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function Qswitchcode_thesis 
% Qswitchcode_thesis: solves the Q-switched laser rate equations and 
% produces output results. 
% LaserRate_thesis(t,yin): solves the coupled rate equations for a 
% Q-switched laser using the Matlab RK function ode45. Crystal temperature 
% is found from COMSOL FEA simulations. The result is the time evolution 
% of a CW-pumped, passively Q-switched laser. Variable names based on 
% paper by Qinan Li, 2011. Parametric inputs generated from an Excel file 
% and outputs are saved to another Excel file. 
% 
% (C) Travis Schoepp, 2014 
 
clear all; close all; 
% Counter for number of solutions computed 
count = 0; 
% Determine names and number of sheets in file 
[~, Sheets] = xlsfinfo('Q Switching Parametric Model Inputs 
 R2.xlsx'); 
param_studies = size(Sheets,2);     % Number of sheets 
  
% Create cell array for writing to excel file 
export_char =  {'Eout (Degnan) (mJ)';... 
                'Eout (calc) (mJ)';... 
                'Pmax (calc) (W)';... 
                'Pave (W)';... 
                'FWHM (ns)';... 
                'Approx. FWHM (Degnan) (ns)';... 
                'Rep Rate (Hz)';... 
                'N_i (cm^-3)';... 
                'N_t (cm^-3)';... 
                'N_f (cm^-3)';... 
                'Avg Abs N2 (m^-3)';... 
                'Avg Pump Abs';... 
                'Pmax (Degnan)';... 
                'Approx. FWHM (calc) (ns)';... 
                'Number of Pulses'}; 
  
% Loop for each sheet of file except last (number of parametric studies) 
for r=1:(param_studies-1) 



     
% Parameters are ordered as shown in lines 47 to 59 
params = xlsread('Q Switching Parametric Model Inputs 
R2.xlsx',Sheets{r});     % Read in parameters for each 
 iteration (column-wise) 
num_iter = size(params,2);    % Determine number of iterations 
 for parametric study 
     
% Create vectors to hold variables of interest 
export_num = cell(15,num_iter); 
     
% Loop for each combination of parameters in current study 
for s=1:num_iter 
 % Parametric Variables 
 l = params(1,s);   % Length of laser crystal in cm 
 la = params(2,s);  % Length of absorber in cm 
 Lc = params(3,s);  % Length of cavity in cm (straight-line) 
 T = params(4,s);   % Approx. operating crystal temperature in K 
 w1m = params(5,s); % Pump waist radius multiplier 
 w2s = params(6,s); % Saggital laser mode radius in cm 
 w2t = params(7,s); % Tangental laser mode radius in cm 
 Ta = params(8,s);  % Unsaturated absorber transmission 
 N0 = params(9,s);  % Laser crystal concentration in cm^-3 
 R2 = params(10,s); % Output coupler reflectivity 
 Wpc = params(11,s);     % Incident pump power in W 
 C_loss = params(12,s);  % Lumped cavity losses 
 time = params(13,s);    % Time at which to end the computation 
         
 % Universal Constants 
  c = 2.998e10;       % Speed of light in cm/s 
   h = 6.626e-34;      % Planck's constant J*s 
  Kb = 1.38e-23;      % Boltzmann constant m^2*kg/s^2/K 
  
   % Changeable Constants 
  nL = 1.42866;    % Laser crystal refractive index @1034nm 
  nLp = 1.42904;   % Pump crystal refractive index @977nm 
 na = 1.81523;    % Saturable absorber refractive index @1034nm 
  theta_L = 55*pi/180;    % Angle of incidence laser crystal 
  theta_a = 61.15*pi/180; % Angle of incidence saturable absorber 
 l_L = l/cos(asin(sin(theta_L)/nL));     % Laser light path 
  length in laser crystal in cm 
  l_Lp = l/cos(asin(sin(theta_L)/nLp));   % Pump light path 
  length in laser crystal in cm 
  l_a = la/cos(asin(sin(theta_a)/na));    % Light path length in 
  absorber in cm 
 Lca = Lc-l+l_L-la+l_a;   % Length of cavity in cm (laser path) 
 L = Lc-l+l_L*nL-la+l_a*na;   % Optical length of cavity in cm 
  sigLa = 1.77e-21;   % Laser absorption transition cross-section 
  @1047nm in cm^2 (4<->5) 
 sigpa = 1.28e-20;   % Pump absorption transition cross-section 
  @977nm in cm^2 (1<->5) 
 sigLe = 3.76e-21;   % Laser emission transition cross-section 
  @1047nm in cm^2 (4<->5) 
 sigpe = 1.04e-20;   % Pump emission transition cross-section 
  @977nm in cm^2 (1<->5) 
 sigg = 9.55e-19;    % Absorber ground state transition cross 
  section @1047nm in cm^2 



  sigg1 = 3.2e-18;    % Absorber ground state transition cross 
  section @1064nm in cm^2 
  sige = 1.54e-19;    % Absorber excited state transition cross 
  section @1047nm in cm^2 
  E1L = h*c*530;      % Energy of lower laser level (3) in J 
 E2L = h*c*10199;    % Energy of upper laser level (5) in J 
 E1p = 0;            % Energy of lower pump level (1) in J 
 E2p = h*c*10201.1;  % Energy of upper pump level (5) in J 
 E2 = h*c*50;        % Energy of level 2 in J 
  E3 = h*c*110;       % Energy of level 3 in J 
 E6 = h*c*10300;     % Energy of level 6 in J 
 E7 = h*c*10580;     % Energy of level 7 in J 
 Ti = 289.35;        % Initial crystal temperature in K 
 f1L = exp(-E1L/Kb/T)/(exp(-E1p/Kb/T)+exp(-E2/Kb/T)+exp(... 
  -E1L/Kb/T)+exp(-E3/Kb/T));    % Lower laser level fractional 
  population (4) 
 f2L = exp(-E2L/Kb/T)/(exp(-E2L/Kb/T)+exp(-E6/Kb/T)+exp(... 
  -E7/Kb/T));      % Upper laser level fracitonal population (5) 
 f1p = exp(-E1p/Kb/T)/(exp(-E1p/Kb/T)+exp(-E2/Kb/T)+exp(... 
  -E1L/Kb/T)+exp(-E3/Kb/T));    % Lower pump level fractional 
  population (1) 
 f2p = exp(-E2p/Kb/T)/(exp(-E2p/Kb/T)+exp(-E6/Kb/T)+exp(... 
  -E7/Kb/T));   % Upper pump level fracitonal population (5) 
 tL = 1.66e-3;  % Fluorescence lifetime for upper laser level 
  in s 
 t2 = 3.5e-6;   % Fluorescence lifetime of absorber excited 
  state (2) in s 
 t4 = 0.1e-9;   % Fluorescence lifetime of absorber level 4 in s 
  w1s = 384.3e-4*w1m;     % Saggital pump mode radius in cm 
 % Tangental pump mode radius in cm 
 w1t = 378.8e-4*w1m * cos(asin(sin(theta_L)/nLp))/cos(theta_L);   
 Ns0 = -log(Ta)/(sigg*la);   % Saturable absorber concentration 
  in cm^-3 
   R1 = 0.999;         % Dichroic mirror reflectivity 
 lambda_L = 1047e-7; % Laser wavelength in cm 
 lambda_p = 977e-7;  % Pump wavelength in cm 
 Rc = 0.05863; % Pump reflectivity at Brewster's angle (55 deg.) 
   Wp = Wpc*(1-Rc);    % Transmitted incident pump power 
  
   % Dependent constants 
 s1 = pi*w1s*w1t;    % Pump beam area in crystal in cm^2 
 s2 = pi*w2s*w2t;    % Laser mode area in crystal in cm^2 
 hv_p = h*c/lambda_p;    % Pump photon energy in J 
 hv_L = h*c/lambda_L;    % Laser photon energy in J 
 tr = 2*L/c;         % Cavity round-trip time 
 tc = tr/(-1*log(R1*R2)+C_loss);   % Photon cavity lifetime in s 
   A = c/nL;           % Simplifying constants 
 B = l_Lp*s1*hv_p; 
  C = l_L*c/(Lca*nL);    % Not positive about use of l_L and Lca 
 D = l_a*c/(Lca*na);    % Not positive about use of l_a and Lca 
  
  % Initial conditions 
 N1i = N0;    % Lower laser manifold population density in cm^-3 
 Ngi = Ns0;   % Lower saturable absorber manifold population 
  density in cm^-3 
  Phii = 0;    % Average photon density in cavity in photons/cm^3 
  



   % Simulation parameters 
  timerange = [0, time];      % Time range for simulation 
  
  % RK Solver 
  [t,y] = ode45(@LaserRate_thesis,timerange,[N1i Ngi Phii]); 
  count = count+1;    % Keep running tally of number of solutions 
  assignin('base','count',count);     % Export tally to workspace 
         
 % Create meaningful variables 
  N1 = y(:,1); % Lower laser manifold population density in cm^-3 
 Ng = y(:,2); % Lower saturable absorber manifold population 
  density in cm^-3 
  Phi = y(:,3); % Average photon density in cavity in 
  photons/cm^3 
  
 % Additional information 
 Pout = hv_L*s2*Lca*log(1/R2)/tr*Phi;   % Instantaneous output 
  power in W (Degnan) 
  Ninv = f2L*(N0-N1)-f1L*N1; % Population inversion density in 
  cm^-3 
  
  % Find pulses 
  num_pulses = 20;    % Max number of pulses desired 
  j=zeros(1,2*num_pulses); 
  jj = 0;     % Determines whether or not currently within a 
  pulse window 
   d = 1;      % End of search variable 
  for i=1:length(t) 
    if ~jj      % If currently less than 10^14 (jj = 0) 
      if Phi(i) > 10^14   % If Phi goes above 10^14 
          j(2*d-1) = i; 
          jj = 1; 
        end 
     else        % If currently above 10^14 (jj = 1) 
        if Phi(i) < 10^14   % If Phi goes below 10^14 
         j(2*d) = i; 
          jj = 0; 
          d = d+1;          % Increment number of pulses found 
          if d > num_pulses     % Once number of pulses desired 
     are found, end loop 
            break 
          end 
        end 
     end 
 end 
  
 % Ensure that if the search for pulses ended before num_pulses 
 % is met then reduce number of pulses for future computation. 
  if d <= num_pulses 
    j = j(1:2*(d-1)); 
    num_pulses = d-1; 
  end 
  
 % Pump Absorption 
 Pabs = (1-exp(-((sigpa*f1p+sigpe*f2p)*N1(j(1):length(N1))-... 
  sigpe*f2p*N0)*l_Lp));      % Fraction of pump absorbed at each 
  time step 



  Pabs_avg = sum(Pabs)/length(Pabs);    % Average pump absorption 
  
 % Find peak value and location of pulses for repetition rate 
 % and Ninv determination 
  maxPhi = zeros(1,num_pulses);    % Maximum value of phi 
  Phi_indx = zeros(1,num_pulses);  % Location of max value of phi 
 Pmax_sim = zeros(1, num_pulses); % Maximum power in interval 
  for i=1:num_pulses 
     [maxPhi(i) Phi_indx(i)] = max(Phi(j(2*i-1):j(2*i))); 
     Pmax_sim(i) = max(Pout(j(2*i-1):j(2*i))); 
     Phi_indx(i) = Phi_indx(i)+j(2*i-1)-1;    % Set up index from 
   time=0 
  end 
  
 % Pulse widths of pulses and population inversions 
  v=zeros(1,2*num_pulses); 
  tp_ = zeros(1,2*num_pulses); 
  tp_FWHM = zeros(1, num_pulses); 
  Ninv_i = zeros(1, num_pulses); % Initial inversion before pulse 
 Ninv_f = zeros(1, num_pulses); % Final inversion after pulse 
   for f = 1:num_pulses 
     a = j(2*f-1); 
     Ninv_i(f) = Ninv(a-1); 
     b = j(2*f); 
    Ninv_f(f) = Ninv(b+1); 
    P_HM = maxPhi(f)/2;    % Half of the maximum of the interval 
     for i=a:b 
      if Phi(i)>=P_HM     % Find values larger than 1/2 of the 
    peak Phi 
         if v(2*f-1) == 0 
            v(2*f-1) = i; 
          end 
          v(2*f) = i; 
       elseif (v(2*f-1)>0) && (Phi(i)<P_HM) 
         break 
       end 
     end 
  
    % Determine which values give closest FWHM 
    llH = P_HM-Phi(v(2*f-1)-1); 
    luH = Phi(v(2*f-1))-P_HM; 
    ulH = Phi(v(2*f))-P_HM; 
     uuH = P_HM-Phi(v(2*f)+1); 
     if llH < luH 
       tp_(2*f-1) = t(v(2*f-1)-1); 
     else 
      tp_(2*f-1) = t(v(2*f-1)); 
    end 
     if ulH < uuH 
      tp_(2*f) = t(v(2*f)); 
     else 
       tp_(2*f) = t(v(2*f)+1); 
     end 
    % Save pulse durations 
     tp_FWHM(f) = tp_(2*f)-tp_(2*f-1);  
 end 
  



  % Determine if there are enough pulses to exclude first two 
  % Purpose of excluding first pulses is that they may not have 
 % reached steady-state 
   if num_pulses < 6 
    rr = 1;      % Start from first pulse 
  else 
     rr = 3;      % Start from third pulse 
  end 
  
  % Find average pulse duration 
  tp_ave = mean(tp_FWHM(rr:num_pulses)); 
  
  % Determine time between pulse peaks 
  delta_peak = zeros(1,length(Phi_indx)-1);      % Storage of 
  time differences 
  for f = 1:length(Phi_indx)-1 
    delta_peak(f) = t(Phi_indx(f+1))-t(Phi_indx(f)); 
  end 
 
 % Determine repetition rate 
 rep_rate = 1/mean(delta_peak(rr:length(delta_peak))); 
 
 % Use above search to also determine initial, peak pulse, and 
 % final inversion 
  Ninv_i_ave = mean(Ninv_i(rr:num_pulses));   % Initial inversion 
  before pulse 
  Ninv_t_ave = mean(Ninv(Phi_indx(rr:num_pulses)));    % Peak of 
  pulse inversion 
 Ninv_f_ave = mean(Ninv_f(rr:num_pulses));   % Final inversion 
  after pulse 
  
  % Find window for energy in output pulse 
   p=zeros(1,2*num_pulses); 
  pp = 0;     % Determines whether or not currently within a 
  pulse window 
  e = 1;      % End of search variable 
   for i=1:length(t) 
    if ~pp      % If currently less than 10^14 (jj = 0) 
      if Phi(i) > 10^13   % If Phi goes above 10^14 
          p(2*e-1) = i; 
          pp = 1; 
       end 
     else        % If currently above 10^14 (jj = 1) 
       if Phi(i) < 10^13   % If Phi goes below 10^14 
         p(2*e) = i; 
          pp = 0; 
          e = e+1;          % Increment number of pulses found 
         if e > num_pulses     % Once number of pulses desired 
     are found, end loop 
            break 
          end 
      end 
     end 
 end 
  if e <= num_pulses 
    p = p(1:2*(e-1)); 
  end 



  
 % Find Eout from pulse power 
 Eout_sim = zeros(1,e-1); 
 for f = 1:e-1 
    a = p(2*f-1); 
     b = p(2*f)-1; 
     for i=a:b 
       dt = t(i+1)-t(i); 
       Edt = (Pout(i+1)+Pout(i))/2*dt; 
       Eout_sim(f) = Eout_sim(f) + Edt; 
     end 
  end 
  
 % Average output energy 
 Eout_sim_ave = mean(Eout_sim(rr:length(Eout_sim)));    
  
 % Calculate output and internal energy and peak power (Degnan 
  and Beach) 
  gam = sigLa*f1L + sigLe*f2L;    % Gamma i.e. inversion 
  reduction factor 
 % Peak output pulse power in W 
 Pmax_theory = hv_L*s2*l_L*log(1/R2)/((f1L+f2L)*tr)*(... 
  Ninv_i_ave-Ninv_t_ave*(1+log(Ninv_i_ave/Ninv_t_ave)));  
  Eout_theory = hv_L*s2*l_L*(Ninv_i_ave-Ninv_f_ave)*log(1/R2)/... 
  (log(1/R2)+C_loss)/(f1L+f2L); % Output pulse energy in J 
  tp_a_theory = Eout_theory/Pmax_theory;   % Approximate pulse 
  width (numerical solution should be more accurate) in s 
 Pmax_sim_ave = mean(Pmax_sim); % Average simulated output power 
  tp_a_sim = Eout_sim_ave/Pmax_sim_ave;   % Approximate pulse width in s 
 Ecirc = Eout_sim_ave/log(1/R2); % Effective circulating energy 
  in the cavity in J 
 % Internal peak power at the output coupler in W 
 Poc_max = Pmax_sim_ave/(1-R2)+R2*Pmax_sim_ave/(1-R2); 
   Pdm_max = (1+R1)*sqrt(R2)*Pmax_sim_ave/(1-R2);  % Approximate 
  peak power at the dichroic mirror in W 
  Pave = rep_rate*Eout_sim_ave;     % Average power in W 
         
   % Display Pulse 
  figure(1) 
  subplot(5,1,1) 
   plot(t_pp,Ninv_p)     
 str = sprintf('Population Inversion Density at R=%g', R2); 
 xlabel('t (ns)'), ylabel('Density (cm^-^3)'), title(str) 
 subplot(5,1,2) 
 plot(t_pp,Phi_p) 
 str = sprintf('Photon Density at R=%g', R2); 
 xlabel('t (ns)'), ylabel('Density (cm^-^3)'), title(str) 
 subplot(5,1,3) 
 plot(t_pp,Ng_p,'b',t_pp,Ns0-Ng_p,'r') 
 str = sprintf('Absorber Level Population Density at R=%g', R2); 
 xlabel('t (ns)'), ylabel('Density (cm^-^3)'), title(str) 
 subplot(5,1,4) 
 plot(t_pp,exp(-sigg*l_a*Ng_p-sige*l_a*(Ns0-Ng_p))*100) 
 str = sprintf('Saturable Absorber Transmission at R=%g', R2); 
 xlabel('t (ns)'), ylabel('Transmission (%)'), title(str) 
 subplot(5,1,5) 
 plot(t_p,Pout_p) 



 str = sprintf('Output Power at R=%g', R2); 
 xlabel('t (s)'), ylabel('Power (W)'), title(str) 
         
 % Display Pulse Train 
 figure(2) 
 subplot(4,1,1) 
 plot(t,Ninv)     
 str = sprintf('Population Inversion Density at R=%g', R2); 
 xlabel('t (s)'), ylabel('Density (cm^-^3)'), title(str) 
 subplot(4,1,2) 
 plot(t,Phi) 
 str = sprintf('Photon Density at R=%g', R2); 
 xlabel('t (s)'), ylabel('Density (cm^-^3)'), title(str) 
 subplot(4,1,3) 
 plot(t,Ng,'b',t,Ns0-Ng,'r') 
 str = sprintf('Absorber Level Population Density at R=%g', R2); 
 xlabel('t (s)'), ylabel('Density (cm^-^3)'), title(str) 
 subplot(4,1,4) 
 plot(t,Pout) 
 str = sprintf('Output Power at R=%g', R2); 
 xlabel('t (s)'), ylabel('Power (W)'), title(str) 
         
  % Calculate the value of N2 that gives the average power 
 % absorption 
  N2_ave = QS_N2_function_R8_ParaOpt(N1, t, j, num_pulses, N0,... 
  T, Wpc); 
   % Save cell array for writing to excel file 
 export_num(:,s) = {Eout_theory*1000; Eout_sim_ave*1000; 
  Pmax_sim_ave; Pave; tp_ave*1e9; tp_a_theory*1e9; rep_rate;... 
  Ninv_i_ave; Ninv_t_ave; Ninv_f_ave; N2_ave; Pabs_avg;... 
    Pmax_theory; tp_a_sim*1e9; num_pulses}; 
end 
     
% Combine cell arrays to get output data for current parametric study 
export_data = [export_char, export_num]; 
% Save cell array to spreadsheet 
xlswrite('Q Switching Parametric Model Outputs R1 - ODE45.xlsx', 
 export_data, Sheets{r}); 
end 
  
% Nested function in order to share the workspace 
function yout = LaserRate_thesis(t,yin) 
% LaserRate_thesis: calculates the laser rate system of equations 
%  yout = LaserRate_thesis(t,yin): evaluates system of 
%     differential equations from the paper by Qinan Li, 
%     2011. It solves the slope for lower laser level 
%     population density, lower saturable absorber level 
%           population density, and average photon density in the 
%     cavity using time and variable values at a specific 
%     time step. This code is used in conjunction with 
%     Qswitchcode_thesis. 
% 
% Input: 
%   t = the current time value (s) 
%   yin = vector of current variable values; first value is lower 
%   laser manifold population density (N1, cm^-3), second is 
%   lower saturable absorber manifold population density 



%   (Ng, cm^-3), and third is average photon density in cavity 
%   (Phi, cm^-3) 
% Output: 
%   yout = vector of slopes; Column 1 - dN1/dt (cm^-3s^-1), 
%   2 - dNg/dt (cm^-3s^-1), 3 - dPhi/dt (cm^-3s^-1) 
%   (C) Travis Schoepp, 2014 
  
% Compute slopes for each variable and insert into a column vector 
yout = [(A*yin(3)*(sigLe*f2L*(N0-yin(1))-sigLa*f1L*yin(1))+... 
 (N0-yin(1))/tL-Wp/B*(1-exp(-((sigpa*f1p+sigpe*f2p)*yin(1)-... 
 sigpe*f2p*N0)*l_Lp))); (-sigg*c/na*yin(3)*yin(2)+(Ns0-yin(2))/... 
 t2); (C*(sigLe*f2L*(N0-yin(1))*(yin(3)+(1/Lca/s2))-sigLa*f1L*... 
 yin(1)*yin(3))-D*yin(3)*(sigg*yin(2)+sige*(Ns0-yin(2)))- 
 yin(3)/tc)]; 
end 
end 
 

function N2_ave = QS_N2_function_thesis(N1, t, j, num_pulses, N0, 
 T, Pp) 
% QS_N2_function_thesis: calculates the value of N2 that gives the 
%                        average calculated pump absorption. 
%  N2_ave = QS_N2_function_thesis(N1, t, j, num_pulses, N0, T, Pp): 
%      calculates the value of N2 that gives the average 
%     calculated absorption. The average absorption is found 
%     from N2 where the values of N2 are determined by a 
%     Fourier series of a piecewise fitted polynomial. N2 is 
%     used at multiple time steps to find the absorption 
%     expected. These are averaged then the proper N2 value 
%     is found which gives this average value. 
% 
% Input: 
%   N1 = vector of lower manifold population densities (cm^-3) 
%   t = vector of time steps (s) 
%   j = location of beginning of first and second (and third) 
%    Q-switched pulses 
%   num_pulses = gives number of pulses in N1 vector 
%   N0 = Dopant concentration (cm^-3) 
%   T = Crystal temperature (K) 
%   Pp = Pump power (W) 
% Output: 
%   N2_ave = N2 value that gives average pump absorption (m^-3) 
%   (C) Travis Schoepp, 2014 
  
N0_ = N0*(0.01)^-3;  % Dopant concentration (m^-3) 
  
% If less than three pulses use first two otherwise use second and third 
if num_pulses < 3 
  N1_=N1(j(1):j(3)); % Select beginning of pulse to next pulse N1 
 t_=t(j(1):j(3));   % Select beginning of pulse to next pulse t 
else 



  N1_=N1(j(3):j(5)); % Select beginning of pulse to next pulse N1 
  t_=t(j(3):j(5));   % Select beginning of pulse to next pulse t 
end 
[uu,iu]=max(N1_);   % Find max value of N1 and make beginning 
N1_=N1_(iu:length(N1_));     
t_=t_(iu:length(t_)); 
[ll,il]=min(N1_);   % Find min value of N1 and make end 
N1_=N1_(1:il); 
t_=t_(1:il); 
t_=t_-t_(1);        % Move plot back to origin 
  
N2_ = N0_-(N1_/0.01^3);       % N2 in m^-3 
  
N2_reg = polyfit(t_,N2_,3);   % Cubic fit 
  
I1=t_(length(t_))-t_(1);      % Duration of rising N2 
I2=500e-9;          % Approx. pulse duration 
I=(I1+I2)/2;        % Half the period 
max_N2=max(N2_);    % Maximum N2 
min_N2=min(N2_);    % Mimimum N2 
a1=N2_reg(1);       % a1-d1 coefficients for rising N2 
b1=N2_reg(2); 
c1=N2_reg(3); 
d1=N2_reg(4); 
a2=(min_N2-max_N2)/I2;      % a2-b2 coefficients for falling N2 
b2=max_N2-a2*I1; 
  
I3=2*I-I2;      % Variable for computation 
  
a0_ = (1/I)*(a1/4*I3^4+b1/3*I3^3+c1/2*I3^2+d1*I3+a2/2*(4*I^2-... 
 I3^2)+b2*I2); 
  
f = 0.5*a0_;    % Initialize Fourier series 
t__ = 0:100e-9:4*I;       % Time variable 
  
% Determine Fourier coefficients and add them to the series 
for n=1:10 
  e=pi*n/I; 
  a_ = (1/(I*e^4))*(e*sin(e*I3)*(e^2*a1*I3^3-6*a1*I3+b1*(e^2*... 
  I3^2-2)+c1*e^2*I3+e^2*d1)+ cos(e*I3)*(3*a1*e^2*I3^2-2)+... 
  (e^2*(2*b1*I3+c1))-(c1*e^2-6*a1))+(1/(I*e^2))*(e*(a2*2*I+... 
  b2)*sin(e*2*I)+a2*(cos(e*2*I)-cos(e*I3))-e*(a2*I3+b2)*... 
  sin(e*I3)); 
   b_ = (1/(I*e^4))*(sin(e*I3)*(3*a1*(e^2*I3^2-2)+e^2*(2*b1*I3+... 
  c1))-e*cos(e*I3)*(e^2*a1*I3^3-6*a1*I3+b1*(e^2*I3^2-2)+c1*... 
  e^2*I3+e^2*d1)-(2*e*b1-e^3*d1))+(1/(I*e^2))*(a2*(sin(e*2*... 
  I)-sin(e*I3))-e*(a2*2*I+b2)*cos(e*2*I)+e*(a2*I3+b2)*... 
  cos(e*I3)); 
  f = f+a_*cos(n*pi/I*t__)+b_*sin(n*pi/I*t__); 
end 
  
plot(t__,f) 
  
sigpa = 1.28e-24;    
sigpe = 1.04e-24;    
c = 2.998e10;       % Speed of light in cm/s 
h = 6.626e-34;      % Planck's constant J*s 



Kb = 1.38e-23;      % Boltzmann constant m^2*kg/s^2/K 
E1L = h*c*530;      % Energy of lower laser level (3) in J 
E2L = h*c*10199;    % Energy of upper laser level (5) in J 
E1p = 0;            % Energy of lower pump level (1) in J 
E2p = h*c*10201.1;  % Energy of upper pump level (5) in J 
E2 = h*c*50;        % Energy of level 2 in J 
E3 = h*c*110;       % Energy of level 3 in J 
E6 = h*c*10300;     % Energy of level 6 in J 
E7 = h*c*10580;     % Energy of level 7 in J 
% Lower laser level fractional population (4) 
f1L = exp(-E1L/Kb/T)/(exp(-E1p/Kb/T)+exp(-E2/Kb/T)+exp(-E1L/... 
 Kb/T)+exp(-E3/Kb/T)); 
% Upper laser level fractional population (5) 
f2L = exp(-E2L/Kb/T)/(exp(-E2L/Kb/T)+exp(-E6/Kb/T)+exp(-E7/Kb/T)); 
% Lower pump level fractional population (1)       
f1p = exp(-E1p/Kb/T)/(exp(-E1p/Kb/T)+exp(-E2/Kb/T)+exp(-E1L/... 
 Kb/T)+exp(-E3/Kb/T)); 
% Upper pump level fractional population (5) 
f2p = exp(-E2p/Kb/T)/(exp(-E2p/Kb/T)+exp(-E6/Kb/T)+exp(-E7/Kb/T));       
Rc = 0.05863;  % Crystal face Brewster reflectivity 
  
% Split N2 into 40 slices 
N2_s=f(1:floor(length(f)/40):length(f)); 
Q = zeros(1,40);    % Initialise absorbed power 
% Determine Q for each slice of N2 
for i=1:40 
  fu = @(x) (sigpa.*f1p.*N0_-(sigpa.*f1p+sigpe.*f2p).*... 
  N2_s(i)).*Pp.*(1-Rc).*exp(-(sigpa.*f1p.*N0_-(sigpa.*f1p+... 
  sigpe.*f2p).*N2_s(i)).*x); 
   Q(i) = integral(@(x)fu(x),0,6.102e-3); 
end 
  
mQ = mean(Q);  % average Q 
di = 0.1;      % Initialize difference 
i = 1; 
% Find closest N2 value to give average Q 
while(1) 
  fu = @(x) (sigpa.*f1p.*N0_-(sigpa.*f1p+sigpe.*f2p).* f(i)).*... 
  f(i)).*Pp.*(1-Rc).*exp(-(sigpa.*f1p.*N0_-(sigpa.*f1p+... 
  sigpe.*f2p).*f(i)).*x); 
  dQ = integral(@(x)fu(x),0,6.102e-3); 
  if abs(dQ-mQ) < di 
    N2_ave = f(i); 
  end 
  if i<(length(f)-3) 
    i=i+4; 
 else 
    break 
   end 
end 
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