index in stacks_list of the layer for                 which the energy concentration is to be calculated.

	which_modes (list) – Indices of Bloch modes for which to calculate                 the energy concentration.

	wavelengths (list) – The wavelengths corresponding to stacks_list.






	Keyword Arguments:

		
	params_layer (int) –
The index in stacks_list of the layer for                 which the geometric parameters are put in the title of                 the plots.

	stack_label (int) –
Label to differentiate plots of different                 :Stack:s.














	
plotting.Fabry_Perot_res(stacks_list, freq_list, kx_list, f_0, k_0, lay_interest=1)[source]

	Calculate the Fabry-Perot resonance condition for a resonances within a layer.

This is equivalent to finding the slab waveguide modes of the layer.





	Parameters:	
	stacks_list (list) – Stack objects containing data to plot.

	freq_list (list) – Frequencies included.

	kx_list (list) – In-plane wavenumbers included.

	f_0 (list) – Frequency w.r.t. which axis is normalised.

	k_0 (list) – In-plane wavenumber w.r.t. which axis is normalised.






	Keyword Arguments:

		lay_interest (int) –
The index in stacks_list of the layer of            which F-P resonances are calculated.












	
plotting.J_sc_eta_NO_plots(stacks_list, wavelengths, params_layer=1, active_layer_nu=1, stack_label=1, add_name='')[source]

	Calculate J_sc & ultimate efficiency but do not save or plot spectra.





	Parameters:	
	stacks_list (list) – Stack objects containing data to plot.

	wavelengths (list) – The wavelengths corresponding to stacks_list.






	Keyword Arguments:

		
	params_layer (int) –
The index in stacks_list of the layer for                 which the geometric parameters are put in the title of                 the plots.

	active_layer_nu (int) –
The index in stacks_list (from bottom)                 of the layer for which the ult_eta and/or J_sc are calculated.

	stack_label (int) –
Label to differentiate plots of different                 :Stack:s.

	add_name (str) –
Add add_name to title.














	
plotting.J_short_circuit(active_abs, wavelengths, params_2_print='', stack_label='', add_name='')[source]

	Calculate the short circuit current J_sc under ASTM 1.5 illumination.
Assuming every absorbed photon produces a pair of charge carriers.






	
plotting.PW_amplitudes(stacks_list, xvalues=None, chosen_PWs=None, lay_interest=0, up_and_down=True, add_height=None, add_name='', save_pdf=True, save_npz=False, save_txt=False)[source]

	Plot the amplitudes of plane wave orders in selected layer.

Assumes dealing with 1D grating and only have 1D diffraction orders.
Takes the average of up & downward propagating modes.





	Parameters:	stacks_list (list) – Stack objects containing data to plot.




	Keyword Arguments:

		
	xvalues (list) –
The values stacks_list is to be plotted as a                 function of.

	chosen_PWs (list) –
PW diffraction orders to include.                 eg. [-1,0,2]. If ‘None’ are given all are plotted.

	lay_interest (int) –
The index in stacks_list of the layer in                 which amplitudes are calculated.

	up_and_down (bool) –
Average the amplitudes of up & downward                 propagating modes. Else include only downward in all layers                except for the superstrate where include only upward.

	add_height (float) –
Print the heights of :Stack: layer in title.

	add_name (str) –
Add add_name to title.

	save_pdf (bool) –
If True save spectra as pdf files.                 True by default.

	save_npz (bool) –
If True, saves lists of PW amplitudes to file.

	save_txt (bool) –
If True, saves lists of PW amps to txt file.














	
plotting.clear_previous()[source]

	Delete all files of specified type as well as field directories.






	
plotting.evanescent_merit(stacks_list, xvalues=None, chosen_PWs=None, lay_interest=0, add_height=None, add_name='', save_pdf=True, save_txt=False)[source]

	Plot a figure of merit for the ‘evanescent-ness’ of excited fields.

Assumes dealing with 1D grating and only have 1D diffraction orders.





	Parameters:	stacks_list (list) – Stack objects containing data to plot.




	Keyword Arguments:

		
	xvalues (list) –
The values stacks_list is to be plotted as a                 function of.

	chosen_PWs (list) –
PW diffraction orders to include.                 eg. [-1,0,2].

	lay_interest (int) –
The index in stacks_list of the layer in                 which amplitudes are calculated.

	add_height (float) –
Print the heights of :Stack: layer in title.

	add_name (str) –
Add add_name to title.

	save_pdf (bool) –
If True save spectra as pdf files.                 True by default.

	save_txt (bool) –
If True, saves average value of                 mean PW order to file.














	
plotting.extinction_plot(t_spec, wavelengths, params_2_print, stack_label, add_name)[source]

	Plot extinction ratio in transmission extinct = log_10(1/t).






	
plotting.field_values(stacks_list, lay_interest=0, xyz_values=[(0.1, 0.1, 0.1)])[source]

	Save electric field values at given x-y-z points. Points must be within     a ThinFilm layer. In txt file fields are given as     Re(Ex) Im(Ex) Re(Ey) Im(Ey) Re(Ez) Im(Ez) |E|



	Args:

	stacks_list  (list): Stack objects containing data to plot.

	Keyword Args:

	lay_interest  (int): the index of the layer considered within                 the stack. Must be a ThinFilm layer.

xyz_values  (list): list of distances in normalised units of (d)                 from top surface of layer at which to calculate fields.                 For semi-inf substrate then z_value is distance from                 top of this layer (i.e. bottom interface of stack).













	
plotting.fields_3d(stacks_list, lay_interest=1)[source]

	Plot fields in 3D using gmsh.



	Args:

	stacks_list  (list): Stack objects containing data to plot.

	Keyword Args:

	lay_interest  (int): the index of the layer considered within             the stack.











	
plotting.fields_in_plane(stacks_list, lay_interest=1, z_values=[0.1, 3.6], nu_calc_pts=51)[source]

	Plot fields in the x-y plane at chosen values of z.



	Args:

	stacks_list  (list): Stack objects containing data to plot.

	Keyword Args:

	lay_interest  (int): the index of the layer considered within                 the stack.

z_values  (float): distance in nm from bottom surface of layer                 at which to calculate fields. If layer is semi-inf substrate                 then z_value is distance from top of this layer (i.e. bottom                 interface of stack).

nu_calc_pts  (int): fields are calculated over a mesh of                 nu_calc_pts * nu_calc_pts points.













	
plotting.fields_interpolator_in_plane(pstack, lay_interest=1, z_value=0.1)[source]

	Returns linear interpolators in the x-y plane at chosen value of z for
Re[Ex],Re[Ey],Re[Ez],Im[Ex],Im[Ey],Im[Ez],|E|.

Requires matplotlib v1.3.0 or later.



	Args:

	pstack: Stack object (not a list!!!) containing data to plot.

	Keyword Args:

	lay_interest  (int): the index of the layer considered within                 the stack.

z_value  (float): distance in nm from bottom surface of layer                 at which to calculate fields. If layer is semi-inf substrate                 then z_value is distance from top of this layer (i.e. bottom                 interface of stack).













	
plotting.fields_vertically(stacks_list, factor_pts_vert=31, nu_pts_hori=41, semi_inf_height=1.0, gradient=None, no_incoming=False, add_name='', force_eq_ratio=False, colour_res=30, plot_boundaries=True)[source]

	Plot fields in the x-y plane at chosen values of z, where z is     calculated from the bottom of chosen layer.



	Args:

	stacks_list  (list): Stack objects containing data to plot.

	Keyword Args:

	factor_pts_vert  (int): sampling factor for fields vertically.             Calculated as factor_pts_vert * (epsilon*h/wl).

nu_pts_hori  (int): in-plane fields are calculated over a mesh of                 nu_pts_hori * nu_pts_hori points.

semi_inf_height  (float): distance to which fields are plotting                 in semi-infinite (sub)superstrates.

gradient  (float): further slices calculated with given gradient                 and -gradient. It is entitled ‘specified_diagonal_slice’.                These slices are only calculated for ThinFilm layers.

no_incoming  (bool): if True, plots fields in superstrate in the                 absence of the incident driving field (i.e. only showing                 upward propagating scattered field).

add_name  (str): concatenate add_name to title.

force_eq_ratio  (bool): each layer plotted on equal space.

colour_res  (int): number of colour intervals to use.

plot_boundaries  (bool): plot boundaries of inclusions.













	
plotting.gen_params_string(stack, layer=1)[source]

	Generate the string of simulation info that is to be printed         at the top of plots.






	
plotting.layers_plot(spectra_name, spec_list, xvalues, xlabel, total_h, params_2_print, stack_label, add_name, save_pdf, save_txt, label_eV, set_y_lim)[source]

	Plots one type of spectrum across all layers.

Is called from t_r_a_plots.






	
plotting.layers_print(spectra_name, spec_list, wavelengths, total_h, stack_label=1, add_name='')[source]

	Save spectra to text files.

Is called from t_r_a_write_files.






	
plotting.max_n(stacks_list)[source]

	Find maximum refractive index n in stacks_list.






	
plotting.omega_plot(stacks_list, wavelengths, params_layer=1, stack_label=1)[source]

	Plots the dispersion diagram of each layer in one plot.         k_z has units nm^-1.





	Parameters:	
	stacks_list (list) – Stack objects containing data to plot.

	wavelengths (list) – The wavelengths corresponding to stacks_list.






	Keyword Arguments:

		
	params_layer (int) –
The index in stacks_list of the layer for                 which the geometric parameters are put in the title of                 the plots.

	stack_label (int) –
Label to differentiate plots of different                 :Stack:s.














	
plotting.t_func_k_plot_1D(stacks_list, lay_interest=0, pol='TE')[source]

	PW amplitudes in transmission as a function of their in-plane k-vector.





	Parameters:	stacks_list (list) – Stack objects containing data to plot.




	Keyword Arguments:

		
	lay_interest (int) –
The index in stacks_list of the layer in                 which amplitudes are calculated.

	pol (str) –
Include transmission in Which polarisation.














	
plotting.t_r_a_plots(stacks_list, xvalues=None, xlabel='', params_layer=1, active_layer_nu=1, stack_label=1, ult_eta=False, J_sc=False, weight_spec=False, extinct=False, add_height=0, add_name='', save_pdf=True, save_txt=False, set_y_lim=True, label_eV=False)[source]

	Plot t, r, a for each layer & in total.





	Parameters:	stacks_list (list) – Stack objects containing data to plot.




	Keyword Arguments:

		
	xvalues (list) –
The values stacks_list is to be plotted as a                 function of.

	params_layer (int) –
The index in stacks_list of the layer for                 which the geometric parameters are put in the title of                 the plots.

	active_layer_nu (int) –
The index in stacks_list (from bottom)                 of the layer for which the ult_eta and/or J_sc are calculated.

	stack_label (int) –
Label to differentiate plots of different                 :Stack:s.

	ult_eta (bool) –
If True; calculate the ‘ultimate efficiency’.

	J_sc (bool) –
If True; calculate the idealised short circuit                 current.

	weight_spec (bool) –
If True; plot t, r, a spectra weighted by                 the ASTM 1.5 solar spectrum.

	extinct (bool) –
If True; calculate the extinction ratio in                 transmission.

	add_height (float) –
Print the heights of :Stack: layer in title.

	add_name (str) –
Add add_name to title.

	save_pdf (bool) –
If True; save spectra as pdf files.                 True by default.

	save_txt (bool) –
If True; save spectra data to text                 files.

	set_y_lim (bool) –
If True; set y limits to (0,1).

	label_eV (bool) –
If True; add energy label in eV.














	
plotting.t_r_a_plots_subs(stacks_list, wavelengths, period, sub_n, params_layer=1, active_layer_nu=1, stack_label=1, ult_eta=False, J_sc=False, weight_spec=False, extinct=False, add_name='')[source]

	Plot t, r, a indicating Wood anomalies in substrate for each layer         & total.





	Parameters:	
	stacks_list (list) – Stack objects containing data to plot.

	wavelengths (list) – The wavelengths corresponding to stacks_list.

	period (float) – Period of :Stack:s.

	sub_n (float) – Refractive index of the substrate in which Wood                 anomalies are considered.






	Keyword Arguments:

		
	params_layer (int) –
The index in stacks_list of the layer for                 which the geometric parameters are put in the title of                 the plots.



	active_layer_nu (int) –
The index in stacks_list (from bottom)                 of the layer for which the ult_eta and/or J_sc are calculated.



	stack_label (int) –
Label to differentiate plots of different                 :Stack:s.



	ult_eta (bool) –
If True, calculate the ‘ultimate efficiency’.



	J_sc (bool) –
If True, calculate the idealised short circuit                 current.



	weight_spec (bool) –
If True, plot t, r, a spectra weighted by                 the ASTM 1.5 solar spectrum.



	extinct (bool) –
If True, calculate the extinction ratio in                 transmission.

add_name  (str): Add add_name to title.
















	
plotting.t_r_a_write_files(stacks_list, wavelengths, stack_label=1, add_name='')[source]

	Save t, r, a for each layer & total in text files.





	Parameters:	
	stacks_list (list) – Stack objects containing data to plot.

	wavelengths (list) – The wavelengths corresponding to stacks_list.






	Keyword Arguments:

		
	stack_label (int) –
Label to differentiate plots of different                 :Stack:s.

	add_name (str) –
Add add_name to title.














	
plotting.tick_function(energies)[source]

	Convert energy in eV into wavelengths in nm






	
plotting.total_tra_plot(plot_name, a_spec, t_spec, r_spec, xvalues, xlabel, params_2_print, stack_label, add_name, label_eV, set_y_lim)[source]

	Plots total t, r, a spectra on one plot.

Is called from t_r_a_plots, t_r_a_plots_subs






	
plotting.total_tra_plot_subs(plot_name, a_spec, t_spec, r_spec, wavelengths, params_2_print, stack_label, add_name, period, sub_n)[source]

	Plots total t, r, a spectra with lines at first 6 Wood anomalies.

Is called from t_r_a_plots_subs






	
plotting.ult_efficiency(active_abs, wavelengths, bandgap_wl=None, params_2_print='', stack_label='', add_name='')[source]

	Calculate the photovoltaic ultimate efficiency achieved in the specified active layer.

For definition see Sturmberg et al., Optics Express, Vol. 19, Issue S5, pp. A1067-A1081 (2011) [http://dx.doi.org/10.1364/OE.19.0A1067].





	Parameters:	bandgap_wl (float) – allows you to set the wavelength equivalent
to the bandgap. Else it is assumed to be the maximum wavelength
simulated.










	
plotting.vis_matrix(scat_mat, add_name='', max_scale=None, only_real=False)[source]

	Plot given matrix as a greyscale image.





	Parameters:	scat_mat (np.matrix) – A matrix.




	Keyword Arguments:

		
	add_name (str) –
Add add_name to title.

	max_scale (float) –
Limit maximum amplitude shown.

	only_real (bool) –
Only plot the real part of matrix.














	
plotting.vis_scat_mats(scat_mat, nu_prop_PWs=0, wl=None, add_name='', max_scale=None)[source]

	Plot given scattering matrix as greyscale images.





	Parameters:	scat_mat (np.matrix) – A scattering matrix, which is                 organised as                 | TE -> TE | TM -> TE |                 | TE -> TM | TM -> TM |




	Keyword Arguments:

		
	nu_prop_PWs (int) –
Number of propagating PWs.

	wl (int) –
Index in case of calling in a loop.

	add_name (str) –
Add add_name to title.

	max_scale (float) –
Limit maximum amplitude shown.














	
plotting.zeros_int_str(zero_int)[source]

	Convert integer into string with ‘0’ in place of ‘ ‘.
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1D FEM Mode Solver


1D Mesh

1D FEM mesh are created by the python subroutine objects.make_mesh() and passed directly into the fortran routine ‘py_calc_modes.f’.
The only parameter that influences this process is ‘lc_bkg’, where 1 / lc_bkg is the number of FEM elements that the unit cell is divided into.

For a single inclusion the mesh is simply:

|                   period                    |

|--------------------| 1 |--------------------|





where the inclusion has ‘diameter1’ as is made of material ‘inclusion_a’.

For a grating with 2 inclusions in the unit cell the spacing between the surfaces of the inclusions is set with the ‘small_space’ parameter.:

|                   period                    |
  | small_space  |
|2|----------------|   1   |--------------| 2 |





Inclusion1 will always be centered and of material ‘inclusion_a’, while all higher order inclusions are made of material ‘inclusion_b’.

For unit cells that contain 3 or more inclusions there are 2 implemented spacing options.
By default ‘edge_spacing = False’ and the centers of all inclusions are equally spaced, with inclusion1 centered in the middle of the unit cell.

|       |   equally    |  seperated   |       |
|--|    2    |------|  1  |---------| 3 |-----|





The alternative is to space the inclusions with equal distances between their surfaces. This is selected with the keyword argument ‘edge_spacing = True’:

|  |       |equally |     |seperat-|   | ed   |
|--|   2   |--------|  1  |--------| 3 |------|





EMUstack can at present create mesh with up to 6 inclusions.
It is straightforward to extended this.
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2D FEM Mode Solver


2D Mesh

2D FEM mesh are created using the open source program gmsh [http://geuz.org/gmsh/].
In general they are created automatically by EMUstack using the templates files for each inclusion shape. These are stored in backend/fortran/msh. For an up to date list of templates see the ‘inc_shape’ entry in the NanoStruct docstring.

An advantage of using the FEM to calculate the modes of layers is that there is absolutely no constraints on the content of the unit cell. If you wish to create a different structure this can be done using gmsh, which is also used to view the mesh files (select files with the extension .msh).

Note that the area of the unit cell must always be unity! This has been assumed throughout the theoretical derivations.




FEM Errors

There are 2 errors that can be easily triggered within the Fortran FEM routines. These both cause them to simulation to abort and the terminal to be unresponsive (until you kill python or the screen session as described in Screen Sessions).

The first of these is

Error with _naupd, info_32 =           -3
Check the documentation in _naupd.
Aborting...





Long story short, this indicates that the FEM mesh is too coarse for solutions for higher order Bloch modes (Eigenvaules) to converge. To see this run the simulation with FEM_debug = 1 (in mode_calcs.py) and it will print the number of converged Eigenvalues nconv != nval.
This error is easily fixed by increasing the mesh resolution. Decrease ‘lc_bkg’ and/or increase ‘lc2’ etc.

The second error is

Error with _naupd, info_32 =           -8
Check the documentation in _naupd.
Aborting...





This is the opposite problem, when the mesh is so fine that the simulation is overloading the memory of the machine. More accurately the memory depends on the number of Eigenvalues being calculated as well as the number of FEM mesh points.
The best solution to this is to increase ‘lc_bkg’ and/or decrease ‘lc2’ etc.
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  Source code for stack

"""
    stack.py is a subroutine of EMUstack that contains the Stack object,
    which takes layers with known scattering matrices and calculates
    the net scattering matrices of the multilayered stack.

    Copyright (C) 2015  Bjorn Sturmberg, Kokou Dossou, Felix Lawrence

    EMUstack is free software: you can redistribute it and/or modify
    it under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    This program is distributed in the hope that it will be useful,
    but WITHOUT ANY WARRANTY; without even the implied warranty of
    MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
    GNU General Public License for more details.

    You should have received a copy of the GNU General Public License
    along with this program.  If not, see <http://www.gnu.org/licenses/>.
"""

import numpy as np
from mode_calcs import r_t_mat
from mode_calcs import Anallo

[docs]class Stack(object):
    """ Represents a stack of layers evaluated at one frequency.

        This includes the semi-infinite input and output layers.

        Args:
            layers  (tuple): :ThinFilm:s and :NanoStruct:s \
                ordered from top to bottom layer.

            heights_nm  (tuple): the heights of the inside layers,\
                i.e., all layers except for the top and bottom. This\
                overrides any heights specified in the :ThinFilm: or\
                :NanoStruct: objects.

            shears  (tuple): the in-plane coordinates of each layer,\
                including semi-inf layers in unit cell units (i.e. 0-1).
                e.g. ([0.0, 0.3], [0.1, 0.1], [0.2, 0.5]) for '2D_array'\
                e.g. ([0.0], [ 0.1], [0.5]) for '1D_array'.\
                Only required if wish to shift layers relative to each\
                other. Only relative difference matters.

        Note that: scattering matrices, are organised as \
                | TE -> TE | TM -> TE | \
                | TE -> TM | TM -> TM |
    """
    def __init__(self, layers, heights_nm = None, shears = None):
        self.layers = tuple(layers)
        self._heights_nm = heights_nm
        self.shears = shears
        self.period = float(layers[0].structure.period)
        self.period_y = float(layers[0].structure.period_y)
        self._check_periods_are_consistent()
        if self._heights_nm is not None:
            for i_lay, lay in enumerate(self.layers[1:-1]):
                lay.structure.height_nm = heights_nm[i_lay]

[docs]    def heights_nm(self):
        """ Update heights of each layer to those given in Keyword Arg
        'heights_nm'. If no heights specified in Stack, the heights of
        each layer object are used. """
        if self._heights_nm is not None:
            return self._heights_nm
        else:
            return [float(lay.structure.height_nm) for lay in self.layers[1:-1]]


[docs]    def heights_norm(self):
        """ Normalise heights by the array period. """
        return [h / self.period for h in self.heights_nm()]


[docs]    def total_height(self):
        """ Calculate total thickness of stack. """
        return sum(self.heights())


[docs]    def structures(self):
        """ Return :NanoStruct: or :ThinFilm: object of each layer. """
        return (lay.structure for lay in self.layers)

    # def calc_R_T_net(self, save_working = True):
    #     """ Calculate the scattering matrices for the stack as a whole.

    #         INPUTS:

    #         - `save_working` : If `True`, then store net reflection
    #             and transmission matrices at each part of the stack, in
    #             `self.R_net_list` and `self.T_net_list`, ordered with
    #             the reflection and transmission of the first/topmost
    #             finitely thick layer first.

    #         OUTPUTS:

    #         - `R_net` : Net reflection matrix

    #         - `T_net` : Net transmission matrix.
    #     """
    #     self._check_periods_are_consistent()

    #     if save_working:
    #         self.R_net_list, self.T_net_list = [], []

    #     # TODO: swap order of layers
    #     # Reflection and transmission at bottom of structure
    #     R_net, T_net = r_t_mat(self.layers[1], self.layers[0])[:2]

    #     lays = self.layers
    #     for lay, lay_t, h in zip(lays[1:-1], lays[2:], self.heights_norm()):
    #         if save_working:
    #             self.R_net_list.insert(0, R_net)
    #             self.T_net_list.insert(0, T_net)

    #         # lay (2) is the layer we're in right now
    #         # lay_t (1) is the layer above it
    #         # tf = T in forwards direction (down into lay)
    #         R12, T12, R21, T21 = r_t_mat(lay_t, lay)
    #         P = lay.prop_fwd(h)
    #         idm = np.eye(len(P))

    #         # Matrix that maps vector of forward modes in medium 1
    #         # at 1-2 interface, to fwd modes in medium 2 at 2-3 interface
    #         # P * (I - R21 * P * R2net * P)^-1 * T12
    #         f12 = P * np.linalg.solve(idm - R21 * P * R_net * P, T12)
    #         T_net = T_net * f12
    #         R_net = R12 + T21 * P * R_net * f12

    #     self.R_net, self.T_net = R_net, T_net
    #     return self.R_net, self.T_net

    # def calc_lay_amplitudes(self, incoming_amplitudes):
    #     """ Return the mode amplitudes at the bottom of each layer.

    #         OUTPUTS:

    #         - `f_down_list` : List of vectors of amplitudes of
    #             downwards/forward modes

    #         - `f_up_list` : Amplitudes of upwards/backward modes

    #         Both lists start with the amplitudes in the first finitely-
    #         thick layer.

    #         N.B. this is numerically unstable when T_net is nearly singular.
    #         This could be overcome by looping through the interfaces once more
    #         iteratively to find f_down_list and f_up_list.
    #     """
    #     # Calculate the amplitudes of transmitted modes using T_net
    #     f_out = self.T_net * incoming_amplitudes

    #     # Now work backwards to find what incident field at each interface
    #     # leads to this superposition of transmitted modes.
    #     f_down_list = [np.linalg.solve(T_net_l, out) for T_net_l in self.T_net_list]

    #     # And from these, we can use each R_net to find the upward amplitudes
    #     f_up_list  = [R * f_d for R, f_d in zip(self.R_net_list, f_down_list)]

    #     return f_down_list, f_up_list


[docs]    def calc_scat(self, pol='TE', incoming_amplitudes=None, calc_fluxes=True,
                  save_scat_list=False):
        """ Calculate the transmission and reflection matrices of the stack.

            In relation to the FEM mesh the polarisation is orientated,
            - along the y axis for TE
            - along the x axis for TM
            at normal incidence (polar angle theta = 0, azimuthal angle phi = 0).

            Keyword Args:
                pol  (str): Polarisation for which to calculate transmission \
                    & reflection.

                incoming_amplitudes  (int): Which incoming PW order to give \
                    1 unit of energy. If None the 0th order PW is selected.

                calc_fluxes  (bool): Calculate energy fluxes. Only possible if \
                    top layer is a ThinFilm.

                save_scat_list  (bool): If True, save tnet_list, rnet_list \
                    as property of stack for later access.
        """
        # Can check this against lines ~ 127 in J_overlap.f E components are TE, have diffraction
        # orders along beta, which is along y.

        # TODO: Switch to calc_R_T_net, which does not use infinitesimal air
        # layers. This will require rewriting the parts that calculate fluxes
        # through each layer.

        self._check_periods_are_consistent()

        """ Calculate net scattering matrices starting at the bottom.
            1 is infinitesimal air layer.
            2 is medium in layer (symmetric as air on each side).
            (r)t12 and (r)tnet lists run from bottom to top!
        """
        r12_list = []
        r21_list = []
        t12_list = []
        t21_list = []
        P_list = []

        for st1 in self.layers:
            R12, T12, R21, T21 = r_t_mat(st1.air_ref(), st1)
            r12_list.append(R12)
            r21_list.append(R21)
            t12_list.append(T12)
            t21_list.append(T21)
            # Save the reflection matrices to the layers
            # (for easier introspection/testing)
            st1.R12, st1.T12, st1.R21, st1.T21 = R12, T12, R21, T21

        PW_pols = np.shape(R12)[0]
        neq_PW = int(PW_pols/2.0)
        PW_pols = int(PW_pols)
        I_air = np.matrix(np.eye(PW_pols), dtype='D')

    # initiate (r)tnet as top interface of substrate
        tnet_list = []
        rnet_list = []
        tnet = t12_list[0]
        rnet = r12_list[0]
        tnet_list.append(tnet)
        rnet_list.append(rnet)

        inv_t21_list = []
        inv_t12_list = []
        for i in range(1, len(self.layers) - 1):
            lay = self.layers[i]
    # through air layer at bottom of layer
            if self.shears == None:
                to_invert = (I_air - r12_list[i]*rnet)
                inverted_t21 = np.linalg.solve(to_invert, t21_list[i])
                tnet = tnet*inverted_t21
                rnet = r21_list[i] + t12_list[i]*rnet*inverted_t21
            else:
                coord_diff = np.asarray(self.shears[i-1]) - np.asarray(self.shears[i])
                Q = st1.shear_transform(coord_diff)
                Q_inv = st1.shear_transform(-1*coord_diff)
                to_invert = (I_air - r12_list[i]*Q_inv*rnet*Q)
                inverted_t21 = np.linalg.solve(to_invert,t21_list[i])
                tnet = tnet*Q*inverted_t21
                rnet = r21_list[i] + t12_list[i]*Q_inv*rnet*Q*inverted_t21
            inv_t21_list.append(inverted_t21)
            tnet_list.append(tnet)
            rnet_list.append(rnet)
    # through layer
            P = lay.prop_fwd(self.heights_nm()[i-1]/self.period)
            I_TF = np.matrix(np.eye(len(P)), dtype='D')
            to_invert = (I_TF - r21_list[i]*P*rnet*P)
            inverted_t12 = np.linalg.solve(to_invert, t12_list[i])
            P_inverted_t12 = P*inverted_t12
            tnet = tnet*P_inverted_t12
            rnet = r12_list[i] + t21_list[i]*P*rnet*P_inverted_t12

            P_list.append(P)
            inv_t12_list.append(inverted_t12)
            tnet_list.append(tnet)
            rnet_list.append(rnet)

    # into top semi-infinite medium
        if self.shears == None:
            to_invert = (I_air - r12_list[-1]*rnet)
            inverted_t21 = np.linalg.solve(to_invert,t21_list[-1])
            tnet = tnet*inverted_t21
            rnet = r21_list[-1] + t12_list[-1]*rnet*inverted_t21
        else:
            coord_diff = np.asarray(self.shears[-1])
            Q = st1.shear_transform(coord_diff)
            Q_inv = st1.shear_transform(-1*coord_diff)
            to_invert = (I_air - r12_list[-1]*Q_inv*rnet*Q)
            inverted_t21 = np.linalg.solve(to_invert,t21_list[-1])
            tnet = tnet*Q*inverted_t21
            rnet = r21_list[-1] + t12_list[-1]*Q_inv*rnet*Q*inverted_t21
        inv_t21_list.append(inverted_t21)
        tnet_list.append(tnet)
        rnet_list.append(rnet)

        self.R_net, self.T_net = rnet, tnet
        if save_scat_list == True:
            self.tnet_list = tnet_list
            self.rnet_list = rnet_list

        if calc_fluxes == True:
            """ Calculate field expansions for all layers (including air) \
                starting at top.
                Ordering is now top to bottom (inverse of above)! \
                i.e. f1 is superstrate (top).
                Calculate net downward energy flux in each infinitesimal air layer \
                & super/substrates (see appendix C in Dossou et al. JOSA 2012).
            """

            self.t_list = []
            self.r_list = []
            self.a_list = []
            num_prop_air = self.layers[-1].air_ref().num_prop_pw_per_pol
            num_prop_in = self.layers[-1].num_prop_pw_per_pol

            down_fluxes = []
            up_flux = []
            vec_coef_down = []
            vec_coef_up = []
            self.vec_coef_down = vec_coef_down
            self.vec_coef_up = vec_coef_up

        # Start by composing U matrix which is same for all air layers.
        # It is a diagonal matrix with 1 for propagating, i for evanescent TE
        # & -i for evanescent TM plane wave orders.

            U_mat = np.matrix(np.zeros((2*PW_pols, 2*PW_pols),complex))
            for i in range(0, num_prop_air):
                U_mat[i, i] = 1.0
                U_mat[neq_PW+i, neq_PW+i] = 1.0
                U_mat[PW_pols+i, PW_pols+i] = -1.0
                U_mat[PW_pols+neq_PW+i, PW_pols+neq_PW+i] = -1.0
            for i in range(num_prop_air, neq_PW):
                U_mat[i, PW_pols+i] = -1.0j
                U_mat[neq_PW+i, PW_pols+neq_PW+i] = 1.0j
                U_mat[PW_pols+i, i] = 1.0j
                U_mat[PW_pols+neq_PW+i, neq_PW+i] = -1.0j

            if incoming_amplitudes is None:
                # Set the incident field to be a 0th order plane wave
                # in a given polarisation, from the semi-inf top layer
                d_minus = self.layers[-1].specular_incidence(pol)
            else:
                d_minus = incoming_amplitudes

        # total incoming flux
            flux_TE = np.linalg.norm(d_minus[0:num_prop_in])**2
            flux_TM = np.linalg.norm(d_minus[neq_PW:neq_PW+num_prop_in])**2
            down_fluxes.append(flux_TE + flux_TM)

        # up into semi-inf off top air gap
            d_plus = rnet_list[-1]*d_minus
            self.vec_coef_down.append(d_minus)
            self.vec_coef_up.append(d_plus)
        # total reflected flux
            flux_TE = np.linalg.norm(d_plus[0:num_prop_in])**2
            flux_TM = np.linalg.norm(d_plus[neq_PW:neq_PW+num_prop_in])**2
            up_flux.append(flux_TE + flux_TM)

        # incoming from semi-inf into top air gap
            f1_minus = inv_t21_list[-1]*d_minus

            for i in range(len(self.layers) - 2):
                f1_plus = rnet_list[-2*i-2]*f1_minus
        # net downward flux in infinitesimal air layer
                f_mat = np.matrix(np.concatenate((f1_minus, f1_plus)))
                flux = f_mat.H*U_mat*f_mat
                down_fluxes.append(flux)

                f2_minus = inv_t12_list[-i-1]*f1_minus
                f2_plus = rnet_list[-2*i-3]*P_list[-i-1]*f2_minus
                self.vec_coef_down.append(f2_minus)
                self.vec_coef_up.append(f2_plus)

                f1_minus = inv_t21_list[-i-2]*P_list[-i-1]*f2_minus

        # bottom air to semi-inf substrate
            f1_plus = rnet_list[0]*f1_minus

            f2_minus = tnet_list[0]*f1_minus
            self.vec_coef_down.append(f2_minus)
            # self.trans_vector = f2_minus
        # can only calculate the energy flux in homogeneous films
            if isinstance(self.layers[0], Anallo):
                num_prop_out = self.layers[0].num_prop_pw_per_pol
                if num_prop_out != 0:
                    # out             = self.layers[0].specular_order
                    flux_TE = np.linalg.norm(f2_minus[0:num_prop_out])**2
                    flux_TM = np.linalg.norm(f2_minus[neq_PW:neq_PW+num_prop_out])**2
                    down_fluxes.append(flux_TE + flux_TM)
                else: print "Warning: there are no propagating modes in the semi-inf \n substrate therefore cannot calculate energy fluxes here."

                num_prop_in    = self.layers[-1].num_prop_pw_per_pol
                if num_prop_out != 0:
                # calculate absorptance in each layer
                    for i in range(1 , len(down_fluxes)-1):
                        a_layer = abs(abs(down_fluxes[i])-abs(down_fluxes[i+1]))
                        self.a_list.append(a_layer)
                    a_layer = abs(down_fluxes[0]-down_fluxes[-1]-up_flux[0])
                    self.a_list.append(a_layer)

                # calculate reflectance in each layer
                    for i in range(1, len(up_flux)-1):
                        r_layer = abs(up_flux[i])/abs(down_fluxes[i])
                        self.r_list.append(r_layer)
                    r_layer = abs(up_flux[0]/down_fluxes[0])
                    self.r_list.append(r_layer)

                # calculate transmittance in each layer
                    for i in range(0, len(down_fluxes)-2):
                        t_layer = abs(abs(down_fluxes[i+2])/abs(down_fluxes[i]))
                        self.t_list.append(t_layer)
                    t_layer = abs(down_fluxes[-1]/down_fluxes[0])
                    self.t_list.append(t_layer)

                else:
                    self.a_list = np.zeros(len(self.layers) - 2)
                    self.r_list = np.zeros(len(self.layers) - 2)
                    self.t_list = np.zeros(len(self.layers) - 2)
                    print "Warning: there are no propagating modes in the semi-inf \n superstrate therefore CANNOT CALCULATE ENERGY FLUXES ANYWHERE."

            else:
            # calculate absorptance in each layer
                for i in range(1, len(down_fluxes)-1):
                    a_layer = abs(abs(down_fluxes[i])-abs(down_fluxes[i+1]))
                    self.a_list.append(a_layer)
                a_layer = abs(down_fluxes[0]-down_fluxes[-1]-up_flux[0])
                self.a_list.append(a_layer)

            # calculate reflectance in each layer
                for i in range(1, len(up_flux)-1):
                    r_layer = abs(up_flux[i])/abs(down_fluxes[i])
                    self.r_list.append(r_layer)
                r_layer = abs(up_flux[0]/down_fluxes[0])
                self.r_list.append(r_layer)

            # calculate transmittance in each layer
                for i in range(0, len(down_fluxes)-2):
                    t_layer = abs(down_fluxes[i+2])/abs(down_fluxes[i])
                    self.t_list.append(t_layer)
                t_layer = abs(down_fluxes[-1]/down_fluxes[0])
                self.t_list.append(t_layer)



    def _check_periods_are_consistent(self):
        """ Raise an error if layers have different periods."""
        for lay in self.layers:
            assert lay.structure.period == self.period, \
                "All layers in a multilayer stack must have the same period."
            assert lay.structure.period_y == self.period_y, \
                "All layers in a multilayer stack must have the same period_y."
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  Source code for objects

"""
    objects.py is a subroutine of EMUstack that contains the NanoStruct,
    ThinFilm and Light objects. These represent the properties of a
    structured layer, a homogeneous layer and the incident light
    respectively.

    Copyright (C) 2015  Bjorn Sturmberg, Kokou Dossou, Felix Lawrence

    EMUstack is free software: you can redistribute it and/or modify
    it under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    This program is distributed in the hope that it will be useful,
    but WITHOUT ANY WARRANTY; without even the implied warranty of
    MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
    GNU General Public License for more details.

    You should have received a copy of the GNU General Public License
    along with this program.  If not, see <http://www.gnu.org/licenses/>.
"""

import os
import numpy as np
import materials
from mode_calcs import Simmo, Anallo
from fortran import EMUstack

msh_location = '../backend/fortran/msh/'

# Acknowledgements
print '\n##################################################################\n'\
    + 'EMUstack is brought to you by Bjorn Sturmberg, Kokou Dossou, \n' \
    + 'Felix Lawrence & Lindsay Botton, with support from CUDOS & ARENA\n' \
    + 'Starting EMUstack calculation ...\n' + \
      '##################################################################\n'


[docs]class NanoStruct(object):
    """ Represents a structured layer.

        Args:
            periodicity  (str): Either 1D or 2D structure '1D_array', '2D_array'.

            period  (float): The period of the unit cell in nanometers.

            diameter1  (float): The diameter of the inclusion in nm.

        Keyword Args:
            period_y  (float): The period of the unit cell in the y-direction.\
                If None, period_y = period.

            inc_shape  (str): Shape of inclusions that have template mesh, \
                currently; 'circle', 'ellipse', 'square', 'ring', 'SRR',
                'dimer', 'square_dimer', 'strip_circle', 'strip_square'.

            is_hex  (bool): Simulating a hexagonal lattice, using a rect unitcell?

            ellipticity  (float): If != 0, inclusion has given ellipticity, \
                with b = diameter, a = diameter-ellipticity * diameter. \
                NOTE: only implemented for a single inclusion.

            len_vertical  (float): Vertical length of split ring resonator \
                (if inc_shape = 'SRR').

            len_horizontal  (float): Horizontal length of split ring resonator\
                (if inc_shape = 'SRR').

            diameter2-16  (float): The diameters of further inclusions in nm. \
                Implemented up to diameter6 for 1D_arrays.

            gap (float): The dimer gap in nm. \
                (if inc_shape = 'dimer' or 'square_dimer').

            smooth (float): smoothness of square_dimer angles, between 0 (sharp). \
                and 1 (circle).
                (if inc_shape = square_dimer').

            inclusion_a  : A :Material: instance for first inclusion, \
                specified as dispersive refractive index (eg. materials.Si_c) \
                or nondispersive complex number (eg. Material(1.0 + 0.0j)).

            inclusion_b  : A :Material: instance for the second \
                inclusion medium.

            inclusion_c  : A :Material: instance for the third \
                inclusion medium.

            inclusion_d  : A :Material: instance for the fourth \
                inclusion medium.

            inclusion_e  : A :Material: instance for the fifth \
                inclusion medium.

            background  : A :Material: instance for the background medium.

            loss  (bool): If False, Im(n) = 0, if True n as in \
                :Material: instance.

            height_nm  (float): The thickness of the layer in nm or \
                'semi_inf' for a semi-infinite layer.

            hyperbolic  (bool): If True FEM looks for Eigenvalues around \
                n**2 * k_0**2 rather than the regular \
                n**2 * k_0**2 - alpha**2 - beta**2.

            world_1d  (bool): Does the rest of the stack have exclusively 1D \
                periodic structures and homogeneous layers? \
                If True we use the set of 1D diffraction order PWs.\
                Defaults to True for '1D_array', and False for '2D_array'.

            ff  (float): The fill fraction of the inclusions. If non-zero, \
                the specified diameters are overwritten s.t. given ff is \
                achieved, otherwise ff is calculated from parameters and \
                stored in self.ff.

            ff_rand  (bool): If True, diameters overwritten with random \
                diameters, s.t. the ff is as assigned. Must provide non-zero \
                dummy diameters.

            posx  (float): Shift NWs laterally towards center (each other), \
                posx is a fraction of the distance possible before NWs touch.

            posy  (float): Shift NWs vertically towards center (each other), \
                posx is a fraction of the distance possible before NWs touch.

            small_space  (float): Only for 1D_arrays with 2 interleaved \
                inclusions. Sets distance between edges of inclusions. \
                By default (d_in_nm - diameter1 - diameter2) / 2. \
                The smaller distance is on the, which left of center \
                (inclusion_a remains centered).

            edge_spacing  (bool): For 1D_array with >= 3 inclusions. Space \
                inclusion surfaces by equal separations. Else their centers \
                will be equally spaced.

            split_touching_incs  (bool): For 1D_array with > 1 inclusions. \
                Arrange inclusions with touching edges, with the \
                aggregate centered in the unit cell.

            make_mesh_now  (bool): If True, program creates a FEM mesh with \
                provided :NanoStruct: parameters. If False, must provide \
                mesh_file name of existing .mail that will be run despite \
                :NanoStruct: parameters.

            force_mesh  (bool): If True, a new mesh is created despite \
                existence of mesh with same parameter. This is used to make \
                mesh with equal period etc. but different lc refinement.

            mesh_file  (str): If using a set premade mesh give its name \
                including .mail if 2D_array (eg. 600_60.mail), or .txt if \
                1D_array. It must be located in backend/fortran/msh/

            lc_bkg  (float): Length constant of meshing of background medium \
                (smaller = finer mesh)

            lc2  (float): factor by which lc_bkg will be reduced on inclusion \
                surfaces; lc_surface = cl_bkg / lc2.

            lc3-6'  (float): factor by which lc_bkg will be reduced at center \
                of inclusions.

            plotting_fields  (bool): Unless set to true field data deleted.\
                Also plots modes (ie. FEM solutions) in gmsh format. \
                Plots epsilon*|E|^2 & choice of real/imag/abs of \
                x,y,z components & field vectors. Fields are saved as gmsh \
                files, but can be converted by running the .geo file found in \
                Bloch_fields/PNG/

            plot_real  (bool): Choose to plot real part of modal fields.

            plot_imag  (bool): Choose to plot imaginary part of modal fields.

            plot_abs  (bool): Choose to plot absolute value of modal fields.

            plt_msh  (bool): Save a plot of the 1D array geometry.
    """

    def __init__(self, periodicity, period, diameter1,
                 period_y=None, inc_shape='circle', is_hex=False,
                 ellipticity=0.0, ff=0, ff_rand=False, small_space=None,
                 edge_spacing=False, split_touching_incs=False,
                 len_vertical=0, len_horizontal=0,
                 background=materials.Material(1.0 + 0.0j),
                 inclusion_a=materials.Material(1.0 + 0.0j),
                 inclusion_b=materials.Material(1.0 + 0.0j),
                 inclusion_c=materials.Material(1.0 + 0.0j),
                 inclusion_d=materials.Material(1.0 + 0.0j),
                 inclusion_e=materials.Material(1.0 + 0.0j),
                 inclusion_f=materials.Material(1.0 + 0.0j),
                 loss=True, height_nm=100.0,
                 diameter2=0,  diameter3=0, diameter4=0, diameter5=0,
                 diameter6=0, diameter7=0, diameter8=0, diameter9=0,
                 diameter10=0, diameter11=0, diameter12=0, diameter13=0,
                 diameter14=0, diameter15=0, diameter16=0, gap=0, smooth=0,
                 hyperbolic=False, world_1d=None, posx=0, posy=0, xshift=None,
                 make_mesh_now=True, force_mesh=True,
                 mesh_file='NEED_FILE.mail',
                 lc_bkg=0.09, lc2=1.0, lc3=1.0, lc4=1.0, lc5=1.0, lc6=1.0,
                 plotting_fields=False, plot_real=1, plot_imag=0, plot_abs=0,
                 plot_field_conc=False, plt_msh=True):
        self.periodicity = periodicity
        self.period = float(period)
        self.diameter1 = diameter1
        if period_y is None:
            self.period_y = float(period)
        else:
            self.period_y = float(period_y)
        self.inc_shape = inc_shape
        self.is_hex = is_hex
        self.height_nm = height_nm
        self.background = background
        self.inclusion_a = inclusion_a
        self.inclusion_b = inclusion_b
        self.inclusion_c = inclusion_c
        self.inclusion_d = inclusion_d
        self.inclusion_e = inclusion_e
        self.inclusion_f = inclusion_f
        self.loss = loss
        self.hyperbolic = hyperbolic
        self.diameter2 = diameter2
        self.diameter3 = diameter3
        self.diameter4 = diameter4
        self.diameter5 = diameter5
        self.diameter6 = diameter6
        self.diameter7 = diameter7
        self.diameter8 = diameter8
        self.diameter9 = diameter9
        self.diameter10 = diameter10
        self.diameter11 = diameter11
        self.diameter12 = diameter12
        self.diameter13 = diameter13
        self.diameter14 = diameter14
        self.diameter15 = diameter15
        self.diameter16 = diameter16
        self.gap = gap
        self.smooth = smooth
        self.len_vertical = len_vertical
        self.len_horizontal = len_horizontal
        self.ellipticity = ellipticity
        if ellipticity > 1.0:
            raise ValueError, "ellipticity must be less than 1.0"
        if diameter3 != 0:
            self.nb_typ_el = 4
        elif diameter2 != 0:
            self.nb_typ_el = 3
        else:
            self.nb_typ_el = 2
        if ff == 0:
            if periodicity == '2D_array':
                self.ff = calculate_ff(inc_shape, period, self.period_y,
                                       diameter1, diameter2, diameter3,
                                       diameter4, diameter5, diameter6,
                                       diameter7, diameter8, diameter9,
                                       diameter10, diameter11, diameter12,
                                       diameter13, diameter14, diameter15,
                                       diameter16, ellipticity)
            elif periodicity == '1D_array':
                self.ff = (diameter1 + diameter2)/period
        else:
            self.ff = ff
            if diameter2 != 0:
                self.diameter2 = 2*((ff*(period)**2)/np.pi - ((diameter1/2)**2))**0.5
            else:
                self.diameter1 = 2*np.sqrt((ff*(period)**2)/np.pi)
        self.ff_rand = ff_rand
        if world_1d is None:
            if periodicity == '1D_array':
                self.world_1d = True
            if periodicity == '2D_array':
                self.world_1d = False
        else:
            self.world_1d = world_1d
        self.posx = posx
        self.posy = posy
        self.lc = lc_bkg
        self.lc2 = lc2
        self.lc3 = lc3
        self.lc4 = lc4
        self.lc5 = lc5
        self.lc6 = lc6
        self.force_mesh = force_mesh
        self.small_space = small_space
        self.edge_spacing = edge_spacing
        self.split_touching_incs = split_touching_incs
        self.plt_msh = plt_msh
        if make_mesh_now is True:
            self.make_mesh()
        else:
            self.mesh_file = mesh_file
        if plotting_fields is True:
            self.plotting_fields = 1
            if periodicity == '2D_array':
                if not os.path.exists("Bloch_fields"):
                    os.mkdir("Bloch_fields")
                if not os.path.exists("Bloch_fields/PDF"):
                    os.mkdir("Bloch_fields/PDF")
        else: self.plotting_fields = 0
        self.plot_real = plot_real
        self.plot_imag = plot_imag
        self.plot_abs = plot_abs
        self.plot_field_conc = plot_field_conc
        self.xshift = xshift

[docs]    def make_mesh(self):
        if self.periodicity == '2D_array':
            if self.inc_shape in ['circle', 'ellipse', 'square']:
                if self.diameter10 > 0:
                    supercell = 16
                    msh_name = '%(d)s_%(dy)s_%(dia)s_%(dias)s_%(diass)s_%(diasss)s_%(diassss)s' % {
                   'd': dec_float_str(self.period),
                   'dy': dec_float_str(self.period_y),
                   'dia': dec_float_str(self.diameter1),
                   'dias': dec_float_str(self.diameter2),
                   'dias': dec_float_str(self.diameter2),
                   'diass': dec_float_str(self.diameter3),
                   'diasss': dec_float_str(self.diameter4),
                   'diassss': dec_float_str(self.diameter5)}
                elif self.diameter5 > 0:
                    supercell = 9
                    msh_name = '%(d)s_%(dy)s_%(dia)s_%(dias)s_%(diass)s_%(diasss)s_%(diassss)s' % {
                   'd': dec_float_str(self.period),
                   'dy': dec_float_str(self.period_y),
                   'dia': dec_float_str(self.diameter1),
                   'dias': dec_float_str(self.diameter2), 'diass': dec_float_str(self.diameter3),
                   'diasss': dec_float_str(self.diameter4), 'diassss': dec_float_str(self.diameter5)}
                elif self.diameter4 > 0:
                    supercell = 4
                    msh_name = '%(d)s_%(dy)s_%(dia)s_%(dias)s_%(diass)s_%(diasss)s' % {
                   'd': dec_float_str(self.period),
                   'dy': dec_float_str(self.period_y),
                   'dia': dec_float_str(self.diameter1),
                   'dias': dec_float_str(self.diameter2), 'diass': dec_float_str(self.diameter3),
                   'diasss': dec_float_str(self.diameter4)}
                elif self.diameter3 > 0:
                    supercell = 3
                    msh_name = '%(d)s_%(dy)s_%(dia)s_%(dias)s_%(diass)s' % {
                   'd': dec_float_str(self.period),
                   'dy': dec_float_str(self.period_y),
                   'dia': dec_float_str(self.diameter1),
                   'dias': dec_float_str(self.diameter2), 'diass': dec_float_str(self.diameter3)}
                elif self.diameter2 > 0:
                    supercell = 2
                    msh_name = '%(d)s_%(dy)s_%(dia)s_%(dias)s' % {'d': dec_float_str(self.period),
                   'dy': dec_float_str(self.period_y),
                   'dia': dec_float_str(self.diameter1),
                   'diameters': dec_float_str(self.diameter2)}
                elif self.diameter1 > 0:
                    supercell = 1
                    if self.is_hex is False:
                        msh_name = '%(d)s_%(dy)s_%(dia)s' % {
                                   'd': dec_float_str(self.period),
                                   'dy': dec_float_str(self.period_y),
                                   'dia': dec_float_str(self.diameter1)}
                    elif self.is_hex is True:
                        msh_name = 'hex_%(d)s_%(dy)s_%(dia)s' % {
                                   'd': dec_float_str(self.period),
                                   'dy': dec_float_str(self.period_y),
                                   'dia': dec_float_str(self.diameter1)}
                else:
                    raise ValueError, "must have at least one cylinder of nonzero diameter."

                if self.ellipticity != 0:
                    msh_name = msh_name + '_e_%(e)s' % {'e': dec_float_str(self.ellipticity),}
                if self.inc_shape == 'square':
                    msh_name = msh_name + '_sq'
                if self.posx != 0:
                    msh_name = msh_name + 'x%(e)s' % {'e': dec_float_str(self.posx),}
                if self.posy != 0:
                    msh_name = msh_name + 'y%(e)s' % {'e': dec_float_str(self.posy),}

                # for blah in range(1,101,1):
                #     print blah
                #     msh_name = 'random_u_%i' % blah
                #     self.mesh_file = msh_name + '.mail'
                # msh_name = 'design-last_17'
                if self.ff_rand is True:
                    import random
                    ff_tol = 0.0001
                    min_a = 50
                    max_a = (self.period/1.05)/np.sqrt(supercell)
                    unit_period = (self.period/np.sqrt(supercell))
                    mean = np.sqrt((self.ff*(unit_period)**2)/np.pi)
                    test_ff = 0
                    while abs(test_ff-self.ff) > ff_tol:
                        rad_array = []
                        for i in range(supercell):
                            # stand_dev = 30
                            # select_diameter = random.gauss(mean,stand_dev)
                            select_diameter = random.uniform(min_a,max_a)
                            rad_array = np.append(rad_array,select_diameter)

                        test_ff = calculate_ff(self.inc_shape, self.period,
                                               self.period_y, rad_array[0],
                                               rad_array[1], rad_array[2],
                                               rad_array[3], rad_array[4],
                                               rad_array[5], rad_array[6],
                                               rad_array[7], rad_array[8],
                                               rad_array[9], rad_array[10],
                                               rad_array[11], rad_array[12],
                                               rad_array[13], rad_array[14],
                                               rad_array[15])
                        print test_ff
                        if supercell > 3:
                            self.diameter1 = rad_array[0]
                            self.diameter2 = rad_array[1]
                            self.diameter3 = rad_array[2]
                            self.diameter4 = rad_array[3]
                        if supercell > 4:
                            self.diameter5 = rad_array[4]
                            self.diameter6 = rad_array[5]
                            self.diameter7 = rad_array[6]
                            self.diameter8 = rad_array[7]
                            self.diameter9 = rad_array[8]
                        if supercell > 9:
                            self.diameter10 = rad_array[9]
                            self.diameter11 = rad_array[10]
                            self.diameter12 = rad_array[11]
                            self.diameter13 = rad_array[12]
                            self.diameter14 = rad_array[13]
                            self.diameter15 = rad_array[14]
                            self.diameter16 = rad_array[15]
                        test_ff = calculate_ff(self.inc_shape, self.period,
                                               self.period_y, rad_array[0],
                                               rad_array[1], rad_array[2],
                                               rad_array[3], rad_array[4],
                                               rad_array[5], rad_array[6],
                                               rad_array[7], rad_array[8],
                                               rad_array[9], rad_array[10],
                                               rad_array[11], rad_array[12],
                                               rad_array[13], rad_array[14],
                                               rad_array[15])


                if not os.path.exists(msh_location + msh_name + '.mail') or self.force_mesh is True:
                    if self.is_hex is False:
                        geo_tmp = open(msh_location + '%s_msh_template.geo' % supercell, "r").read()
                    else:
                        geo_tmp = open(msh_location + 'hex_msh_template.geo', "r").read()

                    geo = geo_tmp.replace('ff = 0;', "ff = %f;" % self.ff)
                    geo = geo.replace('d_in_nm = 0;', "d_in_nm = %f;" % self.period)
                    geo = geo.replace('dy_in_nm = 0;', "dy_in_nm = %f;" % self.period_y)
                    geo = geo.replace('a1 = 0;', "a1 = %f;" % self.diameter1)
                    geo = geo.replace('ellipticity = 0;', "ellipticity = %f;" % self.ellipticity)
                    if self.inc_shape == 'square': geo = geo.replace('square = 0;', "square = 1;")
                    geo = geo.replace('lc = 0;', "lc = %f;" % self.lc)
                    geo = geo.replace('lc2 = lc/1;', "lc2 = lc/%f;" % self.lc2)
                    geo = geo.replace('lc3 = lc/1;', "lc3 = lc/%f;" % self.lc3)
                    if self.posx != 0:
                        # appropriate for old definition of fraction of distance to touching
                        geo = geo.replace('posx = 0;', "posx = %f;" % (self.posx/self.period*(self.period/(2*np.sqrt(supercell)) - self.diameter1/2.0)))
                        # appropriate for % shift of distance of centre point to (ind) unitcell boundary (ie d/2)
                        # geo = geo.replace('posx = 0;', "posx = %f;" % float(self.posx/supercell))
                    if self.posy != 0:
                        geo = geo.replace('posy = 0;', "posy = %f;" % (self.posy/self.period*(self.period/(2*np.sqrt(supercell)) - self.diameter1/2.0)))
                        # geo = geo.replace('posy = 0;', "posy = %f;" % float(self.posy/supercell))
                    if supercell > 1:
                        geo = geo.replace('a2 = 0;', "a2 = %f;" % self.diameter2)
                        geo = geo.replace('lc4 = lc/1;', "lc4 = lc/%f;" % self.lc4)
                    if supercell > 2:
                        geo = geo.replace('a3 = 0;', "a3 = %f;" % self.diameter3)
                        geo = geo.replace('lc5 = lc/1;', "lc5 = lc/%f;" % self.lc5)
                    if supercell > 3:
                        geo = geo.replace('a4 = 0;', "a4 = %f;" % self.diameter4)
                        geo = geo.replace('lc6 = lc/1;', "lc6 = lc/%f;" % self.lc6)
                    if supercell > 4:
                        geo = geo.replace('a5 = 0;', "a5 = %f;" % self.diameter5)
                        geo = geo.replace('a6 = 0;', "a6 = %f;" % self.diameter6)
                        geo = geo.replace('a7 = 0;', "a7 = %f;" % self.diameter7)
                        geo = geo.replace('a8 = 0;', "a8 = %f;" % self.diameter8)
                        geo = geo.replace('a9 = 0;', "a9 = %f;" % self.diameter9)
                    if supercell > 9:
                        geo = geo.replace('a10 = 0;', "a10 = %f;" % self.diameter10)
                        geo = geo.replace('a11 = 0;', "a11 = %f;" % self.diameter11)
                        geo = geo.replace('a12 = 0;', "a12 = %f;" % self.diameter12)
                        geo = geo.replace('a13 = 0;', "a13 = %f;" % self.diameter13)
                        geo = geo.replace('a14 = 0;', "a14 = %f;" % self.diameter14)
                        geo = geo.replace('a15 = 0;', "a15 = %f;" % self.diameter15)
                        geo = geo.replace('a16 = 0;', "a16 = %f;" % self.diameter16)


            elif self.inc_shape == 'SRR':
                msh_name = 'SRR_%(d)s_%(dy)s_%(lvert)s_%(lhori)s_%(dia)s' % {
                           'd': dec_float_str(self.period),
                           'dy': dec_float_str(self.period_y),
                           'lvert': dec_float_str(self.len_vertical),
                           'lhori': dec_float_str(self.len_horizontal),
                           'dia': dec_float_str(self.diameter1)}
                if not os.path.exists(msh_location + msh_name + '.mail') or self.force_mesh is True:
                    geo_tmp = open(msh_location + 'SRR_msh_template.geo', "r").read()
                    geo = geo_tmp.replace('ff = 0;', "ff = %f;" % self.ff)
                    geo = geo.replace('d_in_nm  = 0;', "d_in_nm  = %f;" % self.period)
                    geo = geo.replace('dy_in_nm = 0;', "dy_in_nm = %f;" % self.period_y)
                    geo = geo.replace('lvert_nm = 0;', "lvert_nm = %f;" % self.len_vertical)
                    geo = geo.replace('lhori_nm = 0;', "lhori_nm = %f;" % self.len_horizontal)
                    geo = geo.replace('width_nm = 0;', "width_nm = %f;" % self.diameter1)
                    geo = geo.replace('lc = 0;', "lc = %f;" % self.lc)
                    geo = geo.replace('lc2 = lc/1;', "lc2 = lc/%f;" % self.lc2)
                    geo = geo.replace('lc3 = lc/1;', "lc3 = lc/%f;" % self.lc3)


            elif self.inc_shape == 'ring':
                msh_name = 'ring_%(d)s_%(dy)s_%(dia_out)s_%(dia_in)s' % {
                           'd': dec_float_str(self.period),
                           'dy': dec_float_str(self.period_y),
                           'dia_out': dec_float_str(self.diameter1),
                           'dia_in': dec_float_str(self.diameter2)}
                if not os.path.exists(msh_location + msh_name + '.mail') or self.force_mesh is True:
                    geo_tmp = open(msh_location + 'ring1_msh_template.geo', "r").read()
                    geo = geo_tmp.replace('ff = 0;', "ff = %f;" % self.ff)
                    geo = geo.replace('d_in_nm = 0;', "d_in_nm  = %f;" % self.period)
                    geo = geo.replace('dy_in_nm = 0;', "dy_in_nm = %f;" % self.period_y)
                    geo = geo.replace('a1 = 0;', "a1 = %f;" % self.diameter1)
                    geo = geo.replace('a2 = 0;', "a2 = %f;" % self.diameter2)
                    geo = geo.replace('lc = 0;', "lc = %f;" % self.lc)
                    geo = geo.replace('lc2 = lc/1;', "lc2 = lc/%f;" % self.lc2)
                    geo = geo.replace('lc3 = lc/1;', "lc3 = lc/%f;" % self.lc3)
                    geo = geo.replace('xshift_nm = 0;', "xshift_nm = %f;" % self.xshift)

            elif self.inc_shape == 'dimer':
                msh_name = 'dimer_%(d)s_%(dy)s_%(d_one)s_%(d_two)s_%(gap)s' % {
                           'd': dec_float_str(self.period),
                           'dy': dec_float_str(self.period_y),
                           'd_one': dec_float_str(self.diameter1),
                           'd_two': dec_float_str(self.diameter2),
                           'gap': dec_float_str(self.gap)}
                if not os.path.exists(msh_location + msh_name + '.mail') or self.force_mesh is True:
                    geo_tmp = open(msh_location + 'dimer1_msh_template.geo', "r").read()
                    geo = geo_tmp.replace('ff = 0;', "ff = %f;" % self.ff)
                    geo = geo.replace('d_in_nm = 0;', "d_in_nm  = %f;" % self.period)
                    geo = geo.replace('dy_in_nm = 0;', "dy_in_nm = %f;" % self.period_y)
                    geo = geo.replace('a1 = 0;', "a1 = %f;" % self.diameter1)
                    geo = geo.replace('a2 = 0;', "a2 = %f;" % self.diameter2)
                    geo = geo.replace('gap = 0;', "gap = %f;" % self.gap)
                    geo = geo.replace('lc = 0;', "lc = %f;" % self.lc)
                    geo = geo.replace('lc2 = lc/1;', "lc2 = lc/%f;" % self.lc2)
                    geo = geo.replace('lc3 = lc/1;', "lc3 = lc/%f;" % self.lc3)

            elif self.inc_shape == 'square_dimer':
                msh_name = 'square_dimer_%(d)s_%(dy)s_%(d_one)s_%(d_two)s_%(gap)s_%(smooth)s' % {
                           'd': dec_float_str(self.period),
                           'dy': dec_float_str(self.period_y),
                           'd_one': dec_float_str(self.diameter1),
                           'd_two': dec_float_str(self.diameter2),
                           'gap': dec_float_str(self.gap),
                           'smooth': dec_float_str(self.smooth)}
                if not os.path.exists(msh_location + msh_name + '.mail') or self.force_mesh is True:
                    geo_tmp = open(msh_location + 'square_dimer1_msh_template.geo', "r").read()
                    geo = geo_tmp.replace('ff = 0;', "ff = %f;" % self.ff)
                    geo = geo.replace('d_in_nm = 0;', "d_in_nm  = %f;" % self.period)
                    geo = geo.replace('dy_in_nm = 0;', "dy_in_nm = %f;" % self.period_y)
                    geo = geo.replace('a1 = 0;', "a1 = %f;" % self.diameter1)
                    geo = geo.replace('a2 = 0;', "a2 = %f;" % self.diameter2)
                    geo = geo.replace('gap = 0;', "gap = %f;" % self.gap)
                    geo = geo.replace('smooth = 0;', "smooth = %f;" % self.smooth)
                    geo = geo.replace('lc = 0;', "lc = %f;" % self.lc)
                    geo = geo.replace('lc2 = lc/1;', "lc2 = lc/%f;" % self.lc2)
                    geo = geo.replace('lc3 = lc/1;', "lc3 = lc/%f;" % self.lc3)

            elif self.inc_shape == 'strip_circle':
                msh_name = 'strip_circle_%(d)s_%(dy)s_%(d_one)s_%(d_two)s' % {
                           'd': dec_float_str(self.period),
                           'dy': dec_float_str(self.period_y),
                           'd_one': dec_float_str(self.diameter1),
                           'd_two': dec_float_str(self.diameter2)}
                if not os.path.exists(msh_location + msh_name + '.mail') or self.force_mesh is True:
                    geo_tmp = open(msh_location + '1_strip_msh_template.geo', "r").read()
                    geo = geo_tmp.replace('ff = 0;', "ff = %f;" % self.ff)
                    geo = geo.replace('d_in_nm = 0;', "d_in_nm  = %f;" % self.period)
                    geo = geo.replace('dy_in_nm = 0;', "dy_in_nm = %f;" % self.period_y)
                    geo = geo.replace('a1 = 0;', "a1 = %f;" % self.diameter1)
                    geo = geo.replace('strip = 0;', "strip = %f;" % self.diameter2)
                    geo = geo.replace('lc = 0;', "lc = %f;" % self.lc)
                    geo = geo.replace('lc2 = lc/1;', "lc2 = lc/%f;" % self.lc2)
                    geo = geo.replace('lc3 = lc/1;', "lc3 = lc/%f;" % self.lc3)

            elif self.inc_shape == 'strip_square':
                msh_name = 'strip_square_%(d)s_%(dy)s_%(d_one)s_%(d_two)s' % {
                           'd': dec_float_str(self.period),
                           'dy': dec_float_str(self.period_y),
                           'd_one': dec_float_str(self.diameter1),
                           'd_two': dec_float_str(self.diameter2)}
                if not os.path.exists(msh_location + msh_name + '.mail') or self.force_mesh is True:
                    geo_tmp = open(msh_location + '1_strip_msh_template.geo', "r").read()
                    geo = geo_tmp.replace('ff = 0;', "ff = %f;" % self.ff)
                    geo = geo.replace('d_in_nm = 0;', "d_in_nm  = %f;" % self.period)
                    geo = geo.replace('dy_in_nm = 0;', "dy_in_nm = %f;" % self.period_y)
                    geo = geo.replace('a1 = 0;', "a1 = %f;" % self.diameter1)
                    geo = geo.replace('strip = 0;', "strip = %f;" % self.diameter2)
                    geo = geo.replace('lc = 0;', "lc = %f;" % self.lc)
                    geo = geo.replace('lc2 = lc/1;', "lc2 = lc/%f;" % self.lc2)
                    geo = geo.replace('lc3 = lc/1;', "lc3 = lc/%f;" % self.lc3)
                    geo = geo.replace('square = 0;', "square = 1;")

            else:
                raise NotImplementedError, "\n Selected inc_shape = '%s' \n \
                is not currently implemented. Please make a mesh with gmsh, & \n \
                consider contributing this to EMUstack via github." % self.inc_shape

            self.mesh_file = msh_name + '.mail'
            if not os.path.exists(msh_location + msh_name + '.mail') or self.force_mesh is True:
                open(msh_location + msh_name + '.geo', "w").write(geo)
                EMUstack.conv_gmsh(msh_location+msh_name)

            # # Automatically show created mesh in gmsh.
            # gmsh_cmd = 'gmsh '+ msh_location + msh_name + '.msh'
            # os.system(gmsh_cmd)
            # gmsh_cmd = 'gmsh '+ msh_location + msh_name + '.geo'
            # os.system(gmsh_cmd)


        elif self.periodicity == '1D_array':
            # Unit cell length normalized to unity
            x_min = 0.0
            x_max = 1.0
            # Mesh elements and points
            nel = int(np.round(1.0/self.lc))
            npt = 2 * nel + 1
            delta_x = (x_max - x_min) / nel
            # Coordinate and type of the nodes
            el_list = range(1,nel+1)
            table_nod = np.zeros((3,nel+1))
            type_el = np.zeros(nel+1)
            ls_x = np.zeros(npt+1)

            for i_el in el_list:
                x = x_min + (i_el-1) * delta_x
                ls_x[2*i_el-1] = x
                ls_x[2*i_el] = x + delta_x / 2.0
            # End-points
            x = x_min + i_el * delta_x
            ls_x[2*i_el+1] = x
            # Connectivity table
            for i_el in el_list:
                table_nod[0, i_el] = 2*i_el-1
                table_nod[1, i_el] = 2*i_el+1
                table_nod[2, i_el] = 2*i_el  # Mid-node

            if self.diameter6 > 0:
                msh_name = '%(d)s_%(di)s_%(dis)s_%(diss)s_%(disss)s_%(dissss)s_%(disssss)s' % {
                'd': dec_float_str(self.period), 'di': dec_float_str(self.diameter1),
                'dis': dec_float_str(self.diameter2), 'diss': dec_float_str(self.diameter3),
                'disss': dec_float_str(self.diameter4), 'dissss': dec_float_str(self.diameter5),
                'disssss': dec_float_str(self.diameter6)}
                # End-points of the elements
                rad_1 = self.diameter1/(2.0*self.period)
                rad_2 = self.diameter2/(2.0*self.period)
                rad_3 = self.diameter3/(2.0*self.period)
                rad_4 = self.diameter4/(2.0*self.period)
                rad_5 = self.diameter5/(2.0*self.period)
                rad_6 = self.diameter6/(2.0*self.period)
                if self.edge_spacing is True:
                    i_d = 2.0*(0.5 - rad_1 - rad_2 - rad_3 - rad_4 - rad_5 - rad_6)/6.0
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if  x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif x_1 <= 0.5 - i_d - rad_1 and 0.5 - i_d - rad_1 - 2.0*rad_2 <= x_1 \
                        and  x_2 <= 0.5 - i_d - rad_1 and 0.5 - i_d - rad_1 - 2.0*rad_2 <= x_2:
                            type_el[i_el] = 3
                        elif x_1 <= 0.5 + i_d + 2.0*rad_3 + rad_1 and 0.5 + i_d + rad_1 <= x_1 \
                        and  x_2 <= 0.5 + i_d + 2.0*rad_3 + rad_1 and 0.5 + i_d + rad_1 <= x_2:
                            type_el[i_el] = 4
                        elif x_1 <= 0.5 - 2.0*i_d - 2.0*rad_2 - rad_1 and 0.5 - 2.0*i_d - 2.0*rad_2 - 2.0*rad_4 - rad_1 <= x_1 \
                        and  x_2 <= 0.5 - 2.0*i_d - 2.0*rad_2 - rad_1 and 0.5 - 2.0*i_d - 2.0*rad_2 - 2.0*rad_4 - rad_1 <= x_2:
                            type_el[i_el] = 5
                        elif 0.5 + 2.0*i_d + 2.0*rad_3 + rad_1 <= x_1 and x_1 <= 0.5 + 2.0*i_d + 2.0*rad_3 + 2.0*rad_5 + rad_1 \
                        and  0.5 + 2.0*i_d + 2.0*rad_3 + rad_1 <= x_2 and x_2 <= 0.5 + 2.0*i_d + 2.0*rad_3 + 2.0*rad_5 + rad_1:
                            type_el[i_el] = 6
                        elif x_1 <= 0.5 - 3.0*i_d - rad_1 - 2.0*rad_2 - 2.0*rad_4 and x_1 >= 0.5 - 3.0*i_d - rad_1 - 2.0*rad_2 - 2.0*rad_4 - rad_5\
                        and  x_2 <= 0.5 - 3.0*i_d - rad_1 - 2.0*rad_2 - 2.0*rad_4 and x_2 >= 0.5 - 3.0*i_d - rad_1 - 2.0*rad_2 - 2.0*rad_4 - rad_5:
                            type_el[i_el] = 6
                        elif x_1 >= 0.5 + 3.0*i_d + rad_1 + 2.0*rad_3 + 2.0*rad_5 and x_1 <= 0.5 + 3.0*i_d + rad_1 + 2.0*rad_3 + 2.0*rad_5 + 2.0*rad_6\
                        and  x_2 >= 0.5 + 3.0*i_d + rad_1 + 2.0*rad_3 + 2.0*rad_5 and x_2 <= 0.5 + 3.0*i_d + rad_1 + 2.0*rad_3 + 2.0*rad_5 + 2.0*rad_6:
                            type_el[i_el] = 7
                        else:
                            type_el[i_el] = 1
                elif self.split_touching_incs is True:
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if  x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif  x_1 <= 0.5 + rad_1 + rad_2 and 0.5 + rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 and 0.5 + rad_1 <= x_2:
                            type_el[i_el] = 3
                        elif  x_1 <= 0.5 - rad_1 and 0.5 - rad_1 - rad_2 <= x_1 \
                        and x_2 <= 0.5 - rad_1 and 0.5 - rad_1 - rad_2 <= x_2:
                            type_el[i_el] = 3
                        elif  x_1 <= 0.5 + rad_1 + rad_2 + rad_3 and 0.5 + rad_1 + rad_2 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 + rad_3 and 0.5 + rad_1 + rad_2 <= x_2:
                            type_el[i_el] = 4
                        elif  x_1 <= 0.5 - rad_1 - rad_2 and 0.5 - rad_1 - rad_2 - rad_3 <= x_1 \
                        and x_2 <= 0.5 - rad_1 - rad_2 and 0.5 - rad_1 - rad_2 - rad_3 <= x_2:
                            type_el[i_el] = 4
                        elif  x_1 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 and 0.5 + rad_1 + rad_2 + rad_3 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 and 0.5 + rad_1 + rad_2 + rad_3 <= x_2:
                            type_el[i_el] = 5
                        elif  x_1 <= 0.5 - rad_1 - rad_2 - rad_3 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 <= x_1 \
                        and x_2 <= 0.5 - rad_1 - rad_2 - rad_3 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 <= x_2:
                            type_el[i_el] = 5
                        elif  x_1 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 + rad_5 and 0.5 + rad_1 + rad_2 + rad_3 + rad_4 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 + rad_5 and 0.5 + rad_1 + rad_2 + rad_3 + rad_4 <= x_2:
                            type_el[i_el] = 6
                        elif  x_1 <= 0.5 - rad_1 - rad_2 - rad_3 - rad_4 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 - rad_5 <= x_1 \
                        and x_2 <= 0.5 - rad_1 - rad_2 - rad_3 - rad_4 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 - rad_5 <= x_2:
                            type_el[i_el] = 6
                        elif  x_1 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 + rad_5 + rad_6 and 0.5 + rad_1 + rad_2 + rad_3 + rad_4 +rad_5 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 + rad_5 + rad_6 and 0.5 + rad_1 + rad_2 + rad_3 + rad_4 +rad_5 <= x_2:
                            type_el[i_el] = 7
                        elif  x_1 <= 0.5 - rad_1 - rad_2 - rad_3 - rad_4 - rad_5 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 - rad_5 -rad_6 <= x_1 \
                        and x_2 <= 0.5 - rad_1 - rad_2 - rad_3 - rad_4 -rad_5 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 - rad_5 -rad_6 <= x_2:
                            type_el[i_el] = 7
                        else:
                            type_el[i_el] = 1
                else:
                    i_d = 1.0/6.0
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if  x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif 0.5 - i_d - rad_2 <= x_1 and x_1 <= 0.5 - i_d + rad_2 \
                        and  0.5 - i_d - rad_2 <= x_2 and x_2 <= 0.5 - i_d + rad_2:
                            type_el[i_el] = 3
                        elif 0.5 + i_d - rad_3 <= x_1 and x_1 <= 0.5 + i_d + rad_3 \
                        and  0.5 + i_d - rad_3 <= x_2 and x_2 <= 0.5 + i_d + rad_3:
                            type_el[i_el] = 4
                        elif 0.5 - 2.0*i_d - rad_4 <= x_1 and x_1 <= 0.5 - 2.0*i_d + rad_4 \
                        and  0.5 - 2.0*i_d - rad_4 <= x_2 and x_2 <= 0.5 - 2.0*i_d + rad_4:
                            type_el[i_el] = 5
                        elif 0.5 + 2.0*i_d - rad_5 <= x_1 and x_1 <= 0.5 + 2.0*i_d + rad_5 \
                        and  0.5 + 2.0*i_d - rad_5 <= x_2 and x_2 <= 0.5 + 2.0*i_d + rad_5:
                            type_el[i_el] = 6
                        elif x_1 <= rad_6 and x_2 <= rad_6:
                            type_el[i_el] = 7
                        elif x_1 >= 1.0 - rad_6 and x_2 >= 1.0 - rad_6:
                            type_el[i_el] = 7
                        else:
                            type_el[i_el] = 1
            elif self.diameter5 > 0:
                msh_name = '%(d)s_%(di)s_%(dis)s_%(diss)s_%(disss)s_%(dissss)s' % {
                           'd': dec_float_str(self.period),
                           'di': dec_float_str(self.diameter1),
                           'dis': dec_float_str(self.diameter2),
                           'diss': dec_float_str(self.diameter3),
                           'disss': dec_float_str(self.diameter4),
                           'dissss': dec_float_str(self.diameter5)}
                # End-points of the elements
                rad_1 = self.diameter1/(2.0*self.period)
                rad_2 = self.diameter2/(2.0*self.period)
                rad_3 = self.diameter3/(2.0*self.period)
                rad_4 = self.diameter4/(2.0*self.period)
                rad_5 = self.diameter5/(2.0*self.period)
                if self.edge_spacing is True:
                    i_d = 2.0*(0.5 - rad_1 - rad_2 - rad_3 - rad_4 - rad_5)/5.0
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif x_1 <= 0.5 - i_d - rad_1 and 0.5 - i_d - rad_1 - 2.0*rad_2 <= x_1 \
                        and x_2 <= 0.5 - i_d - rad_1 and 0.5 - i_d - rad_1 - 2.0*rad_2 <= x_2:
                            type_el[i_el] = 3
                        elif x_1 <= 0.5 + i_d + 2.0*rad_3 + rad_1 and 0.5 + i_d + rad_1 <= x_1 \
                        and x_2 <= 0.5 + i_d + 2.0*rad_3 + rad_1 and 0.5 + i_d + rad_1 <= x_2:
                            type_el[i_el] = 4
                        elif x_1 <= 0.5 - 2.0*i_d - 2.0*rad_2 - rad_1 and 0.5 - 2.0*i_d - 2.0*rad_2 - 2.0*rad_4 - rad_1 <= x_1 \
                        and x_2 <= 0.5 - 2.0*i_d - 2.0*rad_2 - rad_1 and 0.5 - 2.0*i_d - 2.0*rad_2 - 2.0*rad_4 - rad_1 <= x_2:
                            type_el[i_el] = 5
                        elif 0.5 + 2.0*i_d + 2.0*rad_3 + rad_1 <= x_1 and x_1 <= 0.5 + 2.0*i_d + 2.0*rad_3 + 2.0*rad_5 + rad_1 \
                        and 0.5 + 2.0*i_d + 2.0*rad_3 + rad_1 <= x_2 and x_2 <= 0.5 + 2.0*i_d + 2.0*rad_3 + 2.0*rad_5 + rad_1:
                            type_el[i_el] = 4
                        else:
                            type_el[i_el] = 1
                elif self.split_touching_incs is True:
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if  x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif  x_1 <= 0.5 + rad_1 + rad_2 and 0.5 + rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 and 0.5 + rad_1 <= x_2:
                            type_el[i_el] = 3
                        elif  x_1 <= 0.5 - rad_1 and 0.5 - rad_1 - rad_2 <= x_1 \
                        and x_2 <= 0.5 - rad_1 and 0.5 - rad_1 - rad_2 <= x_2:
                            type_el[i_el] = 3
                        elif  x_1 <= 0.5 + rad_1 + rad_2 + rad_3 and 0.5 + rad_1 + rad_2 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 + rad_3 and 0.5 + rad_1 + rad_2 <= x_2:
                            type_el[i_el] = 4
                        elif  x_1 <= 0.5 - rad_1 - rad_2 and 0.5 - rad_1 - rad_2 - rad_3 <= x_1 \
                        and x_2 <= 0.5 - rad_1 - rad_2 and 0.5 - rad_1 - rad_2 - rad_3 <= x_2:
                            type_el[i_el] = 4
                        elif  x_1 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 and 0.5 + rad_1 + rad_2 + rad_3 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 and 0.5 + rad_1 + rad_2 + rad_3 <= x_2:
                            type_el[i_el] = 5
                        elif  x_1 <= 0.5 - rad_1 - rad_2 - rad_3 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 <= x_1 \
                        and x_2 <= 0.5 - rad_1 - rad_2 - rad_3 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 <= x_2:
                            type_el[i_el] = 5
                        elif  x_1 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 + rad_5 and 0.5 + rad_1 + rad_2 + rad_3 + rad_4 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 + rad_5 and 0.5 + rad_1 + rad_2 + rad_3 + rad_4 <= x_2:
                            type_el[i_el] = 6
                        elif  x_1 <= 0.5 - rad_1 - rad_2 - rad_3 - rad_4 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 - rad_5 <= x_1 \
                        and x_2 <= 0.5 - rad_1 - rad_2 - rad_3 - rad_4 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 - rad_5 <= x_2:
                            type_el[i_el] = 6
                        else:
                            type_el[i_el] = 1
                else:
                    i_d = 1.0/5.0
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif 0.5 - i_d - rad_2 <= x_1 and x_1 <= 0.5 - i_d + rad_2 \
                        and 0.5 - i_d - rad_2 <= x_2 and x_2 <= 0.5 - i_d + rad_2:
                            type_el[i_el] = 3
                        elif 0.5 + i_d - rad_3 <= x_1 and x_1 <= 0.5 + i_d + rad_3 \
                        and 0.5 + i_d - rad_3 <= x_2 and x_2 <= 0.5 + i_d + rad_3:
                            type_el[i_el] = 4
                        elif 0.5 - 2.0*i_d - rad_4 <= x_1 and x_1 <= 0.5 - 2.0*i_d + rad_4 \
                        and 0.5 - 2.0*i_d - rad_4 <= x_2 and x_2 <= 0.5 - 2.0*i_d + rad_4:
                            type_el[i_el] = 5
                        elif 0.5 + 2.0*i_d - rad_5 <= x_1 and x_1 <= 0.5 + 2.0*i_d + rad_5 \
                        and 0.5 + 2.0*i_d - rad_5 <= x_2 and x_2 <= 0.5 + 2.0*i_d + rad_5:
                            type_el[i_el] = 6
                        else:
                            type_el[i_el] = 1
            elif self.diameter4 > 0:
                msh_name = '%(d)s_%(di)s_%(dis)s_%(diss)s_%(disss)s' % {
                           'd': dec_float_str(self.period),
                           'di': dec_float_str(self.diameter1),
                           'dis': dec_float_str(self.diameter2),
                           'diss': dec_float_str(self.diameter3),
                           'disss': dec_float_str(self.diameter4)}
                # End-points of the elements
                rad_1 = self.diameter1/(2.0*self.period)
                rad_2 = self.diameter2/(2.0*self.period)
                rad_3 = self.diameter3/(2.0*self.period)
                rad_4 = self.diameter4/(2.0*self.period)
                if self.edge_spacing is True:
                    i_d = 2.0*(0.5 - rad_1 - rad_2 - rad_3 - rad_4)/4.0
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif x_1 <= 0.5 - i_d - rad_1 and 0.5 - i_d - rad_1 - 2.0*rad_2 <= x_1 \
                        and x_2 <= 0.5 - i_d - rad_1 and 0.5 - i_d - rad_1 - 2.0*rad_2 <= x_2:
                            type_el[i_el] = 3
                        elif 0.5 + i_d + rad_1 <= x_1 and x_1 <= 0.5 + i_d + rad_1 + 2.0*rad_3 \
                        and 0.5 + i_d + rad_1 <= x_2 and x_2 <= 0.5 + i_d + rad_1 + 2.0*rad_3:
                            type_el[i_el] = 4
                        elif x_1 >= 0.5 + 2.0*i_d + rad_1 + 2.0*rad_3 \
                        and x_2 >= 0.5 + 2.0*i_d + rad_1 + 2.0*rad_3:
                            type_el[i_el] = 4
                        elif x_1 <= 0.5 - 2.0*i_d - rad_1 - 2.0*rad_2 \
                        and x_2 <= 0.5 - 2.0*i_d - rad_1 - 2.0*rad_2:
                            type_el[i_el] = 3
                        else:
                            type_el[i_el] = 1
                elif self.split_touching_incs is True:
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if  x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif  x_1 <= 0.5 + rad_1 + rad_2 and 0.5 + rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 and 0.5 + rad_1 <= x_2:
                            type_el[i_el] = 3
                        elif  x_1 <= 0.5 - rad_1 and 0.5 - rad_1 - rad_2 <= x_1 \
                        and x_2 <= 0.5 - rad_1 and 0.5 - rad_1 - rad_2 <= x_2:
                            type_el[i_el] = 3
                        elif  x_1 <= 0.5 + rad_1 + rad_2 + rad_3 and 0.5 + rad_1 + rad_2 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 + rad_3 and 0.5 + rad_1 + rad_2 <= x_2:
                            type_el[i_el] = 4
                        elif  x_1 <= 0.5 - rad_1 - rad_2 and 0.5 - rad_1 - rad_2 - rad_3 <= x_1 \
                        and x_2 <= 0.5 - rad_1 - rad_2 and 0.5 - rad_1 - rad_2 - rad_3 <= x_2:
                            type_el[i_el] = 4
                        elif  x_1 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 and 0.5 + rad_1 + rad_2 + rad_3 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 + rad_3 + rad_4 and 0.5 + rad_1 + rad_2 + rad_3 <= x_2:
                            type_el[i_el] = 5
                        elif  x_1 <= 0.5 - rad_1 - rad_2 - rad_3 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 <= x_1 \
                        and x_2 <= 0.5 - rad_1 - rad_2 - rad_3 and 0.5 - rad_1 - rad_2 - rad_3 - rad_4 <= x_2:
                            type_el[i_el] = 5
                        else:
                            type_el[i_el] = 1
                else:
                    i_d = 1.0/4.0
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if  x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif 0.5 - i_d - rad_2 <= x_1 and x_1 <= 0.5 - i_d + rad_2 \
                        and  0.5 - i_d - rad_2 <= x_2 and x_2 <= 0.5 - i_d + rad_2:
                            type_el[i_el] = 3
                        elif 0.5 + i_d - rad_3 <= x_1 and x_1 <= 0.5 + i_d + rad_3 \
                        and  0.5 + i_d - rad_3 <= x_2 and x_2 <= 0.5 + i_d + rad_3:
                            type_el[i_el] = 4
                        elif x_1 <= rad_4 and x_2 <= rad_4:
                            type_el[i_el] = 5
                        elif x_1 >= 1.0 - rad_4 and x_2 >= 1.0 - rad_4:
                            type_el[i_el] = 5
                        else:
                            type_el[i_el] = 1
            elif self.diameter3 > 0:
                msh_name = '%(d)s_%(di)s_%(dis)s_%(diss)s' % {
                           'd': dec_float_str(self.period),
                           'di': dec_float_str(self.diameter1),
                           'dis': dec_float_str(self.diameter2),
                           'diss': dec_float_str(self.diameter3)}
                # End-points of the elements
                rad_1 = self.diameter1/(2.0*self.period)
                rad_2 = self.diameter2/(2.0*self.period)
                rad_3 = self.diameter3/(2.0*self.period)
                if self.edge_spacing is True:
                    i_d = (1.0 - self.diameter1 - self.diameter2 - self.diameter3)/3.0
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        # inclusion 1
                        if x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        # inclusion 2
                        elif 0.5 - i_d - 2.0*rad_2 - rad_1 <= x_1 and x_1 <= 0.5 - i_d - rad_1 \
                        and  0.5 - i_d - 2.0*rad_2 - rad_1 <= x_2 and x_2 <= 0.5 - i_d - rad_1:
                            type_el[i_el] = 3
                        # inclusion 3
                        elif x_1 <= 0.5 + i_d + 2.0*rad_3 + rad_1 and 0.5 + i_d + rad_1 <= x_1 \
                        and  x_2 <= 0.5 + i_d + 2.0*rad_3 + rad_1 and 0.5 + i_d + rad_1 <= x_2:
                            type_el[i_el] = 4
                        else:
                            type_el[i_el] = 1
                elif self.split_touching_incs is True:
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if  x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif  x_1 <= 0.5 + rad_1 + rad_2 and 0.5 + rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 and 0.5 + rad_1 <= x_2:
                            type_el[i_el] = 3
                        elif  x_1 <= 0.5 - rad_1 and 0.5 - rad_1 - rad_2 <= x_1 \
                        and x_2 <= 0.5 - rad_1 and 0.5 - rad_1 - rad_2 <= x_2:
                            type_el[i_el] = 3
                        elif  x_1 <= 0.5 + rad_1 + rad_2 + rad_3 and 0.5 + rad_1 + rad_2 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 + rad_3 and 0.5 + rad_1 + rad_2 <= x_2:
                            type_el[i_el] = 4
                        elif  x_1 <= 0.5 - rad_1 - rad_2 and 0.5 - rad_1 - rad_2 - rad_3 <= x_1 \
                        and x_2 <= 0.5 - rad_1 - rad_2 and 0.5 - rad_1 - rad_2 - rad_3 <= x_2:
                            type_el[i_el] = 4
                        else:
                            type_el[i_el] = 1
                else:
                    i_d = 1.0/3.0
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif 0.5 - i_d - rad_2 <= x_1 and x_1 <= 0.5 - i_d + rad_2 \
                        and  0.5 - i_d - rad_2 <= x_2 and x_2 <= 0.5 - i_d + rad_2:
                            type_el[i_el] = 3
                        elif 0.5 + i_d - rad_3 <= x_1 and x_1 <= 0.5 + i_d + rad_3 \
                        and  0.5 + i_d - rad_3 <= x_2 and x_2 <= 0.5 + i_d + rad_3:
                            type_el[i_el] = 4
                        else:
                            type_el[i_el] = 1
            elif self.diameter2 > 0:
                msh_name = '1D_%(d)s_%(diameter)s_%(diameters)s' % {
                           'd': dec_float_str(self.period),
                           'diameter': dec_float_str(self.diameter1),
                           'diameters': dec_float_str(self.diameter2)}
                # End-points of the elements
                rad_1 = self.diameter1/(2.0*self.period)
                rad_2 = self.diameter2/(2.0*self.period)
                if self.split_touching_incs is True:
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if  x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif  x_1 <= 0.5 + rad_1 + rad_2 and 0.5 + rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 + rad_2 and 0.5 + rad_1 <= x_2:
                            type_el[i_el] = 3
                        elif  x_1 <= 0.5 - rad_1 and 0.5 - rad_1 - rad_2 <= x_1 \
                        and x_2 <= 0.5 - rad_1 and 0.5 - rad_1 - rad_2 <= x_2:
                            type_el[i_el] = 3
                        else:
                            type_el[i_el] = 1
                else:
                    if self.small_space is None:
                        small_space = large_d = 0.5 - rad_1 - rad_2
                    else:
                        small_space = self.small_space
                        large_d = 1.0 - small_space - (2*rad_1) - (2*rad_2)
                    for i_el in el_list:
                        x_1 = ls_x[2*i_el-1]
                        x_2 = ls_x[2*i_el+1]
                        if x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                        and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                            type_el[i_el] = 2
                        elif x_1 <= 0.5-rad_1-small_space and x_2 <= 0.5-rad_1-small_space:
                            type_el[i_el] = 3
                        elif x_1 >= 0.5+large_d+rad_1 and x_2 >= 0.5+large_d+rad_1:
                            type_el[i_el] = 3
                        else:
                            type_el[i_el] = 1
            elif self.diameter1 > 0:
                msh_name  =  '1D_%(d)s_%(diameter)s' % {'d' : dec_float_str(self.period),
                    'diameter' : dec_float_str(self.diameter1)}
                # End-points of the elements
                rad_1 = self.diameter1/(2.0*self.period)
                for i_el in el_list:
                    x_1 = ls_x[2*i_el-1]
                    x_2 = ls_x[2*i_el+1]
                    if x_1 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_1 \
                    and x_2 <= 0.5 + rad_1 and 0.5 - rad_1 <= x_2:
                        type_el[i_el] = 2
                    else:
                        type_el[i_el] = 1
            else:
                raise ValueError, "Must have at least one grating of nonzero width."

            # Store useful quantities as property of the object.
            self.n_msh_el = nel
            self.n_msh_pts = npt
            self.table_nod = table_nod[:,1:]
            # self.type_el = type_el[1:]
            self.type_el = type_el[1:]
            self.x_arr = ls_x[1:]
            self.mesh_file = msh_name

            if self.plt_msh is True:
                import matplotlib
                import matplotlib.pyplot as plt
                fig = plt.figure()
                ax1 = fig.add_subplot(1,1,1)
                ax1.plot(el_list,self.type_el)
                ax1.fill_between(el_list,self.type_el,0)
                ax1.set_xlim(el_list[0],el_list[-1])
                ax1.set_ylim(1,7)
                ax1.set_yticks([1,2,3,4,5,6,7])
                ax1.set_yticklabels(['bkg', 'inc_a', 'inc_b',
                    'inc_c', 'inc_d','inc_e', 'inc_f'])
                ax1.set_xlabel('Element Number')
                ax1.set_ylabel('Material Type')
                plt.savefig(msh_name, bbox_inches='tight')

            # Then clean up local variables.
            del nel, npt, table_nod, ls_x, type_el, el_list

        # Latency of old 1D grating meshed in 2D.

        # elif self.periodicity == '1D_array':
        #     if self.diameter2 > 0:
        #         supercell = 2
        #         msh_name  =  '1D_%(d)s_%(diameter)s_%(diameters)s' % {
        #        'd' : dec_float_str(self.period), 'diameter' : dec_float_str(self.diameter1),
        #        'diameters' : dec_float_str(self.diameter2)}
        #     elif self.diameter1 > 0:
        #         supercell = 1
        #         msh_name  =  '1D_%(d)s_%(diameter)s' % {'d' : dec_float_str(self.period),
        #             'diameter' : dec_float_str(self.diameter1)}
        #     else:
        #         raise ValueError, "must have at least one grating of nonzero width."

        #     self.mesh_file = msh_name + '.mail'


        #     if not os.path.exists(msh_location + msh_name + '.mail') or force_mesh == True:
        #         geo_tmp = open(msh_location + '1D_%s_msh_template.geo' % supercell, "r").read()
        #         geo = geo_tmp.replace('d_in_nm = 0;', "d_in_nm = %f;" % self.period)
        #         geo = geo.replace('w1 = 0;', "w1 = %f;" % self.diameter1)
        #         geo = geo.replace('lc = 0;', "lc = %f;" % self.lc)
        #         geo = geo.replace('lc2 = lc/1;', "lc2 = lc/%f;" % self.lc2)
        #         if supercell > 1:
        #             geo = geo.replace('w2 = 0;', "w2 = %f;" % self.diameter2)
        #             geo = geo.replace('lc3 = lc/1;', "lc3 = lc/%f;" % self.lc3)
        #             geo = geo.replace('lc4 = lc/1;', "lc4 = lc/%f;" % self.lc4)
        #         if self.small_space != 0:
        #             # small distance between centre of gratings in nm
        #             # calc complementary large distance, which is added to top & bottom
        #             large_d_on_2 = (self.period - self.diameter1/2 - self.diameter2/2 - self.small_space)/2
        #             posx1 = large_d_on_2 + self.diameter1/2
        #             posx2 = large_d_on_2 + self.diameter2/2
        #             posx3 = large_d_on_2 + self.diameter1 + ((self.small_space - self.diameter1/2 - self.diameter2/2)/2)
        #             geo = geo.replace('posx1 = hy/4;', "posx1 = %f/d_in_nm;" % posx1)
        #             geo = geo.replace('posx2 = hy/4;', "posx2 = %f/d_in_nm;" % posx2)
        #             geo = geo.replace('posx3 = hy/2;', "posx3 = %f/d_in_nm;" % posx3)
        #         # if supercell > 1:
        #         #     geo = geo.replace('a2 = 0;', "a2 = %i;" % self.diameter2)
        #         #     geo = geo.replace('lc4 = lc/1;', "lc4 = lc/%f;" % self.lc4)
        #         # if supercell > 2:
        #         #     geo = geo.replace('a3 = 0;', "a3 = %i;" % self.diameter3)
        #         #     geo = geo.replace('lc5 = lc/1;', "lc5 = lc/%f;" % self.lc5)


        #         open(msh_location + msh_name + '.geo', "w").write(geo)
        #         EMUstack.conv_gmsh(msh_location+msh_name)
        #         # gmsh_cmd = 'gmsh '+ msh_location + msh_name + '.msh'
        #         # gmsh_cmd = 'gmsh '+ msh_location + msh_name + '.geo'
        #         # os.system(gmsh_cmd)

        else:
            raise ValueError, "Must be simulating either a '1D_array' or a '2D_array'."


[docs]    def calc_modes(self, light, **args):
        """ Run a simulation to find the NanoStruct's modes.

            Args:
                light  (Light instance): Represents incident light.

                args  (dict): Options to pass to :Simmo.calc_modes:.

            Returns:
                :Simmo: object
        """
        simmo = Simmo(self, light)

        simmo.calc_modes(**args)
        return simmo








[docs]class ThinFilm(object):
    """ Represents an unstructured homogeneous film.

        Args:
            period  (float): Artificial period imposed on homogeneous film \
                to give consistently defined plane waves in terms of \
                diffraction orders of structured layers.

        Keyword Args:
            period_y  (float): The period of the unit cell in the y-direction.\
                If None, period_y = period.

            height_nm  (float): The thickness of the layer in nm or 'semi_inf'\
                for a semi-infinte layer.

            num_pw_per_pol  (int): The number of plane waves per polarisation.

            world_1d  (bool): Does the rest of the stack have exclusively 1D \
                periodic structures and homogeneous layers? \
                If True we use the set of 1D diffraction order PWs.

            material  : A :Material: instance specifying the n of \
                the layer and related methods.

            loss  (bool): If False sets Im(n) = 0, if True leaves n as is.
    """
    def __init__(self, period, period_y=None, height_nm=1.0, num_pw_per_pol=0,
                 world_1d=False, material=materials.Material(3.0 + 0.001),
                 loss=True):
        self.period = float(period)
        if period_y is None:
            self.period_y = float(period)
        else:
            self.period_y = float(period_y)
        self.world_1d = world_1d
        self.height_nm = height_nm
        self.num_pw_per_pol = num_pw_per_pol
        self.material = material
        self.loss = loss

[docs]    def calc_modes(self, light):
        """ Run a simulation to find the ThinFilm's modes.

            Args:
                light  (Light instance): Represents incident light.

                args  (dict): Options to pass to :Anallo.calc_modes:.

            Returns:
                :Anallo: object
        """
        an = Anallo(self, light)
        an.calc_modes()
        return an








[docs]class Light(object):
    """ Represents the light incident on structure.

        Incident angles may either be specified by `k_parallel` or by
        incident angles `theta` and `phi`, together with the refractive
        index `n_inc` of the incident medium.

        `wl_nm` and `k_pll` are both in unnormalised units.

        At normal incidence and TE polarisation the E-field is aligned
        with the y-axis.

        At normal incidence some plane waves and Bloch modes become degenerate.
        This causes problems for the FEM solver and the ordering of the plane
        waves. To avoid this a small (1e-5) theta and phi are introduced.

        Args:

            wl_nm  (float): Wavelength, in nanometers.

        Keyword Args:
            max_order_PWs  (int): Maximum plane wave order to include.

            k_parallel  (tuple): The wave vector components (k_x, k_y) \
                parallel to the interface planes. Units of nm^-1.

            theta  (float): Polar angle of incidence in degrees.

            phi  (float): Azimuthal angle of incidence in degrees \
                measured from x-axis.
    """
    def __init__(self, wl_nm, max_order_PWs=2, k_parallel=None,
                 theta=None, phi=None, n_inc=1.):
        if np.imag(wl_nm) != 0:
            self.wl_nm = complex(wl_nm)
            print "Warning: using a complex wavelength. EMUstack can \n\
                only handle these for uniform films using 0 pw_orders."
        else:
            self.wl_nm = float(np.real(wl_nm))
        self._air_anallos = {}
        self.max_order_PWs = max_order_PWs

        if None == theta and None == k_parallel:
            raise ValueError, "Specify incident angle either by \n\
            k_parallel OR by theta, phi and n_inc."

        if None == theta:
            self.k_pll = np.array(k_parallel, dtype='float64')
            # Check that not aligned with either x or y axis.
            if np.abs(self.k_pll[0]) == 0 or np.abs(self.k_pll[1]) == 0:
                print "Warning: a component of k_parallel is exactly zero, \n\
                this can lead to degeneracies and errors."
        else:
            # Check for inconsistent input
            if None != k_parallel or phi == None:
                raise ValueError, "Specify incident angle either by \n\
            k_parallel OR by theta, phi and n_inc."
            # Avoid the degeneracies that occur at normal incidence
            # (FEM does not deal well with them)
            if abs(theta) < 1e-5: theta += 1e-5
            if abs(phi) < 1e-5: phi += 1e-5
            # Calculate k_parallel from incident angles
            k = 2 * np.pi * np.real(n_inc) / self.wl_nm
            theta *= np.pi / 180
            phi *= np.pi / 180
            self.k_pll = k*np.sin(theta) * np.array(
                        [np.cos(phi), np.sin(phi)], dtype='float64')



    def _air_ref(self, period, period_y, world_1d):
        """ Return an :Anallo: corresponding to this :Light: in free space.

            The :Anallo: will have len(anallo.k_z) == 2 * num_pw.

            Args:
                period  (float): period imposed on homogeneous film.

                period_y  (float): period imposed on homogeneous film \
                    along y-axis.

                world_1d  (bool): Specify whether to use 1D or 2D \
                    diffraction orders.
        """

        if (period) in self._air_anallos:
            return self._air_anallos[(period)]
        else:
            air = ThinFilm(period=period, period_y=period_y,
                           material=materials.Air, world_1d=world_1d)
            an = Anallo(air, self)

            an.is_air_ref = True

            kz = an.calc_kz()

            an.k_z = np.append(kz, kz)

            # Save this for future reference (we'll be back)
            self._air_anallos[(period)] = an
            return an








[docs]def dec_float_str(dec_float):
    """ Convert float with decimal point into string with '_' in place of '.' """
    string = str(dec_float)
    fmt_string = string.replace('.', '_')
    return fmt_string



[docs]def calculate_ff(inc_shape, d, dy, a1, a2=0, a3=0, a4=0, a5=0, a6=0, a7=0,
                 a8=0, a9=0, a10=0, a11=0, a12=0, a13=0, a14=0, a15=0, a16=0,
                 el1=0):
    """ Calculate the fill fraction of the inclusions.

        Args:
            inc_shape  (str): shape of the inclusions.

            d  (float): period of structure, in same units as a1-16.

            dy  (float): period of structure along y-axis, in same units as a1-16.

            a1  (float): diameter of inclusion 1, in same units as d.

        Keyword Args:
            a2-16  (float): diameters of further inclusions.

            el1  (float): ellipticity of inclusion 1.
    """

    if inc_shape == 'circle' or inc_shape == 'ellipse':
        ff = np.pi*((a1/2)**2*np.sqrt(1-el1) + (a2/2)**2 + (a3/2)**2 +
                    (a4/2)**2 + (a5/2)**2 + (a6/2)**2 + (a7/2)**2 + (a8/2)**2 +
                    (a9/2)**2 + (a10/2)**2 + (a11/2)**2 + (a12/2)**2 + (a13/2)**2 +
                    (a14/2)**2 + (a15/2)**2 + (a16/2)**2)/(d*dy)
    elif inc_shape == 'square':
        ff = ((a1)**2 + (a2)**2 + (a3)**2 + (a4)**2 + (a5)**2 + (a6)**2 +
              (a7)**2 + (a8)**2 + (a9)**2 + (a10)**2 + (a11)**2 + (a12)**2 +
              (a13)**2 + (a14)**2 + (a15)**2 + (a16)**2)/(d*dy)
    elif inc_shape == 'dimer':
        ff = np.pi*((a1/2.0)**2+(a2/2.0)**2)/(d*dy)
    else:
        ff = 0.0
    return ff
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  Source code for mode_calcs

"""
    mode_calcs.py is a subroutine of EMUstack that contains methods to
    calculate the modes of a given layer, either analytically
    (class 'Anallo') or from the FEM routine (class 'Simmo').

    Copyright (C) 2015  Bjorn Sturmberg, Kokou Dossou, Felix Lawrence

    EMUstack is free software: you can redistribute it and/or modify
    it under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    This program is distributed in the hope that it will be useful,
    but WITHOUT ANY WARRANTY; without even the implied warranty of
    MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
    GNU General Public License for more details.

    You should have received a copy of the GNU General Public License
    along with this program.  If not, see <http://www.gnu.org/licenses/>.
"""

import numpy as np
import sys
# from scipy import sqrt
import os
sys.path.append("../backend/")

from fortran import EMUstack

_interfaces_i_have_known = {}
pi = np.pi


[docs]class Modes(object):
    """ Super-class from which Simmo and Anallo inherit common functionality. """
[docs]    def k_pll_norm(self):
        return self.light.k_pll * self.structure.period


[docs]    def wl_norm(self):
        """ Return normalised wavelength (wl/period). """
        wl = self.light.wl_nm / self.structure.period
        # Avoid Wood Anomalies
        if self.light.wl_nm % self.structure.period == 0:
            wl += 1e-10
        return wl


[docs]    def air_ref(self):
        """ Return an :Anallo: for air for the same :Light: as this. """
        return self.light._air_ref(self.structure.period,
                                   self.structure.period_y,
                                   self.structure.world_1d)


[docs]    def calc_1d_grating_orders(self, max_order):
        """ Return the grating order indices px and py, unsorted. """
        # Create arrays of grating order indexes (-p, ..., p)
        pxs = np.arange(-max_order, max_order + 1)
        return pxs


[docs]    def calc_2d_grating_orders(self, max_order):
        """ Return the grating order indices px and py, unsorted. """
        # Create arrays of grating order indexes (-p, ..., p)
        pxs = pys = np.arange(-max_order, max_order + 1)
        # The inner loop in the fortran is over y, not x
        # So we call meshgrid with y first
        pys_mesh, pxs_mesh = np.meshgrid(pys, pxs)
        # Which elements of pys_mesh and pxs_mesh correspond to
        # orders low enough that we're interested in?
        dx = self.structure.period
        dy = self.structure.period_y
        low_ord = ((pxs_mesh/dx)**2 + (pys_mesh/dy)**2 <=
            (max_order/max(dx, dy))**2)
        return pxs_mesh[low_ord], pys_mesh[low_ord]


[docs]    def prop_fwd(self, height_norm):
        """ Return the matrix P corresponding to forward propagation/decay. """
        return np.mat(np.diag(np.exp(1j * self.k_z * height_norm)))


[docs]    def shear_transform(self, coords):
        """ Return the matrix Q corresponding to a shear transformation to coordinats coords. """
        alphas = np.append(self.air_ref().alphas, self.air_ref().alphas)
        if np.shape(coords) == (1,):
            return np.mat(np.diag(np.exp(1j * (alphas * coords[0]))))
        else:
            betas = np.append(self.air_ref().betas, self.air_ref().betas)
            return np.mat(np.diag(np.exp(1j * (alphas * coords[0] + betas * coords[1]))))


    def __del__(self):
        # Clean up _interfaces_i_have_known to avoid memory leak
        if _interfaces_i_have_known is not None:
            for key in _interfaces_i_have_known.keys():
                if id(self) in key:
                    _interfaces_i_have_known.pop(key)





[docs]class Anallo(Modes):
    """ Interaction of one :Light: object with one :ThinFilm: object.

        Like a :Simmo:, but for a thin film, and calculated analytically.
    """
    def __init__(self, thin_film, light):
        self.structure = thin_film
        self.light = light
        self.max_order_PWs = light.max_order_PWs
        self.is_air_ref = False

[docs]    def calc_modes(self):
        """ Calculate the modes of homogeneous layer analytically. """
        kzs = self.calc_kz()
        self.k_z = np.append(kzs, kzs)  # add 2nd polarisation
        self.structure.num_pw_per_pol = len(kzs)


[docs]    def calc_kz(self):
        """ Return a sorted 1D array of grating orders' kz. """
        d = 1
        dy = self.structure.period_y / self.structure.period

        if self.structure.world_1d is True:
            # Calculate vectors of pxs
            pxs = self.calc_1d_grating_orders(self.max_order_PWs)
            # Calculate k_x (alphas) and k_y (betas) components of
            # scattered PWs using the grating equation.
            alpha0, beta0 = self.k_pll_norm()
            alphas = alpha0 + pxs * 2 * pi / d
            betas = beta0
            self.alphas = alphas
            self.betas = betas
            k_z_unsrt = np.sqrt(self.k()**2 - alphas**2 - betas**2)

        elif self.structure.world_1d is False:
            # Calculate vectors of pxs and pys of all orders
            # with px^2 + py^2 <= self.max_order_PWs
            pxs, pys = self.calc_2d_grating_orders(self.max_order_PWs)
            alpha0, beta0 = self.k_pll_norm()
            alphas = alpha0 + pxs * 2 * pi / d
            betas = beta0 + pys * 2 * pi / dy
            self.alphas = alphas
            self.betas = betas
            k_z_unsrt = np.sqrt(self.k()**2 - alphas**2 - betas**2)

        else:
            raise ValueError, "must specify world_1d status of ThinFilm."

        if np.shape(np.nonzero(k_z_unsrt))[1] != np.shape(k_z_unsrt)[0]:
            print "Warning: selected [k_x, k_y] hits a Wood Anomaly!\n EMUstack changed [k_x, k_y] -> (1-1e-9)*[k_x, k_y]."
            if self.structure.world_1d is True:
                alpha0, beta0 = (1-1e-9)*self.k_pll_norm()
                alphas = alpha0 + pxs * 2 * pi / d
                betas = beta0
                self.alphas = alphas
                self.betas = betas
                k_z_unsrt = np.sqrt(self.k()**2 - alphas**2 - betas**2)
            elif self.structure.world_1d is False:
                alpha0, beta0 = (1-1e-9)*self.k_pll_norm()
                alphas = alpha0 + pxs * 2 * pi / d
                betas = beta0 + pys * 2 * pi / dy
                self.alphas = alphas
                self.betas = betas
                k_z_unsrt = np.sqrt(self.k()**2 - alphas**2 - betas**2)

        if self.is_air_ref:
            assert not hasattr(self, 'sort_order'), \
                "Are you sure you want to reset the sort_order?"
            # Sort the modes from propagating to fastest decaying
            # k_z is real for propagating waves
            # This must be done consistently
            s = np.argsort(-1*k_z_unsrt.real + k_z_unsrt.imag)
            self.sort_order = s
        else:
            s = self.air_ref().sort_order
            self.sort_order = s
            assert s.shape == k_z_unsrt.shape, (s.shape, k_z_unsrt.shape)

        # Find element of k_z_unsrt corresponding to zeroth order
        if self.structure.world_1d == True:
            self.specular_order = np.nonzero((pxs[s] == 0))[0][0]
        elif self.structure.world_1d == False:
            self.specular_order = np.nonzero((pxs[s] == 0) * (pys[s] == 0))[0][0]

        # Calculate number of propagating plane waves in thin film
        self.num_prop_pw_per_pol = (k_z_unsrt.imag == 0).sum()

        return k_z_unsrt[s]


[docs]    def n(self):
        """ Return refractive index of an object at its wavelength. """
        if self.structure.loss:
            return self.structure.material.n(self.light.wl_nm)
        else:
            return self.structure.material.n(self.light.wl_nm).real


[docs]    def k(self):
        """ Return the normalised wavenumber in the background material. """
        return np.complex128(2 * pi * self.n() / self.wl_norm())


[docs]    def Z(self):
        """ Return the wave impedance as a 1D array."""
        # Zcr is relative characteristic impedance Zc / Z0
        # Zcr = 1/n assumes that relative permeability is 1
        # Otherwise, use Zcr = \sqrt(epsilon_r / mu_r)
        Zcr = 1./self.n()

        # self.k_z repeats itself halfway through
        # First half is for TE pol, second is for TM
        num_pw2 = len(self.k_z) / 2
        k_z = self.k_z[:num_pw2]
        assert (k_z == self.k_z[num_pw2:]).all()

        # Calculate the (relative) wave impedances Z
        # TE (E in interface plane): Z = Zcr * k/k_z
        # TM (H in interface plane): Z = Zcr / (k/k_z)
        k_on_kz = self.k() / k_z

        # TE is always represented first
        return np.concatenate((Zcr * k_on_kz, Zcr / k_on_kz))


[docs]    def specular_incidence(self, pol='TE'):
        """ Return a vector of plane wave amplitudes corresponding \
            to specular incidence in the specified polarisation.

            i.e. all elements are 0 except the zeroth order.
        """
        # Element corresponding to 0th order, TE
        spec_TE = self.specular_order
        # Element corresponding to 0th order, TM
        spec_TM = self.specular_order + self.structure.num_pw_per_pol
        tot_num_pw = self.structure.num_pw_per_pol * 2

        inc_amp = np.mat(np.zeros(tot_num_pw, dtype='complex128')).T
        if 'TE' == pol:
            inc_amp[spec_TE] = 1
        elif 'TM' == pol:
            inc_amp[spec_TM] = 1
        elif 'un' == pol:
            inc_amp[spec_TE] = 1/np.sqrt(2.)
            inc_amp[spec_TM] = 1/np.sqrt(2.)
        elif 'R Circ' == pol:
            inc_amp[spec_TE] = 1/np.sqrt(2.)
            inc_amp[spec_TM] = +1j/np.sqrt(2.)
        elif 'L Circ' == pol:
            inc_amp[spec_TE] = 1/np.sqrt(2.)
            inc_amp[spec_TM] = -1j/np.sqrt(2.)
        else:
            raise NotImplementedError, \
            "Must select from the currently implemented polarisations; \
             TE, TM, R Circ, L Circ."

        return inc_amp






[docs]class Simmo(Modes):
    """ Interaction of one :Light: object with one :NanoStruc: object.

        Inherits knowledge of :NanoStruc:, :Light: objects
        Stores the calculated modes of :NanoStruc: for illumination by :Light:
    """
    def __init__(self, structure, light):
        self.structure = structure
        self.light = light
        self.max_order_PWs = light.max_order_PWs
        self.prop_consts = None
        self.mode_pol = None

[docs]    def calc_modes(self, num_BMs=None):
        """ Run a Fortran FEM calculation to find the modes of a \
        structured layer. """
        st = self.structure
        wl = self.light.wl_nm
        self.n_effs = np.array([st.background.n(wl), st.inclusion_a.n(wl),
                                st.inclusion_b.n(wl), st.inclusion_c.n(wl),
                                st.inclusion_d.n(wl), st.inclusion_e.n(wl)])
        self.n_effs = self.n_effs[:self.structure.nb_typ_el]
        if self.structure.loss is False:
            self.n_effs = self.n_effs.real

        if self.structure.periodicity == '1D_array':
            pxs = self.calc_1d_grating_orders(self.max_order_PWs)
        elif self.structure.periodicity == '2D_array':
            pxs, pys = self.calc_2d_grating_orders(self.max_order_PWs)
        else:
            raise ValueError, "NanoStruct layer must have periodicity of \
                either '1D_array' or '2D_array'."

        num_pw_per_pol = pxs.size
        if num_BMs is None: self.num_BMs = num_pw_per_pol * 2 + 20
        else: self.num_BMs = num_BMs
        assert self.num_BMs > num_pw_per_pol * 2, \
        "You must include at least as many BMs as PWs. \n" + \
        "Currently you have %(bm)i BMs < %(np)i PWs." % {
            'bm': self.num_BMs, 'np': num_pw_per_pol * 2}

        # Parameters that control how FEM routine runs
        self.E_H_field = 1  # Selected formulation (1=E-Field, 2=H-Field)
        i_cond = 2  # Boundary conditions (0=Dirichlet,1=Neumann,2=Periodic)
        itermax = 30  # Maximum number of iterations for convergence
        FEM_debug = 0  # Fortran routines will display & save add. info

        # Calculate where to center the Eigenmode solver around.
        # (Shift and invert FEM method)
        max_n = np.real(self.n_effs).max()
        # Take real part so that complex conjugate pair Eigenvalues are
        # equal distance from shift and invert point and therefore both found.
        k_0 = 2 * pi * self.air_ref().n() / self.wl_norm()
        if self.structure.hyperbolic == True:
            shift = 1.1*max_n**2 * k_0**2
        else:
            shift = 1.1*max_n**2 * k_0**2  \
                - self.k_pll_norm()[0]**2 - self.k_pll_norm()[1]**2

        if FEM_debug == 1:
            print 'shift', shift
            if not os.path.exists("Normed"):
                os.mkdir("Normed")
            if not os.path.exists("Matrices"):
                os.mkdir("Matrices")
            if not os.path.exists("Output"):
                os.mkdir("Output")

        if self.structure.periodicity == '1D_array':
            if self.structure.world_1d is True:
                world_1d = 1
                num_pw_per_pol_2d = 1
            else:
                world_1d = 0
                pxs, pys = self.calc_2d_grating_orders(self.max_order_PWs)
                num_pw_per_pol_2d = pxs.size

            try:
                resm = EMUstack.calc_modes_1d(self.wl_norm(), self.num_BMs,
                    self.max_order_PWs, self.structure.nb_typ_el,
                    self.structure.n_msh_pts, self.structure.n_msh_el,
                    self.structure.table_nod, self.structure.type_el,
                    self.structure.x_arr, itermax, FEM_debug,
                    self.structure.mesh_file, self.n_effs,
                    self.k_pll_norm()[0], self.k_pll_norm()[1], shift,
                    self.structure.plotting_fields, self.structure.plot_real,
                    self.structure.plot_imag, self.structure.plot_abs,
                    num_pw_per_pol, num_pw_per_pol_2d, world_1d)

                self.k_z, J, J_dag, J_2d, J_dag_2d, self.sol1 = resm

                if self.structure.world_1d is True:
                    self.J, self.J_dag = np.mat(J), np.mat(J_dag)
                else:
                    self.J, self.J_dag = np.mat(J_2d), np.mat(J_dag_2d)
                J_2d = None
                J_dag_2d = None

            except KeyboardInterrupt:
                print "\n\n1D FEM routine calc_modes_1d",\
                "interrupted by keyboard.\n\n"


        elif self.structure.periodicity == '2D_array':
            # Prepare for the mesh
            with open("../backend/fortran/msh/"+self.structure.mesh_file) as f:
                self.n_msh_pts, self.n_msh_el = [int(i) for i in f.readline().split()]

            # Size of Fortran's complex superarray (scales with mesh)
            # In theory could do some python-based preprocessing
            # on the mesh file to work out RAM requirements
            cmplx_max = 2**27  # 30
            real_max = 2**23
            int_max = 2**22

            try:
                resm = EMUstack.calc_modes_2d(
                    self.wl_norm(), self.num_BMs, self.max_order_PWs,
                    FEM_debug, self.structure.mesh_file, self.n_msh_pts,
                    self.n_msh_el, self.structure.nb_typ_el, self.n_effs,
                    self.k_pll_norm(), shift, self.E_H_field, i_cond, itermax,
                    self.structure.plotting_fields, self.structure.plot_real,
                    self.structure.plot_imag, self.structure.plot_abs,
                    num_pw_per_pol, cmplx_max, real_max, int_max)

                self.k_z, J, J_dag, self.sol1, self.mode_pol, \
                self.table_nod, self.type_el, self.x_arr = resm
                # self.J, self.J_dag = np.mat(J), np.mat(J_dag)

                area = self.structure.period * self.structure.period_y
                area_norm = area/self.structure.period**2
                self.J, self.J_dag = np.mat(J)/area_norm, np.mat(J_dag)

            except KeyboardInterrupt:
                print "\n\n2D FEM routine calc_modes_2d",\
                "interrupted by keyboard.\n\n"

        else:
            raise ValueError, "NanoStruct layer must have periodicity of \
                either '1D_array' or '2D_array'."

        if not self.structure.plot_field_conc:
            self.mode_pol = None

        if self.structure.plotting_fields != 1:
            self.sol1 = None
            self.n_effs = None
            self.E_H_field = None
            if self.structure.periodicity == '2D_array':
                self.table_nod = None
                self.type_el = None
                self.x_arr = None
                self.n_msh_pts = None
                self.n_msh_el = None

        ## To do, work out how to automagically process to png
        # if self.structure.plotting_fields:
        #     gmsh_cmd = 'gmsh '+ 'Bloch_fields/PNG/' + '*.geo'
        #     os.system(gmsh_cmd)




[docs]def r_t_mat(lay1, lay2):
    """ Return R12, T12, R21, T21 at an interface between lay1 \
        and lay2.
    """
    assert lay1.structure.period == lay2.structure.period

    # We memorise to avoid extra calculations
    global _interfaces_i_have_known
    # Have we seen this interface before?
    try:
        return _interfaces_i_have_known[id(lay1), id(lay2)]
    except KeyError: pass
    # Or perhaps its reverse?
    try:
        R21, T21, R12, T12 = _interfaces_i_have_known[id(lay2), id(lay1)]
        return R12, T12, R21, T21
    except KeyError: pass

    # No? Then we'll have to calculate its properties.
    if isinstance(lay1, Anallo) and isinstance(lay2, Anallo):
        ref_trans = r_t_mat_anallo(lay1, lay2)
    elif isinstance(lay1, Anallo) and isinstance(lay2, Simmo):
        ref_trans = r_t_mat_tf_ns(lay1, lay2)
    elif isinstance(lay1, Simmo) and isinstance(lay2, Anallo):
        R21, T21, R12, T12 = r_t_mat_tf_ns(lay2, lay1)
        ref_trans = R12, T12, R21, T21
    elif isinstance(lay1, Simmo) and isinstance(lay2, Simmo):
        raise NotImplementedError, \
            "Sorry! For, now you can put an extremely thin film between your \
            NanoStructs"

    # Store its R and T matrices for later use
    _interfaces_i_have_known[id(lay1), id(lay2)] = ref_trans
    return ref_trans



[docs]def r_t_mat_anallo(an1, an2):
    """ Returns R12, T12, R21, T21 at an interface between thin films.

        R12 is the reflection matrix from Anallo 1 off Anallo 2

        The sign of elements in T12 and T21 is fixed to be positive,
        in the eyes of `numpy.sign`
    """
    if len(an1.k_z) != len(an2.k_z):
        raise ValueError, "Need the same number of plane waves in \
        Anallos %(an1)s and %(an2)s" % {'an1': an1, 'an2': an2}

    Z1 = an1.Z()
    Z2 = an2.Z()

    R12 = np.mat(np.diag((Z2 - Z1)/(Z2 + Z1)))
    # N.B. there is potentially a branch choice problem here, stemming
    # from the normalisation to unit flux.
    # We normalise each field amplitude by
    # $chi^{\pm 1/2} = sqrt(k_z/k)^{\pm 1} = sqrt(Z/Zc)^{\pm 1}$
    # The choice of branch in those square roots must be the same as the
    # choice in the related square roots that we are about to take:
    T12 = np.mat(np.diag(2.*np.sqrt(Z2)*np.sqrt(Z1)/(Z2+Z1)))
    R21 = -R12
    T21 = T12

    return R12, T12, R21, T21



[docs]def r_t_mat_tf_ns(an1, sim2):
    """ Returns R12, T12, R21, T21 at an1-sim2 interface.

        Based on:
        `Dossou et al., JOSA A, Vol. 29, Issue 5, pp. 817-831 (2012)\
         <http://dx.doi.org/10.1364/JOSAA.29.000817>`_

        But we use Zw = 1/(Zcr X) instead of X, so that an1 does not
        have to be free space.
    """
    Z1_sqrt_inv = np.sqrt(1/an1.Z()).reshape((1, -1))

    # In the paper, X is a diagonal matrix. Here it is a 1 x N array.
    # Same difference.
    if np.shape(Z1_sqrt_inv)[1] != np.shape(sim2.J.A)[0]:
        raise ValueError, "Scattering matrices of layers are not consistent,\
            \nsome layers are 1D and others 2D. Check that world_1d status."

    A = np.mat(Z1_sqrt_inv.T * sim2.J.A)
    B = np.mat(sim2.J_dag.A * Z1_sqrt_inv)

    denominator = np.eye(len(B)) + B.dot(A)

    # R12 = -I + 2 A (I + BA)^-1 B
    # T12 = 2 (I + BA)^-1 B
    den_inv_times_B = np.linalg.solve(denominator, B)
    R12 = -np.eye(len(A)) + 2 * A * den_inv_times_B
    T12 = 2 * den_inv_times_B

    # R21 = (I - BA)(I + BA)^-1 = (I + BA)^-1 (I - BA)
    # T21 = 2 A (I + BA)^-1 = T12^T
    R21 = np.linalg.solve(denominator, (np.eye(len(B)) - B*A))
    T21 = 2 * A * denominator.I
    # T21 = T12.T

    return np.mat(R12), np.mat(T12), np.mat(R21), np.mat(T21)
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  Source code for materials

"""
    materials.py is a subroutine of EMUstack that defines Material objects,
    these represent dispersive lossy refractive indices and possess
    methods to interpolate n from tabulated data.

    Copyright (C) 2015  Bjorn Sturmberg, Kokou Dossou, Felix Lawrence

    EMUstack is free software: you can redistribute it and/or modify
    it under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    This program is distributed in the hope that it will be useful,
    but WITHOUT ANY WARRANTY; without even the implied warranty of
    MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
    GNU General Public License for more details.

    You should have received a copy of the GNU General Public License
    along with this program.  If not, see <http://www.gnu.org/licenses/>.
"""

import numpy as np
from scipy.interpolate import interp1d
import matplotlib
matplotlib.use('pdf')
import matplotlib.pyplot as plt

data_location = '../backend/data/'


[docs]class Material(object):
    """ Represents a material with a refractive index n.

        If the material is dispersive, the refractive index at a given
        wavelength is calculated by linear interpolation from the
        initially given data `n`. Materials may also have `n` calculated
        from a Drude model with input parameters.

        Args:
            n  : Either a scalar refractive index, \
                an array of values `(wavelength, n)`, or \
                `(wavelength, real(n), imag(n))`, \
                or omega_p, omega_g, eps_inf for Drude model.

        Currently included materials are;

        .. tabularcolumns:: |c|c|c|

        +--------------------+------------+------------------------+
        | **Semiconductors** | **Metals** | **Transparent oxides** |
        +--------------------+------------+------------------------+
        |    Si_c            |  Au        |   TiO2                 |
        +--------------------+------------+------------------------+
        |    Si_a            |  Au_Palik  |   TiO2_anatase         |
        +--------------------+------------+------------------------+
        |    SiO2            |  Ag        |   ITO                  |
        +--------------------+------------+------------------------+
        |    CuO             |  Ag_Palik  |   ZnO                  |
        +--------------------+------------+------------------------+
        |    CdTe            |  Cu        |   SnO2                 |
        +--------------------+------------+------------------------+
        |    FeS2            |  Cu_Palik  |   FTO_Wenger           |
        +--------------------+------------+------------------------+
        |    Zn3P2           |  Al        |   FTO_Wengerk5         |
        +--------------------+------------+------------------------+
        |    AlGaAs          |            |                        |
        +--------------------+------------+------------------------+
        |    Al2O3           |            |                        |
        +--------------------+------------+------------------------+
        |    Al2O3_PV        |            |                        |
        +--------------------+------------+------------------------+
        |    GaAs            |            |                        |
        +--------------------+------------+------------------------+
        |    InGaAs          | **Drude**  | **Other**              |
        +--------------------+------------+------------------------+
        |    Si3N4           |  Au_drude  |   Air                  |
        +--------------------+------------+------------------------+
        |    MgF2            |            |   H2O                  |
        +--------------------+------------+------------------------+
        |    InP             |            |   Glass                |
        +--------------------+------------+------------------------+
        |    InAs            |            |   Spiro                |
        +--------------------+------------+------------------------+
        |    GaP             |            |   Spiro_nk             |
        +--------------------+------------+------------------------+
        |    Ge              |            |                        |
        +--------------------+------------+------------------------+
        |    AlN             |            |                        |
        +--------------------+------------+------------------------+
        |    GaN             |            |                        |
        +--------------------+------------+------------------------+
        |    MoO3            |            |                        |
        +--------------------+------------+------------------------+
        |    ZnS             |            |                        |
        +--------------------+------------+------------------------+
        |    AlN_PV          |            |                        |
        +--------------------+------------+------------------------+
        |                    |            | **Experimental** incl. |
        +--------------------+------------+------------------------+
        |                    |            |    CH3NH3PbI3          |
        +--------------------+------------+------------------------+
        |                    |            |    Sb2S3               |
        +--------------------+------------+------------------------+
        |                    |            |    Sb2S3_ANU2014       |
        +--------------------+------------+------------------------+
        |                    |            |    Sb2S3_ANU2015       |
        +--------------------+------------+------------------------+
        |                    |            |    GO_2014             |
        +--------------------+------------+------------------------+
        |                    |            |    GO_2015             |
        +--------------------+------------+------------------------+
        |                    |            |    rGO_2015            |
        +--------------------+------------+------------------------+
        |                    |            |    SiON_Low            |
        +--------------------+------------+------------------------+
        |                    |            |    SiON_High           |
        +--------------------+------------+------------------------+
        |                    |            |    Low_Fe_Glass        |
        +--------------------+------------+------------------------+
        |                    |            |    Perovskite_00       |
        +--------------------+------------+------------------------+
        |                    |            |    Perovskite          |
        +--------------------+------------+------------------------+
        |                    |            |    Perovskite_b2b      |
        +--------------------+------------+------------------------+
        |                    |            |    Ge_Doped            |
        +--------------------+------------+------------------------+
    """
    def __init__(self, n):
        if () == np.shape(n):
            # n is a scalar, the medium is non-dispersive.
            self._n = lambda x: n
            self.data_wls = None
            self.data_ns = n
        elif np.shape(n) == (3,):
            # we will calculate n from the Drude model with input omega_p, omega_g, eps_inf values
            c = 299792458
            omega_plasma = n[0]
            omega_gamma = n[1]
            eps_inf = n[2]
            self.data_wls = 'Drude'
            self.data_ns = [omega_plasma, omega_gamma, eps_inf, c]
            self._n = lambda x: np.sqrt(self.data_ns[2]-self.data_ns[0]**2/(((2*np.pi*self.data_ns[3])/(x*1e-9))**2 + 1j*self.data_ns[1]*(2*np.pi*self.data_ns[3])/(x*1e-9)))
        elif np.shape(n) >= (2, 1):
            self.data_wls = n[:, 0]
            if len(n[0]) == 2:
                # n is an array of wavelengths and (possibly-complex)
                # refractive indices.
                self.data_ns = n[:, 1]
            elif len(n[0]) == 3:
                self.data_ns = n[:, 1] + 1j * n[:, 2]
            else:
                raise ValueError
            # Do cubic interpolation if we get the chance
            # if len(self.data_wls) > 3:
            #     self._n = interp1d(self.data_wls, self.data_ns, 'cubic')
            # else:
            self._n = interp1d(self.data_wls, self.data_ns)
        # else:
        #     raise ValueError, "You must either set a constant refractive \
        #         index, provide tabulated data, or Drude parameters"

[docs]    def n(self, wl_nm):
        """ Return n for the specified wavelength."""
        return self._n(wl_nm)


[docs]    def __getstate__(self):
        """ Can't pickle self._n, so remove it from what is pickled."""
        d = self.__dict__.copy()
        d.pop('_n')
        return d


[docs]    def __setstate__(self, d):
        """ Recreate self._n when unpickling."""
        self.__dict__ = d
        if None is self.data_wls:
            self._n = lambda x: self.data_ns
        elif self.data_wls == 'Drude':
            self._n = lambda x: np.sqrt(self.data_ns[2]-self.data_ns[0]**2/(((2*np.pi*self.data_ns[3])/(x*1e-9))**2 + 1j*self.data_ns[1]*(2*np.pi*self.data_ns[3])/(x*1e-9)))
        else:
            self._n = interp1d(self.data_wls, self.data_ns)




[docs]def plot_n_data(data_name):
    data = np.loadtxt(data_location+'%s.txt' % data_name)
    wls = data[:, 0]
    Re_n = data[:, 1]
    Im_n = data[:, 2]
    fig = plt.figure(figsize=(5, 2))
    ax1 = fig.add_subplot(1, 1, 1)
    ax1.plot(wls, Re_n, 'k', linewidth=2)
    ax1.set_ylabel(r"Re(n)")
    ax2 = ax1.twinx()
    ax2.plot(wls, Im_n, 'r--', linewidth=2)
    ax2.set_ylabel(r"Im(n)")
    ax2.spines['right'].set_color('red')
    ax2.yaxis.label.set_color('red')
    ax2.tick_params(axis='y', colors='red')
    ax1.set_xlim((wls[0], wls[-1]))
    plt.savefig('%s_n' % data_name)



Air = Material(1.00 + 0.0j)
H2O = Material(np.loadtxt('%sH2O.txt' % data_location))
# G. M. Hale and M. R. Querry. doi:10.1364/AO.12.000555


# Transparent oxides
TiO2 = Material(np.loadtxt('%sTiO2.txt' % data_location))
# Filmetrics.com
TiO2_anatase = Material(np.loadtxt('%sTiO2_anatase.txt' % data_location))
# 500C anneal PV Lighthouse doi:/10.1016/S0927-0248(02)00473-7
ITO = Material(np.loadtxt('%sITO.txt' % data_location))
# Filmetrics.com
ZnO = Material(np.loadtxt('%sZnO.txt' % data_location))
# Z. Holman 2012 unpublished http://www.pvlighthouse.com.au/resources/photovoltaic%20materials/refractive%20index/refractive%20index.aspx


# Semiconductors
Si_c = Material(np.loadtxt('%sSi_c.txt' % data_location))
# M. Green Prog. PV 1995 doi:10.1002/pip.4670030303
Si_a = Material(np.loadtxt('%sSi_a.txt' % data_location))
SiO2 = Material(np.loadtxt('%sSiO2.txt' % data_location))
CuO = Material(np.loadtxt('%sCuO.txt' % data_location))
CdTe = Material(np.loadtxt('%sCdTe.txt' % data_location))
FeS2 = Material(np.loadtxt('%sFeS2.txt' % data_location))
Zn3P2 = Material(np.loadtxt('%sZn3P2.txt' % data_location))
Sb2S3 = Material(np.loadtxt('%sSb2S3.txt' % data_location))
AlGaAs = Material(np.loadtxt('%sAlGaAs.txt' % data_location))
ZnS = Material(np.loadtxt('%sZnS.txt' % data_location))
SnO2 = Material(np.loadtxt('%sSnO2.txt' % data_location))
Glass = Material(np.loadtxt('%sSoda_lime_glass_nk_Pil.txt' % data_location))
# PV lighthouse, unpublished
Al2O3 = Material(np.loadtxt('%sAl2O3.txt' % data_location))
# http://refractiveindex.info/?shelf=main&book=Al2O3&page=Malitson-o
Al2O3_PV = Material(np.loadtxt('%sAl2O3_PV.txt' % data_location))
# PV lighthouse
GaAs = Material(np.loadtxt('%sGaAs.txt' % data_location))
# http://www.filmetrics.com/refractive-index-database/GaAs/Gallium-Arsenide
InGaAs = Material(np.loadtxt('%sInGaAs.txt' % data_location))
# http://refractiveindex.info/?group=CRYSTALS&material=InGaAs
Si3N4 = Material(np.loadtxt('%sSi3N4.txt' % data_location))
# http://www.filmetrics.com/refractive-index-database/Si3N4/Silicon-Nitride-SiN
MgF2 = Material(np.loadtxt('%sMgF2.txt' % data_location))
# http://www.filmetrics.com/refractive-index-database/MgF2/Magnesium-Fluoride
InP = Material(np.loadtxt('%sInP.txt' % data_location))
InAs = Material(np.loadtxt('%sInAs.txt' % data_location))
# Filmetrics.com
GaP = Material(np.loadtxt('%sGaP.txt' % data_location))
# Filmetrics.com
GaN = Material(np.loadtxt('%sGaN.txt' % data_location))
# http://www.filmetrics.com/refractive-index-database/GaN/Gallium-Nitride
AlN = Material(np.loadtxt('%sAlN.txt' % data_location))
# http://www.filmetrics.com/refractive-index-database/AlN/Aluminium-Nitride
Ge = Material(np.loadtxt('%sGe.txt' % data_location))
# http://www.filmetrics.com/refractive-index-database/Ge/Germanium
MoO3 = Material(np.loadtxt('%sMoO3.txt' % data_location))
# doi:10.1103/PhysRevB.88.115141
Spiro = Material(np.loadtxt('%sSpiro.txt' % data_location))
# doi:10.1364/OE.23.00A263
Spiro_nk = Material(np.loadtxt('%sSpiro_nk_Filipic.txt' % data_location))
# Extended Filipic data
FTO_Wenger = Material(np.loadtxt('%sFTO_Wenger.txt' % data_location))
# doi:10.1021/jp111565q
FTO_Wengerk5 = Material(np.loadtxt('%sFTO_Wengerk5.txt' % data_location))
# doi:10.1021/jp111565q
AlN_PV = Material(np.loadtxt('%sAlN_PV.txt' % data_location))
# PV lighthouse doi:10.1002/pssr.201307153

# Metals
Au = Material(np.loadtxt('%sAu_JC.txt' % data_location))
# Johnson Christy
Au_Palik = Material(np.loadtxt('%sAu_Palik.txt' % data_location))
# Palik
Ag = Material(np.loadtxt('%sAg_JC.txt' % data_location))
# Johnson Christy
Ag_Palik = Material(np.loadtxt('%sAg_Palik.txt' % data_location))
# Palik
Cu = Material(np.loadtxt('%sCu_JC.txt' % data_location))
# Johnson Christy
Cu_Palik = Material(np.loadtxt('%sCu_Palik.txt' % data_location))
# Palik
Al = Material(np.loadtxt('%sAl.txt' % data_location))
# McPeak ACS Photonics 2015 http://dx.doi.org/10.1021/ph5004237


# Drude model
# Need to provide [omega_plasma, omega_gamma, eplison_infinity]
Au_drude = Material([1.36e16, 1.05e14, 9.5])
# Johnson Christy


# Less Validated
CH3NH3PbI3 = Material(np.loadtxt('%sCH3NH3PbI3.txt' % data_location))
# doi:10.1021/jz502471h - EPFL
Sb2S3_ANU2014 = Material(np.loadtxt('%sSb2S3_ANU2014.txt' % data_location))
# measured at Australian National Uni.
Sb2S3_ANU2015 = Material(np.loadtxt('%sSb2S3_ANU2015.txt' % data_location))
# measured at Australian National Uni.
GO_2014 = Material(np.loadtxt('%sGO_2014.txt' % data_location))
# Graphene Oxide measured at Swinbourne Uni.
GO_2015 = Material(np.loadtxt('%sGO_2015.txt' % data_location))
# Graphene Oxide measured at Swinbourne Uni.
rGO_2015 = Material(np.loadtxt('%srGO_2015.txt' % data_location))
# reduced Graphene Oxide measured at Swinbourne Uni.
SiON_Low = Material(np.loadtxt('%sSiON_Low.txt' % data_location))
# measured at Australian National Uni.
SiON_High = Material(np.loadtxt('%sSiON_High.txt' % data_location))
# measured at Australian National Uni.

Low_Fe_Glass = Material(np.loadtxt('%sLow_Fe_Glass_Pil.txt' % data_location))
# PV lighthouse, unpublished Pilkington data
Perovskite_00 = Material(np.loadtxt('%sPerovskite_E_u_00.txt' % data_location))
# doi:10.1021/jz502471h
Perovskite = Material(np.loadtxt('%sPerovskite_Loper_E_u_080.txt' % data_location))
# doi:10.1021/jz502471h, with extended urbach tail for parasitic absorption
Perovskite_b2b = Material(np.loadtxt('%sPerovskite_b2b_nk.txt' % data_location))
# The above data for n, k data just for band to band transitions
# http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.5b00044/suppl_file/jz5b00044_si_001.pdf
Ge_Doped = Material(np.loadtxt('%sGe_Doped.txt'% data_location))
# doi:10.1109/IRMMW-THz.2014.6956438, heavily doped Germanium for mid-infrared plasmonics
ITO_annealed = Material(np.loadtxt('%sITO_anneal_Gen_Osc.txt'% data_location))
# ANU measurement
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  Source code for plotting

"""
    plotting.py is a subroutine of EMUstack that contains numerous plotting
    routines.

    Copyright (C) 2015  Bjorn Sturmberg, Kokou Dossou, Felix Lawrence

    EMUstack is free software: you can redistribute it and/or modify
    it under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    This program is distributed in the hope that it will be useful,
    but WITHOUT ANY WARRANTY; without even the implied warranty of
    MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE.  See the
    GNU General Public License for more details.

    You should have received a copy of the GNU General Public License
    along with this program.  If not, see <http://www.gnu.org/licenses/>.
"""

import objects
import mode_calcs

import numpy as np
from scipy import sqrt
import subprocess
from matplotlib.mlab import griddata
import matplotlib
matplotlib.use('pdf')
import matplotlib.pyplot as plt
import matplotlib.gridspec as gridspec
import os

# font = {'family' : 'normal',
#         'weight' : 'bold',
#         'size'   : 18}

# font = {'size'   : 14}
# matplotlib.rc('font', **font)
linesstrength = 2.5
title_font = 10


#### Natural constants ########################################################
ASTM15_tot_I   = 900.084            # Integral ASTM 1.5 solar irradiance W/m**2
Plancks_h      = 6.62606957*1e-34   # Planck's constant
speed_c        = 299792458          # Speed of light in vacuum
charge_e       = 1.602176565*1e-19  # Charge of an electron
###############################################################################


#### Short utility functions ##################################################
[docs]def clear_previous():
    """ Delete all files of specified type as well as field directories. """

    devnull = open(os.devnull, 'wb')

    type_list = ['*.npz', '*.pdf', '*.txt', '*.gif', '*.png', '*.log', '*.svg',
    'fields_vertically -r', 'in_plane_fields -r', 'Bloch_fields -r',
    'field_values -r', '3d_fields -r']
    for typ in type_list:
        try:
            files_rm = 'rm %s'% typ
            subprocess.call(files_rm, shell = True, stderr=devnull)
        except:
            pass



[docs]def zeros_int_str(zero_int):
    """ Convert integer into string with '0' in place of ' '. """
    # if zero_int == 0:
    #     fmt_string = '0000'
    # else:
    #     string = '%4.0f' % zero_int
    #     fmt_string = string.replace(' ','0')
    string = '%4.0f' % zero_int
    fmt_string = string.replace(' ','0')
    return fmt_string



[docs]def tick_function(energies):
    """ Convert energy in eV into wavelengths in nm """
    wls = Plancks_h*speed_c/(energies*charge_e)*1e9
    return wls



[docs]def max_n(stacks_list):
    """ Find maximum refractive index n in stacks_list. """
    ns = []
    for s in stacks_list:
        for l in s.layers:
            if isinstance(l, objects.Anallo):
                ns.append(l.n())
            if isinstance(l, objects.Simmo):
                wl = l.light.wl_nm
                ns.append(l.structure.background.n(wl))
                ns.append(l.structure.inclusion_a.n(wl))
                ns.append(l.structure.inclusion_b.n(wl))
    return np.real(np.max(ns))



[docs]def gen_params_string(stack, layer=1):
    """ Generate the string of simulation info that is to be printed \
        at the top of plots.
    """
    param_layer = stack[0].layers[layer].structure
    # Plot t,r,a for each layer & total, then save each to text files
    if isinstance(param_layer, objects.NanoStruct):
        params_2_print = 'ff = %5.3f, '% param_layer.ff
        params_2_print += 'd = %(period)d, a1 = %(diameter)d, '% {
        'period'        : param_layer.period, 'diameter' : param_layer.diameter1,}
        if param_layer.diameter2 != 0: params_2_print += 'a2 = %(rad)d '% {'rad' : param_layer.diameter2,}
        if param_layer.periodicity == '2D_array':
            if param_layer.diameter3  != 0: params_2_print += 'a3 = %(rad)d '%    {'rad' : param_layer.diameter3,}
            if param_layer.diameter4  != 0: params_2_print += 'a4 = %(rad)d '%    {'rad' : param_layer.diameter4,}
            if param_layer.diameter5  != 0: params_2_print += '\na5 = %(rad)d '%  {'rad' : param_layer.diameter5,}
            if param_layer.diameter6  != 0: params_2_print += 'a6 = %(rad)d '%    {'rad' : param_layer.diameter6,}
            if param_layer.diameter7  != 0: params_2_print += 'a7 = %(rad)d '%    {'rad' : param_layer.diameter7,}
            if param_layer.diameter8  != 0: params_2_print += 'a8 = %(rad)d '%    {'rad' : param_layer.diameter8,}
            if param_layer.diameter9  != 0: params_2_print += 'a9 = %(rad)d \n'%  {'rad' : param_layer.diameter9,}
            if param_layer.diameter10 != 0: params_2_print += 'a10 = %(rad)d '%   {'rad' : param_layer.diameter10,}
            if param_layer.diameter11 != 0: params_2_print += 'a11 = %(rad)d '%   {'rad' : param_layer.diameter11,}
            if param_layer.diameter12 != 0: params_2_print += 'a12 = %(rad)d '%   {'rad' : param_layer.diameter12,}
            if param_layer.diameter13 != 0: params_2_print += 'a13 = %(rad)d '%   {'rad' : param_layer.diameter13,}
            if param_layer.diameter14 != 0: params_2_print += 'a14 = %(rad)d '%   {'rad' : param_layer.diameter14,}
            if param_layer.diameter15 != 0: params_2_print += 'a15 = %(rad)d '%   {'rad' : param_layer.diameter15,}
            if param_layer.diameter16 != 0: params_2_print += 'a16 = %(rad)d \n'% {'rad' : param_layer.diameter16,}
            if param_layer.inc_shape == 'square': params_2_print += '\nSquare ins '
            if param_layer.inc_shape == 'ellipse': params_2_print += '\nEllipticity = %(rad)5.3f '% {'rad' : param_layer.ellipticity}
        elif param_layer.periodicity == '1D_array':
            params_2_print += ''
        params_2_print += '%(BMs)dBMs, PW_radius = %(PWs)d, '% \
        {'BMs' : stack[0].layers[layer].num_BMs, \
        'PWs' : stack[0].layers[layer].max_order_PWs}
    else:
        params_2_print = 'PW_radius = %(PWs)d, ' \
        % {'PWs' : stack[0].layers[layer].max_order_PWs, }

    # light = stack[0].layers[layer].light
    # k_pll = light.k_pll * param_layer.period
    # params_2_print += r'$k_\parallel d$ = '
    # tmp3 = '(%(kx)1.4f, %(ky)1.4f), '% {'kx' : k_pll[0], 'ky' : k_pll[1]}
    # params_2_print += r'$\theta$ = %(theta)6.2f, $\phi$ = %(phi)6.2f, '% {
    # 'theta' : light.theta,'phi' : light.phi, }

    return params_2_print
###############################################################################


#### Standard plotting of spectra #############################################

[docs]def t_r_a_plots(stacks_list, xvalues=None, xlabel='', params_layer=1,
    active_layer_nu=1, stack_label=1, ult_eta=False, J_sc=False,
    weight_spec=False, extinct=False, add_height=0, add_name='',
    save_pdf=True, save_txt=False, set_y_lim=True, label_eV=False):
    """ Plot t, r, a for each layer & in total.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

        Keyword Args:
            xvalues  (list): The values stacks_list is to be plotted as a \
                function of.

            params_layer  (int): The index in stacks_list of the layer for \
                which the geometric parameters are put in the title of \
                the plots.

            active_layer_nu  (int): The index in stacks_list (from bottom) \
                of the layer for which the ult_eta and/or J_sc are calculated.

            stack_label  (int): Label to differentiate plots of different \
                :Stack:s.

            ult_eta  (bool): If True; calculate the 'ultimate efficiency'.

            J_sc  (bool): If True; calculate the idealised short circuit \
                current.

            weight_spec  (bool): If True; plot t, r, a spectra weighted by \
                the ASTM 1.5 solar spectrum.

            extinct  (bool): If True; calculate the extinction ratio in \
                transmission.

            add_height  (float): Print the heights of :Stack: layer in title.

            add_name  (str): Add add_name to title.

            save_pdf  (bool): If True; save spectra as pdf files. \
                True by default.

            save_txt  (bool): If True; save spectra data to text \
                files.

            set_y_lim  (bool): If True; set y limits to (0,1).

            label_eV  (bool): If True; add energy label in eV.
    """

    height_list = stacks_list[0].heights_nm()[::-1]
    params_2_print = gen_params_string(stacks_list, params_layer)
    params_2_print += '\n'r'$h_t,...,h_b$ = '
    params_2_print += ''.join('%4f, ' % num for num in height_list)

    if xvalues == None:
        if stacks_list[0].layers[0].light.wl_nm != stacks_list[-1].layers[0].light.wl_nm:
            xvalues = [s.layers[0].light.wl_nm for s in stacks_list]
            xlabel = r'$\lambda$ (nm)'
        elif set(stacks_list[0].layers[0].light.k_pll) != set(stacks_list[-1].layers[0].light.k_pll):
            xvalues = [np.sqrt(s.layers[0].light.k_pll[0]**2 + s.layers[0].light.k_pll[1]**2) for s in stacks_list]
            xlabel = r'$|k_\parallel|$'
        else:
            xvalues = [s.layers[0].light.wl_nm for s in stacks_list]
            xlabel = r'$\lambda$ (nm)'
            print "t_r_a_plots is guessing you have a single wavelength, else specify xvalues."

    if add_height!=0: add_name += "_" + zeros_int_str(add_height)
    stack_label = zeros_int_str(stack_label)

    a_list = []
    t_list = []
    r_list = []
    for stack in stacks_list:
        a_list.extend(stack.a_list)
        t_list.extend(stack.t_list)
        r_list.extend(stack.r_list)

    layers_steps = len(stacks_list[0].layers) - 1
    a_tot = []
    t_tot = []
    r_tot = []
    for i in range(len(xvalues)):
        a_tot.append(float(a_list[layers_steps-1+(i*layers_steps)]))
        t_tot.append(float(t_list[layers_steps-1+(i*layers_steps)]))
        r_tot.append(float(r_list[i]))

    if ult_eta is True or J_sc is True:
        active_abs = []
        active_layer_nu = len(stacks_list[0].layers) - active_layer_nu - 1
        if not 0 < active_layer_nu < len(stacks_list[0].layers)-1:
            raise ValueError, "active_layer_nu must refer to a finite layer."
        for i in range(len(xvalues)):
            active_abs.append(float(a_list[active_layer_nu - 1 +
                              i*layers_steps]))
        out = []

    if ult_eta is True:
        Efficiency = ult_efficiency(active_abs, xvalues,
                                    params_2_print=params_2_print,
                                    stack_label=stack_label, add_name=add_name)
        params_2_print += r'$\eta$ = %(Efficiency)6.2f' % {'Efficiency':
                                                           Efficiency*100, }
        params_2_print += ' %'
        out.append(Efficiency)

    if J_sc is True:
        J = J_short_circuit(active_abs, xvalues,
                            params_2_print=params_2_print,
                            stack_label=stack_label, add_name=add_name)
        params_2_print += r'$J_{sc}$ = %(J)6.2f'% {'J' : J, }
        params_2_print += r' mA/cm$^2$'
        out.append(J)

    if save_txt is True or save_pdf is True:
        total_h = sum(stacks_list[0].heights_nm()) # look at first wl result to find h.
        # Plot t,r,a for each layer.
        layers_plot('Lay_Absorb', a_list, xvalues, xlabel, total_h,
                    params_2_print, stack_label, add_name, save_pdf, save_txt,
                    label_eV, set_y_lim)
        layers_plot('Lay_Trans',  t_list, xvalues, xlabel, total_h,
                    params_2_print, stack_label, add_name, save_pdf, save_txt,
                    label_eV, set_y_lim)
        layers_plot('Lay_Reflec', r_list, xvalues, xlabel, total_h,
                    params_2_print, stack_label, add_name, save_pdf, save_txt,
                    label_eV, set_y_lim)

    # Plot total t,r,a on a single plot.
    if save_pdf == True:
        plot_name = 'Total_Spectra'
        total_tra_plot(plot_name, a_tot, t_tot, r_tot, xvalues, xlabel,
                       params_2_print, stack_label, add_name, label_eV,
                       set_y_lim)

    if weight_spec == True:
        # Plot totals weighted by solar irradiance.
        Irrad_spec_file = '../backend/data/ASTMG173'
        i_data = np.loadtxt('%s.txt' % Irrad_spec_file)
        i_spec = np.interp(xvalues, i_data[:,0], i_data[:,3])
        bandgap_wl = xvalues[-1]
        weighting = i_spec/i_spec.max()*(xvalues/bandgap_wl)
        a_weighted = a_tot*weighting
        t_weighted = t_tot*weighting
        r_weighted = r_tot*weighting
        plot_name = 'Weighted_Total_Spectra'
        total_tra_plot(plot_name, a_weighted, t_weighted, r_weighted, xvalues,
                       xlabel, params_2_print, stack_label, add_name, label_eV,
                       set_y_lim)

    if extinct == True:
        extinction_plot(t_tot, xvalues, params_2_print, stack_label, add_name)

    if J_sc == True:
        return out
    elif ult_eta == True:
        return out
    else:
        return



[docs]def layers_plot(spectra_name, spec_list, xvalues, xlabel, total_h,
                params_2_print, stack_label, add_name, save_pdf, save_txt,
                label_eV, set_y_lim):
    """ Plots one type of spectrum across all layers.

        Is called from t_r_a_plots.
    """

    fig = plt.figure(num=None, figsize=(9, 12))
    nu_layers = len(spec_list)/len(xvalues)
    h_array = np.ones(len(xvalues))*total_h
    for i in range(nu_layers):
        layer_spec = []
        for wl in range(len(xvalues)):
            layer_spec = np.append(layer_spec, spec_list[wl*nu_layers + i])
        av_array = zip(xvalues, layer_spec, h_array)
        ax1 = fig.add_subplot(nu_layers, 1, i+1)
        ax1.plot(xvalues, layer_spec, linewidth=linesstrength)
        if label_eV == True:
            ax2 = ax1.twiny()
            new_tick_values = np.linspace(10, 0.5, 20)
            new_tick_locations = tick_function(new_tick_values)
            new_tick_labels = ["%.1f" % z for z in new_tick_values]
            ax2.set_xticks(new_tick_locations)
            ax2.set_xticklabels(new_tick_labels)
            ax2.set_xlim((xvalues[0], xvalues[-1]))
        if i == 0:
            if xlabel == r'$\lambda$ (nm)' and label_eV == True:
                ax2.set_xlabel('Energy (eV)')
        elif i == nu_layers-1:
            ax1.set_xlabel(xlabel)
            ax1.set_ylabel('Total')
        if i != 0 and label_eV == True:
            ax2.set_xticklabels( () )
        if i != nu_layers-1:
            ax1.set_xticklabels( () )
        if spectra_name == 'Lay_Absorb':
            if i == 0: ax1.set_ylabel('Top Layer')
            if i == nu_layers - 2: ax1.set_ylabel('Bottom Layer')
            suptitle_w_params = 'Absorptance in each layer' + add_name + \
            '\n' + params_2_print
            plt.suptitle(suptitle_w_params, fontsize = title_font)
            lay_spec_name = 'Lay_Absorb'
            if i == nu_layers-1:
                ax1.set_ylabel('Total')
                lay_spec_name = 'Absorptance'
                if set_y_lim==True:
                    plt.ylim((0, 1))
        elif spectra_name == 'Lay_Trans':
            if i == 0: ax1.set_ylabel('Top Layer')
            if i == nu_layers-2: ax1.set_ylabel('Bottom Layer')
            suptitle_w_params = 'Transmittance in each layer'+add_name+'\n'+params_2_print
            plt.suptitle(suptitle_w_params,fontsize=title_font)
            lay_spec_name = 'Lay_Trans'
            if i == nu_layers-1:
                ax1.set_ylabel('Total')
                lay_spec_name = 'Transmittance'
                if set_y_lim==True:
                    plt.ylim((0, 1))
        elif spectra_name == 'Lay_Reflec':
            if i == 0: ax1.set_ylabel('Top Layer')
            if i == nu_layers-3: ax1.set_ylabel('Bottom Layer')
            if i == nu_layers-2: ax1.set_ylabel('Substrate')
            suptitle_w_params = 'Reflectance in each layer'+add_name+'\n'+params_2_print
            plt.suptitle(suptitle_w_params,fontsize=title_font)
            lay_spec_name = 'Lay_Reflec'
            if i == nu_layers-1:
                ax1.set_ylabel('Total')
                lay_spec_name = 'Reflectance'
                if set_y_lim==True:
                    plt.ylim((0, 1))
        ax1.set_xlim((xvalues[0], xvalues[-1]))

        if save_txt == True:
            if i != nu_layers-1:
                np.savetxt('%(s)s_%(i)i_stack%(bon)s%(add)s.txt'% \
                    {'s' : lay_spec_name, 'i' : i, 'bon' : stack_label, \
                    'add' : add_name}, av_array, fmt = '%18.11f')
            else:
                np.savetxt('%(s)s_stack%(bon)s%(add)s.txt'% \
                    {'s' : lay_spec_name, 'bon' : stack_label, \
                    'add' : add_name}, av_array, fmt = '%18.11f')
        if save_pdf == True:
            plt.savefig('%(s)s_stack%(bon)s%(add)s'% \
                {'s': spectra_name, 'bon': stack_label, 'add' : add_name})
    fig.clf()



[docs]def total_tra_plot(plot_name, a_spec, t_spec, r_spec, xvalues, xlabel,
    params_2_print, stack_label, add_name, label_eV, set_y_lim):
    """ Plots total t, r, a spectra on one plot.

        Is called from t_r_a_plots, t_r_a_plots_subs
    """

    fig = plt.figure(num=None, figsize=(9, 12))

    ax1 = fig.add_subplot(3, 1, 1)
    ax1.plot(xvalues, a_spec, linewidth=linesstrength)
    ax1.set_ylabel('Absorptance')
    ax1.set_xlim((xvalues[0], xvalues[-1]))
    if label_eV == True:
        ax2 = ax1.twiny()
        new_tick_values = np.linspace(10, 0.5, 20)
        new_tick_locations = tick_function(new_tick_values)
        new_tick_labels = ["%.1f" % z for z in new_tick_values]
        ax2.set_xticks(new_tick_locations)
        ax2.set_xticklabels(new_tick_labels)
        ax2.set_xlim((xvalues[0], xvalues[-1]))
        if xlabel == r'$\lambda$ (nm)':
            ax2.set_xlabel('Energy (eV)')
    if set_y_lim==True:
        plt.ylim((0, 1))

    ax1 = fig.add_subplot(3, 1, 2)
    ax1.plot(xvalues, t_spec, linewidth=linesstrength)
    ax1.set_ylabel('Transmittance')
    ax1.set_xlim((xvalues[0], xvalues[-1]))
    if label_eV == True:
        ax2 = ax1.twiny()
        ax2.set_xticklabels( () )
        ax2.set_xticks(new_tick_locations)
        ax2.set_xlim((xvalues[0], xvalues[-1]))
    if set_y_lim==True:
        plt.ylim((0, 1))

    ax1 = fig.add_subplot(3, 1, 3)
    ax1.plot(xvalues, r_spec, linewidth=linesstrength)
    ax1.set_xlabel(xlabel)
    ax1.set_ylabel('Reflectance')
    ax1.set_xlim((xvalues[0], xvalues[-1]))
    if label_eV == True:
        ax2 = ax1.twiny()
        ax2.set_xticklabels( () )
        ax2.set_xticks(new_tick_locations)
        ax2.set_xlim((xvalues[0], xvalues[-1]))
    if set_y_lim==True:
        plt.ylim((0, 1))

    plt.suptitle(params_2_print, fontsize=title_font)
    # plt.suptitle(plot_name+add_name+'\n'+params_2_print)
    plt.savefig('%(s)s_stack%(bon)s%(add)s'% \
                {'s': plot_name, 'bon': stack_label, 'add': add_name})
    fig.clf()
###############################################################################


#### Plot spectra indicating Wood anomalies in substrate ######################

[docs]def t_r_a_plots_subs(stacks_list, wavelengths, period, sub_n,
    params_layer=1, active_layer_nu=1, stack_label=1, ult_eta=False,
    J_sc=False, weight_spec=False, extinct=False, add_name=''):
    """ Plot t, r, a indicating Wood anomalies in substrate for each layer \
        & total.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

            wavelengths  (list): The wavelengths corresponding to stacks_list.

            period  (float): Period of :Stack:s.

            sub_n  (float): Refractive index of the substrate in which Wood \
                anomalies are considered.

        Keyword Args:
            params_layer  (int): The index in stacks_list of the layer for \
                which the geometric parameters are put in the title of \
                the plots.

            active_layer_nu  (int): The index in stacks_list (from bottom) \
                of the layer for which the ult_eta and/or J_sc are calculated.

            stack_label  (int): Label to differentiate plots of different \
                :Stack:s.

            ult_eta  (bool): If True, calculate the 'ultimate efficiency'.

            J_sc  (bool): If True, calculate the idealised short circuit \
                current.

            weight_spec  (bool): If True, plot t, r, a spectra weighted by \
                the ASTM 1.5 solar spectrum.

            extinct  (bool): If True, calculate the extinction ratio in \
                transmission.

             add_name  (str): Add add_name to title.
    """

    height_list = stacks_list[0].heights_nm()[::-1]
    params_2_print = gen_params_string(stacks_list, params_layer)
    params_2_print += '\n'r'$h_t,...,h_b$ = '
    params_2_print += ''.join('%4d, ' % num for num in height_list)

    stack_label = zeros_int_str(stack_label)

    a_list = []
    t_list = []
    r_list = []
    for stack in stacks_list:
        a_list.extend(stack.a_list)
        t_list.extend(stack.t_list)
        r_list.extend(stack.r_list)

    layers_steps = len(stacks_list[0].layers) - 1
    a_tot      = []
    t_tot      = []
    r_tot      = []
    for i in range(len(wavelengths)):
        a_tot.append(float(a_list[layers_steps-1+(i*layers_steps)]))
        t_tot.append(float(t_list[layers_steps-1+(i*layers_steps)]))
        r_tot.append(float(r_list[i]))

    if ult_eta == True or J_sc == True:
        active_abs = []
        active_layer_nu = len(stacks_list[0].layers) - active_layer_nu - 1
        if not 0 < active_layer_nu < len(stacks_list[0].layers)-1:
            raise ValueError, "active_layer_nu must refer to a finite layer."
        for i in range(len(xvalues)):
            active_abs.append(float(a_list[active_layer_nu - 1 + \
                i*layers_steps]))


    if ult_eta == True:
        Efficiency = ult_efficiency(active_abs, wavelengths,
                                    params_2_print=params_2_print,
                                    stack_label=stack_label, add_name=add_name)
        params_2_print += r'$\eta$ = %(Efficiency)6.2f'% {'Efficiency' : Efficiency*100, }
        params_2_print += ' %'

    if J_sc == True:
        J = J_short_circuit(active_abs, wavelengths,
                            params_2_print=params_2_print,
                            stack_label=stack_label, add_name=add_name)
        params_2_print += r'$J_{sc}$ = %(J)6.2f'% {'J' : J, }
        params_2_print += r' mA/cm$^2$'

    # Plot total t,r,a on a single plot indicating Wood anomalies
    plot_name = 'Total_Spectra_subs'
    total_tra_plot_subs(plot_name, a_tot, t_tot, r_tot, wavelengths, params_2_print,
      stack_label, add_name, period, sub_n)

    if weight_spec == True:
        # Also plot totals weighted by solar irradiance
        Irrad_spec_file = '../backend/data/ASTMG173'
        i_data       = np.loadtxt('%s.txt' % Irrad_spec_file)
        i_spec       = np.interp(wavelengths, i_data[:,0], i_data[:,3])
        bandgap_wl   = wavelengths[-1]
        weighting = i_spec/i_spec.max()*(wavelengths/bandgap_wl)
        a_weighted = a_tot*weighting
        t_weighted = t_tot*weighting
        r_weighted = r_tot*weighting
        plot_name = 'Weighted_Total_Spectra_subs'
        total_tra_plot_subs(plot_name, a_weighted, t_weighted, r_weighted, wavelengths,
            params_2_print, stack_label, add_name, period, sub_n)

    if  extinct == True:
        extinction_plot(t_tot, wavelengths, params_2_print, stack_label, add_name)
    if ult_eta == True or J_sc == True: del active_abs
    return



[docs]def total_tra_plot_subs(plot_name, a_spec, t_spec, r_spec, wavelengths,
    params_2_print, stack_label, add_name, period, sub_n):
    """ Plots total t, r, a spectra with lines at first 6 Wood anomalies.

        Is called from t_r_a_plots_subs
    """

    t_WA_01 = sub_n * period
    t_WA_11 = sub_n * period / np.sqrt(2)
    t_WA_20 = sub_n * period / 2
    t_WA_21 = sub_n * period / np.sqrt(5)
    t_WA_22 = sub_n * period / np.sqrt(8)
    t_WA_30 = sub_n * period / 3

    r_WA_01 = period
    r_WA_11 = period / np.sqrt(2)
    r_WA_20 = period / 2
    r_WA_21 = period / np.sqrt(5)
    r_WA_22 = period / np.sqrt(8)

    sub_line01 = [t_WA_01, t_WA_01]
    sub_line11 = [t_WA_11, t_WA_11]
    sub_line20 = [t_WA_20, t_WA_20]
    sub_line21 = [t_WA_21, t_WA_21]
    sub_line22 = [t_WA_22, t_WA_22]
    sub_line30 = [t_WA_30, t_WA_30]
    sup_line01 = [r_WA_01, r_WA_01]
    sup_line11 = [r_WA_11, r_WA_11]
    sup_line20 = [r_WA_20, r_WA_20]
    sup_line21 = [r_WA_21, r_WA_21]
    sup_line22 = [r_WA_22, r_WA_22]
    v_line = [0, 1]

    fig = plt.figure(num=None, figsize=(9, 12))
    ax1 = fig.add_subplot(3, 1, 1)
    ax1.plot(wavelengths, a_spec)
    ax1.plot(sub_line01, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line11, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line20, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line21, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line22, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line30, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sup_line01, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line11, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line20, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line21, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line22, v_line, 'r', linewidth=linesstrength)
    ax1.set_xlabel('Wavelength (nm)')
    ax1.set_ylabel('Absorptance')
    ax1.set_xlim((wavelengths[0], wavelengths[-1]))
    ax2 = ax1.twiny()
    new_tick_values = np.linspace(10, 0.5, 20)
    new_tick_locations = tick_function(new_tick_values)
    new_tick_labels = ["%.1f" % z for z in new_tick_values]
    ax2.set_xticks(new_tick_locations)
    ax2.set_xticklabels(new_tick_labels)
    ax2.set_xlim((wavelengths[0], wavelengths[-1]))
    ax2.set_xlabel('Energy (eV)')
    plt.ylim((0, 1))
    ax1 = fig.add_subplot(3, 1, 2)
    ax1.plot(wavelengths, t_spec)
    ax1.plot(sub_line01, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line11, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line20, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line21, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line22, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line30, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sup_line01, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line11, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line20, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line21, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line22, v_line, 'r', linewidth=linesstrength)
    ax1.set_xlabel('Wavelength (nm)')
    ax1.set_ylabel('Transmittance')
    ax1.set_xlim((wavelengths[0], wavelengths[-1]))
    ax2 = ax1.twiny()
    ax2.set_xticklabels( () )
    ax2.set_xticks(new_tick_locations)
    ax2.set_xlim((wavelengths[0], wavelengths[-1]))
    plt.ylim((0, 1))
    ax1 = fig.add_subplot(3, 1, 3)
    ax1.plot(wavelengths, r_spec)
    ax1.plot(sub_line01, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line11, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line20, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line21, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line22, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sub_line30, v_line, 'k', linewidth=linesstrength)
    ax1.plot(sup_line01, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line11, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line20, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line21, v_line, 'r', linewidth=linesstrength)
    ax1.plot(sup_line22, v_line, 'r', linewidth=linesstrength)
    ax1.set_xlabel('Wavelength (nm)')
    ax1.set_ylabel('Reflectance')
    ax1.set_xlim((wavelengths[0], wavelengths[-1]))
    ax2 = ax1.twiny()
    ax2.set_xticklabels( () )
    ax2.set_xticks(new_tick_locations)
    ax2.set_xlim((wavelengths[0], wavelengths[-1]))
    plt.ylim((0, 1))
    plt.suptitle(params_2_print,fontsize=title_font)
    # plt.suptitle(plot_name+add_name+'\n'+params_2_print)
    plt.savefig('%(s)s_stack%(bon)s__%(add)s'% {'s' : plot_name, 'bon' : stack_label,'add' : add_name})
    fig.clf()
###############################################################################


#### Save J_sc & ult efficiency w/o spectra ###################################

[docs]def J_sc_eta_NO_plots(stacks_list, wavelengths, params_layer=1,
    active_layer_nu=1, stack_label=1, add_name=''):
    """ Calculate J_sc & ultimate efficiency but do not save or plot spectra.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

            wavelengths  (list): The wavelengths corresponding to stacks_list.

        Keyword Args:
            params_layer  (int): The index in stacks_list of the layer for \
                which the geometric parameters are put in the title of \
                the plots.

            active_layer_nu  (int): The index in stacks_list (from bottom) \
                of the layer for which the ult_eta and/or J_sc are calculated.

            stack_label  (int): Label to differentiate plots of different \
                :Stack:s.

            add_name  (str): Add add_name to title.
    """

    height_list = stacks_list[0].heights_nm()[::-1]
    params_2_print = gen_params_string(stacks_list, params_layer)
    params_2_print += '\n'r'$h_t,...,h_b$ = '
    params_2_print += ''.join('%4d, ' % num for num in height_list)

    stack_label = zeros_int_str(stack_label)

    a_list = []
    for stack in stacks_list:
        a_list.extend(stack.a_list)

    layers_steps = len(stacks_list[0].layers) - 1
    active_abs = []
    active_layer_nu = len(stacks_list[0].layers) - active_layer_nu - 1
    if not 0 < active_layer_nu < len(stacks_list[0].layers)-1:
        raise ValueError, "active_layer_nu must refer to a finite layer."
    for i in range(len(wavelengths)):
        active_abs.append(float(a_list[active_layer_nu - 1 + i*layers_steps]))

    Efficiency = ult_efficiency(active_abs, wavelengths,
                                params_2_print=params_2_print,
                                stack_label=stack_label, add_name=add_name)

    J = J_short_circuit(active_abs, wavelengths,
                        params_2_print=params_2_print,
                        stack_label=stack_label, add_name=add_name)
    return
###############################################################################


#### Saving spectra to files ##################################################

[docs]def t_r_a_write_files(stacks_list, wavelengths, stack_label=1,
    add_name=''):
    """ Save t, r, a for each layer & total in text files.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

            wavelengths  (list): The wavelengths corresponding to stacks_list.

        Keyword Args:
            stack_label  (int): Label to differentiate plots of different \
                :Stack:s.

            add_name  (str): Add add_name to title.
    """
    stack_label = zeros_int_str(stack_label)

    a_list = []
    t_list = []
    r_list = []
    for stack in stacks_list:
        a_list.extend(stack.a_list)
        t_list.extend(stack.t_list)
        r_list.extend(stack.r_list)

    layers_steps = len(stacks_list[0].layers) - 1
    a_tot      = []
    t_tot      = []
    r_tot      = []
    for i in range(len(wavelengths)):
        a_tot.append(float(a_list[layers_steps-1+(i*layers_steps)]))
        t_tot.append(float(t_list[layers_steps-1+(i*layers_steps)]))
        r_tot.append(float(r_list[i]))

    total_h = sum(stacks_list[0].heights_nm()) # look at first wl result to find h.
    layers_print('Lay_Absorb', a_list, wavelengths, total_h, stack_label)
    layers_print('Lay_Trans',  t_list, wavelengths, total_h, stack_label)
    layers_print('Lay_Reflec', r_list, wavelengths, total_h, stack_label)



[docs]def layers_print(spectra_name, spec_list, wavelengths, total_h,
    stack_label=1, add_name=''):
    """ Save spectra to text files.

        Is called from t_r_a_write_files.
    """

    nu_layers = len(spec_list)/len(wavelengths)
    h_array = np.ones(len(wavelengths))*total_h
    for i in range(nu_layers):
        layer_spec = []
        for wl in range(len(wavelengths)):
            layer_spec = np.append(layer_spec,spec_list[wl*nu_layers + i])
        if spectra_name == 'Lay_Absorb':
            lay_spec_name = 'Lay_Absorb'
            if i == nu_layers-1:
                lay_spec_name = 'Absorptance'
        elif spectra_name == 'Lay_Trans':
            lay_spec_name = 'Lay_Trans'
            if i == nu_layers-1:
                lay_spec_name = 'Transmittance'
        elif spectra_name == 'Lay_Reflec':
            lay_spec_name = 'Lay_Reflec'
            if i == nu_layers-1:
                lay_spec_name = 'Reflectance'
        av_array = zip(wavelengths, layer_spec, h_array)

        if i != nu_layers-1:
            np.savetxt('%(s)s_%(i)i_stack%(bon)s%(add)s.txt'% {'s' : lay_spec_name, 'i' : i,
                'bon' : stack_label,'add' : add_name}, av_array, fmt = '%18.11f')
        else:
            np.savetxt('%(s)s_stack%(bon)s%(add)s.txt'% {'s' : lay_spec_name,
                'bon' : stack_label,'add' : add_name}, av_array, fmt = '%18.11f')
###############################################################################


#### Plot spectra on other scales #############################################

[docs]def extinction_plot(t_spec, wavelengths, params_2_print, stack_label,
    add_name):
    """ Plot extinction ratio in transmission extinct = log_10(1/t). """

    fig = plt.figure(num=None, figsize=(9, 12), dpi=80, facecolor='w', edgecolor='k')
    ax1 = fig.add_subplot(1,1,1)
    extinciton = np.log10(1.0/np.array(t_spec))
    ax1.plot(wavelengths, extinciton, linewidth=linesstrength)
    ax1.set_xlabel('Wavelength (nm)')
    ax1.set_ylabel('Extinction')
    plot_name = 'Extinction'
    plt.suptitle(plot_name + add_name + '\n' + params_2_print, \
        fontsize = title_font)
    plt.savefig('%(s)s_stack%(bon)s_%(add)s'% \
        {'s' : plot_name, 'bon' : stack_label,'add' : add_name})
    fig.clf()



[docs]def EOT_plot(stacks_list, wavelengths, pol='TM', params_layer=1,
    add_name='', savetxt=False):
    """ Plot T_{00} as in Martin-Moreno PRL 86 2001.

        Args:
            pol  (str): Take the (0,0) component for TE->TE scattering
                or the (0,0) component for TM->TM scattering.
    """

    height_list = stacks_list[0].heights_nm()[::-1]
    params_2_print = gen_params_string(stacks_list, params_layer)
    params_2_print += r'$h_t,...,h_b$ = '
    params_2_print += ''.join('%4d, ' % num for num in height_list)

    if pol == 'TM':
        num_pw_per_pol = stacks_list[0].layers[-1].structure.num_pw_per_pol
    else:
        num_pw_per_pol = 0

    T_00 = []
    for i in range(len(wavelengths)):
        t00  = stacks_list[i].T_net[num_pw_per_pol,num_pw_per_pol]
        t00c = t00.conjugate()
        T_00.append(np.real(t00*t00c))

    fig = plt.figure()
    ax1 = fig.add_subplot(2, 1, 1)
    ax1.plot(wavelengths, T_00, linewidth = linesstrength)
    # ax1.set_xlabel('Wavelength (nm)')
    ax1.set_xlabel(r'$\lambda/a$')
    ax1.set_ylabel(r'T$_{00}$')
    # plt.ylim((0, 0.3))

    R_00 = []
    for i in range(len(wavelengths)):
        r00  = stacks_list[i].R_net[num_pw_per_pol,num_pw_per_pol]
        r00c = r00.conjugate()
        R_00.append(np.real(r00*r00c))

    ax1 = fig.add_subplot(2,1,2)
    ax1.plot(wavelengths, R_00, linewidth=linesstrength)
    # ax1.set_xlabel('Wavelength (nm)')
    ax1.set_xlabel(r'$\lambda/a$')
    ax1.set_ylabel(r'R$_{00}$')
    # plt.ylim((0.2, 1.0))
    plot_name = 'EOT'
    plt.suptitle(params_2_print,fontsize=title_font)
    plt.savefig('%(s)s%(add)s'% {'s' : plot_name, 'add' : add_name})
    fig.clf()

    if savetxt == True:
        np.savetxt('Trans_%(s)s%(add)s.txt'% {'s' : plot_name, 'add' : add_name}, \
        zip(wavelengths, T_00), fmt = '%10.6f')
        np.savetxt('Refl_%(s)s%(add)s.txt'% {'s' : plot_name, 'add' : add_name}, \
        zip(wavelengths, R_00), fmt = '%10.6f')
###############################################################################


#### Calculate short circuit current and ultimate efficiency ##################

[docs]def J_short_circuit(active_abs, wavelengths, params_2_print='',
                    stack_label='', add_name=''):
    """ Calculate the short circuit current J_sc under ASTM 1.5 illumination.
        Assuming every absorbed photon produces a pair of charge carriers.
    """

    Irrad_spec_file = '../backend/data/ASTMG173'
    i_data = np.loadtxt('%s.txt' % Irrad_spec_file)
    i_spec = np.interp(wavelengths, i_data[:, 0], i_data[:, 3])
    expression = i_spec*active_abs*wavelengths
    integral_tmp = np.trapz(expression, x=wavelengths)
    J = (charge_e/(Plancks_h*speed_c)) * integral_tmp * 1e-10  # in mA/cm^2
    nums_2_print = params_2_print.split()
    np.savetxt('J_sc_stack%(bon)s%(add)s.txt' % {'bon': stack_label,
               'add': add_name}, np.array([J]), fmt='%10.6f')
    return J



[docs]def ult_efficiency(active_abs, wavelengths, bandgap_wl=None,
                   params_2_print='', stack_label='', add_name=''):
    """ Calculate the photovoltaic ultimate efficiency achieved in the specified active layer.

        For definition see `Sturmberg et al., Optics Express, Vol. 19, Issue S5, pp. A1067-A1081 (2011)\
         <http://dx.doi.org/10.1364/OE.19.0A1067>`_.

        Args:
            bandgap_wl  (float): allows you to set the wavelength equivalent
                to the bandgap. Else it is assumed to be the maximum wavelength
                simulated.
    """
    if bandgap_wl is None:
        bandgap_wl = np.max(wavelengths)
    Irrad_spec_file = '../backend/data/ASTMG173'
    i_data       = np.loadtxt('%s.txt' % Irrad_spec_file)
    i_spec       = np.interp(wavelengths, i_data[:,0], i_data[:,3])
    expression   = i_spec*active_abs*wavelengths
    integral_tmp = np.trapz(expression, x=wavelengths)
    Efficiency   = integral_tmp/(bandgap_wl*ASTM15_tot_I)
    nums_2_print = params_2_print.split()
    np.savetxt('Efficiency_stack%(bon)s%(add)s.txt'% {'bon' : stack_label,'add' : add_name},\
        np.array([Efficiency]), fmt = '%8.6f')
    return Efficiency
###############################################################################


#### Plot dispersion diagrams & field concentrations function of wavelength ###

[docs]def omega_plot(stacks_list, wavelengths, params_layer=1, stack_label=1):
    """ Plots the dispersion diagram of each layer in one plot. \
        k_z has units nm^-1.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

            wavelengths  (list): The wavelengths corresponding to stacks_list.

        Keyword Args:
            params_layer  (int): The index in stacks_list of the layer for \
                which the geometric parameters are put in the title of \
                the plots.

            stack_label  (int): Label to differentiate plots of different \
                :Stack:s.
    """

    params_2_print = gen_params_string(stacks_list, params_layer)
    stack_label = zeros_int_str(stack_label)
    period = np.array(stacks_list[0].layers[0].structure.period)
    normed_omegas = 1/wavelengths*period

    num_layers = len(stacks_list[0].layers)
    fig1 = plt.figure(num=None, figsize=(9, 12), dpi=80, facecolor='w', edgecolor='k')
    fig2 = plt.figure(num=None, figsize=(9, 12), dpi=80, facecolor='w', edgecolor='k')
    fig3 = plt.figure(num=None, figsize=(9, 12), dpi=80, facecolor='w', edgecolor='k')
    fig4 = plt.figure(num=None, figsize=(9, 12), dpi=80, facecolor='w', edgecolor='k')
    for l in range(num_layers):
        ax1 = fig1.add_subplot(num_layers,1,num_layers-l)
        ax2 = fig2.add_subplot(num_layers,1,num_layers-l)
        ax3 = fig3.add_subplot(num_layers,1,num_layers-l)
        ax4 = fig4.add_subplot(num_layers,1,num_layers-l)
        for i in range(len(wavelengths)):
            k_zs = stacks_list[i].layers[l].k_z
            real_k_zs = []
            imag_k_zs = []
            for k in k_zs:
                if np.real(k) > np.imag(k): #alternatively np.imag(k)< small
                    real_k_zs.append(np.real(k))
                    imag_k_zs.append(np.imag(k))
            wl = np.ones(len(real_k_zs))*wavelengths[i]
            ax1.plot(wl,real_k_zs,'bo', linewidth=linesstrength)
            wl = np.ones(len(imag_k_zs))*wavelengths[i]
            ax2.plot(wl,imag_k_zs,'ro', linewidth=linesstrength)
            om = np.ones(len(real_k_zs))*normed_omegas[i]
            ax3.plot(real_k_zs,om,'bo', linewidth=linesstrength)
            om = np.ones(len(imag_k_zs))*normed_omegas[i]
            ax4.plot(imag_k_zs, om,'ro', linewidth=linesstrength)
        ax1.set_ylabel(r'Real $k_z$ (d)'), ax2.set_ylabel(r'Imaginary $k_z$ (d)')
        ax3.set_ylabel(r'Frequency ($\omega$d/2$\pi$c)'), ax4.set_ylabel(r'Frequency ($\omega$d/2$\pi$c)')
        if l == 0:
            ax1.set_ylabel('Bottom Layer'), ax2.set_ylabel('Bottom Layer')
            ax3.set_ylabel('Bottom Layer'), ax4.set_ylabel('Bottom Layer')
            ax3.set_xlabel(r'Real $k_z$ (d)'), ax4.set_xlabel(r'Imaginary $k_z$ (d)')
            ax1.set_xlabel('Wavelength (nm)'), ax2.set_xlabel('Wavelength (nm)')
        # else:
            # ax1.set_xticklabels( () )
            # ax2.set_xticklabels( () )
            # ax3.set_xticklabels( () )
            # ax4.set_xticklabels( () )
        if l == num_layers-1:
            ax1.set_ylabel('Top Layer'), ax2.set_ylabel('Top Layer')
            ax3.set_ylabel('Top Layer'), ax4.set_ylabel('Top Layer')
        ax2.set_xlim((wavelengths[0], wavelengths[-1]))
        ax1.set_xlim((wavelengths[0], wavelengths[-1]))
        # Plot the (dispersive) light line in homogeneous layers.
        if isinstance(stacks_list[0].layers[l], mode_calcs.Anallo):
            ns = [stacks_list[i].layers[l].n() for i in range(len(wavelengths))]
            ax3.plot(np.real(ns)*normed_omegas, normed_omegas,'k', linewidth=linesstrength)
    fig1.suptitle(r'Real $k_z$'+params_2_print+'\n',fontsize=title_font)
    fig2.suptitle(r'Imaginary $k_z$'+params_2_print+'\n',fontsize=title_font)
    fig3.suptitle(r'Real $k_z$'+params_2_print+'\n',fontsize=title_font)
    fig4.suptitle(r'Imaginary $k_z$'+params_2_print+'\n',fontsize=title_font)
    fig1.savefig('Disp_Diagram_Re_stack%(bon)s'% {'bon' : stack_label}, bbox_inches='tight')
    fig2.savefig('Disp_Diagram_Im_stack%(bon)s'% {'bon' : stack_label}, bbox_inches='tight')
    fig3.savefig('Disp_Diagram_w(k)_Re_stack%(bon)s'% {'bon' : stack_label}, bbox_inches='tight')
    fig4.savefig('Disp_Diagram_w(k)_Im_stack%(bon)s'% {'bon' : stack_label}, bbox_inches='tight')
    # Uncomment if you wish to save the dispersion data of a simulation to file.
    # np.savetxt('Disp_Data_stack%(bon)i.txt'% {'bon' : stack_label}, av_array, fmt = '%18.11f')



[docs]def E_conc_plot(stacks_list, which_layer, which_modes, wavelengths,
    params_layer=1, stack_label=1):
    """ Plots the energy concentration (epsilon E_cyl / epsilon E_cell) of given layer.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

            which_layer  (int): The index in stacks_list of the layer for \
                which the energy concentration is to be calculated.

            which_modes  (list): Indices of Bloch modes for which to calculate \
                the energy concentration.

            wavelengths  (list): The wavelengths corresponding to stacks_list.

        Keyword Args:
            params_layer  (int): The index in stacks_list of the layer for \
                which the geometric parameters are put in the title of \
                the plots.

            stack_label  (int): Label to differentiate plots of different \
                :Stack:s.
    """

    params_2_print = gen_params_string(stacks_list, params_layer)
    stack_label = zeros_int_str(stack_label)
    if isinstance(stacks_list[0].layers[which_layer], mode_calcs.Simmo):
        num_layers = len(stacks_list[0].layers)
        fig1 = plt.figure(num=None, figsize=(9, 4), dpi=80, facecolor='w', edgecolor='k')
        ax1 = fig1.add_subplot(1,1,1)
        # Uncomment if you wish to have a continuous curve plotted.
        # ax1 = fig1.add_subplot(1,1,1)
        # ax2 = fig1.add_subplot(2,1,2)
        # E_conc = []
        for i in range(len(wavelengths)):
            for mode in which_modes:
                E_conc_tmp = np.real(stacks_list[i].layers[which_layer].mode_pol[3,mode])
                # E_conc.append(E_conc_tmp)
                ax1.plot(wavelengths[i],E_conc_tmp,'bo', linewidth=linesstrength)
        plt.xlim((wavelengths[0], wavelengths[-1]))
        ax1.set_xlabel('Wavelength (nm)')
        ax1.set_ylabel(r'$\epsilon |E_{cyl}| / \epsilon |E_{cell}|$')
        # ax2.plot(wavelengths,E_conc,'k', linewidth=linesstrength)
        # ax2.set_xlabel('Wavelength (nm)')
        # ax2.set_ylabel(r'$E_{cyl} / E_{cell}$')
        fig1.suptitle('Energy Concentration = ' + r'$E_{cyl} / E_{cell}$' + '\n' + \
            params_2_print, fontsize=title_font)
        fig1.savefig('Energy_Concentration_stack%(bon)s'% {'bon' : stack_label}, \
            bbox_inches='tight')
    else:
        print "\nERROR: plotting.E_conc_plot; \n" + \
            "Can only calculate energy concentration in NanoStruct layers."
        print repr(stacks_list[0].layers[which_layer])
###############################################################################


#### Visualise scattering Matrices ############################################

[docs]def vis_scat_mats(scat_mat, nu_prop_PWs=0, wl=None, add_name='',
    max_scale=None):
    """ Plot given scattering matrix as greyscale images.

        Args:
            scat_mat  (np.matrix): A scattering matrix, which is \
                organised as \
                | TE -> TE | TM -> TE | \
                | TE -> TM | TM -> TM |

        Keyword Args:
            nu_prop_PWs  (int): Number of propagating PWs.

            wl  (int): Index in case of calling in a loop.

            add_name  (str): Add add_name to title.

            max_scale  (float): Limit maximum amplitude shown.
    """

    fig = plt.figure(num=None, figsize=(14, 6), dpi=80, facecolor='w', edgecolor='k')
    if wl != None: add_name = '-wl%(wl)i-%(ti)s' % {'wl' : wl, 'ti' : add_name}

    for i in [1,2]:
        ax1 = fig.add_subplot(1,2,i)
        if i==1: image = abs(np.real(scat_mat))
        if i==2: image = abs(np.imag(scat_mat))
        if max_scale != None:
            mat = ax1.matshow(image, vmax = max_scale, cmap=plt.cm.gray)
        else:
            mat = ax1.matshow(image, cmap=plt.cm.gray)
        scat_mat_dim_x = np.shape(scat_mat)[0]
        scat_mat_dim_y = np.shape(scat_mat)[1]
        half_dim_x = scat_mat_dim_x/2-0.5
        half_dim_y = scat_mat_dim_y/2-0.5
        ax1.plot([-0.5, scat_mat_dim_x-0.5],[half_dim_y,half_dim_y],'w', linewidth=2)
        ax1.plot([half_dim_x,half_dim_x],[-0.5, scat_mat_dim_y-0.5],'w', linewidth=2)
        ax1.axis([-0.5, scat_mat_dim_y-0.5, scat_mat_dim_x-0.5,  -0.5])
        ax1.set_xticks([half_dim_y/2, scat_mat_dim_y-half_dim_y/2],['TE', 'TM'])
        ax1.set_yticks([half_dim_x/2, scat_mat_dim_x-half_dim_x/2],['TE', 'TM'])
        # proping = []
        # half_k = k_array[0:len(k_array)/2]
        # for i in range(len(half_k)):
        #     if np.real(half_k[i])>0: proping.append(i)
        # print max(proping)
        ax1.plot([-0.5, scat_mat_dim_y-0.5],[nu_prop_PWs-0.5,nu_prop_PWs-0.5],'r', linewidth=1)
        ax1.plot([nu_prop_PWs-0.5,nu_prop_PWs-0.5],[-0.5, scat_mat_dim_x-0.5],'r', linewidth=1)
        ax1.plot([-0.5, scat_mat_dim_y-0.5],[half_dim_x+nu_prop_PWs,half_dim_x+nu_prop_PWs],'r', linewidth=1)
        ax1.plot([half_dim_y+nu_prop_PWs,half_dim_y+nu_prop_PWs],[-0.5, scat_mat_dim_x-0.5],'r', linewidth=1)
        cbar = fig.colorbar(mat,extend='neither')
        if i==1: cbar.ax.set_ylabel('|Real(matrix)|', fontsize=14)
        if i==2: cbar.ax.set_ylabel('|Imag(matrix)|', fontsize=14)
        # if i==1: ax1.set_title('|Re(matrix)|', fontsize=14)
        # if i==2: ax1.set_title('|Imag(matrix)|', fontsize=14)
        ax1.set_xticklabels('')
        ax1.set_yticklabels('')
        ax1.set_xlabel('TE        |        TM \n Incoming Orders', fontsize=14)
        ax1.set_ylabel('Outgoing Orders \nTM       |         TE', fontsize=14)


    plt.suptitle('Scattering Matrices' + add_name)
    plt.savefig('Scat_mat' + add_name)
    fig.clf()



[docs]def vis_matrix(scat_mat, add_name='', max_scale=None, only_real=False):
    """ Plot given matrix as a greyscale image.

        Args:
            scat_mat  (np.matrix): A matrix.

        Keyword Args:
            add_name  (str): Add add_name to title.

            max_scale  (float): Limit maximum amplitude shown.

            only_real  (bool): Only plot the real part of matrix.
    """

    fig = plt.figure(num=None, figsize=(10, 8), dpi=80, facecolor='w', edgecolor='k')

    if only_real == True: real_im = [1]
    else: real_im = [1,2]

    for i in real_im:
        ax1 = fig.add_subplot(1,len(real_im),i)
        if i==1: image = abs(np.real(scat_mat))
        if i==2: image = abs(np.imag(scat_mat))
        if max_scale != None:
            mat = ax1.matshow(image, vmax = max_scale, cmap=plt.cm.gray)
        else:
            mat = ax1.matshow(image, cmap=plt.cm.gray)
        cbar = fig.colorbar(mat,extend='neither')
        if i==1: cbar.ax.set_ylabel('|Re(matrix)|', fontsize=14)
        if i==2: cbar.ax.set_ylabel('|Im(matrix)|', fontsize=14)
        ax1.set_xticklabels('')
        ax1.set_yticklabels('')
        # ax1.set_xlabel('TE        |        TM \n Incoming Orders', fontsize=14)
        # ax1.set_ylabel('Outgoing Orders \nTM       |         TE', fontsize=14)

    plt.suptitle(add_name)
    plt.savefig('Matrix' + add_name)
    fig.clf()
###############################################################################


#### Plot PW amplitudes function k-vector #####################################

[docs]def t_func_k_plot_1D(stacks_list, lay_interest=0, pol='TE'):
    """ PW amplitudes in transmission as a function of their in-plane k-vector.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

        Keyword Args:
            lay_interest  (int): The index in stacks_list of the layer in \
                which amplitudes are calculated.

            pol  (str): Include transmission in Which polarisation.

    """
    fig = plt.figure(num=None, dpi=80, facecolor='w', edgecolor='k')
    ax1 = fig.add_subplot(1,1,1)

    # vec_coef sorted from top of stack, everything else is sorted from bottom
    vec_index = len(stacks_list[0].layers) - lay_interest - 1

    ## Old code if selecting betas = beta0 + 0 value out of 2D PW basis.
    # # Create arrays of grating order indexes (-p, ..., p)
    # max_ords = stacks_list[0].layers[-1].max_order_PWs
    # pxs = np.arange(-max_ords, max_ords + 1)

    store_alphas = []
    store_k_trans = []
    for stack in stacks_list:
        n_PW_p_pols = stack.layers[0].structure.num_pw_per_pol
        sort_order = stack.layers[lay_interest].sort_order

        select_trans  = abs(stack.vec_coef_down[vec_index][0:n_PW_p_pols])
        store_alphas  = np.append(store_alphas,stack.layers[lay_interest].alphas[sort_order])
        store_k_trans = np.append(store_k_trans,select_trans)

        ## Old code if selecting betas = beta0 + 0 value out of 2D PW basis.
        # k0 = stack.layers[0].k()
        # # Calculate k_x that correspond to k_y = beta0 (in normalized units)
        # alpha0, beta0 = stack.layers[0].k_pll_norm()
        # alphas = alpha0 + pxs * 2 * np.pi
        # on_axis_kzs = sqrt(k0**2 - alphas**2 - beta0**2)
        # full_k_space = stack.layers[0].k_z
        # # consider singular polarisation
        # n_PW_p_pols = stack.layers[0].structure.num_pw_per_pol
        # one_pol_k_space = full_k_space[0:n_PW_p_pols]

        # axis_indices = []
        # for a in on_axis_kzs:
        #     ix = np.in1d(one_pol_k_space.ravel(), a).reshape(one_pol_k_space.shape)
        #     axis_indices = np.append(axis_indices, np.ravel(np.array(np.where(ix))))
        # axis_indices = axis_indices.astype(int)

        # # Outgoing TE polarisation
        # if pol=='TE': trans_k = np.abs(stack.vec_coef_down[vec_index][0:n_PW_p_pols]).reshape(-1,)
        # # Outgoing TM polarisation
        # if pol=='TM': trans_k = np.abs(stack.vec_coef_down[vec_index][n_PW_p_pols-1:-1]).reshape(-1,)
        # trans_k_array = np.array(trans_k).reshape(-1,)

        # select_trans = trans_k_array[axis_indices]
        # store_alphas = np.append(store_alphas,alphas)
        # store_k_trans = np.append(store_k_trans,select_trans)

    sort_indices = np.argsort(store_alphas)
    plot_alphas = store_alphas[sort_indices]
    plot_k_trans = store_k_trans[sort_indices]

    ax1.plot(plot_alphas,plot_k_trans, linewidth=1.5)

    min_k_label = np.max(np.abs(plot_alphas))
    k0 = abs(stack.layers[lay_interest].k())
    min_k_l_k0  = np.max(np.abs(plot_alphas))/k0

    n_H = max_n(stacks_list)
    new_tick_values = [-min_k_label, -n_H*k0, -k0, 0, k0, n_H*k0, min_k_label]
    new_tick_labels = [r"$-%ik_0$"%min_k_l_k0,r'$-n_Hk_0$',r'$-k_0$',r'0',
        r'$k_0$',r'$n_Hk_0$',r"$%ik_0$"%min_k_l_k0]
    ax1.set_xticks(new_tick_values)
    ax1.set_xticklabels(new_tick_labels)
    ax1.set_xlim(-min_k_label,min_k_label)

    ax1.set_xlabel(r'$k_\parallel$')
    ax1.set_ylabel(r'$|E|$')
    plt.savefig('k_vector_excitation-lay_%s' % lay_interest, bbox_inches='tight')
    fig.clf()
###############################################################################


#### Plot amplitudes of modes #################################################

[docs]def BM_amplitudes(stacks_list, xvalues=None, chosen_BMs=None,
    lay_interest=1, up_and_down=True, add_height=None, add_name='',
    save_pdf=True, save_npz=False, save_txt=False):
    """ Plot the amplitudes of Bloch modes in selected layer.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

        Keyword Args:
            xvalues  (list): The values stacks_list is to be plotted as a \
                function of.

            chosen_BMs  (list): Bloch Modes to include, identified by their \
                indices in the scattering matrices (order most propagating \
                to most evanescent) eg. [0,2,4].

            lay_interest  (int): The index in stacks_list of the layer in \
                which amplitudes are calculated.

            up_and_down  (bool): Average the amplitudes of up & downward \
                propagating modes. Else include only downward in all layers\
                except for the superstrate where include only upward.

            add_height  (float): Print the heights of :Stack: layer in title.

            add_name  (str): Add add_name to title.

            save_pdf  (bool): If True save spectra as pdf files. \
                True by default.

            save_npz  (bool): If True, saves lists of BM amplitudes to file.

            save_txt  (bool): If True, saves lists of BM amps to txt file.
    """

    fig = plt.figure(num=None, dpi=80, facecolor='w', edgecolor='k')
    ax1 = fig.add_subplot(1,1,1)
    # vec_coef sorted from top of stack, everything else is sorted from bottom
    vec_index = len(stacks_list[-1].layers) - lay_interest - 1

    xlabel = 'xvalues'
    if xvalues==None:
        if stacks_list[0].layers[0].light.wl_nm != stacks_list[-1].layers[0].light.wl_nm:
            xvalues = [s.layers[0].light.wl_nm for s in stacks_list]
            xlabel = r'$\lambda$ (nm)'
        elif set(stacks_list[0].layers[0].light.k_pll) != set(stacks_list[-1].layers[0].light.k_pll):
            xvalues = [np.sqrt(s.layers[0].light.k_pll[0]**2 + s.layers[0].light.k_pll[1]**2) for s in stacks_list]
            xlabel = r'$|k_\parallel|$'
        else:
            xvalues = [s.layers[0].light.wl_nm for s in stacks_list]
            xlabel = r'$\lambda$ (nm)'
            print "BM_amplitudes is guessing you have a single wavelength, else specify xvalues."

    if chosen_BMs == None: chosen_BMs = range(stacks_list[-1].layers[lay_interest].num_BMs)
    try:
        save_trans = []
        for BM in chosen_BMs:
            store_trans = []
            for stack in stacks_list:
                if not isinstance(stack.layers[lay_interest],objects.Simmo):
                    raise ValueError

                trans = np.abs(stack.vec_coef_down[vec_index][BM])
                if up_and_down == True: # Take average of up & downward propagating modes.
                    trans += np.abs(stack.vec_coef_up[vec_index][BM])
                    store_trans = np.append(store_trans,trans/2)
                else:
                    store_trans = np.append(store_trans,trans)
            if save_pdf == True:
                ax1.plot(xvalues,store_trans, label="BM %i" % BM)
            if save_npz == True or save_txt == True:
                save_trans.append(store_trans)

        if save_pdf == True or save_npz == True or save_txt == True:
            if add_height!= None: add_name += '_' + zeros_int_str(add_height)
            add_name = str(lay_interest) + add_name

        if save_pdf == True:
            handles, labels = ax1.get_legend_handles_labels()
            lgd = ax1.legend(handles, labels, loc='center left', bbox_to_anchor=(1.0,0.5))
            ax1.set_ylabel('BM Amplitude')
            ax1.set_xlabel(xlabel)
            plt.suptitle(add_name)
            plt.savefig('BM_amplitudes-lay_%s' % add_name, \
                fontsize=title_font, bbox_extra_artists=(lgd,), bbox_inches='tight')

        if save_npz == True:
            np.savez('BM_amplitudes-lay_%s' % add_name, save_trans=save_trans)

        if save_txt == True:
            np.savetxt('BM_amplitudes-lay_%s.txt' % add_name, \
                save_trans, fmt = '%18.11f')

    except ValueError:
        print "BM_amplitudes only works in NanoStruct layers."\
        "\nPlease select lay_interest !=%i.\n" % lay_interest

    fig.clf()


[docs]def PW_amplitudes(stacks_list, xvalues=None, chosen_PWs=None,
    lay_interest=0, up_and_down=True, add_height=None, add_name='',
    save_pdf=True, save_npz=False, save_txt=False):
    """ Plot the amplitudes of plane wave orders in selected layer.

        Assumes dealing with 1D grating and only have 1D diffraction orders.
        Takes the average of up & downward propagating modes.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

        Keyword Args:
            xvalues  (list): The values stacks_list is to be plotted as a \
                function of.

            chosen_PWs  (list): PW diffraction orders to include. \
                eg. [-1,0,2]. If 'None' are given all are plotted.

            lay_interest  (int): The index in stacks_list of the layer in \
                which amplitudes are calculated.

            up_and_down  (bool): Average the amplitudes of up & downward \
                propagating modes. Else include only downward in all layers\
                except for the superstrate where include only upward.

            add_height  (float): Print the heights of :Stack: layer in title.

            add_name  (str): Add add_name to title.

            save_pdf  (bool): If True save spectra as pdf files. \
                True by default.

            save_npz  (bool): If True, saves lists of PW amplitudes to file.

            save_txt  (bool): If True, saves lists of PW amps to txt file.
    """

    fig = plt.figure(num=None, dpi=80, facecolor='w', edgecolor='k')
    ax1 = fig.add_subplot(1,1,1)
    # vec_coef sorted from top of stack, everything else is sorted from bottom
    vec_index = len(stacks_list[-1].layers) - lay_interest - 1
    if chosen_PWs == None:
        # Create arrays of grating order indexes (-p, ..., p)
        max_ords = stacks_list[0].layers[-1].max_order_PWs
        chosen_PWs = np.arange(-max_ords, max_ords + 1)

    xlabel = 'xvalues'
    if xvalues==None:
        if stacks_list[0].layers[0].light.wl_nm != stacks_list[-1].layers[0].light.wl_nm:
            xvalues = [s.layers[0].light.wl_nm for s in stacks_list]
            xlabel = r'$\lambda$ (nm)'
        elif set(stacks_list[0].layers[0].light.k_pll) != set(stacks_list[-1].layers[0].light.k_pll):
            xvalues = [np.sqrt(s.layers[0].light.k_pll[0]**2 + s.layers[0].light.k_pll[1]**2) for s in stacks_list]
            xlabel = r'$|k_\parallel|$'
        else:
            xvalues = [s.layers[0].light.wl_nm for s in stacks_list]
            xlabel = r'$\lambda$ (nm)'
            print "PW_amplitudes is guessing you have a single wavelength, else specify xvalues."

    try:
        save_trans = []
        for pxs in chosen_PWs:
            store_trans = []
            for stack in stacks_list:
                if not isinstance(stack.layers[lay_interest],objects.Anallo):
                    raise ValueError

                k0 = stack.layers[0].k()
                n_PW_p_pols = stack.layers[0].structure.num_pw_per_pol
                # Calculate k_x that correspond to k_y = beta0 = 0 (in normalized units)
                alpha0, beta0 = stack.layers[0].k_pll_norm()
                alphas = alpha0 + pxs * 2 * np.pi
                on_axis_kzs = sqrt(k0**2 - alphas**2 - beta0**2)
                full_k_space = stack.layers[0].k_z
                # Consider only transmission into singular polarization.
                one_pol_k_space = full_k_space[0:n_PW_p_pols]

                ix = np.in1d(one_pol_k_space.ravel(), on_axis_kzs).reshape(one_pol_k_space.shape)
                axis_indices = np.ravel(np.array(np.where(ix))).astype(int)
                # Substrate - only ever take downward propagating.
                if vec_index == len(stacks_list[-1].layers) - 1:
                    # Outgoing TE polarisation
                    trans = np.abs(stack.vec_coef_down[vec_index][axis_indices]).reshape(-1,)
                    # Outgoing TM polarisation
                    trans += np.abs(stack.vec_coef_down[vec_index][n_PW_p_pols+axis_indices]).reshape(-1,)
                    store_trans = np.append(store_trans,trans)
                # Superstrate - if not up & down then take only upwards propagating.
                elif vec_index == 0:
                    trans  = np.abs(stack.vec_coef_up[vec_index][axis_indices]).reshape(-1,)
                    trans += np.abs(stack.vec_coef_up[vec_index][n_PW_p_pols+axis_indices]).reshape(-1,)
                    if up_and_down == True: # Take average of up & downward propagating modes.
                        trans += np.abs(stack.vec_coef_down[vec_index][axis_indices]).reshape(-1,)
                        trans += np.abs(stack.vec_coef_down[vec_index][n_PW_p_pols+axis_indices]).reshape(-1,)
                        store_trans = np.append(store_trans,trans/2)
                    else:
                        store_trans = np.append(store_trans,trans)
                # Finite layer
                else:
                    trans = np.abs(stack.vec_coef_down[vec_index][axis_indices]).reshape(-1,)
                    trans += np.abs(stack.vec_coef_down[vec_index][n_PW_p_pols+axis_indices]).reshape(-1,)
                    if up_and_down == True: # Take average of up & downward propagating modes.
                        trans += np.abs(stack.vec_coef_up[vec_index][axis_indices]).reshape(-1,)
                        trans += np.abs(stack.vec_coef_up[vec_index][n_PW_p_pols+axis_indices]).reshape(-1,)
                        store_trans = np.append(store_trans,trans/2)
                    else:
                        store_trans = np.append(store_trans,trans)
            if save_pdf == True:
                ax1.plot(xvalues,store_trans, label="m = %i" % pxs)
            if save_npz == True or save_txt == True:
                save_trans.append(store_trans)

        if save_pdf == True or save_npz == True:
            if add_height!= None: add_name += '_' + zeros_int_str(add_height)
            add_name = str(lay_interest) + add_name

        if save_pdf == True:
            handles, labels = ax1.get_legend_handles_labels()
            lgd = ax1.legend(handles, labels, loc='center left', bbox_to_anchor=(1.0,0.5))
            ax1.set_ylabel(r'$|E|$')
            ax1.set_xlabel(xlabel)
            plt.suptitle(add_name)
            plt.savefig('PW_amplitudes-lay_%s' % add_name, \
                fontsize=title_font, bbox_extra_artists=(lgd,), bbox_inches='tight')

        if save_npz == True:
            np.savez('PW_amplitudes-lay_%s' % add_name, save_trans=save_trans)

        if save_txt == True:
            np.savetxt('PW_amplitudes-lay_%s.txt' % add_name, \
                save_trans, fmt = '%18.11f')

    except ValueError:
        print "PW_amplitudes only works in ThinFilm layers."\
        "\nPlease select lay_interest !=%i.\n" % lay_interest

    fig.clf()



[docs]def evanescent_merit(stacks_list, xvalues=None, chosen_PWs=None,
    lay_interest=0, add_height=None, add_name='',
    save_pdf=True, save_txt=False):
    """ Plot a figure of merit for the 'evanescent-ness' of excited fields.

        Assumes dealing with 1D grating and only have 1D diffraction orders.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

        Keyword Args:
            xvalues  (list): The values stacks_list is to be plotted as a \
                function of.

            chosen_PWs  (list): PW diffraction orders to include. \
                eg. [-1,0,2].

            lay_interest  (int): The index in stacks_list of the layer in \
                which amplitudes are calculated.

            add_height  (float): Print the heights of :Stack: layer in title.

            add_name  (str): Add add_name to title.

            save_pdf  (bool): If True save spectra as pdf files. \
                True by default.

            save_txt  (bool): If True, saves average value of \
                mean PW order to file.
    """
    # vec_coef sorted from top of stack, everything else is sorted from bottom
    vec_index = len(stacks_list[-1].layers) - lay_interest - 1
    if chosen_PWs == None:
        # Create arrays of grating order indexes (-p, ..., p)
        max_ords = stacks_list[0].layers[-1].max_order_PWs
        chosen_PWs = np.arange(-max_ords, max_ords + 1)
    n_H = max_n(stacks_list)

    xlabel = 'xvalues'
    if xvalues==None:
        if stacks_list[0].layers[0].light.wl_nm != stacks_list[-1].layers[0].light.wl_nm:
            xvalues = [s.layers[0].light.wl_nm for s in stacks_list]
            xlabel = r'$\lambda$ (nm)'
        elif set(stacks_list[0].layers[0].light.k_pll) != set(stacks_list[-1].layers[0].light.k_pll):
            xvalues = [np.sqrt(s.layers[0].light.k_pll[0]**2 + s.layers[0].light.k_pll[1]**2) for s in stacks_list]
            xlabel = r'$|k_\parallel|$'
        else:
            xvalues = [s.layers[0].light.wl_nm for s in stacks_list]
            xlabel = r'$\lambda$ (nm)'
            print "evanescent_merit is guessing you have a single wavelength, else specify xvalues."

    store_m_p      = []
    store_m_ne     = []
    store_m_fe     = []
    store_x_p      = []
    store_x_ne     = []
    store_x_fe     = []
    store_tot_amps = []
    store_mean_ev  = []
    s = 0
    try:
        for stack in stacks_list:
            if not isinstance(stack.layers[lay_interest],objects.Anallo):
                raise ValueError

            merit_prop    = 0.0
            merit_near_ev = 0.0
            merit_far_ev  = 0.0
            sum_p_amps    = 0.0
            sum_amps      = 0.0
            for pxs in chosen_PWs:
                k0 = stack.layers[-1].k() # Incident k0
                k = stack.layers[lay_interest].k() # k in film
                n_PW_p_pols = stack.layers[lay_interest].structure.num_pw_per_pol
                # Calculate k_x that correspond to k_y = beta0 = 0 (in normalized units)
                alpha0, beta0 = stack.layers[lay_interest].k_pll_norm()
                alphas = alpha0 + pxs * 2 * np.pi
                this_k_pll2 = alphas**2 + beta0**2
                on_axis_kzs = sqrt(k**2 - alphas**2 - beta0**2)
                full_k_space = stack.layers[lay_interest].k_z
                # Consider only transmission into singular polarization
                one_pol_k_space = full_k_space[0:n_PW_p_pols]

                ix = np.in1d(one_pol_k_space.ravel(), on_axis_kzs).reshape(one_pol_k_space.shape)
                axis_indices = np.ravel(np.array(np.where(ix))).astype(int)

                # Outgoing TE polarisation
                trans = np.abs(stack.vec_coef_down[vec_index][axis_indices])
                # Outgoing TM polarisation
                trans += np.abs(stack.vec_coef_down[vec_index][n_PW_p_pols +axis_indices])

                if np.abs(this_k_pll2) < np.abs(k**2): merit_prop += trans
                if np.abs(k**2) < np.abs(this_k_pll2) < np.abs((n_H*k0)**2):
                    merit_near_ev += trans
                if np.abs(this_k_pll2) > np.abs((n_H*k0)**2): merit_far_ev += trans
                sum_p_amps += np.abs(pxs) * trans
                sum_amps += np.abs(stack.vec_coef_down[vec_index][axis_indices])**2 + np.abs(stack.vec_coef_down[vec_index][n_PW_p_pols +axis_indices])**2

            if merit_prop != 0.0:
                store_m_p = np.append(store_m_p,merit_prop)
                store_x_p = np.append(store_x_p,xvalues[s])
            if merit_near_ev != 0.0:
                store_m_ne = np.append(store_m_ne,merit_near_ev)
                store_x_ne = np.append(store_x_ne,xvalues[s])
            if merit_far_ev != 0.0:
                store_m_fe = np.append(store_m_fe,merit_far_ev)
                store_x_fe = np.append(store_x_fe,xvalues[s])
            s+=1
            store_tot_amps = np.append(store_tot_amps,sum_amps)
            store_mean_ev  = np.append(store_mean_ev,sum_p_amps/sum_amps)

        if add_height!= None: add_name += '_'+zeros_int_str(add_height)
        add_name = str(lay_interest) + add_name
        if save_pdf == True:
            fig = plt.figure(num=None, figsize=(8, 6), dpi=80, facecolor='w', edgecolor='k')
            ax1 = fig.add_subplot(2,1,1)
            if len(store_m_p)  != 0: ax1.plot(store_x_p,store_m_p, 'b', label="prop")
            if len(store_m_ne) != 0: ax1.plot(store_x_ne,store_m_ne, 'g', label="near ev")
            if len(store_m_fe) != 0: ax1.plot(store_x_fe,store_m_fe, 'r', label="far ev")
            ax1.plot(xvalues, store_mean_ev, 'k', label=r'$\Sigma|p| |a_p| / \Sigma|a_p|$')
            ax2 = fig.add_subplot(2, 1, 2)
            ax2.plot(xvalues, store_tot_amps, 'k', label="prop")

            handles, labels = ax1.get_legend_handles_labels()
            lgd = ax1.legend(handles, labels, ncol=4, loc='upper center',
                             bbox_to_anchor=(0.5, 1.6))
            ax1.set_ylabel('Ev FoM')
            ax1.set_xticklabels(())
            ax2.set_ylabel(r'$\Sigma|a_p|^2$')
            ax2.set_xlabel(xlabel)
            plt.suptitle(add_name)
            plt.savefig('evanescent_merit-lay_%s' % add_name,
                        fontsize=title_font, bbox_extra_artists=(lgd,),
                        bbox_inches='tight')

        if save_txt is True:
            av_diff = [np.mean(store_m_p)]
            np.savetxt('prop_diff_order-lay_%s.txt' % add_name,
                       av_diff, fmt='%18.11f')
            av_diff = [np.mean(store_m_ne)]
            np.savetxt('near_ev_diff_order-lay_%s.txt' % add_name,
                       av_diff, fmt='%18.11f')
            av_diff = [np.mean(store_m_fe)]
            np.savetxt('far_ev_diff_order-lay_%s.txt' % add_name,
                       av_diff, fmt='%18.11f')
            av_diff = [np.mean(store_mean_ev)]
            np.savetxt('average_diff_order-lay_%s.txt' % add_name,
                       av_diff, fmt='%18.11f')

    except ValueError:
        print "evanescent_merit only works in ThinFilm layers."\
        "\nPlease select lay_interest !=%i.\n" % lay_interest

    fig.clf()
###############################################################################


#### Field plotting routines ##################################################

[docs]def fields_in_plane(stacks_list, lay_interest=1, z_values=[0.1, 3.6],
                    nu_calc_pts=51):
    """
    Plot fields in the x-y plane at chosen values of z.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

        Keyword Args:
            lay_interest  (int): the index of the layer considered within \
                the stack.

            z_values  (float): distance in nm from bottom surface of layer \
                at which to calculate fields. If layer is semi-inf substrate \
                then z_value is distance from top of this layer (i.e. bottom \
                interface of stack).

            nu_calc_pts  (int): fields are calculated over a mesh of \
                nu_calc_pts * nu_calc_pts points.
    """
    from fortran import EMUstack

    dir_name = "in_plane_fields"
    if not os.path.exists(dir_name):
        os.mkdir(dir_name)

    # always make odd
    if nu_calc_pts % 2 == 0:
        nu_calc_pts += 1

    stack_num = 0
    for pstack in stacks_list:
        z_values = np.array(z_values)/float(pstack.layers[lay_interest].structure.period)
        num_lays = len(pstack.layers)
        # If selected z location is within a NanoStruct layer
        # plot fields in Bloch Mode Basis using fortran routine.
        if isinstance(pstack.layers[lay_interest], mode_calcs.Simmo):
            meat = pstack.layers[lay_interest]
            try:
                if not meat.structure.periodicity == '2D_array':
                    raise ValueError
                gmsh_file_pos = meat.structure.mesh_file[0:-5]
                eps = meat.n_effs**2
                h_normed = float(meat.structure.height_nm)/float(meat.structure.period)
                for z_value in z_values:
                    # Fortran routine naturally measure z top down
                    z_value = h_normed - z_value
                    wl_normed = pstack.layers[lay_interest].wl_norm()

                    nnodes = 6
                    if meat.E_H_field == 1:
                        EH_name = "E_"
                    else:
                        EH_name = "H_"
                    extra_name = EH_name + "Lay" + zeros_int_str(lay_interest)

                    # vec_coef sorted from top of stack, everything else is sorted from bottom
                    vec_index = num_lays - lay_interest - 1
                    vec_coef = np.concatenate((pstack.vec_coef_down[vec_index],
                                              pstack.vec_coef_up[vec_index]))

                    EMUstack.gmsh_plot_field(meat.num_BMs,
                                             meat.n_msh_el, meat.n_msh_pts,
                                             nnodes, meat.structure.nb_typ_el,
                                             meat.table_nod, meat.type_el, eps,
                                             meat.x_arr, meat.k_z, meat.sol1,
                                             vec_coef, h_normed, z_value,
                                             gmsh_file_pos,
                                             meat.structure.plot_real,
                                             meat.structure.plot_imag,
                                             meat.structure.plot_abs,
                                             extra_name)

            except ValueError:
                print "fields_in_plane cannot plot fields in 1D-arrays."\
                "\nPlease select a different lay_interest.\n"


        # If selected z location is within a ThinFilm layer
        # plot fields in Plane Wave Basis using python routine.
        else:
            wl = np.around(pstack.layers[-1].light.wl_nm,decimals=2)
            pw = pstack.layers[-1].max_order_PWs
            period = pstack.layers[-1].structure.period
            heights_list = []
            name_lay = ''

            for i in xrange(num_lays):
                if i == 0 or i == num_lays-1:pass
                else: heights_list.append(pstack.layers[i].structure.height_nm)
                try:
                    pstack.layers[i].structure.diameter1
                    diameter = pstack.layers[i].structure.diameter1
                except:pass

            if lay_interest == 0: name_lay = "0_Substrate"
            elif lay_interest == num_lays-1: name_lay = "%(i)s_Superstrate" %{'i':num_lays-1}
            else: name_lay = "Thin_Film_%(i)s" %{'i':lay_interest}

            x_range = np.linspace(0.0,1.0,nu_calc_pts)
            y_range = np.linspace(0.0,1.0,nu_calc_pts)
            z_range = np.array(z_values)

            s = pstack.layers[lay_interest].sort_order
            alpha_unsrt = np.array(pstack.layers[lay_interest].alphas)
            beta_unsrt = np.array(pstack.layers[lay_interest].betas)
            alpha = alpha_unsrt[s]
            if pstack.layers[lay_interest].structure.world_1d == True:
                beta = beta_unsrt
            else:
                beta = beta_unsrt[s]
            gamma = np.array(pstack.layers[lay_interest].calc_kz())
            n = pstack.layers[lay_interest].n()
            PWordtot = pstack.layers[lay_interest].structure.num_pw_per_pol
            prop = 2*(gamma.imag == 0).sum()
            evan = 2*PWordtot - prop

            vec_coef_down = np.array(pstack.vec_coef_down[num_lays-1-lay_interest]).flatten()
            vec_coef_down_TE = vec_coef_down[0:PWordtot]
            vec_coef_down_TM = vec_coef_down[PWordtot::]
            if lay_interest == 0:
                vec_coef_up = np.zeros((2*PWordtot), dtype = 'complex')
            else:
                vec_coef_up = np.array(pstack.vec_coef_up[num_lays-1-lay_interest]).flatten()

            vec_coef_up_TE = vec_coef_up[0:PWordtot]
            vec_coef_up_TM = vec_coef_up[PWordtot::]

            norm = np.sqrt(alpha**2+beta**2)
            k = np.sqrt(alpha**2+beta**2+gamma**2)
            chi_TE = np.sqrt((n*gamma)/k)
            chi_TM = np.sqrt((n*k)/gamma)
            E_TE_x = beta/norm
            E_TE_y = -1*alpha/norm
            E_TE_z = np.array(np.zeros(np.size(E_TE_x)))
            E_TM_x = alpha/norm
            E_TM_y = beta/norm
            E_TM_z = -1*norm/gamma
            k = np.around(k,decimals=4)
            n = np.around(n,decimals=4)

            eta_TE_x_down = (vec_coef_down_TE*E_TE_x)/chi_TE
            eta_TE_y_down = (vec_coef_down_TE*E_TE_y)/chi_TE
            eta_TE_z_down = (vec_coef_down_TE*E_TE_z)/chi_TE
            eta_TM_x_down = (vec_coef_down_TM*E_TM_x)/chi_TM
            eta_TM_y_down = (vec_coef_down_TM*E_TM_y)/chi_TM
            eta_TM_z_down = (vec_coef_down_TM*E_TM_z)/chi_TM

            eta_TE_x_up = (vec_coef_up_TE*E_TE_x)/chi_TE
            eta_TE_y_up = (vec_coef_up_TE*E_TE_y)/chi_TE
            eta_TE_z_up = (vec_coef_up_TE*E_TE_z)/chi_TE
            eta_TM_x_up = (vec_coef_up_TM*E_TM_x)/chi_TM
            eta_TM_y_up = (vec_coef_up_TM*E_TM_y)/chi_TM
            eta_TM_z_up = (vec_coef_up_TM*E_TM_z)/chi_TM

            x_axis = np.zeros((nu_calc_pts,nu_calc_pts), dtype = 'float')
            y_axis = np.zeros((nu_calc_pts,nu_calc_pts), dtype = 'float')

            if lay_interest == 0: z_range = -1*z_range
            else: z_range = np.abs(z_range)

            x1 = x_range
            y1 = y_range
            z1 = z_range
            (y_axis,x_axis) = np.meshgrid(y1,x1)

            E_TE_x_array = np.zeros((np.size(x1),np.size(y1),np.size(z1)), dtype = 'complex')
            E_TE_y_array = np.zeros((np.size(x1),np.size(y1),np.size(z1)), dtype = 'complex')
            E_TE_z_array = np.zeros((np.size(x1),np.size(y1),np.size(z1)), dtype = 'complex')
            E_TM_x_array = np.zeros((np.size(x1),np.size(y1),np.size(z1)), dtype = 'complex')
            E_TM_y_array = np.zeros((np.size(x1),np.size(y1),np.size(z1)), dtype = 'complex')
            E_TM_z_array = np.zeros((np.size(x1),np.size(y1),np.size(z1)), dtype = 'complex')

            for z in xrange(np.size(z1)):
                for y in xrange(np.size(y1)):
                    for x in xrange(np.size(x1)):
                        if pstack.layers[lay_interest].structure.height_nm == 'semi_inf':
                            expo_down = np.exp(1j*(alpha*x1[x]+beta*y1[y]-gamma*z1[z]))
                        elif z1[z] <= float(pstack.layers[lay_interest].structure.height_nm)/period:
                            expo_down = np.exp(1j*(alpha*x1[x]+beta*y1[y]-gamma*(z1[z]-float(pstack.layers[lay_interest].structure.height_nm)/period)))
                        else:
                            raise ValueError, \
                            "fields_in_plane: z_value exceeds thickness of layer, reduce it. "
                        expo_up = np.exp(1j*(alpha*x1[x]+beta*y1[y]+gamma*z1[z]))

                        E_TE_x = np.sum(eta_TE_x_down*expo_down + eta_TE_x_up*expo_up)
                        E_TE_y = np.sum(eta_TE_y_down*expo_down + eta_TE_y_up*expo_up)
                        E_TE_z = np.sum(eta_TE_z_down*expo_down + eta_TE_z_up*expo_up)
                        E_TM_x = np.sum(eta_TM_x_down*expo_down + eta_TM_x_up*expo_up)
                        E_TM_y = np.sum(eta_TM_y_down*expo_down + eta_TM_y_up*expo_up)
                        E_TM_z = np.sum(eta_TM_z_down*expo_down + eta_TM_z_up*expo_up)
                        E_TE_x_array[x,y,z] = E_TE_x
                        E_TE_y_array[x,y,z] = E_TE_y
                        E_TE_z_array[x,y,z] = E_TE_z
                        E_TM_x_array[x,y,z] = E_TM_x
                        E_TM_y_array[x,y,z] = E_TM_y
                        E_TM_z_array[x,y,z] = E_TM_z
            E_x_array = E_TE_x_array + E_TM_x_array
            E_y_array = E_TE_y_array + E_TM_y_array
            E_z_array = E_TE_z_array + E_TM_z_array
            E_tot_array = np.sqrt(E_x_array*np.conj(E_x_array) + E_y_array*np.conj(E_y_array) + E_z_array*np.conj(E_z_array))

            E_super = [E_x_array, E_y_array, E_z_array, E_tot_array]
            E_sup_labels = [' E_x', ' E_y', ' E_z', ' |E|',]

            # Save figures
            for re_im in ['real','imag']:
                for z_of_xy in xrange(np.size(z1)):
                    fig1 = plt.figure(num=None, figsize=(12,21), dpi=80, facecolor='w', edgecolor='k')
                    for i in range(len(E_super)):
                        ax1 = fig1.add_subplot(4,1,i+1)
                        if re_im == 'real':
                            E_slice = np.real(E_super[i][:,:,z_of_xy])
                        elif re_im == 'imag':
                            E_slice = np.imag(E_super[i][:,:,z_of_xy])
                        x_min = x1[0]
                        x_max = x1[-1]
                        y_min = y1[0]
                        y_max = y1[-1]
                        cmap = plt.get_cmap('jet')
                        CS = plt.contourf(x_axis,y_axis,E_slice,35,cmap=cmap)
                        plt.axis([x_min,x_max,y_min,y_max])
                        cbar = plt.colorbar()
                        cbar.ax.set_ylabel(re_im + E_sup_labels[i])
                        ax1.set_xlabel('x (d)')
                        ax1.set_ylabel('y (d)')
                        ax1.axis('scaled')
                        ax1.set_ylim((y_min,y_max))

                    plt.suptitle('%(name)s \n %(p)s_E_xy_slice, z = %(z_pos)s, heights = %(h)s \n \
                        $\lambda$ = %(wl)f nm, period = %(d)f, PW = %(pw)i,' % \
                        {'name' : name_lay, 'h':heights_list, 'p' : re_im, 'z_pos' : z1[z_of_xy],'wl' : wl, \
                        'd' : period, 'pw' : pw} + '\n'
                        + '# prop. ords = %(prop)s, # evan. ords = %(evan)s, n = %(n)s,k = %(k)s'\
                        % {'evan' : evan, 'prop' : prop, 'n' : n, 'k' : k[0]})
                    plt.savefig('%(dir_name)s/stack_%(stack_num)s_%(p)s_E_%(name)s_slice=%(z_pos)s_wl=%(wl)s.pdf'% \
                        {'dir_name' : dir_name, 'wl' : wl, 'p' : re_im, 'z_pos' : z1[z_of_xy], \
                        'name' : name_lay,'stack_num':stack_num})

                    fig.clf()

        stack_num += 1

            # ## Old fortran plane wave plotting
            # extra_name = EH_name + "Lay" + zeros_int_str(TF_lay)
            # select_h = 0.0
            # lat_vec = [[1.0, 0.0], [0.0, 1.0]]
            # bun = pstack.layers[TF_lay] # superstrate # substrate
            # n_eff_0 = bun.n()
            # neq_PW = bun.structure.num_pw_per_pol
            # bloch_vec = bun.k_pll_norm()
            # ordre_ls = bun.max_order_PWs
            # index_pw = bun.sort_order
            # index_pw_inv = np.zeros(shape=(np.shape(index_pw)),dtype='int')
            # for s in range(len(index_pw)):
            #     s2 = index_pw[s]
            #     index_pw_inv[s2] = s
            # index_pw_inv += 1 # convert to fortran indices (starting from 1)

            # # vec_coef sorted from top of stack, everything else is sorted from bottom
            # vec_index = len(pstack.layers) - TF_lay - 1
            # vec_coef_down = pstack.vec_coef_down[vec_index]
            # if TF_lay == 0: vec_coef_up = np.zeros(shape=(np.shape(vec_coef_down)),dtype='complex128')
            # else: vec_coef_up = pstack.vec_coef_up[vec_index]

            # EMUstack.gmsh_plot_pw(meat.n_msh_el, meat.n_msh_pts, nnodes, neq_PW,
            #     bloch_vec, meat.table_nod, meat.x_arr, lat_vec, wl_normed,
            #     n_eff_0, vec_coef_down, vec_coef_up,
            #     index_pw_inv, ordre_ls, select_h,
            #     gmsh_file_pos, meat.structure.plot_real, meat.structure.plot_imag,
            #     meat.structure.plot_abs, extra_name)

            # # # Semi-inf case
            # # vec_coef_up = meat.R12[:,0] # TE polarisation
            # # vec_coef_up = meat.R12[:,neq_PW] # TM polarisation

            # # vec_coef_down = np.zeros(shape=(np.shape(vec_coef_up)),dtype='complex128')
            # # vec_coef_down[neq_PW] = 1.0


# field interpolators for Nanostruct layers

[docs]def fields_interpolator_in_plane(pstack, lay_interest=1, z_value=0.1):
    """
    Returns linear interpolators in the x-y plane at chosen value of z for
    Re[Ex],Re[Ey],Re[Ez],Im[Ex],Im[Ey],Im[Ez],|E|.

    Requires matplotlib v1.3.0 or later.

        Args:
            pstack: Stack object (not a list!!!) containing data to plot.

        Keyword Args:
            lay_interest  (int): the index of the layer considered within \
                the stack.

            z_value  (float): distance in nm from bottom surface of layer \
                at which to calculate fields. If layer is semi-inf substrate \
                then z_value is distance from top of this layer (i.e. bottom \
                interface of stack).
    """
    from fortran import EMUstack

    num_lays = len(pstack.layers)
    # If selected z location is within a NanoStruct layer
    # plot fields in Bloch Mode Basis using fortran routine.
    if isinstance(pstack.layers[lay_interest], mode_calcs.Simmo):
        meat = pstack.layers[lay_interest]

        try:
            if not meat.structure.periodicity == '2D_array':
                raise ValueError
            eps = meat.n_effs**2
            h_normed = float(meat.structure.height_nm)/float(meat.structure.period)

            # fortran routine naturally measure z top down
            z_value = z_value/float(meat.structure.period)
            z_value = h_normed - z_value
            wl_normed = pstack.layers[lay_interest].wl_norm()

            nnodes = 6

            # vec_coef sorted from top of stack, everything else is sorted from bottom
            vec_index = num_lays - lay_interest - 1
            vec_coef = np.concatenate((pstack.vec_coef_down[vec_index], pstack.vec_coef_up[vec_index]))

            # piling up of all the bloch modes to get all the fields
            m_E = EMUstack.field_value_plane(meat.num_BMs,
                                             meat.n_msh_el, meat.n_msh_pts, nnodes,
                                             meat.structure.nb_typ_el,
                                             meat.table_nod, meat.type_el,
                                             eps, meat.x_arr, meat.k_z, meat.sol1,
                                             vec_coef, h_normed, z_value)

            # unrolling data for the interpolators
            table_nod = meat.table_nod.T
            x_arr = meat.x_arr.T

            # dense triangulation with multiple points
            v_x6p = np.zeros(6*meat.n_msh_el)
            v_y6p = np.zeros(6*meat.n_msh_el)
            v_Ex6p = np.zeros(6*meat.n_msh_el, dtype=np.complex128)
            v_Ey6p = np.zeros(6*meat.n_msh_el, dtype=np.complex128)
            v_Ez6p = np.zeros(6*meat.n_msh_el, dtype=np.complex128)
            v_triang6p = []

            i = 0
            for i_el in np.arange(meat.n_msh_el):

                # triangles
                idx = np.arange(6*i_el, 6*(i_el+1))
                triangles = [[idx[0], idx[3], idx[5]],
                             [idx[1], idx[4], idx[3]],
                             [idx[2], idx[5], idx[4]],
                             [idx[3], idx[4], idx[5]]]
                v_triang6p.extend(triangles)

                for i_node in np.arange(6):

                    # index for the coordinates
                    i_ex = table_nod[i_el, i_node]-1

                    # values
                    v_x6p[i] = x_arr[i_ex, 0]
                    v_y6p[i] = x_arr[i_ex, 1]
                    v_Ex6p[i] = m_E[i_el, i_node, 0]
                    v_Ey6p[i] = m_E[i_el, i_node, 1]
                    v_Ez6p[i] = m_E[i_el, i_node, 2]

                    i += 1

            v_E6p = np.sqrt(np.abs(v_Ex6p)**2 +
                            np.abs(v_Ey6p)**2 +
                            np.abs(v_Ez6p)**2)

            # dense triangulation with unique points
            v_triang1p = []
            for i_el in np.arange(meat.n_msh_el):

                # triangles
                triangles = [[table_nod[i_el,0]-1,table_nod[i_el,3]-1,table_nod[i_el,5]-1],
                             [table_nod[i_el,1]-1,table_nod[i_el,4]-1,table_nod[i_el,3]-1],
                             [table_nod[i_el,2]-1,table_nod[i_el,5]-1,table_nod[i_el,4]-1],
                             [table_nod[i_el,3]-1,table_nod[i_el,4]-1,table_nod[i_el,5]-1]]
                v_triang1p.extend(triangles)

            # triangulations
            triang6p = matplotlib.tri.Triangulation(v_x6p,v_y6p,v_triang6p)
            triang1p = matplotlib.tri.Triangulation(x_arr[:,0],x_arr[:,1],v_triang1p)

            # building interpolators: triang1p for the finder, triang6p for the values
            finder = matplotlib.tri.TrapezoidMapTriFinder(triang1p)
            ReEx = matplotlib.tri.LinearTriInterpolator(triang6p,v_Ex6p.real,trifinder=finder)
            ImEx = matplotlib.tri.LinearTriInterpolator(triang6p,v_Ex6p.imag,trifinder=finder)
            ReEy = matplotlib.tri.LinearTriInterpolator(triang6p,v_Ey6p.real,trifinder=finder)
            ImEy = matplotlib.tri.LinearTriInterpolator(triang6p,v_Ey6p.imag,trifinder=finder)
            ReEz = matplotlib.tri.LinearTriInterpolator(triang6p,v_Ez6p.real,trifinder=finder)
            ImEz = matplotlib.tri.LinearTriInterpolator(triang6p,v_Ez6p.imag,trifinder=finder)
            AbsE = matplotlib.tri.LinearTriInterpolator(triang6p,v_E6p,trifinder=finder)

            return ReEx, ImEx, ReEy, ImEy, ReEz, ImEz, AbsE

        except ValueError as e:
            print e
            print "fields_in_plane cannot plot fields in 1D-arrays."\
                  "\nPlease select a different lay_interest.\n"

    # If selected z location is within a ThinFilm layer
    # plot fields in Plane Wave Basis using python routine.
    else:
        raise Exception("Not a NanoStruct Layer")



[docs]def fields_vertically(stacks_list, factor_pts_vert=31, nu_pts_hori=41,
                      semi_inf_height=1.0, gradient=None, no_incoming=False,
                      add_name='', force_eq_ratio=False, colour_res=30,
                      plot_boundaries=True):
    """
    Plot fields in the x-y plane at chosen values of z, where z is \
    calculated from the bottom of chosen layer.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

        Keyword Args:
            factor_pts_vert  (int): sampling factor for fields vertically. \
            Calculated as factor_pts_vert * (epsilon*h/wl).

            nu_pts_hori  (int): in-plane fields are calculated over a mesh of \
                nu_pts_hori * nu_pts_hori points.

            semi_inf_height  (float): distance to which fields are plotting \
                in semi-infinite (sub)superstrates.

            gradient  (float): further slices calculated with given gradient \
                and -gradient. It is entitled 'specified_diagonal_slice'.\
                These slices are only calculated for ThinFilm layers.

            no_incoming  (bool): if True, plots fields in superstrate in the \
                absence of the incident driving field (i.e. only showing \
                upward propagating scattered field).

            add_name  (str): concatenate add_name to title.

            force_eq_ratio  (bool): each layer plotted on equal space.

            colour_res  (int): number of colour intervals to use.

            plot_boundaries  (bool): plot boundaries of inclusions.
    """

    from fortran import EMUstack

    dir_name = "fields_vertically"
    if not os.path.exists(dir_name):
        os.mkdir(dir_name)

    # always make odd
    if nu_pts_hori % 2 == 0: nu_pts_hori += 1

    stack_num = 0
    for pstack in stacks_list:
        num_lays  = len(pstack.layers)
        period    = pstack.layers[0].structure.period
        pw        = pstack.layers[0].max_order_PWs
        wl_normed = pstack.layers[0].wl_norm()

        # Stack layers on top of one another to find heights of interfaces.
        ind_h_list = pstack.heights_norm()
        h_list = [-semi_inf_height, 0]
        for i in range(len(ind_h_list)):
            h_list.append(h_list[-1]+ind_h_list[i])
        h_list.append(h_list[-1]+semi_inf_height)
        ind_h_list.append(semi_inf_height)
        ind_h_list.insert(0, semi_inf_height)
        min_h = np.min(ind_h_list)
        h_ratio = [h/min_h for h in ind_h_list[::-1]]

        layer = pstack.layers[0]
        if isinstance(layer,mode_calcs.Anallo):
            if layer.structure.world_1d == True:
                slice_types = ['xz']
            else:
                slice_types = ['xz']#,'yz','diag+','diag-'] #rest not implemented
                if gradient != None: slice_types.append(('special+','special-'))
        else:
            if layer.structure.periodicity == '1D_array':
                slice_types = ['xz']
            else:
                slice_types = ['xz']#,'yz','diag+','diag-'] #rest not implemented
                if gradient != None: slice_types.append(('special+','special-'))

        for sli in slice_types:
            E_fields = ['Re(E_x)', 'Im(E_x)', 'Re(E_y)', 'Im(E_y)', 'Re(E_z)',
                        'Im(E_z)', 'Re(E)',  'eps_abs(E)']
            E_fields_tot = []
            epsE_fields_tot = []
            for E in E_fields:
                fig = plt.figure(figsize=(9, 12))
                if force_eq_ratio == True:
                    h_ratio = [1 for h in ind_h_list[::-1]]
                    gs = gridspec.GridSpec(num_lays, 1, wspace=0.0, hspace=0.0,
                                           width_ratios=[1, 1],
                                           height_ratios=h_ratio)
                else:
                    gs = gridspec.GridSpec(num_lays, 1, wspace=0.0, hspace=0.0,
                                           width_ratios=[1, 1],
                                           height_ratios=h_ratio)
                # Find maximum field value to normalise plots.
                max_E = None
                min_E = None
                for max_E_field in [0, 1]:
                    # Iterate through layers
                    for lay in range(num_lays):
                        layer = pstack.layers[lay]
                        ax1 = plt.subplot(gs[num_lays-lay-1])
                        if isinstance(layer, mode_calcs.Simmo):
                            eps = layer.n_effs**2
                        else:
                            eps = layer.n()**2
                        nu_pts_vert = np.round(factor_pts_vert*(np.real(np.max(eps))*ind_h_list[lay] / wl_normed))
                        if nu_pts_vert < 11: nu_pts_vert = 11
                        if lay == 0:
                            z_range = np.linspace(h_list[lay],0.0,nu_pts_vert)
                        else:
                            z_range = np.linspace(0.0, ind_h_list[lay], nu_pts_vert)
                        # vec_coef sorted from top, everything else sorted from bottom
                        vec_index = num_lays - lay - 1

                        # If NanoStruct layer
                        if isinstance(layer, mode_calcs.Simmo):
                            name_lay = "%i_NanoStruct"% lay
                            gmsh_file_pos = 'stack_%(stack_num)s_lay_%(name)s_'% \
                                            {'name': name_lay, 'stack_num': stack_num}

                            vec_coef_fem = np.concatenate((pstack.vec_coef_down[vec_index],
                                                          pstack.vec_coef_up[vec_index]))

                            # If 2D_array plot fields using fortran routine.
                            if layer.structure.periodicity == '2D_array':
                                if max_E_field == 0 and E == 'Re(E_x)':
                                    E_fields_tot.append(None)
                                    epsE_fields_tot.append(None)
                                elif max_E_field == 1:
                                    if not os.path.exists(dir_name+"/gmsh_BMs"):
                                        os.mkdir(dir_name+"/gmsh_BMs")
                                    if not os.path.exists(dir_name+"/gmsh_BMs/anim"):
                                        os.mkdir(dir_name+"/gmsh_BMs/anim")

                                    # TODO fix the scaling issue in 2D FEM plotting!
                                    # Then remove these arbitrary scaling params.
                                    scale_plot = 2.0
                                    shift_x_plot = -.5
                                    h_normed = float(layer.structure.height_nm)/float(layer.structure.period)
                                    shift_v_plot = h_normed*0.75
                                    nnodes = 6
                                    EMUstack.gmsh_plot_slice(layer.E_H_field, layer.num_BMs,
                                        layer.n_msh_el, layer.n_msh_pts, nnodes, layer.type_el,
                                        layer.structure.nb_typ_el, eps, layer.table_nod,
                                        layer.x_arr, layer.k_z, layer.sol1, vec_coef_fem,
                                        h_normed, wl_normed, gmsh_file_pos,
                                        scale_plot, shift_v_plot, shift_x_plot)

                                    z_plot = np.linspace(h_list[lay], h_list[lay+1],2)
                                    (y_axis_plot, x_axis) = np.meshgrid(z_plot,[0,1])

                                    CS = plt.contourf(x_axis, y_axis_plot,[[0,0],[0,0]],
                                        cmap=plt.cm.binary, vmin=0, vmax=1)
                                    CS = plt.contourf(x_axis, y_axis_plot,[[0,0],[0,0]],
                                        cmap=plt.cm.binary, vmin=0, vmax=1)
                                    CS.set_clim(0, 1)
                                    if abs(ind_h_list[lay]) < 0.05 * np.sum(ind_h_list):
                                        tick_half = (h_list[lay]+h_list[lay+1])/2.
                                        ax1.yaxis.set_ticks([tick_half])
                                        ticktitles = ['%3.2f' % tick_half]
                                        ax1.yaxis.set_ticklabels(ticktitles)
                                    elif abs(ind_h_list[lay]) < 0.25 * np.sum(ind_h_list):
                                        tick_half = (h_list[lay]+h_list[lay+1])/2.
                                        tick_int = ind_h_list[lay]/4.
                                        ticks = [tick_half-tick_int, tick_half, tick_half+tick_int]
                                        ax1.yaxis.set_ticks(ticks)
                                        ticktitles = []
                                        [ticktitles.append('%3.2f' % tick) for tick in ticks]
                                        ax1.yaxis.set_ticklabels(ticktitles)

                            # If 1D_array plot fields as follows.
                            else:
                                struct = layer.structure
                                E_slice = np.zeros((struct.n_msh_pts,nu_pts_vert), dtype = 'complex128')

                                boundary = []
                                for i in range(len(struct.type_el) - 1):
                                    if struct.type_el[i] != struct.type_el[i+1]:
                                        boundary.append(struct.x_arr[2*(i+1)])

                                if E[-3:] != '(E)':
                                    if E[5] == 'x': comp = 0
                                    if E[5] == 'y': comp = 1
                                    if E[5] == 'z': comp = 2
                                    ### sol1 = sol_P2([Ex,Ey,Ez],P2_interpolation_points,nval,nel)
                                    for BM in range(layer.num_BMs):
                                        BM_sol = layer.sol1[comp,:,BM,:]
                                        beta = layer.k_z[BM]
                                        for h in range(len(z_range)):
                                            hz = z_range[h]
                                            P_down = np.exp(1j*beta*(ind_h_list[lay]-hz))   # Introduce Propagation in -z
                                            P_up = np.exp(1j*beta*hz) # Introduce Propagation in +z

                                            coef_down = vec_coef_fem[BM] * P_down
                                            coef_up = vec_coef_fem[BM+layer.num_BMs] * P_up
                                            if E[5] == 'z':
                                                coef_tot = (coef_up - coef_down)/beta # Taking into account the change of variable for Ez
                                            else:
                                                coef_tot = coef_up + coef_down
                                            coef_tot = coef_tot[0,0]
                                            E_slice[0,h] += BM_sol[0,0] * coef_tot
                                            for x in range(struct.n_msh_el - 1):
                                                E_slice[2*x+1,h] += BM_sol[1,x] * coef_tot
                                                # E_slice[2*x+2,h] += (BM_sol[2,x] + BM_sol[0,x+1] / 2.) * coef_tot
                                                E_slice[2*x+2,h] += (BM_sol[2,x]) * coef_tot
                                            E_slice[2*x+3,h] += BM_sol[1,-1] * coef_tot
                                            E_slice[2*x+4,h] += BM_sol[2,-1] * coef_tot

                                    if max_E_field == 0 and E[0] == 'R':
                                        if E[5] == 'x':
                                            E_fields_tot.append(E_slice*np.conj(E_slice))
                                            epsE_fields_tot.append(np.zeros(np.shape(E_slice)))
                                        elif E[5] == 'y' or E[5] == 'z':
                                            E_fields_tot[lay] += E_slice*np.conj(E_slice)
                                elif E == 'eps_abs(E)':
                                    if max_E_field == 0:
                                        type_el = np.vstack((struct.type_el, struct.type_el)).reshape((-1,),order='F')
                                        # type_el = np.append(type_el, type_el[-1])
                                        type_el = np.append(type_el[-1], type_el)
                                        type_el[type_el == 1] = np.abs(eps[0])
                                        type_el[type_el == 2] = np.abs(eps[1])
                                        type_el = np.diag(type_el)
                                        epsE_fields_tot[lay] = np.dot(type_el, (E_fields_tot[lay]))
                                    else:
                                        E_slice = epsE_fields_tot[lay]
                                elif E[-3:] == '(E)' and max_E_field == 1:
                                    E_slice = np.sqrt(E_fields_tot[lay])

                                if E[0] == 'R' or E[0] == 'e':
                                    E_slice = np.real(E_slice)
                                elif E[0] == 'I':
                                    E_slice = np.imag(E_slice)

                                if E[-3:] != '(E)':  # Re(x,y,z), Im(x,y,z)
                                    max_E_lay = np.max(E_slice)
                                    if max_E_lay > max_E or max_E == None:
                                        max_E = max_E_lay
                                    min_E_lay = np.min(E_slice)
                                    if min_E_lay < min_E or min_E == None:
                                        min_E = min_E_lay
                                elif E == 'Re(E)':
                                    max_E_lay = np.max(np.real(np.sqrt(E_fields_tot[lay])))
                                    if max_E_lay > max_E or max_E == None:
                                        max_E = max_E_lay
                                    min_E_lay = np.min(np.real(np.sqrt(E_fields_tot[lay])))
                                    if min_E_lay < min_E or min_E == None:
                                        min_E = min_E_lay
                                else:
                                    max_E_lay = np.max(np.abs(epsE_fields_tot[lay]))
                                    if max_E_lay > max_E or max_E == None:
                                        max_E = max_E_lay
                                    min_E_lay = np.min(np.abs(epsE_fields_tot[lay]))
                                    if min_E_lay < min_E or min_E == None:
                                        min_E = min_E_lay

                                if lay == 0:
                                    z_plot = np.linspace(h_list[lay], 0.0, nu_pts_vert)
                                else:
                                    z_plot = np.linspace(h_list[lay], h_list[lay+1],nu_pts_vert)
                                (y_axis_plot, x_axis) = np.meshgrid(z_plot,struct.x_arr)

                                if max_E_field == 1:
                                    if E == 'eps_abs(E)' or E == 'Re(E)':
                                        choice_cmap = plt.cm.hot
                                    else:
                                        choice_cmap = plt.cm.jet
                                    CS = plt.contourf(x_axis, y_axis_plot,
                                                      E_slice, colour_res,
                                                      cmap=choice_cmap,
                                                      vmin=min_E, vmax=max_E)
                                    CS = plt.contourf(x_axis, y_axis_plot,
                                                      E_slice, colour_res,
                                                      cmap=choice_cmap,
                                                      vmin=min_E, vmax=max_E)
                                    CS.set_clim(min_E, max_E)
                                    ax1.set_xlim((x_range[0], x_range[-1]))
                                    if abs(ind_h_list[lay]) < 0.05 * np.sum(ind_h_list):
                                        tick_half = (h_list[lay]+h_list[lay+1])/2.
                                        ax1.yaxis.set_ticks([tick_half])
                                        ticktitles = ['%3.2f' % tick_half]
                                        ax1.yaxis.set_ticklabels(ticktitles)
                                    elif abs(ind_h_list[lay]) < 0.25 * np.sum(ind_h_list):
                                        tick_half = (h_list[lay]+h_list[lay+1])/2.
                                        tick_int = ind_h_list[lay]/4.
                                        ticks = [tick_half-tick_int, tick_half, tick_half+tick_int]
                                        ax1.yaxis.set_ticks(ticks)
                                        ticktitles = []
                                        [ticktitles.append('%3.2f' % tick) for tick in ticks]
                                        ax1.yaxis.set_ticklabels(ticktitles)

                                    if plot_boundaries == True:
                                        start, end = ax1.get_ylim()
                                        for b in boundary:
                                            ax1.plot([b, b], [start, end], 'w',
                                                     linewidth=2)

                                # else:
                                # scale_plot = 2.0
                                # shift_x_plot = -.5
                                # shift_v_plot = h_normed*0.75
                                # EMUstack.gmsh_plot_slice_1d(layer.E_H_field, layer.num_BMs,
                                #     struct.n_msh_el, struct.n_msh_pts, struct.type_el,
                                #     struct.nb_typ_el, n_eff, struct.table_nod,
                                #     struct.x_arr, layer.k_z, layer.sol1, vec_coef,
                                #     h_normed, wl_normed, gmsh_file_pos,
                                #     scale_plot, shift_v_plot, shift_x_plot)

                        # ThinFilm layer, using Plane Wave basis.
                        else:
                            x_range = np.linspace(0.0, 1.0, nu_pts_hori)
                            y_range = np.linspace(0.0, 1.0, nu_pts_hori)

                            s = layer.sort_order
                            alpha_unsrt = np.array(layer.alphas)
                            beta_unsrt = np.array(layer.betas)
                            alpha = alpha_unsrt[s]
                            if layer.structure.world_1d is True:
                                beta = beta_unsrt
                            else:
                                beta = beta_unsrt[s]
                            gamma = np.array(layer.calc_kz())
                            n = layer.n()
                            num_pws = layer.structure.num_pw_per_pol

                            if lay == num_lays-1 and no_incoming == True:
                                vec_coef_down = np.zeros((2*num_pws), dtype='complex')
                            else:
                                vec_coef_down = np.array(pstack.vec_coef_down[vec_index]).flatten()
                            vec_coef_down_TE = vec_coef_down[0:num_pws]
                            vec_coef_down_TM = vec_coef_down[num_pws::]

                            if lay == 0:
                                vec_coef_up = np.zeros((2*num_pws), dtype='complex')
                            else:
                                vec_coef_up = np.array(pstack.vec_coef_up[vec_index]).flatten()
                            vec_coef_up_TE = vec_coef_up[0:num_pws]
                            vec_coef_up_TM = vec_coef_up[num_pws::]

                            norm = np.sqrt(alpha**2+beta**2)
                            k = np.sqrt(alpha**2+beta**2+gamma**2)
                            chi_TE = np.sqrt((n*gamma)/k)
                            chi_TM = np.sqrt((n*k)/gamma)
                            E_TE_x = beta/norm
                            E_TE_y = -1*alpha/norm
                            E_TE_z = np.array(np.zeros(np.size(E_TE_x)))
                            E_TM_x = alpha/norm
                            E_TM_y = beta/norm
                            E_TM_z = -1*norm/gamma

                            if E[-3:] != '(E)':
                                if E[5] == 'x':
                                    TE_coef = E_TE_x
                                    TM_coef = E_TM_x
                                elif E[5] == 'y':
                                    TE_coef = E_TE_y
                                    TM_coef = E_TM_y
                                elif E[5] == 'z':
                                    TE_coef = E_TE_z
                                    TM_coef = E_TM_z

                            eta_TE_down = (vec_coef_down_TE*TE_coef)/chi_TE
                            eta_TM_down = (vec_coef_down_TM*TM_coef)/chi_TM
                            eta_TE_up = (vec_coef_up_TE*TE_coef)/chi_TE
                            eta_TM_up = (vec_coef_up_TM*TM_coef)/chi_TM

                            x_axis = np.zeros((nu_pts_hori, nu_pts_hori), dtype='float')
                            y_axis = np.zeros((nu_pts_hori, nu_pts_hori), dtype='float')

                            if sli == 'xz':
                                x1 = x_range
                                if layer.structure.world_1d == True:
                                    y1 = np.array([0])
                                else:
                                    y1 = np.array([0, 0.5])
                                (y_axis, x_axis) = np.meshgrid(z_range, x1)
                            elif sli == 'yz':
                                x1 = np.array([0, 0.5])
                                y1 = y_range
                                (y_axis, x_axis) = np.meshgrid(z_range, y1)
                            elif sli == 'diag+':
                                x1 = x_range
                                y1 = np.array([0])
                                y2 = x_range
                                (y_axis, x_axis) = np.meshgrid(z_range, sqrt(2)*x1)
                            elif sli == 'diag-':
                                x1 = x_range[::-1]
                                y1 = np.array([0])
                                y2 = x_range
                                (y_axis, x_axis) = np.meshgrid(z_range, sqrt(2)*x1[::-1])
                            elif sli == 'special+':
                                x1 = x_range
                                y1 = np.array([0])
                                y2 = gradient*x_range
                                for i in xrange(np.size(y2)):
                                    if y2[i] > 1:
                                        y2 = np.resize(y2, (i,))
                                        x1 = np.resize(x1, (i,))
                                        break
                                (y_axis, x_axis) = np.meshgrid(z_range,sqrt(1+gradient**2)*x1)
                            elif sli == 'special-':
                                x1 = x_range[::-1]
                                y1 = np.array([0])
                                y2 = gradient*x_range
                                for i in xrange(np.size(y2)):
                                    if y2[i] > 1:
                                        y2 = np.resize(y2,(i,))
                                        x1 = np.resize(x1,(i,))
                                        break
                                (y_axis, x_axis) = np.meshgrid(z_range, sqrt(1+gradient**2)*(x1[::-1]-x1[-1]))

                            E_field = np.zeros((np.size(x1), np.size(y1),
                                               np.size(z_range)), dtype='complex')

                            for z in xrange(np.size(z_range)):
                                for y in xrange(np.size(y1)):
                                    for x in xrange(np.size(x1)):
                                        if sli == 'diag+' or sli == 'diag-' or sli == 'special+' or sli == 'special-':
                                            if layer.structure.height_nm == 'semi_inf':
                                                expo_down = np.exp(1j*(alpha*x1[x]+beta*y2[x]-gamma*z_range[z]))
                                            else:
                                                expo_down = np.exp(1j*(alpha*x1[x]+beta*y2[x]-gamma*(z_range[z]-ind_h_list[lay])))
                                            expo_up = np.exp(1j*(alpha*x1[x]+beta*y2[x]+gamma*z_range[z]))
                                        else:
                                            if lay == 0 or lay == num_lays-1:
                                                expo_down = np.exp(1j*(alpha*x1[x]+beta*y1[y]-gamma*z_range[z]))
                                            else:
                                                expo_down = np.exp(1j*(alpha*x1[x]+beta*y1[y]-gamma*(z_range[z]-ind_h_list[lay])))
                                            expo_up = np.exp(1j*(alpha*x1[x]+beta*y1[y]+gamma*z_range[z]))

                                        E_field[x,y,z] = np.sum(eta_TE_down*expo_down + eta_TE_up*expo_up) + np.sum(eta_TM_down*expo_down + eta_TM_up*expo_up)

                            if lay == 0:
                                z_plot = np.linspace(h_list[lay],0.0,nu_pts_vert)
                            else:
                                z_plot = np.linspace(h_list[lay],h_list[lay+1],nu_pts_vert)
                            (y_axis_plot, x_axis) = np.meshgrid(z_plot, x_range)

                            if sli == 'xz':
                                E_slice = E_field[:, 0, :]
                                if max_E_field == 0:
                                    if E[-3:] != '(E)' and E[0] == 'R':
                                        if E[5] == 'x':
                                            E_fields_tot.append(E_slice*np.conj(E_slice))
                                            epsE_fields_tot.append(np.zeros(np.shape(E_slice)))
                                        elif E[5] == 'y' or E[5] == 'z':
                                            E_fields_tot[lay] += E_slice*np.conj(E_slice)
                                    elif E == 'eps_abs(E)':
                                        epsE_fields_tot[lay] = np.real(eps) * (E_fields_tot[lay])
                                elif max_E_field == 1 and E == 'eps_abs(E)':
                                    E_slice = epsE_fields_tot[lay]
                                elif max_E_field == 1 and E[-3:] == '(E)':
                                    E_slice = np.sqrt(E_fields_tot[lay])

                                if E[0] == 'R' or E[0] == 'e':
                                    E_slice = np.real(E_slice)
                                elif E[0] == 'I':
                                    E_slice = np.imag(E_slice)

                                if E[-3:] != '(E)':
                                    max_E_lay = np.max(E_slice)
                                    if max_E_lay > max_E or max_E == None:
                                        max_E = max_E_lay
                                    min_E_lay = np.min(E_slice)
                                    if min_E_lay < min_E or min_E == None:
                                        min_E = min_E_lay
                                elif E == 'Re(E)':
                                    max_E_lay = np.max(np.real(np.sqrt(E_fields_tot[lay])))
                                    if max_E_lay > max_E or max_E == None:
                                        max_E = max_E_lay
                                    min_E_lay = np.min(np.real(np.sqrt(E_fields_tot[lay])))
                                    if min_E_lay < min_E or min_E == None:
                                        min_E = min_E_lay
                                else:
                                    max_E_lay = np.max(np.real(epsE_fields_tot[lay]))
                                    if max_E_lay > max_E or max_E == None:
                                        max_E = max_E_lay
                                    min_E_lay = np.min(np.real(epsE_fields_tot[lay]))
                                    if min_E_lay < min_E or min_E == None:
                                        min_E = min_E_lay

                                if max_E_field == 1:
                                    if E == 'eps_abs(E)' or E == 'Re(E)':
                                        choice_cmap = plt.cm.hot
                                    else:
                                        choice_cmap = plt.cm.jet
                                    CS = plt.contourf(x_axis,y_axis_plot,E_slice,
                                        colour_res, cmap=choice_cmap, vmin=min_E, vmax=max_E)
                                    # hack to remove white contour lines
                                    CS = plt.contourf(x_axis,y_axis_plot,E_slice,
                                        colour_res, cmap=choice_cmap, vmin=min_E, vmax=max_E)
                                    CS.set_clim(min_E,max_E)
                                    ax1.set_xlim((x_range[0],x_range[-1]))
                                    if abs(ind_h_list[lay]) < 0.05 * np.sum(ind_h_list):
                                        tick_half = (h_list[lay]+h_list[lay+1])/2.
                                        ax1.yaxis.set_ticks([tick_half])
                                        ticktitles = ['%3.2f' % tick_half]
                                        ax1.yaxis.set_ticklabels(ticktitles)
                                    elif abs(ind_h_list[lay]) < 0.25 * np.sum(ind_h_list):
                                        tick_half = (h_list[lay]+h_list[lay+1])/2.
                                        tick_int = ind_h_list[lay]/4.
                                        ticks = [tick_half-tick_int, tick_half, tick_half+tick_int]
                                        ax1.yaxis.set_ticks(ticks)
                                        ticktitles = []
                                        [ticktitles.append('%3.2f' % tick) for tick in ticks]
                                        ax1.yaxis.set_ticklabels(ticktitles)

                            # elif sli == 'yz':
                            #     E_slice = E_field[0, :, :]
                            #     if max_E_field == 0:
                            #         if E[-3:] != '(E)' and E[0] == 'R':
                            #             if E[5] == 'x':
                            #                 E_fields_tot.append(E_slice*np.conj(E_slice))
                            #                 epsE_fields_tot.append(np.zeros(np.shape(E_slice)))
                            #             elif E[5] == 'y' or E[5] == 'z':
                            #                 E_fields_tot[lay] += E_slice*np.conj(E_slice)
                            #         elif E == 'eps_abs(E)':
                            #             epsE_fields_tot[lay] = np.real(eps) * (E_fields_tot[lay])
                            #     elif max_E_field == 1 and E == 'eps_abs(E)':
                            #         E_slice = epsE_fields_tot[lay]
                            #     elif max_E_field == 1 and E[-3:] == '(E)':
                            #         E_slice = np.sqrt(E_fields_tot[lay])

                            #     if E[0] == 'R' or E[0] == 'e':
                            #         E_slice = np.real(E_slice)
                            #     elif E[0] == 'I':
                            #         E_slice = np.imag(E_slice)

                            #     if E[-3:] != '(E)':
                            #         max_E_lay = np.max(E_slice)
                            #         if max_E_lay > max_E or max_E == None:
                            #             max_E = max_E_lay
                            #         min_E_lay = np.min(E_slice)
                            #         if min_E_lay < min_E or min_E == None:
                            #             min_E = min_E_lay
                            #     elif E == 'Re(E)':
                            #         max_E_lay = np.max(np.real(np.sqrt(E_fields_tot[lay])))
                            #         if max_E_lay > max_E or max_E == None:
                            #             max_E = max_E_lay
                            #         min_E_lay = np.min(np.real(np.sqrt(E_fields_tot[lay])))
                            #         if min_E_lay < min_E or min_E == None:
                            #             min_E = min_E_lay
                            #     else:
                            #         max_E_lay = np.max(np.real(epsE_fields_tot[lay]))
                            #         if max_E_lay > max_E or max_E == None:
                            #             max_E = max_E_lay
                            #         min_E_lay = np.min(np.real(epsE_fields_tot[lay]))
                            #         if min_E_lay < min_E or min_E == None:
                            #             min_E = min_E_lay

                            #     if max_E_field == 1:
                            #         if E == 'eps_abs(E)' or E == 'Re(E)':
                            #             choice_cmap = plt.cm.hot
                            #         else:
                            #             choice_cmap = plt.cm.jet
                            #         CS = plt.contourf(x_axis, y_axis_plot, E_slice,
                            #             colour_res, cmap=choice_cmap, vmin=min_E, vmax=max_E)
                            #         CS.set_clim(min_E, max_E)
                            #         ax1.set_xlim((x_range[0], x_range[-1]))
                            #         if abs(ind_h_list[lay]) < 0.05 * np.sum(ind_h_list):
                            #             tick_half = (h_list[lay]+h_list[lay+1])/2.
                            #             ax1.yaxis.set_ticks([tick_half])
                            #             ticktitles = ['%3.2f' % tick_half]
                            #             ax1.yaxis.set_ticklabels(ticktitles)
                            #         elif abs(ind_h_list[lay]) < 0.25 * np.sum(ind_h_list):
                            #             tick_half = (h_list[lay]+h_list[lay+1])/2.
                            #             tick_int = ind_h_list[lay]/4.
                            #             ticks = [tick_half-tick_int, tick_half, tick_half+tick_int]
                            #             ax1.yaxis.set_ticks(ticks)
                            #             ticktitles = []
                            #             [ticktitles.append('%3.2f' % tick) for tick in ticks]
                            #             ax1.yaxis.set_ticklabels(ticktitles)

                        if lay == 0 and sli == 'xz':
                            ax1.set_xlabel('x (d)')
                        elif lay == 0 and sli == 'yz':
                            ax1.set_xlabel('y (d)')
                        else:
                            ax1.set_xticklabels(())

                cax = fig.add_axes([0.6, 0.1, 0.03, 0.8])
                cb = fig.colorbar(plt.contourf([0, 1], [0, 1], [[min_E, min_E],
                                  [max_E, max_E]], colour_res,
                                  cmap=choice_cmap, vmin=min_E, vmax=max_E),
                                  cax=cax)
                cb.set_clim(min_E, max_E)
                if E == 'eps_abs(E)':
                    cax.set_ylabel(r'$|\epsilon|$ |E|$^2$')
                elif E == 'Re(E)':
                    cax.set_ylabel(r'|E|')
                else:
                    cax.set_ylabel(E)

                plt.savefig('%(dir_name)s/stack_%(stack_num)s_E_%(slice)s_slice_%(comp)s%(add)s.pdf'% \
                    {'dir_name': dir_name, 'comp': E, 'slice': sli,\
                     'stack_num': stack_num, 'add': add_name},
                        bbox_inches='tight')

                fig.clf()

                            # elif sli == 'yz':
                            #     for x_of_yz in xrange(np.size(x1)):
                            #         fig1 = plt.figure(num=None, figsize=(12, 21), dpi=80, facecolor='w', edgecolor='k')
                            #         for i in range(len(E_super)):
                            #             ax1 = fig1.add_subplot(4, 1, i+1)
                            #             if re_im == 'real':
                            #                 E_slice = np.real(E_super[i][x_of_yz,:,:])
                            #             elif re_im == 'imag':
                            #                 E_slice = np.imag(E_super[i][x_of_yz,:,:])
                            #             y_min = y_range[0]
                            #             y_max = y_range[-1]
                            #             z_min = z_range[0]
                            #             z_max = z_range[-1]
                            #             cmap = plt.get_cmap('jet')
                            #             CS = plt.contourf(x_axis,y_axis,E_slice,15,cmap=cmap)
                            #             plt.axis([y_min,y_max,z_min,z_max])
                            #             cbar = plt.colorbar()
                            #             cbar.ax.set_ylabel(r'%(p)s E_x'%{'p':p})
                            #             ax1.set_xlabel('y (d)')
                            #             ax1.set_ylabel('z (d)')
                            #             if scale_axis == True: ax1.axis('scaled')
                            #             ax1.xaxis.set_ticks([x_min,x_max])
                            #             ax1.set_ylim((z_min,z_max))
                            #             if np.abs(z_max-z_min) < x_max: ax1.yaxis.set_ticks([z_min,z_max])

                                    # plt.suptitle('%(name)s \n E_yz_slice_%(p)s, x = %(x_pos)s, heights = %(h)s \n \
                                    #     $\lambda$ = %(wl)snm, period = %(d)f, PW = %(pw)i, %(add)s' % \
                                    #     {'name' : name_lay, 'h':heights_list, 'p' : p, 'x_pos' : x1[x_of_yz],'wl' : wl, \
                                    #     'd' : period, 'pw' : pw, 'add' : add_name} + '\n'
                                    #     + '# prop. ords = %(prop)s, # evan. ords = %(evan)s , \
                                    #     n = %(n)s, k = %(k)s' % {'evan' : evan, 'prop' : prop, 'n' : n, 'k' : k[0]})
                                    # plt.savefig('%(dir_name)s/stack_%(stack_num)s_lay_%(name)s_E_yz_slice=%(x_pos)s_wl=%(wl)s_%(p)s%(add)s.pdf'% \
                                    #     {'dir_name' : dir_name, 'p':p, 'wl' : wl, 'x_pos' : x1[x_of_yz],\
                                    #     'name' : name_lay,'stack_num':stack_num, 'add' : add_name})

                            # elif sli == 'diag+':
                            #     diag = 1
                            #     fig1 = plt.figure(num=None, figsize=(12,21), dpi=80, facecolor='w', edgecolor='k')
                            #     for i in range(len(E_super)):
                            #         ax1 = fig1.add_subplot(4,1,i+1)
                            #         if re_im == 'real':
                            #             E_slice = np.real(E_super[i][:,0,:])
                            #         elif re_im == 'imag':
                            #             E_slice = np.imag(E_super[i][:,0,:])
                            #         y_min = y_range[0]
                            #         y_max = np.around(np.sqrt(2)*y_range[-1],decimals=2)
                            #         z_min = z1[0]
                            #         z_max = z1[-1]
                            #         cmap = plt.get_cmap('jet')
                            #         CS = plt.contourf(x_axis,y_axis,E_slice,15,cmap=cmap)
                            #         plt.axis([y_min,y_max,z_min,z_max])
                            #         cbar = plt.colorbar()
                            #         cbar.ax.set_ylabel(r'%(p)s E_x'%{'p':p})
                            #         ax1.set_xlabel('x=%(diag)sy (d)'%{'diag':diag})
                            #         ax1.set_ylabel('z (d)')
                            #         if scale_axis == True: ax1.axis('scaled')
                            #         ax1.xaxis.set_ticks([y_min,y_max])
                            #         ax1.set_xlim((y_min,y_max))
                            #         ax1.set_ylim((z_min,z_max))
                            #         if np.abs(z_max-z_min) < x_max: ax1.yaxis.set_ticks([z_min,z_max])

                            #     # plt.suptitle('%(name)s \n E_diagonal_slice_%(p)s, y = %(diag)sx, heights = %(h)s \n\
                            #     #     $\lambda$ = %(wl)f, period = %(d)f, PW = %(pw)i, %(add)s' % \
                            #     #     {'name' : name_lay, 'h':heights_list, 'p':p,'diag' : diag,'wl' : wl, 'd' : period, \
                            #     #     'pw' : pw, 'add' : add_name} + '\n'
                            #     #     + '# prop. ords = %(prop)s, # evan. ords = %(evan)s , n = %(n)s, k = %(k)s' % \
                            #     #     {'evan' : evan, 'prop' : prop, 'n' : n, 'k' : k[0]})
                            #     # plt.savefig('%(dir_name)s/stack_%(stack_num)s_lay_%(name)s_E_diag_slice_y=%(diag)sx_wl=%(wl)s_%(p)s%(add)s.pdf'% \
                            #     #     {'dir_name' : dir_name, 'p':p,'wl' : wl, 'diag' : diag, \
                            #     #     'name' : name_lay,'stack_num':stack_num, 'add' : add_name})

                            # elif sli == 'diag-':
                            #     diag = -1
                            #     fig1 = plt.figure(num=None, figsize=(12,21), dpi=80, facecolor='w', edgecolor='k')
                            #     for i in range(len(E_super)):
                            #         ax1 = fig1.add_subplot(4,1,i+1)
                            #         if re_im == 'real':
                            #             E_slice = np.real(E_super[i][:,0,:])
                            #         elif re_im == 'imag':
                            #             E_slice = np.imag(E_super[i][:,0,:])
                            #         y_min = y_range[0]
                            #         y_max = np.around(np.sqrt(2)*y_range[-1],decimals=2)
                            #         z_min = z1[0]
                            #         z_max = z1[-1]
                            #         cmap = plt.get_cmap('jet')
                            #         CS = plt.contourf(x_axis,y_axis,E_slice,15,cmap=cmap)
                            #         plt.axis([y_min,y_max,z_min,z_max])
                            #         cbar = plt.colorbar()
                            #         cbar.ax.set_ylabel(r'%(p)s E_x'%{'p':p})
                            #         ax1.set_xlabel('x=%(diag)sy (d)'%{'diag':diag})
                            #         ax1.set_ylabel('z (d)')
                            #         if scale_axis == True: ax1.axis('scaled')
                            #         ax1.xaxis.set_ticks([y_min,y_max])
                            #         ax1.set_xlim((y_min,y_max))
                            #         ax1.set_ylim((z_min,z_max))
                            #         if np.abs(z_max-z_min) < x_max: ax1.yaxis.set_ticks([z_min,z_max])

                            #     # plt.suptitle('%(name)s \n E_diagonal_slice_%(p)s, y = %(diag)sx, heights = %(h)s \n\
                            #     #     $\lambda$ = %(wl)f nm, period = %(d)f, PW = %(pw)i, %(add)s' % \
                            #     #         {'name' : name_lay, 'h':heights_list,'diag' : diag, 'p' : p,'wl' : wl, \
                            #     #         'd' : period, 'pw' : pw, 'add' : add_name} + '\n'  +
                            #     #     '# prop. ords = %(prop)s, # evan. ords = %(evan)s , n = %(n)s, k = %(k)s' % \
                            #     #     {'evan' : evan, 'prop' : prop, 'n' : n, 'k' : k[0]})
                            #     # plt.savefig('%(dir_name)s/stack_%(stack_num)s_lay_%(name)s_E_diag_slice_y=%(diag)sx_wl=%(wl)s_%(p)s%(add)s.pdf'% \
                            #     #     {'dir_name' : dir_name, 'p':p,'wl' : wl, 'diag' : diag, \
                            #     #     'name' : name_lay,'stack_num':stack_num, 'add' : add_name})

                            # elif sli == 'special+':
                            #     diag = 1
                            #     fig1 = plt.figure(num=None, figsize=(12,21), dpi=80, facecolor='w', edgecolor='k')
                            #     for i in range(len(E_super)):
                            #         ax1 = fig1.add_subplot(4,1,i+1)
                            #         if re_im == 'real':
                            #             E_slice = np.real(E_super[i][:,0,:])
                            #         elif re_im == 'imag':
                            #             E_slice = np.imag(E_super[i][:,0,:])
                            #         y_min = y_range[0]
                            #         y_max = np.around(sqrt(1+gradient**2)*x1[-1],decimals=2)
                            #         z_min = z1[0]
                            #         z_max = z1[-1]
                            #         cmap = plt.get_cmap('jet')
                            #         CS = plt.contourf(x_axis,y_axis,E_slice,15,cmap=cmap)
                            #         plt.axis([y_min,y_max,z_min,z_max])
                            #         cbar = plt.colorbar()
                            #         cbar.ax.set_ylabel(r'%(p)s E_x'%{'p':p})
                            #         ax1.set_xlabel('y=%(diag)sx (d)'%{'diag':diag*gradient})
                            #         ax1.set_ylabel('z (d)')
                            #         if scale_axis == True: ax1.axis('scaled')
                            #         ax1.xaxis.set_ticks([y_min,y_max])
                            #         ax1.set_ylim((z_min,z_max))
                            #         ax1.set_xlim((y_min,y_max))
                            #         if np.abs(z_max-z_min) < x_max: ax1.yaxis.set_ticks([z_min,z_max])

                            #     # plt.suptitle('%(name)s \n E_specified_diagonal_slice_%(p)s, y = %(diag*gradient)sx, (x,y):(0,0) to (%(x)s,1), heights = %(h)s \n\
                            #     #     $\lambda$ = %(wl)f, period = %(d)f, PW = %(pw)i, %(add)s' % \
                            #     #     {'name' : name_lay, 'h':heights_list,'diag*gradient':diag*gradient, 'p':p,'wl' : wl, 'd' : period, \
                            #     #     'pw' : pw, 'x':x1[-1], 'add' : add_name} + '\n' +
                            #     #     '# prop. ords = %(prop)s, # evan. ords = %(evan)s , n = %(n)s, k = %(k)s' % \
                            #     #     {'evan' : evan, 'prop' : prop, 'n' : n, 'k' : k[0]})
                            #     # plt.savefig('%(dir_name)s/stack_%(stack_num)s_lay_%(name)s_E_specified_diagonal_slice_y=%(diag*gradient)sx_wl=%(wl)s_%(p)s%(add)s.pdf'% \
                            #     #     {'dir_name' : dir_name, 'diag*gradient':diag*gradient, 'p':p,'wl' : wl,\
                            #     #     'name' : name_lay,'stack_num':stack_num, 'add' : add_name})

                            # elif sli == 'special-':
                            #     diag = -1
                            #     fig1 = plt.figure(num=None, figsize=(12,21), dpi=80, facecolor='w', edgecolor='k')
                            #     for i in range(len(E_super)):
                            #         ax1 = fig1.add_subplot(4,1,i+1)
                            #         if re_im == 'real':
                            #             E_slice = np.real(E_super[i][:,0,:])
                            #         elif re_im == 'imag':
                            #             E_slice = np.imag(E_super[i][:,0,:])
                            #         y_min = y_range[0]
                            #         y_max = np.around(sqrt(1+gradient**2)*(x1[0]-x1[-1]),decimals=2)
                            #         z_min = z1[0]
                            #         z_max = z1[-1]
                            #         cmap = plt.get_cmap('jet')
                            #         CS = plt.contourf(x_axis,y_axis,E_slice,15,cmap=cmap)
                            #         plt.axis([y_min,y_max,z_min,z_max])
                            #         cbar = plt.colorbar()
                            #         cbar.ax.set_ylabel(r'%(p)s E_x'%{'p':p})
                            #         ax1.set_xlabel('y=%(diag)sx (d)'%{'diag':diag*gradient})
                            #         ax1.set_ylabel('z (d)')
                            #         if scale_axis == True: ax1.axis('scaled')
                            #         ax1.xaxis.set_ticks([y_min,y_max])
                            #         ax1.set_ylim((z_min,z_max))
                            #         ax1.set_xlim((y_min,y_max))
                            #         if np.abs(z_max-z_min) < x_max: ax1.yaxis.set_ticks([z_min,z_max])

                            #     # plt.suptitle('%(name)s \n E_specified_diagonal_slice_%(p)s, y = %(diag*gradient)sx, (x,y):(1,0) to (%(x)s,1), heights = %(h)s \n\
                            #     #     $\lambda$ = %(wl)f, period = %(d)f, PW = %(pw)i, %(add)s' % \
                            #     #     {'name' : name_lay, 'h':heights_list,'diag*gradient':diag*gradient, 'p':p,'wl' : wl, 'd' : period, \
                            #     #     'pw' : pw,'x':x1[-1], 'add' : add_name} + '\n' +
                            #     #     '# prop. ords = %(prop)s, # evan. ords = %(evan)s , n = %(n)s, k = %(k)s' % \
                            #     #     {'evan' : evan, 'prop' : prop, 'n' : n, 'k' : k[0]})
                            #     # plt.savefig('%(dir_name)s/stack_%(stack_num)s_lay_%(name)s_E_specified_diagonal_slice_y=%(diag*gradient)sx_wl=%(wl)s_%(p)s%(add)s.pdf'% \
                            #     #     {'dir_name' : dir_name, 'diag*gradient':diag*gradient, 'p':p,'wl' : wl,\
                            #     #     'name' : name_lay,'stack_num':stack_num, 'add' : add_name})

        stack_num += 1



[docs]def field_values(stacks_list, lay_interest=0, xyz_values=[(0.1,0.1,0.1)]):
    """
    Save electric field values at given x-y-z points. Points must be within \
    a ThinFilm layer. In txt file fields are given as \
    Re(Ex) Im(Ex) Re(Ey) Im(Ey) Re(Ez) Im(Ez) |E|

        Args:
            stacks_list  (list): Stack objects containing data to plot.

        Keyword Args:
            lay_interest  (int): the index of the layer considered within \
                the stack. Must be a ThinFilm layer.

            xyz_values  (list): list of distances in normalised units of (d) \
                from top surface of layer at which to calculate fields. \
                For semi-inf substrate then z_value is distance from \
                top of this layer (i.e. bottom interface of stack).
    """

    dir_name = 'field_values'
    if not os.path.exists(dir_name):
        os.mkdir(dir_name)

    stack_num = 0
    super_points = []
    for pstack in stacks_list:
        try:
            if not isinstance(pstack.layers[lay_interest],mode_calcs.Anallo):
                raise ValueError

            num_lays = len(pstack.layers)
            wl = np.around(pstack.layers[-1].light.wl_nm,decimals=2)

            if lay_interest == 0: name_lay = "0_Substrate"
            elif lay_interest == num_lays-1: name_lay = "%i_Superstrate" % (num_lays-1)
            else: name_lay = "%i_Thin_Film" % lay_interest

            n = pstack.layers[lay_interest].n()
            period = pstack.layers[-1].structure.period
            PWordtot = pstack.layers[lay_interest].structure.num_pw_per_pol
            s = pstack.layers[lay_interest].sort_order
            alpha_unsrt = np.array(pstack.layers[lay_interest].alphas)
            beta_unsrt = np.array(pstack.layers[lay_interest].betas)
            alpha = alpha_unsrt[s]
            if pstack.layers[lay_interest].structure.world_1d is True:
                beta = beta_unsrt
            else:
                beta = beta_unsrt[s]
            gamma = np.array(pstack.layers[lay_interest].calc_kz())

            vec_coef_down = np.array(pstack.vec_coef_down[num_lays-1-lay_interest]).flatten()
            vec_coef_down_TE = vec_coef_down[0:PWordtot]
            vec_coef_down_TM = vec_coef_down[PWordtot::]
            if lay_interest == 0:
                vec_coef_up = np.zeros((2*PWordtot), dtype = 'complex')
            else:
                vec_coef_up = np.array(pstack.vec_coef_up[num_lays-1-lay_interest]).flatten()

            vec_coef_up_TE = vec_coef_up[0:PWordtot]
            vec_coef_up_TM = vec_coef_up[PWordtot::]

            norm = np.sqrt(alpha**2+beta**2)
            k = np.sqrt(alpha**2+beta**2+gamma**2)
            chi_TE = np.sqrt((n*gamma)/k)
            chi_TM = np.sqrt((n*k)/gamma)
            E_TE_x = beta/norm
            E_TE_y = -1*alpha/norm
            E_TE_z = np.array(np.zeros(np.size(E_TE_x)))
            E_TM_x = alpha/norm
            E_TM_y = beta/norm
            E_TM_z = -1*norm/gamma

            eta_TE_x_down = (vec_coef_down_TE*E_TE_x)/chi_TE
            eta_TE_y_down = (vec_coef_down_TE*E_TE_y)/chi_TE
            eta_TE_z_down = (vec_coef_down_TE*E_TE_z)/chi_TE
            eta_TM_x_down = (vec_coef_down_TM*E_TM_x)/chi_TM
            eta_TM_y_down = (vec_coef_down_TM*E_TM_y)/chi_TM
            eta_TM_z_down = (vec_coef_down_TM*E_TM_z)/chi_TM

            eta_TE_x_up = (vec_coef_up_TE*E_TE_x)/chi_TE
            eta_TE_y_up = (vec_coef_up_TE*E_TE_y)/chi_TE
            eta_TE_z_up = (vec_coef_up_TE*E_TE_z)/chi_TE
            eta_TM_x_up = (vec_coef_up_TM*E_TM_x)/chi_TM
            eta_TM_y_up = (vec_coef_up_TM*E_TM_y)/chi_TM
            eta_TM_z_up = (vec_coef_up_TM*E_TM_z)/chi_TM

            calc_E_TE_x_array = np.zeros(len(xyz_values),dtype='complex')
            calc_E_TE_y_array = np.zeros(len(xyz_values),dtype='complex')
            calc_E_TE_z_array = np.zeros(len(xyz_values),dtype='complex')
            calc_E_TM_x_array = np.zeros(len(xyz_values),dtype='complex')
            calc_E_TM_y_array = np.zeros(len(xyz_values),dtype='complex')
            calc_E_TM_z_array = np.zeros(len(xyz_values),dtype='complex')

            for i in xrange(len(xyz_values)):

                (x1,y1,z1) = np.array(xyz_values[i])#/float(pstack.layers[lay_interest].structure.period)

                if pstack.layers[lay_interest].structure.world_1d == True: y1 = 0

                if lay_interest == 0: z1 = -1*z1
                else: z1 = np.abs(z1)

                if pstack.layers[lay_interest].structure.height_nm == 'semi_inf':
                    calc_expo_down = np.exp(1j*(alpha*x1+beta*y1-gamma*z1))
                else:
                    calc_expo_down = np.exp(1j*(alpha*x1+beta*y1-gamma*(z1-float(pstack.layers[lay_interest].structure.height_nm)/period)))
                calc_expo_up = np.exp(1j*(alpha*x1+beta*y1+gamma*z1))

                calc_E_TE_x = np.sum(eta_TE_x_down*calc_expo_down + eta_TE_x_up*calc_expo_up)
                calc_E_TE_y = np.sum(eta_TE_y_down*calc_expo_down + eta_TE_y_up*calc_expo_up)
                calc_E_TE_z = np.sum(eta_TE_z_down*calc_expo_down + eta_TE_z_up*calc_expo_up)
                calc_E_TM_x = np.sum(eta_TM_x_down*calc_expo_down + eta_TM_x_up*calc_expo_up)
                calc_E_TM_y = np.sum(eta_TM_y_down*calc_expo_down + eta_TM_y_up*calc_expo_up)
                calc_E_TM_z = np.sum(eta_TM_z_down*calc_expo_down + eta_TM_z_up*calc_expo_up)
                calc_E_TE_x_array[i] = calc_E_TE_x
                calc_E_TE_y_array[i] = calc_E_TE_y
                calc_E_TE_z_array[i] = calc_E_TE_z
                calc_E_TM_x_array[i] = calc_E_TM_x
                calc_E_TM_y_array[i] = calc_E_TM_y
                calc_E_TM_z_array[i] = calc_E_TM_z
            calc_E_x_array = calc_E_TE_x_array + calc_E_TM_x_array
            calc_E_y_array = calc_E_TE_y_array + calc_E_TM_y_array
            calc_E_z_array = calc_E_TE_z_array + calc_E_TM_z_array
            calc_E_tot_array = np.sqrt(calc_E_x_array*np.conj(calc_E_x_array) \
                                +calc_E_y_array*np.conj(calc_E_y_array)+calc_E_z_array*np.conj(calc_E_z_array))

            np.savez('%(dir_name)s/%(stack_num)s_E_calc_points_%(name)s_wl_%(wl)s'% \
                                {'dir_name':dir_name, 'wl':wl,'name' : name_lay,'stack_num':stack_num},\
                                calc_E_x_array=calc_E_x_array,calc_E_y_array=calc_E_y_array,\
                                calc_E_z_array=calc_E_z_array,calc_E_tot_array=calc_E_tot_array)

            np.savetxt('%(dir_name)s/%(stack_num)s_E_calc_points_%(name)s_wl_%(wl)s.txt'% \
                                {'dir_name':dir_name, 'wl':wl,'name' : name_lay,'stack_num':stack_num},\
                                np.array([np.real(calc_E_x_array), np.imag(calc_E_x_array), np.real(calc_E_y_array),\
                                np.imag(calc_E_y_array), np.real(calc_E_z_array), np.imag(calc_E_z_array), np.real(calc_E_tot_array)]))
            stack_num += 1
            super_points.append([calc_E_x_array,calc_E_y_array,calc_E_z_array,calc_E_tot_array])

        except ValueError:
            print "field_values can only calculate field values in ThinFilms."\
            "\nPlease select a different lay_interest.\n"

        return super_points



[docs]def fields_3d(stacks_list, lay_interest=1):
    """
    Plot fields in 3D using gmsh.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

        Keyword Args:
            lay_interest  (int): the index of the layer considered within \
            the stack.
    """
    from fortran import EMUstack
    import subprocess

    nnodes=6
    dir_name = "3d_fields"
    if not os.path.exists(dir_name):
        os.mkdir(dir_name)
    dir_name = "3d_fields/anim"
    if not os.path.exists(dir_name):
        os.mkdir(dir_name)

    stack_num = 0
    for pstack in stacks_list:
        try:
            if not isinstance(pstack.layers[lay_interest],mode_calcs.Simmo):
                raise ValueError

            meat = pstack.layers[lay_interest]
            if not meat.structure.periodicity == '2D_array':
                raise ValueError

            gmsh_file_pos = meat.structure.mesh_file[0:-5]

            # vec_coef sorted from top of stack, everything else is sorted from bottom
            vec_index = len(pstack.layers) - lay_interest - 1

            vec_coef = np.concatenate((pstack.vec_coef_down[vec_index],pstack.vec_coef_up[vec_index]))
            # vec_coef_up = np.zeros(shape=(np.shape(pstack.vec_coef_down[vec_index])),dtype='complex128')
            # vec_coef = np.concatenate((pstack.vec_coef_down[vec_index],vec_coef_up))
            h_normed = float(meat.structure.height_nm)/float(meat.structure.period)
            wl_normed = pstack.layers[lay_interest].wl_norm()

            layer_name = 'Lay_' + zeros_int_str(lay_interest) + 'Stack_' + str(stack_num)

            EMUstack.gmsh_plot_field_3d(wl_normed, h_normed, meat.num_BMs,
                meat.E_H_field, meat.n_msh_el, meat.n_msh_pts,
                nnodes, meat.type_el, meat.structure.nb_typ_el, meat.table_nod,
                meat.k_z, meat.sol1, vec_coef, meat.x_arr, gmsh_file_pos, layer_name)

            stack_num += 1
        except ValueError:
            print "fields_3d can only plot 3D fields within 2D_array "\
            "Nanostruct layers. \nPlease select a different lay_interest.\n"



[docs]def Bloch_fields_1d(stacks_list, lay_interest=None):
    """
    Plot Bloch mode fields along the x axis.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

        Keyword Args:
            lay_interest  (int): the index of the layer considered within \
                the stack. Must be a 1D_array NanoStruct layer. By default \
                routine finds all such layers.
    """

    dir_name = "Bloch_fields"
    if not os.path.exists(dir_name):
        os.mkdir(dir_name)

    stack_num = 0
    for pstack in stacks_list:
        # by default find all 1D layers
        if lay_interest == None:
            lay_interest = []
            for l in range(len(pstack.layers)):
                if isinstance(pstack.layers[l],mode_calcs.Simmo):
                    if pstack.layers[l].structure.periodicity == '1D_array':
                        lay_interest.append(l)
        else: lay_interest = [lay_interest]

        num_lays = len(pstack.layers)
        for lay in lay_interest:
            try:
                meat = pstack.layers[lay]
                if not isinstance(meat,mode_calcs.Simmo):
                    raise ValueError
                if not meat.structure.periodicity == '1D_array':
                    raise ValueError

                eps = meat.n_effs**2

                struct = meat.structure
                boundary = []
                for i in range(len(struct.type_el) - 1):
                    if struct.type_el[i] != struct.type_el[i+1]:
                        boundary.append(struct.x_arr[2*(i+1)])

                fields = ['Re(E_x)', 'Im(E_x)', 'Re(E_y)', 'Im(E_y)', 'Re(E_z)', 'Im(E_z)']
                for BM in range(meat.num_BMs):
                    fig = plt.figure(figsize=(12, 12))
                    plot_sol_abs = np.zeros(struct.n_msh_pts)
                    plot_sol_eps_abs = np.zeros(struct.n_msh_pts)
                    # plot_sol_2_FT    = np.zeros(struct.n_msh_pts)
                    for i in range(len(fields)):
                        E = fields[i]
                        # sol_P2([Ex,Ey,Ez],P2_interpolation_points,nval,nel)
                        BM_sol = meat.sol1[i/2,:,BM,:]
                        if E[0] == 'R': plot_sol = [np.real(BM_sol[0,0])]
                        else: plot_sol = [np.imag(BM_sol[0,0])]
                        plot_sol_abs[0] += np.real(np.sqrt((BM_sol[0,0])* np.conj(BM_sol[0,0])))
                        plot_sol_eps_abs[0] += np.real(eps[struct.type_el[0]-1] * np.sqrt((BM_sol[0,0])* np.conj(BM_sol[0,0])))
                        for x in range(struct.n_msh_el - 1):
                            if E[0] == 'R':
                                plot_sol.append(np.real(BM_sol[1,x]))
                                plot_sol.append(np.real(BM_sol[2,x] + BM_sol[0,x+1]) / 2)
                            else:
                                plot_sol.append(np.imag(BM_sol[1,x]))
                                plot_sol.append(np.imag(BM_sol[2,x] + BM_sol[0,x+1]) / 2)
                            plot_sol_abs[2*x+1] += np.real(np.sqrt((BM_sol[1,x])* np.conj(BM_sol[1,x])))
                            plot_sol_abs[2*x+2] += np.real(np.sqrt(((BM_sol[2,x] + BM_sol[0,x+1]) / 2)* np.conj((BM_sol[2,x] + BM_sol[0,x+1]) / 2)))
                            plot_sol_eps_abs[2*x+1] += np.real(eps[struct.type_el[x]-1] * np.sqrt((BM_sol[1,x])* np.conj(BM_sol[1,x])))
                            plot_sol_eps_abs[2*x+2] += np.real(eps[struct.type_el[x]-1] * np.sqrt(((BM_sol[2,x] + BM_sol[0,x+1]) / 2)* np.conj((BM_sol[2,x] + BM_sol[0,x+1]) / 2)))

                        if E[0] == 'R':
                            plot_sol.append(np.real(BM_sol[1,-1]))
                            plot_sol.append(np.real(BM_sol[2,-1]))
                        else:
                            plot_sol.append(np.imag(BM_sol[1,-1]))
                            plot_sol.append(np.imag(BM_sol[2,-1]))
                        plot_sol_abs[-2] += np.real(np.sqrt((BM_sol[1,x])* np.conj(BM_sol[1,x])))
                        plot_sol_abs[-1] += np.real(np.sqrt((BM_sol[2,x])* np.conj(BM_sol[2,x])))
                        plot_sol_eps_abs[-2] += np.real(eps[struct.type_el[-1]-1] * np.sqrt((BM_sol[1,x])* np.conj(BM_sol[1,x])))
                        plot_sol_eps_abs[-1] += np.real(eps[struct.type_el[-1]-1] * np.sqrt((BM_sol[2,x])* np.conj(BM_sol[2,x])))

                        ax1 = fig.add_subplot(6, 2, i+1)
                        ax1.plot(struct.x_arr, plot_sol)
                        ax1.set_ylabel(E)
                        if E == 'Re(E_x)' or E == 'Im(E_x)':
                            ax1.xaxis.set_label_position("top")
                            ax1.xaxis.tick_top()
                            ax1.xaxis.set_ticks_position('both')
                            ax1.set_xlabel('x (d)')
                        else:
                            ax1.set_xticklabels( () )
                        start, end = ax1.get_ylim()
                        ax1.yaxis.set_ticks(np.linspace(start, end, 3))
                        for b in boundary:
                            ax1.plot([b,b],[start,end],'k')
                        if i%2 == 1:
                            ax1.yaxis.set_label_position("right")
                            ax1.yaxis.tick_right()
                            ax1.yaxis.set_ticks_position('both')

                        if E == 'Re(E_x)': plot_sol_2_FTx = plot_sol
                        if E == 'Im(E_x)': plot_sol_2_FT2x = plot_sol
                        if E == 'Re(E_y)': plot_sol_2_FT = plot_sol
                        if E == 'Im(E_y)': plot_sol_2_FT2 = plot_sol
                    ax1 = fig.add_subplot(6, 2, 7)
                    ax1.plot(struct.x_arr, plot_sol_abs)
                    ax1.set_xticklabels( () )
                    start, end = ax1.get_ylim()
                    ax1.yaxis.set_ticks(np.linspace(start, end, 3))
                    for b in boundary:
                        ax1.plot([b,b],[start,end],'k')
                    ax1.set_ylabel(r'|E|')
                    ax1 = fig.add_subplot(6, 2, 8)
                    ax1.plot(struct.x_arr, plot_sol_eps_abs)
                    ax1.set_xticklabels( () )
                    start, end = ax1.get_ylim()
                    ax1.yaxis.set_ticks(np.linspace(start, end, 3))
                    for b in boundary:
                        ax1.plot([b,b],[start,end],'k')
                    ax1.yaxis.set_label_position("right")
                    ax1.yaxis.tick_right()
                    ax1.yaxis.set_ticks_position('both')
                    ax1.set_ylabel(r'Re($\epsilon$) |E|')

                    ax1 = fig.add_subplot(6, 2, 9)
                    xshape = struct.x_arr.size
                    # plot_sol_2_FT = np.sin(3*np.linspace(0,2*np.pi,xshape))
                    FT = np.fft.fft(plot_sol_2_FTx)
                    freqs = np.fft.fftfreq(xshape,struct.x_arr[1])
                    freqs = np.fft.fftshift(freqs)
                    FT = np.fft.fftshift(FT)
                    ax1.plot(freqs, np.abs(FT),'ro', linewidth=3.0)
                    start, end = ax1.get_ylim()
                    ax1.yaxis.set_ticks(np.linspace(start, end, 3))
                    ax1.set_ylabel(r'FT Re(E$_x$)')
                    ax1.set_xlim((0,10))

                    ax1 = fig.add_subplot(6, 2, 10)
                    xshape = struct.x_arr.size
                    FT = np.fft.fft(plot_sol_2_FT2x)
                    freqs = np.fft.fftfreq(xshape,struct.x_arr[1])
                    freqs = np.fft.fftshift(freqs)
                    FT = np.fft.fftshift(FT)
                    ax1.plot(freqs, np.abs(FT),'ro', linewidth=3.0)
                    start, end = ax1.get_ylim()
                    ax1.yaxis.set_ticks(np.linspace(start, end, 3))
                    ax1.set_ylabel(r'FT Im(E$_x$)')
                    ax1.set_xlim((0,10))
                    ax1.yaxis.set_label_position("right")
                    ax1.yaxis.tick_right()
                    ax1.yaxis.set_ticks_position('both')

                    ax1 = fig.add_subplot(6, 2, 11)
                    xshape = struct.x_arr.size
                    FT = np.fft.fft(plot_sol_2_FT)
                    freqs = np.fft.fftfreq(xshape,struct.x_arr[1])
                    freqs = np.fft.fftshift(freqs)
                    FT = np.fft.fftshift(FT)
                    ax1.plot(freqs, np.abs(FT),'ro', linewidth=3.0)
                    start, end = ax1.get_ylim()
                    ax1.yaxis.set_ticks(np.linspace(start, end, 3))
                    ax1.set_ylabel(r'FT Re(E$_y$)')
                    ax1.set_xlim((0,10))
                    ax1.set_xlabel('Diffraction order')

                    ax1 = fig.add_subplot(6, 2, 12)
                    xshape = struct.x_arr.size
                    FT = np.fft.fft(plot_sol_2_FT2)
                    freqs = np.fft.fftfreq(xshape,struct.x_arr[1])
                    freqs = np.fft.fftshift(freqs)
                    FT = np.fft.fftshift(FT)
                    ax1.plot(freqs, np.abs(FT),'ro', linewidth=3.0)
                    start, end = ax1.get_ylim()
                    ax1.yaxis.set_ticks(np.linspace(start, end, 3))
                    ax1.set_ylabel(r'FT Im(E$_y$)')
                    ax1.set_xlim((0,10))
                    ax1.set_xlabel('Diffraction order')
                    ax1.yaxis.set_label_position("right")
                    ax1.yaxis.tick_right()
                    ax1.yaxis.set_ticks_position('both')

                    name_lay = "layer-%(lay)i-BM_%(BM)s"% \
                        {'lay' : lay, 'BM' : zeros_int_str(BM)}

                    plt.suptitle(r'BM %(BM)i, k$_z$ = %(re)7.3f + %(im)7.3fi (d)'% \
                        {'re' : np.real(meat.k_z[BM]), 'im' : np.imag(meat.k_z[BM]), 'BM' : BM})
                    plt.savefig(dir_name + '/' + name_lay, bbox_inches = 'tight')
                    fig.clf()

            except ValueError:
                print "fields_1d can only plot 1D fields of 1D_array "\
                "NanoStruct layers. \nPlease select different lay_interest.\n"

###############################################################################

#### Fabry-Perot resonances ###################################################

[docs]def Fabry_Perot_res(stacks_list, freq_list, kx_list, f_0, k_0, lay_interest=1):
    """ Calculate the Fabry-Perot resonance condition for a resonances within a layer.

        This is equivalent to finding the slab waveguide modes of the layer.

        Args:
            stacks_list  (list): Stack objects containing data to plot.

            freq_list  (list): Frequencies included.

            kx_list  (list): In-plane wavenumbers included.

            f_0  (list): Frequency w.r.t. which axis is normalised.

            k_0  (list): In-plane wavenumber w.r.t. which axis is normalised.

        Keyword Args:
            lay_interest  (int): The index in stacks_list of the layer of\
            which F-P resonances are calculated.
    """

    n_freqs = len(freq_list)
    n_kxs = len(kx_list)
    # assuming all stacks have equal height
    height = stacks_list[-1].heights_nm()[lay_interest-1]
    period = stacks_list[-1].period
    num_BMss = stacks_list[-1].layers[lay_interest].num_BMs
    I_mat = np.matrix(np.eye(num_BMss),dtype='D')

    plot_mat = np.zeros(shape=(n_freqs,n_kxs),dtype='complex128')
    for i in range(n_kxs):
        kx_slice = stacks_list[i*n_freqs:(i+1)*n_freqs]
        j = 0
        for stack in kx_slice:
            P = stack.layers[lay_interest].prop_fwd(height/period)
            R21 = stack.layers[lay_interest].R21
            FP_term = np.linalg.det(I_mat - R21*P*R21*P)
            plot_mat[j, i] = FP_term
            j += 1
    image = np.log(np.abs(plot_mat))

    fig = plt.figure()
    ax1 = fig.add_subplot(1, 1, 1)
    cax = ax1.imshow(image, cmap=plt.cm.gray_r, interpolation='none')

    from matplotlib.ticker import MultipleLocator, FormatStrFormatter
    shape = np.shape(plot_mat)
    majorLocator = MultipleLocator(shape[1]-1)
    ax1.xaxis.set_major_locator(majorLocator)
    majorLocator = MultipleLocator(shape[0]-1)
    ax1.yaxis.set_major_locator(majorLocator)
    xlims = [kx_list[0]/k_0, kx_list[-1]/k_0]
    ax1.set_xticklabels(xlims)
    ylims = [freq_list[0]/f_0, freq_list[-1]/f_0]
    ax1.set_yticklabels(ylims)

    cbar = fig.colorbar(cax)
    cbar.set_label(r'$ln(|I - R_{21}PR_{21}P|)$',size=18)
    ax1.set_xlabel(r'$k_\perp/k_0$')
    ax1.set_ylabel(r'$f/f_0$')
    ax1.axis('image')
    plt.savefig('Fabry-Perot_resonances', bbox_inches = 'tight')
    fig.clf()
###############################################################################
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Screen Sessions


screen






is an extremely useful little linux command. In the context of long-ish calculations it has two important applications; ensuring your calculation is unaffected if your connection to a remote machine breaks, and terminating calculations that have hung without closing the terminal.
For more information see the manual:


$ man screen






or see online discussions here [http://www.howtoforge.com/linux_screen], and here [http://www.rackaid.com/blog/linux-screen-tutorial-and-how-to/].


The screen session or also called screen instance looks just like your regular terminal/putty, but you can disconnect from it (close putty, turn off your computer etc.) and later reconnect to the screen session and everything inside of this will have kept running. You can also reconnect to the session from a different computer via ssh.



Basic Usage


To install screen:


$ sudo apt-get install screen






To open a new screen session:


$ screen






We can start a new calculation here:


$ cd EMUstack/examples/
$ python simo_040-2D_array.py






We can then detach from the session (leaving everything in the screen running) by typing:


Ctrl +a
Ctrl +d






We can now monitor the processes in that session:


$ top






Where we note the numerous running python processes that EMUstack has started. Watching the number of processes is useful for checking if a long simulation is near completion (which is indicated by the number of processes dropping to less than the specified num_cores).


We could now start another screen and run some more calculations in this terminal (or do anything else).
If we want to access the first session we ‘reattach’ by typing:


Ctrl +a +r






Or entering the following into the terminal:


$ screen -r






If there are multiple sessions use:


$ screen -ls






to get a listing of the sessions and their ID numbers. To reattach to a particular screen, with ID 1221:


$ screen -r 1221






To terminate a screen from within type:


Ctrl+d






Or, taking the session ID from the previous example:


screen -X -S 1221 kill









Terminating EMU stacks


If (for some estranged reason) a simulation hangs, we can kill all python instances upon the machine:


$ pkill python






If a calculation hangs from within a screen session one must first detach from that session then kill python. A more targeted way to kill processes is using their PID:


$ kill PID






Or if this does not suffice be a little more forceful:


$ kill -9 PID






The PID is found from one of two ways:


$ top
$ ps -fe | grep username
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