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energy beta decay to produce both heat for thermionic emission and ionization of an 
interelectrode low temperature plasma. This novel plasma ionization scheme allows for 
dramatically increased device efficiency and loosened design constraints; both are needed for 
TEC to be competitive with the dynamic Brayton cycle – currently the only technology slated for 
high powered space missions. We develop an electrical power model, called the Heavy Ion 
Thermionic Energy Conversion (HITEC) model in order to investigate electrical power 
characteristics of both single cell and nuclear reactor scale devices in order to assess this 
reactor’s performance metrics and its applicability to high powered space missions. HITEC was 
benchmarked against the only existing experimental data set from a de-classified joint research 
effort14, and its power characteristics are in good agreement with this experimental data. The 
reactor scaling portion of HITEC was used to calculate the electrical performance of a 2.5MWth 
nuclear reactor. Four separate cases were tested on a single core design:����������
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#include <iostream> 
#include <fstream> 
#include <vector> 
#include <string> 
#include <cmath> 
#include <cstdlib> 
#include <stdio.h>    
#include <stdlib.h>      
#include <ctime>        
using std::cerr; 
using std::cout; 
using std::endl; 
using std::ifstream; 
 
//Define constants 
//Physical constants 
double me = 9.11e-31; //kg 
double mne = 3.35e-26;//kg 
double mar = 6.63e-26;//kg 
double mkr = 1.39e-25;//kg 
double mxe = 2.18e-25;//kg 
double c = 299792458; //m s^-1 
double hbar = 1.0545718e-34;// J s 
double Vo = 2.188275e6; // m*s^-1 
double ao = 0.529e-10; //m, Bohr radius 
double kboltz = 1.380648e-23; //m^2 kg s^-2 K^-1 
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double eV = 1.602e-19; //J 
double eps = 8.85e-12; //permittivity 
double nav = 6.022e23; //Avogadro's # 
double pi = 3.1415926; //Pi 
//Stopping power variables 
double density; //g*cm^-3 
double Z; //atomic number of heaviest component in fuel or gas 
double A; //atomic mass of heaviest component in fuel or gas 
double r = 3; //mm inner radius (emitter)  
double R = 5; //mm outer radius (collector) 
double rhoel; //m^-3 
double Vf; //m*s^-1 
double massisotope; //atomic mass of ff 
double Zff; //atomic number of ff 
double Eff; // energy of ff (MeV) 
//Energy deposition variables. Some of these variables are defined in the 
program (near the bottom). 
double E_abs; // energy absorbed in gas (MeV) 
int total_particles; //total number of particles that make it into the gas 
int particles_per_layer = 10000; //number of events  
int total_layers = 30; //number of layers. particles_per_layer = 10000 and 
total_layers = 30 yields a run time of about 10 seconds. 
double delta = 0.25*1e-3; //width of layer. 
 
int main(){ 
//time_req = clock(); 
 
srand (time(NULL)); 
 
double pressure; //torr 
int T_emitter; //K 
int T_collector; //K 
 
std::cout << "\nEnter Pressure: \n"; 
std::cin >> pressure; 
 
double ratio = pressure / 760; 
/* 
std::cout << "\nEnter Emitter Temperature: \n"; 
std::cin >> T_emitter; 
 
std::cout << "\nEnter Collector Temperature: \n"; 
std::cin >> T_collector;*/ 
 
//First, we sample a random fission fragment of mass massisotope, Energy Eff, 
and charg Zff. 
//With these values, we calculate the fission fragment's range in a material. 
 
//Import FREYA and (SRIM) hydrogen stopping data into vectors. ALL SRIM DATA 
SHOULD BE IN UNITS OF MeV (energy) and MeV/mm (stopping power) 
   ifstream indata1;  
   ifstream indata2; 
   ifstream indata3; 
   double num1; 
   double num2; 
   double num3; 
   std::vector<double> x; 
   std::vector<double> y; 
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   std::vector<double> z; 
   std::vector<double> Edepbg_total; 
   std::vector<double> Edepig_total; 
   std::vector<double> Edepag_total; 
   std::vector<double> makes_it_total; 
 
 
 
indata1.open("events100k"); // opens the file 
   if(!indata1) { // file couldn't be opened 
 
      cerr << "Error: file could not be opened" << endl; 
      exit(1); 
 
   } 
indata1 >> num1; 
   while ( !indata1.eof() ) { // keep reading until end-of-file 
 
       x.push_back(num1); 
      indata1 >> num1; // sets EOF flag if no value found 
 
   } 
    
   indata1.close(); 
   std::cout << "End-of-file reached.." << endl; 
 
indata2.open("HinU"); // opens the file 
   if(!indata2) { // file couldn't be opened 
 
      cerr << "Error: file could not be opened" << endl; 
      exit(1); 
 
   } 
indata2 >> num2; 
   while ( !indata2.eof() ) { // keep reading until end-of-file 
 
       y.push_back(num2); 
      indata2 >> num2; // sets EOF flag if no value found 
 
   } 
  
   indata2.close(); 
   std::cout << "End-of-file reached.." << endl; 
 
indata3.open("HinAr"); // opens the file 
   if(!indata3) { // file couldn't be opened 
 
      cerr << "Error: file could not be opened" << endl; 
      exit(1); 
 
   } 
indata3 >> num3; 
   while ( !indata3.eof() ) { // keep reading until end-of-file 
 
       z.push_back(num3); 
      indata3 >> num3; // sets EOF flag if no value found 
 
   } 
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   indata3.close(); 
   std::cout << "End-of-file reached.." << endl; 
 
double lightZ[100000] = { }; 
double lightA[100000] = { }; 
double lightE[100000] = { }; 
double heavyZ[100000] = { }; 
double heavyA[100000] = { }; 
double heavyE[100000] = { }; 
 
//Writes vector information into separate arrays for light/heavy ff (Z, A, 
KE). 
for(int i = 0; i < x.size() / 20; i++){ 
 
 lightZ[i] = x[i*20 + 1]; 
 lightA[i] = x[i*20 + 2]; 
 lightE[i] = x[i*20 + 6]; 
 heavyZ[i] = x[i*20 + 11]; 
 heavyA[i] = x[i*20 + 12]; 
 heavyE[i] = x[i*20 + 16]; 
 
} 
double HinUE[70] = { }; // MeV 
double HinUdEdx[70] = { };// MeV/mm 
 
   for(int i = 0; i < y.size() / 2; i++){ 
 
 HinUE[i] = y[i*2]; 
 HinUdEdx[i] = y[i*2 + 1]; 
 
} 
double HinArE[70] = { }; // MeV 
double HinArdEdx[70] = { }; // MeV/mm 
 
   for(int i = 0; i < z.size() / 2; i++){ 
 
 HinArE[i] = z[i*2]; 
 HinArdEdx[i] = z[i*2 + 1]; 
 
} 
 
for(int k = 0; k < total_layers; k++){  
 
int makes_it = 0; //number of particles in the layer that make it to the gas 
int stops_before_gas = 0; // '' stop before the gas  
int stops_in_gas = 0; // '' stop before the gas. Usually not useful 
int stops_after_gas = 0; // '' stop before the gas. Useful to calculate 
additional heat dissipated by the other electrode 
double Edepbg = 0; //energy equivalent of stops_before_gas 
double Edepig = 0; // '' stops_in_gas 
double Edepag = 0; // '' stops_after_gas 
 
for(int j = 0; j < particles_per_layer; j++){ 
 
 int index = rand() % 100000; 
 int lh = rand() % 2 + 1; //decides if the emitted fragment is light or heavy 
//pick random Zff, Eff, energy from FREYA for fissioning material 
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 if(lh == 1){ 
 
 massisotope = lightA[index] ; 
 Zff = lightZ[index]; 
 Eff = lightE[index]; 
 
 } 
 
 else{ 
 
 massisotope = heavyA[index] ; 
 Zff = heavyZ[index]; 
 Eff = heavyE[index]; 
      
 } 
 
  double energy[70] = { }; // 70 = number of elements from SRIM files. 
Since these are arrays, the number of elements is fixed.  
    for(int i = 0; i < 70; i++){ 
 
     energy[i] = HinUE[i]*massisotope; //scales the hydrogen energy to the 
fission fragment MeV/amu. 
 
    } 
 
 double ereduced[70]; 
    double stoppingnuclearU[70] = { }; 
    double stoppingelectronicU[70] = { }; 
    double stoppingnuclearAr[70] = { }; 
    double stoppingelectronicAr[70] = { }; 
    double yr[70] = { }; 
    double range[70] = { }; 
    double a = ao/sqrt(pow(Zff,0.6667)+pow(Z,0.6667)); //Lindhard screening 
function 
    double mu = A/massisotope; //reduced mass 
 
  //Calculate nuclear and electronic stopping in solid 
  //Material properties: 
   density = 10.22; //g*cm^-3 
   Z = 92; 
   A = 235; 
   rhoel = Z/A*nav*density*1e6; //m^-3 
   Vf = (hbar/me)*pow((3*pow(pi,2)*rhoel),0.3333); //m*s^-1 
  
   double Vrel; //relative valocity between the ff and conduction electron of 
the material, assuming conduction electrons are a "free electron gas." 
   double beta[70] = { }; 
   double alpha[70] = { }; 
   double V1[70] = { }; 
   double Cf; 
 
 //Nuclear 
    for(int i = 69; i >= 0; i--){ 
 
     Vf = (hbar/me)*pow((3*pow(pi,2)*rhoel),0.3333); //m*s^-1 
      V1[i] = c*sqrt(2*energy[i]/(931.5*massisotope)); //m*s^-1 
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        if(V1[i] >= Vf){ 
 
         Vrel = V1[i]*(1+pow(Vf,2)/(5*pow(V1[i],2))); 
 
        } 
 
        else{ 
 
         Vrel = 3*Vf/4*(1+2*pow(V1[i],2)/(3*pow(Vf,2))-
(1/15*pow(V1[i]/Vf,4))); 
 
        } 
         
        ereduced[i] = 
32.53*A*energy[i]*1e3/(Z*Zff*(A+massisotope)*(pow(Zff,0.23)+pow(Z,0.23))); 
         
        if(ereduced[i] <= 30){ 
 
            stoppingnuclearU[i] = rhoel/Z*1e-13*(8.462*1e-
15*Zff*Z*massisotope/((massisotope+A)*(pow(Zff,0.23)+pow(Z,0.23))))*log(1+1.1
383*ereduced[i])/(2*(ereduced[i]+0.01321*pow(ereduced[i],0.21226)+0.19593*pow
(ereduced[i],0.5))); 
 
        } 
 
        else{ 
            stoppingnuclearU[i] = rhoel/Z*1e-13*(8.462*1e-
15*Zff*Z*massisotope/((massisotope+A)*(pow(Zff,0.23)+pow(Z,0.23))))*log(eredu
ced[i])/(2*ereduced[i]); 
 
        } 
     
 //Electronic   
        yr[i] = Vrel/(Vo*pow(Zff,0.6667)); 
 
        if (yr[i] < 0.13) { 
 
           stoppingelectronicU[i] = 
stoppingelectronicU[i+1]*sqrt(energy[i]/energy[i+1]); 
 
        } 
        else { 
 
        beta[i] = 0.886 * sqrt(energy[i] * 1e3 / (25 * massisotope)) / 
pow(Zff,0.6667); 
        alpha[i] = beta[i] + 0.0378 * sin(pi * beta[i] / 2); 
        Cf = 1.13; //1 for Gases, 1.13 for U 
        stoppingelectronicU[i] = HinUdEdx[i] * pow(Cf*Zff,2) * pow((1 - exp(-
alpha[i])*(1.034-0.1777*exp(-0.8114*Zff))),2); 
        //std::cout << energy[i] << " "<< ereduced[i] << " " << 
stoppingelectronicU[i] << " " << stoppingnuclearU[i] << "\n"; 
        } 
        } 
 
    for(int i = 0; i < 70; i++){ 
 
        range[0] = 0; 
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     range[i+1] = range[i] + (energy[i+1]-
energy[i])/(stoppingnuclearU[i]+stoppingelectronicU[i]) * (1-
mu*stoppingnuclearU[i]*range[i]/(2*energy[i]));  
  //std::cout << energy[i] << " " <<range[i]  << "\n"; 
  } 
//Match the projectile's initial energy with the corresponding energy index 
double ediff[70] = { }; 
int min_index = 0; 
     
    for(int i = 0; i < 70; i++){ 
 
     ediff[i] = abs(Eff-energy[i]); 
     //std::cout << energy[i] << " " << ediff[i] << "\n"; 
    } 
 
    for(int i = 0; i < 70; i++){ 
 
     if(ediff[i+1] < ediff[i]){ 
 
      min_index++; 
 
     } 
    } 
    //std::cout << range[min_index] << "\n"; 
    //std::cout << min_index <<  " " << energy[min_index]<<  " " << 
ediff[min_index] << "\n"; 
 
double d = (k+((double) rand()/RAND_MAX)) * delta; //choses a particle 
distance within the layer 
double phi = ((double) rand()/RAND_MAX) * pi / 2; //random angle between 0 
and pi/2, phi. 
double theta = ((double) rand()/RAND_MAX) * pi / 2; //random angle between 0 
and pi/2, theta. should be between 0 and pi for electrons  
//double l = 1/sin(phi)*((d-r) * cos(theta) + sqrt(0.5 * (r * (r + 2 * d) - 
pow(d,2) + pow(d - r, 2) * cos(2 * theta)))); //use for electrons 
double l = d/cos(phi); //for fission fragments using infinite plane 
approximation. 
double Enew; // new energy of ff when it makes it to the surface of the fuel. 
 
if(l <= range[min_index] && l >= 0){ 
     
        Enew = Eff*pow(1-l/range[min_index],2); 
        makes_it++; 
 
//repeat process for gas. Z, A, and rhoel change, the rest stays constant. 
This should just be turned into a function later on; probably of Z and A. 
 
Z = 18; 
A = 40; 
density = 0.00178 * ratio; 
rhoel = Z/A*nav*density*1e6; 
 
//rewrite energy vector for gas data. 
for(int i = 0; i < 70; i++){ 
 
     energy[i] = HinArE[i]*massisotope; 
 
    } 
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//Nuclear 
    for(int i = 69; i >= 0; i--){ 
 
     Vf = (hbar/me)*pow((3*pow(pi,2)*rhoel),0.3333); //m*s^-1 
      V1[i] = c*sqrt(2*energy[i]/(931.5*massisotope)); //m*s^-1 
 
        if(V1[i] >= Vf){ 
 
         Vrel = V1[i]*(1+pow(Vf,2)/(5*pow(V1[i],2))); 
 
        } 
 
        else{ 
 
         Vrel = 3*Vf/4*(1+2*pow(V1[i],2)/(3*pow(Vf,2))-
(1/15*pow(V1[i]/Vf,4))); 
 
        } 
         
        ereduced[i] = 
32.53*A*energy[i]*1e3/(Z*Zff*(A+massisotope)*(pow(Zff,0.23)+pow(Z,0.23))); 
         
        if(ereduced[i] <= 30){ 
 
            stoppingnuclearAr[i] = rhoel/Z*1e-13*(8.462*1e-
15*Zff*Z*massisotope/((massisotope+A)*(pow(Zff,0.23)+pow(Z,0.23))))*log(1+1.1
383*ereduced[i])/(2*(ereduced[i]+0.01321*pow(ereduced[i],0.21226)+0.19593*pow
(ereduced[i],0.5))); 
 
        } 
 
        else{ 
 
            stoppingnuclearAr[i] = rhoel/Z*1e-13*(8.462*1e-
15*Zff*Z*massisotope/((massisotope+A)*(pow(Zff,0.23)+pow(Z,0.23))))*log(eredu
ced[i])/(2*ereduced[i]); 
 
        } 
     
 //Electronic   
        yr[i] = Vrel/(Vo*pow(Zff,0.6667)); 
 
        if (yr[i] < 0.13) { 
 
           stoppingelectronicAr[i] = 
stoppingelectronicU[i+1]*sqrt(energy[i]/energy[i+1]); 
 
        } 
 
        else { 
 
        beta[i] = 0.886 * sqrt(energy[i] * 1e3 / (25 * massisotope)) / 
pow(Zff,0.6667); 
        alpha[i] = beta[i] + 0.0378 * sin(pi * beta[i] / 2); 
        Cf = 1.0; //1 for Gases, 1.13 for U 
        stoppingelectronicAr[i] = HinArdEdx[i] * pow(Cf*Zff,2) * pow((1 - 
exp(-alpha[i])*(1.034-0.1777*exp(-0.8114*Zff))),2); 
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        //std::cout << energy[i] << " "<< ereduced[i] << " " << 
stoppingelectronicAr[i] << " " << stoppingnuclearAr[i] << "\n";   
        } 
        } 
 
    for(int i = 0; i < 70; i++){ 
 
        range[0] = 0; 
     range[i+1] = range[i] + (energy[i+1]-
energy[i])/(stoppingnuclearAr[i]+stoppingelectronicAr[i]) * (1-
mu*stoppingnuclearAr[i]*range[i]/(2*energy[i]));  
  //std::cout << energy[i] << " " << range[i]  << "\n"; 
  } 
 
 min_index = 0; 
 
    for(int i = 0; i < 70; i++){ 
 
     ediff[i] = abs(Eff-energy[i]); 
     //std::cout << energy[i] << " " << ediff[i] << "\n"; 
    } 
 
    for(int i = 0; i < 70; i++){ 
 
     if(ediff[i+1] < ediff[i]){ 
      min_index++; 
 
     } 
    } 
 
  double D = R - r; //gap distance between emitter and collector. 
  double L = 1/sin(phi)*((D-R) * cos(theta) + sqrt(0.5 * (R * (R + 
2 * D) - pow(D,2) + pow(D - R, 2) * cos(2 * theta)))); 
 
        if(L > range[min_index]){ //means particle will fully deposit in gas 
             
            Edepbg += Eff - Enew; 
            Edepig += Enew; 
            stops_in_gas++; 
 
        } 
        else{ 
 
   Edepbg += Eff - Enew; 
            Edepig += Enew*(1-pow((1-L/range[min_index]),2)); 
            Edepag += Enew*(pow((1-L/range[min_index]),2)); 
            stops_after_gas++; 
             
        } 
    } 
  else{ 
   
        Edepbg += Eff; 
        stops_before_gas++; 
         
        
  } 
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} 
  Edepbg_total.push_back(Edepbg); 
  Edepig_total.push_back(Edepig); 
  Edepag_total.push_back(Edepag); 
  makes_it_total.push_back(makes_it); 
//std::cout << Edepbg << " " << Edepig << " " << Edepag << " " << 
makes_it << "\n"; 
} 
 
int dummy; //keeps track of layers that don't contribute to plasma ionization 
 
for(int i = 0; i < Edepig_total.size(); i++){ 
 
 E_abs += Edepig_total[i]; 
 total_particles += makes_it_total[i]; 
 
 if(Edepig_total[i] == 0){ 
 
  dummy++; 
 
 } 
 
 std::cout << E_abs << "   " << Edepig_total[i] << "   " << 
total_particles << "   " << makes_it_total[i] << "\n"; 
} 
//Output Parameters, P_th and Pabs_max. The latter may be scaled by specific 
reactor spatial profiles obtained via netronics codes. 
double G = (total_layers - dummy) * delta * 2 * r/ (pow(R,2) - pow(r,2)); 
double reaction_rate = 2.5e13; 
double P_th = reaction_rate * 167 * 1.602 * 1e-13;  
double Pabs_max = reaction_rate * G * E_abs * 1.602 * 1e-13 / 
total_particles; 
 
std::cout << "P_abs = " << Pabs_max << " W cm^-3" << " and " << "P_th = " << 
P_th << " W cm^-3\n";  
 
} 

.��.����
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#include <iostream> 
#include <fstream> 
#include <vector> 
#include <string> 
#include <cmath> 
#include <cstdlib> 
#include <stdio.h>    
#include <stdlib.h>      
#include <ctime>     
#include "HITEC_functions.hpp"    
using std::cerr; 
using std::cout; 
using std::endl; 
using std::ifstream; 
 
double einUO2E[1103]; 
double einUO2dEdx[1103]; //Allows for calculating electron path length within 
5% 
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double einArE[1103]; 
double einArdEdx[1103]; 
double distance_traveled; 
extern int min_index; 
int min_index2; 
double l_beta; 
double range_beta_in_fuel; 
double range_beta_in_gas; 
double delta_beta = 0.01; 
double ediff[1103] ; 
double ediff2[1103]; 
std::vector<double> Edepbg_total; 
std::vector<double> Edepig_total; 
std::vector<double> Edepag_total; 
std::vector<double> makes_it_total; 
 
 
int main(){ 
 
srand (time(NULL)); 
 
 ifstream indata1;  
    ifstream indata2; 
    double num1; 
    double num2; 
   std::vector<double> x; 
    std::vector<double> y; 
 
double pressure; //torr 
int T_emitter; //K 
int T_collector; //K 
double range_ff; 
 
std::cout << "\nEnter Pressure: \n"; 
std::cin >> pressure; 
    double ratio = pressure / 760; 
 
indata1.open("einUO2.txt"); // opens the file 
   if(!indata1) { // file couldn't be opened 
 
      cerr << "Error: file could not be opened" << endl; 
      exit(1); 
 
   } 
indata1 >> num1; 
   while ( !indata1.eof() ) { // keep reading until end-of-file 
 
       x.push_back(num1); 
      indata1 >> num1; // sets EOF flag if no value found 
 
   } 
    
   indata1.close(); 
   std::cout << "End-of-file reached.." << x.size() << endl; 
 
indata2.open("einAr.txt"); // opens the file 
   if(!indata2) { // file couldn't be opened 
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      cerr << "Error: file could not be opened" << endl; 
      exit(1); 
 
   } 
indata2 >> num2; 
   while ( !indata2.eof() ) { // keep reading until end-of-file 
 
       y.push_back(num2); 
      indata2 >> num2; // sets EOF flag if no value found 
 
   } 
  
   indata2.close(); 
   std::cout << "End-of-file reached.." <<y.size()<< endl; 
 
 
for(int i = 0; i < 2206 / 2; i++){ 
 
 density = 10.22; 
 einUO2E[i] = x[i * 2]; 
 einUO2dEdx[i] = x[(i * 2) + 1] * density * 0.1; // MeV/mm; 
  
} 
 
for(int i = 0; i < 2206 / 2; i++){ 
 
 density = 0.00178 * ratio; 
 einArE[i] = y[i * 2]; 
 einArdEdx[i] = y[(i * 2) +1] * density * 0.1; // MeV/mm ; 
  
} 
 
x.clear(); 
y.clear(); 
 
int k; 
int index; 
double d; 
double phi; 
double theta; 
double Edep_beta; 
r = 3; 
R = 5; 
double Enew_beta; 
 
for(int a = 0; a < total_layers_beta; a++){ 
 int makes_it = 0; //number of particles in the layer that make it to 
the gas 
 int stops_before_gas = 0; // '' stop before the gas  
 int stops_in_gas = 0; // '' stop before the gas. Usually not useful 
 int stops_after_gas = 0; // '' stop before the gas. Useful to calculate 
additional heat dissipated by the other electrode 
 double Edepbg = 0; //energy equivalent of stops_before_gas 
 double Edepig = 0; // '' stops_in_gas 
 double Edepag = 0; // '' stops_after_gas 
 
for(int j = 0; j < particles_per_layer; j++){ 
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Ebeta = ((double) rand()/RAND_MAX) * 5 +0.01; 
 
  min_index = 0; 
     
    for(int i = 0; i < 1103; i++){ 
 
     ediff[i] = abs(Ebeta-einUO2E[i]); 
 
    } 
 
    for(int i = 0; i < 1103; i++){ 
 
     if(ediff[i+1] < ediff[i]){ 
 
      min_index++; 
 
     } 
    } 
 
range_beta_in_fuel = range_beta(einUO2E, einUO2dEdx, min_index); 
d = (a + (double) rand()/RAND_MAX) * delta_beta ; //choses a particle 
distance within the layer 
 phi = ((double) rand()/RAND_MAX) * pi / 2; //random angle between 0 and 
pi/2, phi. 
theta = ((double) rand()/RAND_MAX) * pi / 2; //random angle between 0 and 
pi/2, theta. should be between 0 and pi for electrons  
l_beta = 1/sin(phi)*((d-r) * cos(theta) + sqrt(0.5 * (r * (r + 2 * d) - 
pow(d,2) + pow(d - r, 2) * cos(2 * theta)))); //use for electrons 
 
 
if (l_beta < range_beta_in_fuel) { 
  
 makes_it++; 
 distance_traveled = 0; 
 k = 0; 
 
 
 while(l_beta >= distance_traveled){ 
  
 k++; 
 index = min_index - k; 
 distance_traveled = 0; 
 
 for(int m = index; m < min_index; m++){ 
  
 distance_traveled += 0.5 * (einUO2dEdx[m] + 
einUO2dEdx[m+1])*(einUO2E[m+1]-einUO2E[m]); 
 
} 
} 
 Enew_beta = Ebeta - (einUO2E[min_index]-einUO2E[index]); 
 
   min_index2 = 0; 
   
    for(int i = 0; i < 1103; i++){ 
 
     ediff2[i] = abs(Enew_beta-einArE[i]); 
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    } 
 
    for(int i = 0; i < 1103; i++){ 
 
     if(ediff2[i+1] < ediff2[i]){ 
 
      min_index2++; 
 
     } 
    } 
    range_beta_in_gas = range_beta(einArE, einArdEdx, min_index2); 
    double stopping =  einArdEdx[min_index2]; 
    double L_beta = 1/sin(phi)*((r-R) * cos(theta) + sqrt(0.5 * (R * (R + 2 * 
r) - pow(r,2) + pow(r - R, 2) * cos(2 * theta)))); 
     
if(range_beta_in_gas < L_beta){ 
  
 stops_in_gas++; 
 Edepig+= Enew_beta; 
 
} 
else{ 
 
    Edepig+= L_beta * stopping; 
    Edepag+= Enew_beta - Edepig; 
    stops_after_gas++; 
} 
 
} 
 
else{ 
        Edepbg += Ebeta; 
        stops_before_gas++; 
 
} 
 
} 
  Edepbg_total.push_back(Edepbg); 
  Edepig_total.push_back(Edepig); 
  Edepag_total.push_back(Edepag); 
  makes_it_total.push_back(makes_it); 
//std::cout << Edepbg << " " << Edepig << " " << Edepag << " " << 
makes_it << "\n"; 
} 
 
int dummy = 0; //keeps track of layers that don't contribute to plasma 
ionization 
 
for(int i = 0; i < Edepig_total.size(); i++){ 
 
 E_abs += Edepig_total[i]; 
 total_particles += makes_it_total[i]; 
 
 if(Edepig_total[i] == 0){ 
 
  dummy++; 
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 } 
 
 std::cout << E_abs << "   " << Edepig_total[i] << "   " << 
total_particles << "   " << makes_it_total[i] << "\n"; 
} 
//Output Parameters, P_th and Pabs_max. The latter may be scaled by specific 
reactor spatial profiles obtained via netronics codes. 
double G = (total_layers_beta - dummy) * delta_beta * 2 * r/ (pow(R,2) - 
pow(r,2)); 
double reaction_rate = 2.5e13; 
double P_th = reaction_rate * 167 * 1.602 * 1e-13;  
double Pabs_max = reaction_rate * G * E_abs * 1.602 * 1e-13 / 
total_particles; 
double f_plus = Pabs_max /(26.4 * 1.602 * 1e-19); 
double n_e = sqrt(f_plus / (2.5 * 1e-7 * pow(5,-1.3))); 
 
std::cout << total_particles << "\n"; 
 
std::cout << "P_abs = " << Pabs_max << " W cm^-3\n"; 
std::cout << "Source Rate Densithy = " << f_plus << " ionizations s^-1 cm^-
3\n";  
std::cout << "P_th = " << P_th << " W cm^-3\n";  
std::cout << "n_e = " << n_e << " cm^-3\n"; 
 
} 

�
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//Physical constants 
extern double me;//kg 
extern double mne;//kg 
extern double mar;//kg 
extern double mkr;//kg 
extern double mxe;//kg 
extern double c; //m s^-1 
extern double hbar;// J s 
extern double Vo; // m*s^-1 
extern double V1; 
extern double Vrel; 
extern double ao; //m, Bohr radius 
extern double kboltz; //m^2 kg s^-2 K^-1 
extern double eV ; //J 
extern double eps; //permittivity 
extern double nav; //Avogadro's # 
extern double pi; //Pi 
extern double sig_steffboltz;  
//Stopping power variables 
extern double density; //g*cm^-3 
extern double Z; //atomic number of heaviest component in fuel or gas 
extern double A; //atomic mass of heaviest component in fuel or gas 
extern double Zg; 
extern double Ag; 
extern double density_g; 
extern double r; //mm inner radius (emitter)  
extern double R; //mm outer radius (collector) 
extern double h; 
extern double rhoel; //m^-3 
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extern double Vf; //m*s^-1 
extern double massisotope; //atomic mass of ff 
extern double Zff; //atomic number of ff 
extern double Eff; // energy of ff (MeV) 
extern double E_abs; // energy absorbed in gas (MeV) 
extern int total_particles; //total number of particles that make it into the 
gas 
extern int particles_per_layer; //number of events  
extern int total_layers; //number of layers. particles_per_layer = 10000 and 
total_layers = 30 yields a run time of about 10 seconds. 
extern int total_layers_beta; 
extern double delta; //width of layer. 
extern double Ebeta; 
extern double elasticv[246]; 
extern double elasticxs[246]; 
extern double Im; 
extern double M; 
extern double n_a; 
extern double T_a; 
extern double P_abs; 
extern double T_e; 
extern double n_e; 
extern double wi; 
extern double alpha; 
extern double xi; 
extern double eta; 
extern double P_th; 
extern double T_emitter; 
extern double T_collector;  
extern double phi_emitter;  
extern double emissivity;  
extern double thermal_conductivity; 
extern double Q_tot; 
extern double I_th; 
extern double Vmax; 
extern double Imax; 
extern double Pmax; 
 
 
double range_calculator(double Cf, double energy[], double HdEdx[]); 
double range_beta(double energy_beta[], double edEdx[], int min_index); 
void plasma_params(double P_abs, double elasticv[], double elasticxs[], 
double Im, double wi, double alpha, double xi, double eta, double M, double 
n_a, double T_a, double& T_e, double& n_e); 
void thermionic_current(double P_th, double h, double& T_emitter, double 
T_collector, double phi_emitter, double emissivity, double 
thermal_conductivity, double& I_th, double& Q_tot); 
void TEC_output(double I_th, double n_e_emitter, double n_e_collector, double 
T_e_emitter, double T_e_collector, double T_emitter, double& Vmax, double& 
Imax, double& Pmax); 

�
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%Constants 
me = 9.11*10^-31; %kg 
mhe = 6.64*10^-27; %kg 
mne = 3.35*10^-26; %kg 
mar = 6.63*10^-26; %kg 
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mkr = 1.39*10^-25; %kg 
mxe = 2.18*10^-25; %kg 
c = 299792458; %m*s^-1 
hbar = (6.626*10^-34)/(2*pi); 
Vo = hbar/(me*5.29*10^-11); %m*s^-1 
ao = 0.529*10^-10; %m 
kboltz = 1.380648*10^-23; 
eV = 1.602*10^-19; 
eps = 8.85*10^-12; 
nav = 6.022*10^23; 
pressure = 380;%torr 
Temitter = 1900; 
Tcollector = 800; 
RR = 1 * 10^14; %SIG_fiss*flux. Can back calculate by  
ng = 133.32*pressure/(kboltz*300); %m^-3 
Im = 15.76*0.75; %eV 
stop_before_gas = 0; 
toward_emitter=0; 
toward_collector=0; 
stop_in_emitter = 0; 
stop_in_collector=0; 
stop_in_gas = 0; 
for k = 1:28 
for j = 1:10000 
    clear range 
    density = 10.22; %g*cm^-3 
    Z = 92; 
    A = 235; 
    rhoel = Z/A*nav*density*10^6; %m^-3 
    Vf = (hbar/me)*(3*pi^2*rhoel)^(1/3); %m*s^-1 
    x = round((length(events100k)-1)*rand); 
    if mod(x,2) == 0 
       x = x + 1; 
    else 
    end 
    massisotope = events100k(x,3); 
    Zff = events100k(x,2); 
    Eff = events100k(x+1,1); 
    energy = HinU(1:62,1)*massisotope;  
    a = ao/(Zff^(2/3)+Z^(2/3))^1/2; 
    mu=A/massisotope; 
    for i=length(energy):-1:1 
        V1 = c*sqrt(2*energy(i,1)/(931.5*massisotope)); 
        if V1 >= Vf 
            Vrel = V1*(1+Vf^2/(5*V1^2)); 
        else 
            Vrel = 3*Vf/4*(1+(2*V1^2/(3*Vf^2))-(1/15*(V1/Vf)^4)); 
        end 
        ereduced(i,1) = 
32.53*A*energy(i,1)*10^3/(Z*Zff*(A+massisotope)*(Zff^0.23+Z^0.23)); 
        if ereduced(i,1)<= 30 
            stoppingnuclearU(i,1) = rhoel/Z*10^-13*(8.462*10^-
15*Zff*Z*massisotope/((massisotope+A)*(Zff^0.23+Z^0.23)))*log(1+1.1383*ereduc
ed(i,1))/(2*(ereduced(i,1)+0.01321*ereduced(i,1).^0.21226+0.19593*ereduced(i,
1).^0.5)); 
        else 
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            stoppingnuclearU(i,1) = rhoel/Z*10^-13*(8.462*10^-
15*Zff*Z*massisotope/((massisotope+A)*(Zff^0.23+Z^0.23)))*log(ereduced(i,1))/
(2*ereduced(i,1)); 
        end 
        yr(i,1)= Vrel/(Vo*Zff^(2/3)); 
        if yr(i,1) < 0.13 
            stoppingelectronicU(i,1) = 
stoppingelectronicU(i+1,1)*sqrt(energy(i,1)/energy(i+1,1)); 
        else  
        beta = 0.886 * (energy(i,1) * 10^3 / (25 * massisotope))^(1/2) / 
Zff^(2/3); 
        alpha = beta + 0.0378 * sin(pi * beta / 2); 
        Cf = 1.13; %1 for Gases, 1.13 for U 
        stoppingelectronicU(i,1) = HinU(i,2) * (Cf * Zff)^2 * (1 - exp(-
alpha)*(1.034-0.1777*exp(-0.8114*Zff)))^2; 
        yr(i,1)= Vrel/(Vo*Zff^(2/3)); 
        end 
    end 
    for i = 1:length(energy)-1 
        range(1,1) = 0; 
        range(i+1,1) = range(i,1)+(1-
mu*stoppingnuclearU(i,1).*range(i,1)./(2*energy(i,1)))*(energy(i+1,1)-
energy(i,1))./(stoppingnuclearU(i,1)+stoppingelectronicU(i,1));  
    end 
    ediff = abs(Eff-energy); 
    erange = find(ediff == min(ediff)); 
    if length(erange) > 1 
        erange = erange(1); 
    else 
    end 
range = range(erange); 
ratio = pressure/760; 
density = 0.00178 * ratio ; %g*cm^-3 
Z = 18; 
A = 40; 
rhoel = Z/A*nav*density*10^6; 
delta = 0.25*10^-3; 
    R = 5;%mm 
    r = 3;%mm 
    d=(k-1+rand)*delta; %mm 
    phi = pi/2*rand; 
    theta = pi/2*rand; 
    l=1/sin(phi)*((d-r)*cos(theta)+sqrt(1/2*(r*(r+2*d)-d^2+(d-
r)^2*cos(2*theta)))); 
    if l < range && l > 0 
        Enew = Eff*(1-l/range)^2; 
        Edepc(j) = Eff - Enew; 
        for i=length(energy):-1:1 
            V1 = c*sqrt(2*energy(i,1)/(931.5*massisotope)); 
                if V1 >= Vf 
                    Vrel = V1*(1+Vf^2/(5*V1^2)); 
                else 
                    Vrel = 3*Vf/4*(1+(2*V1^2/(3*Vf^2))-(1/15*(V1/Vf)^4)); 
                end 
            ereduced(i,1) = 
32.53*A*energy(i,1)*10^3/(Z*Zff*(A+massisotope)*(Zff^0.23+Z^0.23)); 
            if ereduced(i,1)<= 30 
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                stoppingnuclearAr(i,1) = rhoel/Z*10^-13*(8.462*10^-
15*Zff*Z*massisotope/((massisotope+A)*(Zff^0.23+Z^0.23)))*log(1+1.1383*ereduc
ed(i,1))/(2*(ereduced(i,1)+0.01321*ereduced(i,1).^0.21226+0.19593*ereduced(i,
1).^0.5)); 
            else 
                stoppingnuclearAr(i,1) = rhoel/Z*10^-13*(8.462*10^-
15*Zff*Z*massisotope/((massisotope+A)*(Zff^0.23+Z^0.23)))*log(ereduced(i,1))/
(2*ereduced(i,1)); 
            end 
            yr(i,1)= Vrel/(Vo*Zff^(2/3)); 
            if yr(i,1) < 0.13 
                stoppingelectronicAr(i,1) = 
stoppingelectronicAr(i+1,1)*sqrt(energy(i,1)/energy(i+1,1)); 
            else 
            beta = 0.886 * (energy(i,1) * 10^3 / (25 * massisotope))^(1/2) / 
Zff^(2/3); 
            alpha = beta + 0.0378 * sin(pi * beta / 2); 
            Cf = 1.0; %1 for Gases, 1.13 for U 
            stoppingelectronicAr(i,1) = ratio * HinAr(i,2) * (Cf * Zff)^2 * 
(1 - exp(-alpha)*(1.034-0.1777*exp(-0.8114*Zff)))^2; 
            yr(i,1)= Vrel/(Vo*Zff^(2/3)); 
            end 
        end 
        clear range 
    for i = 1:length(energy)-1 
        range(1,1) = 0; 
        range(i+1,1) = range(i,1)+(1-
mu*stoppingnuclearAr(i,1).*range(i,1)./(2*energy(i,1)))*(energy(i+1,1)-
energy(i,1))./(stoppingnuclearAr(i,1)+stoppingelectronicAr(i,1)); 
    end 
    ediff = abs(Enew-energy); 
    erange = find(ediff == min(ediff)); 
    if length(erange) > 1 
       erange = erange(1); 
    else 
    end 
    range = range(erange); 
D = R-r+d; 
L=1/sin(phi)*((D-R)*cos(theta)+sqrt(1/2*(R*(R+2*D)-D^2+(D-
R)^2*cos(2*theta))))-l; 
        if L > range %means particle will fully deposit in gas 
            Edepg(j) = Enew; 
            stop_in_gas = stop_in_gas + 1; 
        else 
            Edepg(j) = Enew*(1-L/range)^2; 
            if (theta >= 0) & (theta < asin(r/R)) 
               stop_in_emitter = stop_in_emitter + 1; 
               Edepe(j) = Enew - Edepg(j); 
            else 
                stop_in_collector = stop_in_collector + 1; 
                Edepc(j) = Enew - Edepg(j); 
            end 
        end 
    else 
        stop_before_gas = stop_before_gas + 1; 
        Edepc(j) = Eff; 
        Edepg(j) = 0; 
    end 
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end 
Edepg(Edepg<=0) = []; 
Edepc(Edepc<=0) = []; 
Edepe(Edepe<=0) = []; 
Edepg_length(k) = length(Edepg); 
Edepg_total(k) = sum(Edepg); 
Edepc_total(k) = sum(Edepc); 
Edepe_total(k) = sum(Edepe); 
end 
G = (2*R*delta)/(R^2-r^2); 
Pabs_max = RR * G * sum(Edepg_total) * 1.602*10^-13 * (j*k)^-1; 
Pth_max = RR/3.5 * 167 * 1.602 * 10^-13; 
  
%%This section creates an axial power distribution from the center to the 
%%top of the reactor whose height is H (i.e. 0 to H/2) in order to scale 
%%the total ionization rate seen in the core. This is necessary to obtain 
%%more accurate electrical power output values, as both the temperature and 
%%work function (and therefore thermionic emission current, Ith) of the 
%%emitter changes throughout the length of the fuel element. 
%%Correspondingly, there will be an axially dependent emission current 
%%vector such that the power output values can be iterated through all the 
%%elements. 
  
for i=1:length(P_axial)-1 
    Pav_el(i) = Pabs_max * (P_axial(i,2) + P_axial(i+1,2))/2*(P_axial(i+1,1) 
- P_axial(i,1));%Power density in plasma W cm^-3 
    Pav_th(i) = Pth_max * (P_axial(i,2) + P_axial(i+1,2))/2*(P_axial(i+1,1) - 
P_axial(i,1)) * 0.221; %Total power in fuel W 
    Iav(i) = (Jth_axial(i,2)+Jth_axial(i,2))/2*(Jth_axial(i+1,1) - 
Jth_axial(i,1)) * 0.6 * pi; 
    phiav(i) = (Jth_axial(i,3)+Jth_axial(i,3))/2; 
    T_emitter_av(i) = (axial_temperature(i,2)+axial_temperature(i,2))/2; 
    A_emitter(i) = (Jth_axial(i+1,1) - Jth_axial(i,1)) * 0.6 * pi; 
     
end 
  
%%This section should include the gas properties of noble gasses 
%%(Ne,Ar,Kr,Xe) so that ne can be calculated from the plasma deposition. 
%%Currently, Penning gases haven't been calculated, so single gases will 
%%be used. For single gases, Te is determined. 
  
tgas = (Temitter + Tcollector)/2; 
for t = 1:10^4 %create temperature vector 
    te(t) = tgas + 20*t; 
end 
for k = 1:length(te) 
for v = 1:length(argonxsv) %create distribution function f which is 
differentiable in v  
        f(k,v) = (me/(2*pi*kboltz*te(k)))^(3/2)*(exp(-
0.5*me*argonxsv(v,1).^2/(kboltz*te(k)))-exp(-Im*eV/(kboltz*te(k))));              
end 
    c = trapz(argonxsv(6:79,1),4*pi*argonxsv(6:79,1).^2.*f(k,6:79)'); 
    f(k,:) = f(k,:)/c; 
end 
for k = 1:length(te) 
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    elastic(k) = 
2*pi*ng*me^2/mar*(argonxsv(6,1).^6.*argonxsv(6,2).*f(k,6)'+2*trapz(argonxsv(6
:79,1),argonxsv(6:79,1).^5.*argonxsv(6:79,2).*f(k,6:79)')); 
    inelastic(k) = 4*6*exp(-
Im*eV/(kboltz*te(k)))*(Im*eV/(kboltz*te(k)))^1.5*sqrt(2*pi/(me*Im*eV))*(eV^2/
(4*pi*eps))^2; 
    conventional(k) = 
4*pi*ng*me^2/mar*trapz(argonxsv(6:79,1),argonxsv(6:79,1).^5.*argonxsv(6:79,2)
.*f(k,6:79)'); 
    kdr(k) = ((8.1*10^-7)*(tgas/300)^-.86*(te(k)/300).^-0.64); 
    Power_cp(k) = wiar*eV./kdr(k).*(elastic(k)*(1-tgas./te(k))/(Im*eV-
te(k).*kboltz)).^2;%(8.1.*10^-7)*(tgas/300).^0.86.*(te(k)/300)^0.64% 
    nu = 10^-7; %gives ne at collector ~ 10^12 cm^-3 
    Power_aux(k) = 10^-6*ng^2*10^-7*(elastic(k)/ng + 2.34 * 10^-
14*(te(k)/11603).^0.59 * exp(-17.44/te(k)*11603) * 15.76*eV + 2.48 * 10^-14 * 
(te(k)/11603).^0.33 * exp(-12.78/te(k)*11603) * 12.14 * eV);%gives power 
density vs. Te from other electromagnetic source  
end 
for m =1:length(Pfuel_factor) 
    Pav_el_element = Pav_el * Pfuel_factor(m); 
    Pav_th_element = Pav_th * Pfuel_factor(m); 
for i = 1:length(Pav_el_element) 
    ediff = abs(Pav_el_element(i)-Power_cp); 
    te_Pav = find(ediff == min(ediff)); 
    if length(te_Pav) > 1 
       te_Pav = te_Pav(1); 
    else 
    end 
    %%with Te and ne at the emitter, we can calculate the power output of a 
    %%single cell. The code will default to a constant temperature and 
    %%density at the collector. However, you can modify this by using the 
    %%Paux variable at a given ionization fraction (therefore you know ne at 
the 
    %%collector) 
A_E = 2 * A_emitter(i); 
A_C = A_E * 2; 
phi_E = phiav(i); 
phi_C = 1.7; 
delta_phi = phi_E-phi_C; 
TE = T_emitter_av(i)/11603; 
TC = Tcollector/11603; 
Ith = 2 * Iav(i); 
Iback = A_C * 120 * (TC * 11603)^2 * exp(-phi_C/TC); 
neE = sqrt(Pav_el_element(i)/(kdr(te_Pav)*wiar*eV)); 
neC = 5 * 10^12 * sqrt(Pfuel_factor(m)); 
TeE = te(te_Pav)/11603; 
TeC = 13350/11603; 
IeE = A_E * eV * neE * sqrt(TeE * kboltz * 11603/(2 * pi * me)) * 100; 
Ratio = IeE/Ith; 
IeC = A_C * eV * neC * sqrt(TeC * kboltz * 11603/(2 * pi * me)) * 100; 
mu = 150; 
IiE = IeE/mu; 
IiC = IeC/mu; 
if Ith>IiE 
    x=0:0.01*Ith:Ith; 
else 
    x =0:0.01*IiE:IiE; 
end 
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for j =1:length(x) 
    if x(j) > Ith+IiE-IeE 
        vE(j) = TeE*log((Ith+IiE-x(j))./IeE); 
    else 
        vE(j) = TE*log((Ith+IiE)./(x(j)+IeE)); 
    end 
        vC(j) = TeC*log(IeC./(x(j)+IiE)); 
        vout(j) = vE(j)+vC(j)+delta_phi; 
end 
P_nominal(i,:) = x.*vout; 
Pmax(i) = max(P_nominal(i,:)); 
plot(vout,x.*vout) 
hold on 
end 
Pout(m) = sum(Pmax); 
Pth(m) = sum(Pav_th_element) * 2; 
efficiency(m) = Pout(m)/Pth(m); 
end 
Pout_total = sum(Pout) 
Pth_total = sum(Pth) 
efficiency_total = Pout_total/Pth_total 
�
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HITEC Space Reactor 
c ---- Cell ---- 
1    0           -1                        u=3              imp:n=1 
70   1    -10.28      1 -80                      u=3        imp:n=1 
9    1    -10.28      80 -9                     u=3        imp:n=1 
2    9    -5           2 -3                     u=3       imp:n=1 
92   9    -5         3 -4                      u=3         imp:n=1  
3    2   -10.97       9 -42                      u=3        imp:n=1 
76   3    -1.78e-3    42 -2                      u=3        imp:n=1 
4    9   -5       4 -81 70 71 72 73         u=3             imp:n=1 
71   8    -8.97      -70 74                     u=3           imp:n=1 
72   8    -8.97      -71 75                     u=3            imp:n=1 
73   8    -8.97      -72 76                     u=3            imp:n=1 
74   8    -8.97      -73 77                     u=3            imp:n=1 
81   0                  -74                     u=3            imp:n=1 
82   0                  -75                     u=3            imp:n=1 
83   0                  -76                     u=3            imp:n=1 
84   0                  -77                     u=3            imp:n=1 
75   4    -6.56      70 71 72 73 81             u=3            imp:n=1 
8    4    -6.56      -6                         u=2            imp:n=1               
5    0               -6                 lat=2   u=1         imp:n=1 
                   fill=-12:12 -12:12 0:0 
     2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2  
      2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
       2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
        2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 2 2 2 
         2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 2 2 2 
          2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 
           2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 
            2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2  
             2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 
              2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 
               2 2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2  
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                2 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 
                 2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 
                  2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 2 
                   2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 2 2 
                    2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 2 2 2 
                     2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 2 2 2 2 
                      2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 2 2 2 2 2 
                       2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 2 2 2 2 2 2 
                        2 2 2 3 3 3 3 3 3 3 3 3 3 3 3 2 2 2 2 2 2 2 2 2 2 
                         2 2 2 3 3 3 3 3 3 3 3 3 3 3 2 2 2 2 2 2 2 2 2 2 2 
                          2 2 2 3 3 3 3 3 3 3 3 3 3 2 2 2 2 2 2 2 2 2 2 2 2 
                           2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
                            2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
                             2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
2    
6    0               -7     fill=1                   imp:n=1                              
10   5    -1.85    (91 -5)((30 -10 52):-30)            imp:n=1 
50   6    -2.52    (91 -5)(30 -10 -52)               imp:n=1 
11   5    -1.85    (91 -5)((31 -11 -53):-31)           imp:n=1 
51   6    -2.52    (91 -5)(31 -11 53)                  imp:n=1 
12   5    -1.85    (91 -5)((32 -12 50):-32)            imp:n=1 
52   6    -2.52    (91 -5)(32 -12 -50)                 imp:n=1 
13   5    -1.85    (91 -5)((33 -13 -51):-33)           imp:n=1 
53   6    -2.52    (91 -5)(33 -13 51)                  imp:n=1 
14   5    -1.85    (91 -5)((34 -14 54):-34)            imp:n=1 
54   6    -2.52    (91 -5)(34 -14 -54)                 imp:n=1 
15   5    -1.85    (91 -5)((35 -15 -55):-35)           imp:n=1 
55   6    -2.52    (91 -5)(35 -15 55)                  imp:n=1 
16   5    -1.85    (91 -5)((36 -16 56):-36)            imp:n=1 
56   6    -2.52    (91 -5)(36 -16 -56)                 imp:n=1  
17   5    -1.85    (91 -5)((37 -17 57):-37)            imp:n=1 
57   6    -2.52    (91 -5)(37 -17 -57)                imp:n=1 
18   5    -1.85    (91 -5)((38 -18 58):-38)            imp:n=1 
58   6    -2.52    (91 -5)(38 -18 -58)                imp:n=1 
19   5    -1.85    (91 -5)((39 -19 59):-39)            imp:n=1 
59   6    -2.52    (91 -5)(39 -19 -59)                 imp:n=1 
20   5    -1.85    (91 -5)((40 -20 -60):-40)          imp:n=1 
60   6    -2.52    (91 -5)(40 -20 60)                 imp:n=1 
21   5    -1.85    (91 -5)((41 -21 -61):-41)           imp:n=1 
61   6    -2.52    (91 -5)(41 -21 61)                            imp:n=1     
7    5    -1.85    (91 -5 7 -8 10 11 12 13 14 15 16 17 18 19 20 21):(-91 62 -
8):(-63 5 -8)   
                                                       imp:n=1 
99   0             8:-62:63                                       imp:n=0 
 
c ---- Fuel/Gas/Reflector ----- 
1    cz    0.14 
80   cz    0.29 
9    cz    0.295 
42   cz    0.30 
2    cz    0.5 
3    cz    0.51 
4    cz    0.55 
81   cz    0.95 
8    cz    50 
c ---- Drum Outer Cylinders ---- 
10   c/z    0 40 9.5 
11   c/z    0 -40 9.5 
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12   c/z    40 0 9.5 
13   c/z   -40 0 9.5 
14   c/z    34.64 20 9.5 
15   c/z    34.64 -20 9.5 
16   c/z   -34.64 20 9.5 
17   c/z   -34.64 -20 9.5 
18   c/z    20 34.64 9.5 
19   c/z    20 -34.64 9.5 
20   c/z   -20 34.64 9.5  
21   c/z   -20 -34.64 9.5 
c ---- inner cylinders ----  
30   c/z    0 40 8.5 
31   c/z    0 -40 8.5 
32   c/z    40 0 8.5 
33   c/z   -40 0 8.5 
34   c/z    34.64 20 8.5 
35   c/z    34.64 -20 8.5 
36   c/z   -34.64 20 8.5 
37   c/z   -34.64 -20 8.5 
38   c/z    20 34.64 8.5 
39   c/z    20 -34.64 8.5 
40   c/z   -20 34.64 8.5 
41   c/z   -20 -34.64 8.5 
c ---- Planes ---- 
50   px    38 
51   px   -38 
52   py    38 
53   py   -38 
54   p     1.732 1 0 76 
55   p     -1.732 1 0 -76 
56   p     -1.732 1 0 76 
57   p     -1.732 -1 0 76 
58   p      1 1.732 0 76 
59   p      1 -1.732  0 76 
60   p      1 -1.732 0 -76 
61   p      1 1.732  0 -76 
62   pz   -70 
63   pz    70 
c ---- Heat Pipes ---- 
70   c/z    0    0.75   0.15 
71   c/z    0   -0.75   0.15 
72   c/z    0.75   0    0.15 
73   c/z   -0.75   0    0.15 
74   c/z    0    0.75   0.13 
75   c/z    0   -0.75   0.13 
76   c/z    0.75   0    0.13 
77   c/z   -0.75   0    0.13   
c ---- Axial Limit ---- 
91    pz    -50 
5     pz     50 
c ---- Hex Macrobody ---- 
6    rhp    0 0 -50  0 0 100  1.5 0 0 
7    rcc    0 0 -50  0 0 100  30 
 
c ---- Materials ---- 
m1    92235.65c    0.185 
      92238.65c    0.815 
      16000        2 
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m2    92235.65c    0.9 
      92238.65c    0.1 
      16000        2 
      74000.21c    1 
m3    18000        0.5 
      55133        1e-3 
m4    40000        1 
      1001.24c     1.85 
m5    4009.21c     1 
m6    5010.42c     4 
      6000.24c     1 
m7   74000.21c     1 
m8   28000.42c    -0.57 
     74000.21c    -0.14 
     24000.42c    -0.22 
m9   40000.42c     1 
m10  42000.42c     1 
c ---- Tallies ---- 
c f7:n   (9 2<u=3) 
c tmp1  1.7e-7 
c thtme 0 
c fmesh4:n  origin= 0 0 0          imesh=40  iints=400 
c                                  jmesh=40  jints=400 
c                                  kmesh=1  kints=1 
c                                  emesh=1e-7 2 
c                                  eints=4 1  
c f14:n (9 2<u=3) 
c e14    1.00000000e-10 1.25892541e-10 1.58489319e-10 1.99526231e-10 
c       2.51188643e-10 3.16227766e-10 3.98107171e-10 5.01187234e-10 
c       6.30957344e-10 7.94328235e-10 1.00000000e-09 1.25892541e-09 
c       1.58489319e-09 1.99526231e-09 2.51188643e-09 3.16227766e-09 
c       3.98107171e-09 5.01187234e-09 6.30957344e-09 7.94328235e-09 
c       1.00000000e-08 1.25892541e-08 1.58489319e-08 1.99526231e-08 
c       2.51188643e-08 3.16227766e-08 3.98107171e-08 5.01187234e-08 
c       6.30957344e-08 7.94328235e-08 1.00000000e-07 1.25892541e-07 
c       1.58489319e-07 1.99526231e-07 2.51188643e-07 3.16227766e-07 
c       3.98107171e-07 5.01187234e-07 6.30957344e-07 7.94328235e-07 
c       1.00000000e-06 1.25892541e-06 1.58489319e-06 1.99526231e-06 
c       2.51188643e-06 3.16227766e-06 3.98107171e-06 5.01187234e-06 
c       6.30957344e-06 7.94328235e-06 1.00000000e-05 1.25892541e-05 
c       1.58489319e-05 1.99526231e-05 2.51188643e-05 3.16227766e-05 
c       3.98107171e-05 5.01187234e-05 6.30957344e-05 7.94328235e-05 
c       1.00000000e-04 1.25892541e-04 1.58489319e-04 1.99526231e-04 
c       2.51188643e-04 3.16227766e-04 3.98107171e-04 5.01187234e-04 
c       6.30957344e-04 7.94328235e-04 1.00000000e-03 1.25892541e-03 
c       1.58489319e-03 1.99526231e-03 2.51188643e-03 3.16227766e-03 
c       3.98107171e-03 5.01187234e-03 6.30957344e-03 7.94328235e-03 
c       1.00000000e-02 1.25892541e-02 1.58489319e-02 1.99526231e-02 
c       2.51188643e-02 3.16227766e-02 3.98107171e-02 5.01187234e-02 
c       6.30957344e-02 7.94328235e-02 1.00000000e-01 1.25892541e-01 
c       1.58489319e-01 1.99526231e-01 2.51188643e-01 3.16227766e-01 
c       3.98107171e-01 5.01187234e-01 6.30957344e-01 7.94328235e-01 
c       1.00000000e+00 1.25892541e+00 1.58489319e+00 1.99526231e+00 
c       2.51188643e+00 3.16227766e+00 3.98107171e+00 5.01187234e+00 
c       6.30957344e+00 7.94328235e+00 1.00000000e+01 1.25892541e+01 
c       1.58489319e+01 1.99526231e+01 2.51188643e+01 3.16227766e+01 
c       3.98107171e+01 5.01187234e+01 6.30957344e+01 7.94328235e+01 
c f24:n 7 
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c e24 1.00000000e-10 1.25892541e-10 1.58489319e-10 1.99526231e-10 
c       2.51188643e-10 3.16227766e-10 3.98107171e-10 5.01187234e-10 
c       6.30957344e-10 7.94328235e-10 1.00000000e-09 1.25892541e-09 
c       1.58489319e-09 1.99526231e-09 2.51188643e-09 3.16227766e-09 
c       3.98107171e-09 5.01187234e-09 6.30957344e-09 7.94328235e-09 
c       1.00000000e-08 1.25892541e-08 1.58489319e-08 1.99526231e-08 
c       2.51188643e-08 3.16227766e-08 3.98107171e-08 5.01187234e-08 
c       6.30957344e-08 7.94328235e-08 1.00000000e-07 1.25892541e-07 
c       1.58489319e-07 1.99526231e-07 2.51188643e-07 3.16227766e-07 
c       3.98107171e-07 5.01187234e-07 6.30957344e-07 7.94328235e-07 
c       1.00000000e-06 1.25892541e-06 1.58489319e-06 1.99526231e-06 
c       2.51188643e-06 3.16227766e-06 3.98107171e-06 5.01187234e-06 
c       6.30957344e-06 7.94328235e-06 1.00000000e-05 1.25892541e-05 
c       1.58489319e-05 1.99526231e-05 2.51188643e-05 3.16227766e-05 
c       3.98107171e-05 5.01187234e-05 6.30957344e-05 7.94328235e-05 
c       1.00000000e-04 1.25892541e-04 1.58489319e-04 1.99526231e-04 
c       2.51188643e-04 3.16227766e-04 3.98107171e-04 5.01187234e-04 
c       6.30957344e-04 7.94328235e-04 1.00000000e-03 1.25892541e-03 
c       1.58489319e-03 1.99526231e-03 2.51188643e-03 3.16227766e-03 
c       3.98107171e-03 5.01187234e-03 6.30957344e-03 7.94328235e-03 
c       1.00000000e-02 1.25892541e-02 1.58489319e-02 1.99526231e-02 
c       2.51188643e-02 3.16227766e-02 3.98107171e-02 5.01187234e-02 
c       6.30957344e-02 7.94328235e-02 1.00000000e-01 1.25892541e-01 
c       1.58489319e-01 1.99526231e-01 2.51188643e-01 3.16227766e-01 
c       3.98107171e-01 5.01187234e-01 6.30957344e-01 7.94328235e-01 
c       1.00000000e+00 1.25892541e+00 1.58489319e+00 1.99526231e+00 
c       2.51188643e+00 3.16227766e+00 3.98107171e+00 5.01187234e+00 
c       6.30957344e+00 7.94328235e+00 1.00000000e+01 1.25892541e+01 
c       1.58489319e+01 1.99526231e+01 2.51188643e+01 3.16227766e+01 
c       3.98107171e+01 5.01187234e+01 6.30957344e+01 7.94328235e+01 
kcode    1e3  1  50  5e4 
ksrc    10.1  0.5   0 
        10.1  8.5   0 
        10.1  16.5  0 
        10.1  24.5  0  
        10.1  32.5  0  
        10.1  40.5  0  
        10.1  48.5  0  
        10.1  56.5  0  
        10.1  64.5  0  
        10.1  72.5  0  
        10.1  79.5  0  
        30.1  10.5  0  
        30.1  18.5  0  
        30.1  26.5  0  
        30.1  34.5  0 
        30.1  42.5  0  
        30.1  50.5  0  
        30.1  58.5  0  
        30.1  66.5  0  
        30.1  74.5  0  
        30.1  78.5  0 
        50.1  1.5   0 
        50.1  9.5   0 
        50.1  17.5  0  
        50.1  25.5  0  
        50.1  33.5  0  
        50.1  41.5  0  
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        50.1  49.5  0  
        50.1  57.5  0  
        50.1  65.5  0  
        50.1  73.5  0  
        70.1  3.5   0  
        70.1  11.5  0  
        70.1  19.5  0  
        70.1  27.5  0 
        70.1  35.5  0  
        70.1  43.5  0  
        70.1  51.5  0  
        70.1  59.5  0  
        70.1  67.5  0  
        70.1  75.5  0  
print 
mode n 

�

(�	������
�
91� #�����&�)1��1&����
��&��1�41&�)��	���&��1&�#������&��1&�2
�C�&�61&�P�������&�)1�51�8*+9F=1�

����-�	�������@�
�
���$�����2
��	����������	��H�8-@$2�H=�"��	�
��#���������
�

@���	
��
�������������
����1��� !�"	�
�	����	���#	
����$�	�
����	�#	��	

��	��
$�	�
�
	�
1����(�9+1*G9?,;1*+9F>?:<A�

*1� "�2��������	����@�
��
������A(�2�
���������
��� ������2
��
��1�8*+9G=1�
A1� "��	�
�������
	������	����1�8�1�1=1�@�
������������

�

��(,,���1����1���,������
���,��

�	,9G?<<?A1�

?1� �BW�������	�����&�4��1(�����	��2
����&�4����

����������1�8�1�1=1�@�
������������

�

��(,,���1��.
1���,��

>��>��,���	�
�>
����
	>�����	����>�
�1�

G1� "�2��������	����@�
��
������*(�4�>2�
��������	�����������	�����1�8*+9G=�
;1� )�������&�%1�#1�8*+9:=1�������

����
���������2��������)
���2�
	��������� $�%	����>

%��	����
�
���2��
��������2�
���2���
���������
���"��	�
�� 	��
����

�����	����1�%���
����	��#�
���	��&
��	�����
������'���
(�)�
����	�%���
���'���
���
&�������*

��	�1�

<1� )
���&��1�21�8*++9=1�������
�����������
�
���
���2
��	������
������	�
�����������
����
����������	���	�������9�'�	��


�
��9+����
�


�1�)"+�$�	�
�
	�
�+���

��	��1����(�
9+19+;A,919AGF+?G�

F1� %��
�����

��.��������
���

'���	���
����� ���7�
�������1�8*+9<&�6
��
���A=1�@�
�������
������

��(,,���1���	1���,����,���
���>�

��.>�������
��>

'�>�	���
>	�
�>7�
>������1�

:1� �H� >% @�4�4%�� ������25  ��"�1� 199+����� ������� ��>9��P�� ��>9%�
��������������1�8�1�1=1�@�
������������

�

��(,,���1�
�
1�����
1��,��
��,���
�	
,��	��,���, �2�� �99+��%�2�4�����*�� ��>

9�]9%]*+9;99+A]91+1���1�

9+1�4�
���"

���
	��
���

���1�8*+9G=1�)���������
���	�����
�"�,������������������
�	���
���
���
���	�����������	��	���
�-	��
��'���
�1�4�
����
		�&�4�
��^�

991������

&�#1�8�1�1=1���	��'�

�
���2����
���
������	�
�������������
�1�+���

��	��������
�
�.���"	�
�����
���#	
����$�	�
����	�#	��	

��	��$�	�
�
	�
1����(�
9+199+:,�����19:F:1<?;*+�

9*1�������������_���K
���^�8*++9=1����(�9+19<**;,9+*G?�
9A1��
'��
&��1�#1&����C���&�#1��1&�)
�
������'�&��1�)1&�P�5
����&��1�-1�

89:<F=1�&�
����	�����	�
��
����	�����/�
��
�����
�������1�2��������	�(�"�421�



�

� 9+;�

9?1��1�6�) @23"&�/4����
��

��������
��������
� ������%�������������"��	�
����������
 ������
�� 	��
���
	� ���������
��	
��
������&0�"���>A9+:8++=&�3���������"
�
	�

@���
����89:;<=1�

9G1�#1�1��

����'����
�
	1&�������
�������
�������
>�
���	
��
�������������
����>��������
��
����
�����
����	�
����
�
��&��N�1���'�1���C1�51&�*A9F>*A*+&�9:<;�

9;1�)�	��'��&�21��1�8*+9;=1�0��
��������	���
��������	�1��	
���������	��

������
�����
�����(�
2��������4�
���

���
	���1�

9<1��
�����&�)1&�P�3��	&��1� 1�8*+9*=1���

�����4���1�4��1����������
��
�����	����	����
���
��������	�1�%
�������(�%
��������$���1������1�

9F1�-
�
������&�41��1&�2

�
���&� 1&�P��
������&�@1�%1�8*++A=1�2�
	����%�����2��
���������
4��>

���4��
�
�4���C

���1����(9+1*9<*,F9?+**�

9:1�N���	��&�61��1&������
�'&�61��1&�P�N���	��&�)1��1�8*+9G=1�'2"*(���
�������	���	����	�
����
��	���	�����
�1�%���
��&�)�(�2@4)1�

*+1�N���	��&�61&�P������
�'&�61�89:FG=1�����2
�������
���@
�������4�������)


��1�4��&�
����
�
�	��
���/��	����
	�
1�"���H��'(��	����1�

*91�5
7�����&�61�#1&���		�

��&��1&�P�#��	�
&��1�8*+9F=1�����
�

��������
���������������
��
����
�`%���
��������
�������	��
�������	��
���
����


1�%���
���"	�����
	����	��
*
�������	�+�������2
�
�����'
����	�),�)��
�
������(�'�
�����
�
��(�1
�
�������	��
)�������
��#3����
	�(�4  &�9G>9F1����(9+19+9;,71���
1*+9F1+:199F�

**1���
��
&�B1&�P�-�

�
�
&�)1�89:F*=1� ����
�����
������>��������
������������
���������

�����������


��1�+��������2
��
��5(��68G;A9=1�
���(�

��(,,���1���,9+199+A,����@���1*G1G;A9�

*A1�4�
�����
������� 2��@&��2��@&�
����2��@1�8�1�1=1�@�
�������2��
������+?&�*+*+&�
������

��(,,�������1���
1���,����@���


,2

�,��.
,��
��1�
�	�

*?1��	

C�
�&�@1�89:;9=1���

	�����C

��������
�����������>��������
�
��	��(����
���
��
	����
����������

�����1�&�
�"	�
�	����	���7���	������)����
��2�������	��	��"�����
�(� �8*>A=&�
99;>9*<1����(9+19+9;,++*+><+F.8;9=:+9+F>:�

*G1����	��&�@1�51�89:*9=1�%��
����
�����
��
���
���������
�����
�������
	��
>�
�
��	���
�������
�


��1�+���

��	��������
�$�������
�+�������������'���
��(�� 8G=1�

*;1�2������&��1�K1&�P��
��&�$1�89:G?=1� ������2���
����@���	
��������� 	��
����2	������
����1�+��������2
��
�(�488;=&�99<*>99F91����(9+199+A,�������1:A199<*�

*<1�2������&��1�K1�89:F?=1�3��
�������������4���C

����
��� .��


����H��	��1�2�������	�
2
�
����(�498*=&�*9:1����(9+1*A+<,AG<;*<?�

*F1��	

C�
�&�@1��1�89:GG=1�2���.��


���� 	��
����1�2�������	�2
�
����(��89=&�91�
���(9+1*A+<,AG<+**?�

*:1�6����&�B1��1&�P�2
�
�'��&�61�89:G<=1�����	�
�� ������
����������
��4����
��������

�

�
�
��	��������2>AG1�+��������2
��
�( �98A=1�
A+1�2����

&�51�B1&�P���
���
�&�@1��1�89:G;=1�4���C

����� ������@�	

����������������

��
����
�1�+��������2
��
�(� ��89=&�9FA>9FG1����(9+199+A,�������19+*19FA�
A91�)�'�a&�31&���'bc&��1&�)���
&�41&�Nb���	b&�N1&��������&�61&�P�)�����b&�)1�8*++:=1�

 	��
����
����
��
�����

�������������������
����������

������������

��������������
�

�����	���	
�������"�*Y���
���	��
����1�+������'����
��'��
	�
��	��&
��	�����(� !8*=&�
+*G+A91����(9+19+FF,+:;A>+*G*,9F,*,+*G+A9�

A*1���'bc&��1&�)�'�a&�31&�)���
&�41&�Nb���	b&�N1&��������&�61&�P�)�����b&�)1�8*+99=1�
 	��
����
����
��
�����

�������������������
����������

������������

��������������
�



�

� 9+<�

�����	���	
���������*Y���
���	��
����1�+������'����
��'��
	�
��	��&
��	�����(���8G=&�
+GG+9*1����(9+19+FF,+:;A>+*G*,*+,G,+GG+9*�

AA1���'bc&��1&�)�'�a&�31&�)���
&�41&�Nb���	b&�N1&��������&�61&�)�����b&�)1&�P�5����	&�-1�
8*+9*=1���������������
����������

������������

��������������
������	���	
��������-�*Y�

��
���	��
��������
����	��
����
����
��
�����

����1�+������'����
��'��
	�
��	��
&
��	�����(�� 8;=&�+;G++*1����(9+19+FF,+:;A>+*G*,*9,;,+;G++*�

A?1�2������&��1�8*+99=1�:�	���
	��������"�	��
��;��
�,�5�����&�������	�+������+������1�
 �������������
�����
�����

�	�
�(�B4� H>K%51�

AG1�K1�1�4�
���&��������

������������

���������	���	
����������
���
����
���	
��
�
8�����
��

���
�
���'�����

���
���	�'�	�
���'�����������	
C�������
��'���
C��=1�

$���'�����C�����'�'���
�'�9;*89=&�AG!<+�89::*=��

A;1�%��������
������.
�
�
���������@3#@�)�)�#�3��N&�K @243"�<19�6$" �*++?�
A<1��������
�&�)1��1&�P�����
������&��1�61�89::?=1�+��	����
��������������������
���	��

���
����������
���	�1�"���H��'(�B�	��1�

AF1�5

�����	��&�#1�"1&�P�#��
����	��&� 1��1�89:<A=1�&�
����	���#	
����$�	�
����	�<����
�
",�+���
��
���	��1
���
�1�)
�	�������1�

A:1��
'��
&��1�#1&��5
����&��1�-1&���'��&�#1� 1&�P�)�7d��&��1�61�89:<F=1�&�
����	���
��	�
��
����	�����/�
��
�����
�������1�2��������	��>�K
1�

?+1�@
���&�"1�89::9=1�������������������������������	
��
�1�"###�&��	������	���	�+������
'��
	�
(� 48;=&�99:9>9*+F1����(9+199+:,*<19*G+?9�

?91�%��	�&�%1��1�89:99=1������
���������5�
�%
31�+��������2
��
��='
��
��"�(�8�8G=&�?:*>
G991����(9+199+A,��������������1A*1?:*�

?*1�#�&��1��1&�5

��&�61�@1&�P�#�����&�61�8*+9<=1�������������������%�������������
���
����
�>����
�%��
���(����
�����
���3����
���
��������2�
���
���������
��
	�

���	��

����1�:��	��
����	�*
���	�����#	��	

��	�(�889A=1�
���(9+1AAF:,�����1*+9<1+++9A�

?A1�B
����
�&�61��1�89:;*=1� 	��
���
	�����������������>
�����

�����	
��
�1�7���	��������
�
"	��������	����#�
��������#	��	

��(�!8:*=&�AF+>AFA1����(9+19+?:,7���>A19:;*1+*9;�

??1��
�
�����&��1�K1&�P� 	>#��'&�)1�21�89::;=1��������������������
����������������
����
��
������	��������

�������
���1�)"+�$�	�
�
	�
�+���

��	��1����(9+19+;A,91?:F::�

?G1�#�		��&�%1&�)���
�&�%1&�@�	��&��1&�����	

&�61&�5
����&��1&�5

��&�#1&�1�1�1�@
���&�"1�89::;=1�
5���� ����������������������85 �>4K=�
���%�����
������
������
�8%��=������
��1�

���
	������
�1����(9+1*9<*,**G:F:�

?;1�K����'�&�61&�@
�����&�61&�P�K��
&�@1�8*+9G=1���������@�
�
���� ���
�H��	���	����
��&�
�@ H��`���������
>��>����
�����	

��������������1�$�����
��+�������
$����	������	�(� 4 &�9<F>*+*1����(9+19+9;,71���1*+9G1+*1++*�

?<1�"��
��	����&��1&�P�2���		���&�@1�89:<+=1�@
����
����
������>������

�	���������
���
����1�)������1�����	��%���
���1����&���
�(�98A>?=&�*AA>?;A1����(9+19+9;,�++:*>
;?+.8<+=F++9;>.�

48.�N���	��&�61�89:F+=1� 	��
������2
����������4���1�4��>�	���������'�����	��$����/'
����	��
for Energetic Ions in All Elements (pp. 11-12). New York, NY: Pergamon Press. 

49.�Nguyen, D. H., & Grossman, L. M. (1967). Ionization by Fission Fragments Escaping 
from a Source Medium. Nuclear Science and Engineering, 30(2), 233-241. 
doi:10.13182/nse67-a17334 

G+1�J.W. Wilson, R.J. DeYoung, Power density in direct nuclear-pumped 3He lasers. J. Appl. 
����1�?:8A=&�:F+!:FF�89:<F=��



�

� 9+F�

G91���	���&�)1&�2�	�����&��1&�P�H
�����&�K1�8*+9<=1������������A���
	��	

��������
�����
��
�
��
�
�
����
��������
�����	�>��		�
�������������	��	����
����
�������������	�
��������

�	
�
��������������
�
��	��

����1�%���
���#	
�����	��&
��	�����(�88A=&�9F:>9:A1�
���(9+19+9;,71����
1*+9<1+F1++?�

91� �1�6�) @23"&�/4����
��

��������
��������
� ������%�������������"��	�
��
�������� ������
�� 	��
���
	� ���������
��	
��
������&0�@����
�"�1�?�������
�
�
�

"���>A9+:8++=&�3���������"
�
	�@���
����89:;A=1�

G*1�3�'
�&�51�61&�P�)�

�	�

�
&�K1�@1�89:;A=1�@�������

����%���������
����)�	���	
��@
��>
#
��4���1�+��������2
��
�( 8�8?=&�9??G>9?G?1����(9+199+A,�������19A*19??G�

GA1�2�����'���
��&�-1&��
��
&�51�@1&�K������	�
C��&��1&�P�5
��&��1��1�89:F9=1�����	�
��
��
�������
����
�����

�����
���������$>*AG���������
��
��
����������
�
���
�
����
�����

�.�������
�1�+�������0
��
��(�4458A=1����(9+19+9;,+A<+>*;:A8F9=:99*+>G�
G?1�K���&�21�8�1�1=1����
C�44�2��
����������
���1�>
�.���"	�
�	����	���$�	�
�
	�
��	��

#
�������	��	�#	��	

��	�(�$�	��������	(��	��?�
�����	���	�'���
��	��&�
�$�	�
�
	�
�
�	��#
�������	@1
��	�������	��	�2������������$����
	��	��#	����	�
	��1�

GG1����'��&��1�21�8*+9:=1�% @) �2�����$������"��	�
�������
	������	����1�)���	�
���	�
$�������
�*��
������1
�
����
	�1����(9+1G<<*,��
�������1FG**+�

G;1��
����
�&�61�)1�89:G9=1��������%

�����1�7���	������)����
��+������(���8A=&�*::>A+:1�
���(9+19+;A,919;:::?;�

G<1�������
�&�#1&�P�-
���&�61�8*+9:=1�2��

��
�	��
����������������������%3*&���	����
���

�����������������1�)����
��'�����
�'��
	�
(�.9 &�F+A>F9*1�
���(9+19+9;,71
�����1*+9F19919F;�

GF1����	������������������	�����1�8�1�1=1�@�
�������3�
�����+?&�*+*+&�������

�(,,
>�>

���1���,����.>�

�����1�
�	�

G:1�-�C
��
�&��1�21&�5
��
����
�&�21�@1&�P�K
��
��
�&�K1�31�8*++;=1�������
����
���
�����
��

�������	
�
�
���!���������.
�������
������	��1�7���	������'�����'���
�
$�
������1����(9+19+9;,717���1*++;1+91+?+�

;+1�%
��		&�61��1&�P�#�
���&�31��1�8*+9:=1�5�.
�������(��������������
���
���&����
������
���
����������1�7���	������*��
������2
�
������	��&
��	�����(�!8;=&�;A*9>;AAG1�
���(9+19+9;,717��
1*+9:1+:1+?9�

;91�%���&�21&�P�2
.��
&�21�89:<G=1������
	�������
���
�����
��������
���
�����

�����
����
AG+�
��*G++�-1�*��
������+������(�48*=&�?GG>?;;1����(9+19+F+,++*;F:<<G++9++A:9�

;*1�5
���
�'&�31�89::A=1���
	���������3��N�44�
���2��% >@���
������	�
���������	
�
��
������
����������
��������������	1����(9+1*9<*,A+<:A;�

;A1�#���
'&�K1��1�8*+99=1� 	��
���
	�
����	
��
��
�
��
�������4%����
�����������	����
����������1�+������'����
��'��
	�
��	��&
��	�����(���8*=&�+*G++?1����(9+19+FF,+:;A>
+*G*,*+,*,+*G++?�

;?1�5
����&��1��1�89:;G=1�4���C

����
���@�������

�������%�����e2�������	
��
����
��
�����
	� ���	������1�7���	������)����
��+������(�8A8G=&�9G?A>9GGA1�
���(9+19+;A,919<+A+F?�

;G1�53) 1�8�1�1=1�@�
�������3�
�����+F&�*+*+&�������

��(,,���1�������
�����'1���,�
;;1��
	'&�-1�8*+9F=1� .�������

	���
����������
����������


�������
���1�>����+��
��

0��
��'��
	�
��	��#	��	

��	�(�A1����(9+19+9<,��	1*+9F1GA�
;<1�N�	�
�
&��1&�����7�&�61&�#�
����'�&��1&���&�%1&�%�		���&�#1&���
C�������&��1&�1�1�1���
�
���&�

@1�8*+9G=1�)�
�������
����%�
����>�
�
��	��2
����������B
����������	
��
1�+��������
2
��
��0
��
��(�  .8*9=1����(9+199+A,�������	�

199?1*9G++*�



�

� 9+:�

;F1����
������������.�������
�1�8*+*+&�3�
�����+;=1�@�
�������3�
�����+F&�*+*+&������
�

��(,,��1��'�����
1���,��'�,���
]��]������]�.�������
��

;:1�N����&�B1&�P�2���C��&�N1�8�1�1=1���@���������������	��������	�����
���������������

 ������%��������������2�
������	��

���1�7���	������$������

����1

��'���
�
#
��������	�&
��	�����(�$��	
�
�'���
������)����	������=$1'#&/$')�1�
���(9+19G:F*,71����1*+:G><<<<1*+*+1*+*++99?++9�

�

�

�



28260347

28260347

2021



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


