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Abstract

This study aimed at improving and extending results of our previous
study on corrections for conventional neutron dose meters used in
environments with high-energy neutrons (E > 10 MeV). Moderated-type
neutron dose meters tend to underestimate the dose contribution of
high-energy neutrons because of the opposite trends of dose conversion
coefficients and detection efficiencies as the neutron energy increases. A
practical correction scheme has been proposed based on analysis of
hundreds of neutron spectra in the IAEA-TRS-403 report. By comparing
252Cf-calibrated dose responses with reference values derived from
fluence-to-dose  conversion  coefficients, this study provided
recommendations for neutron field characterization and the
corresponding dose correction factors. Further sensitivity studies
addressed three important issues. (1) If the spectral correction factors are
independent of the selection of three commonly used calibration sources:
252Cf, 21 Am-Be and 2%°Pu-Be? (2) If the derived correction factors for
different neutron dose meters, such as Bonner spheres of various sizes
(6” to 9”), are similar in trend? (3) How to establish practical
high-energy neutron indexes based on measurements to facilitate the

application of these correction factors in workplaces?
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cle

clear

%% extract data from file
DetectorResponseFunction=xlsread('Data4SpectralCorrectionFactors.xlsx','DetRF&Src','C2:173");
Energy=xIsread('Data4SpectralCorrectionFactors.xlsx','DetRF&Src','B3:B73");
H10=xlIsread('Data4SpectralCorrectionFactors.xlsx',"CF_H(10)",'C3:C73');

NeutronSpectrum=xIsread('Data4SpectralCorrectionFactors.xIsx','NSpe245','C5:1IM75");

%% counting rate

CountingRate=fCountingRate(DetectorResponseFunction,NeutronSpectrum);

%% dose calibration factor

DoseCalibrationFactor=(1/3600)*[0.733,0.592,0.544,0.567,0.637,0.776,0.615;...
0.775, 0.608,0.561,0.572,0.637,0.759,0.601;...
1.157,0.833,0.706,0.663,0.671,1.051,0.763;...
1.091,0.803,0.684,0.641,0.647,1.006,0.746

I;

%% spectral correction factor

SpectralCorrectionFactor=fSpectralCorrectionFactor(NeutronSpectrum,H10,DoseCalibrationFactor,CountingRate);

%% high energy neutron percentage

HighEnergyPercentage=sum(NeutronSpectrum(52:end,:),1)./sum(NeutronSpectrum(1:end,:))*100;
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%% Generate new Spectrum

Nsamples=1000;

NewSpectrum=fGenerateNewSpectrum(NeutronSpectrum,HighEnergyPercentage,Nsamples);
CountingRate_new=fCountingRate(DetectorResponseFunction,NewSpectrum);
SpectralCorrectionFactor_new=fSpectralCorrectionFactor(NewSpectrum,H10,DoseCalibrationFactor,CountingRate_new);

HighEnergyPercentage _new=sum(NewSpectrum(52:end,:),1)./sum(NewSpectrum(1:end,:))*100;

%% fig 5 Detector Response Function vs Energy
figure
stairs(Energy,DetectorResponseFunction(:,1),'bx-")
hold on
stairs(Energy,DetectorResponseFunction(:,2),'rx-")
hold on
stairs(Energy,DetectorResponseFunction(:,3),'gx-"
hold on
stairs(Energy,DetectorResponseFunction(:,4),'ro-")
hold on
stairs(Energy,DetectorResponseFunction(:,5),'mx-")
hold on
stairs(Energy,DetectorResponseFunction(:,6),'cx-")
hold on
stairs(Energy,DetectorResponseFunction(;,7),'kx-"
set(gca,"XScale','log")

set(gca,"YScale','log")

axis square

axis([107-2, 1019,107-1,10]);
XLabel_fig5={'Neutron Energy (eV)'};
YLabel_fig5={'Response Function (cm”2)'};

xlabel(XLabel_fig5,'FontWeight','bold’,'FontSize',16,'FontAngle’,"italic")
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ylabel(YLabel_fig5,'FontWeight','bold’,'FontSize',16,'FontAngle','italic")

legend(’5™,'6™,'7",'8",'9™,'3P5_7','4P6_8''Location’,'BestOutside’)

%% fig 6 Spectral Correction Factor (9") vs High Energy Percentage
figure

XAxis_figé=HighEnergyPercentage;
YAxis_figé=SpectralCorrectionFactor(1,:,5);

XAXxis_HighEnergy figo=XAxis_fig6(HighEnergyPercentage>10);
Yaxis_HighEnergy fig6=YAxis_fig6(HighEnergyPercentage>10);

[fitobject_fig6,gof fig6]=fit_fig6(X Axis_HighEnergy_fig6,Yaxis_HighEnergy_fig6,XAxis_fig6, YAxis_fig6);

%% fig 7 Spectral Correction Factor (4P6_8) vs High Energy Percentage
figure

XAxis_fig7=HighEnergyPercentage;
YAxis_fig7=SpectralCorrectionFactor(1,:,7);
scatter(XAxis_fig7,YAxis_fig7)

x_fig7=linspace(1,100,500);
line(x_fig7,ones(1,length(x_fig7)),'LineStyle','--','Color','r")
XLabel_fig7={"Flux Percentage E_n >10MeV'};
YLabel_fig7={'Correction Factor H*(10) {spe} /H*(10) {cf252}};
xlabel(XLabel_fig7,'FontWeight','bold','FontSize',16,'FontAngle',"italic")
ylabel(YLabel_fig7,'FontWeight','bold’,'FontSize',16,'FontAngle','italic")
axis square

axis([0,70,0,4.5])

%% fig 8 Spectral Correction Factor (9") vs High Energy Neutron Index
figure

XAxis_fig8=CountingRate(:,:,7)./CountingRate(:,:,2);
YAxis_fig8=SpectralCorrectionFactor(1,:,5);

XAxis_HighEnergy fig8=XAxis_fig8(HighEnergyPercentage>10);
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Yaxis_HighEnergy fig8=YAxis_fig8(HighEnergyPercentage>10);

[fitobject_fig8,gof fig8]=fit fig8(XAxis_HighEnergy fig8,Yaxis_HighEnergy fig8,XAxis_fig8, YAxis_fig8);

%% fig 9 Spectral Correction Factor (Cf/Am-Be/Pu-Be) vs High Energy Percentage
XAxis_fig9=HighEnergyPercentage;
XAXxis_HighEnergy_fig9=XAxis_fig9(HighEnergyPercentage>10);
YAxis_CfMeas=SpectralCorrectionFactor(1,:,5);

YAXis_HighEnergy CfMeas=YAxis_CfMeas(HighEnergyPercentage>10);
YAXis_CfCalc=SpectralCorrectionFactor(2,:,5);

YAXis_HighEnergy CfCalc=YAxis_CfCalc(HighEnergyPercentage>10);

YAXis_ AmBe=SpectralCorrectionFactor(3,:,5);
YAXxis_HighEnergy_AmBe=YAxis_AmBe(HighEnergyPercentage>10);
YAxis_PuBe=SpectralCorrectionFactor(4,:,5);

YAxis_HighEnergy PuBe=YAxis_PuBe(HighEnergyPercentage>10);

[fitobject_CfMeas,gof CfMeas]=fit_fig9(XAxis_HighEnergy fig9,YAxis HighEnergy CfMeas);
[fitobject_CfCalc,gof CfCalc]=fit_fig9(XAxis_HighEnergy fig9,YAxis_HighEnergy CfCalc);
[fitobject_AmBe,gof AmBe]=fit_fig9(XAxis_HighEnergy fig9, YAxis_HighEnergy AmBe);
[fitobject_PuBe,gof PuBe]=fit_fig9(XAxis_HighEnergy_fig9,YAxis_HighEnergy PuBe);
figure

scatter(XAxis_fig9, YAxis_CfMeas);

x_fig9=linspace(1,80,200);

y_Cf=fitobject_CfMeas.p1*(x_fig9.72)+(fitobject CfMeas.p2*x_fig9)+fitobject CfMeas.p3;
pl_Cf=num2str(fitobject CfMeas.p1,4);

p2_Cf=num2str(fitobject_CfMeas.p2,4);

p3_Cf=num2str(fitobject_CfMeas.p3);

Rs_Cf=num2str(gof_CfMeas.rsquare,4);

Equation_Cf=[pl_Cf,'x"2+'p2_Cf,'x+'p3_Cf,' R"2="Rs_Cf;

y_AmBe=fitobject_ AmBe.p1*(x_fig9.2)+(fitobject AmBe.p2*x_fig9)+fitobject_AmBe.p3;
pl_AmBe=num2str(fitobject AmBe.p1,4);

p2_AmBe=num2str(fitobject AmBe.p2,4);
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p3_AmBe=num2str(fitobject AmBe.p3);

Rs_ AmBe=num2str(gof AmBe.rsquare,4);
Equation_AmBe=[pl_AmBe,'x"2+',p2_AmBe,'x+',p3_AmBe,' R*2=",Rs_AmBe];
y_PuBe=fitobject_PuBe.p1*(x_fig9./2)+(fitobject_PuBe.p2*x_fig9)+fitobject PuBe.p3;
pl_PuBe=num2str(fitobject_PuBe.p1,4);
p2_PuBe=num2str(fitobject_PuBe.p2,4);

p3_PuBe=num2str(fitobject_PuBe.p3);

Rs_PuBe=num2str(gof PuBe.rsquare,4);
Equation_PuBe=[pl_PuBe,'x"2+'p2_PuBe,'x+',p3_PuBe, R"2="Rs_PuBe];

hold on

plot(x_fig9,y_Cf,'r")

hold on

plot(x_fig9,y_AmBe,'b"

hold on

plot(x_fig9,y PuBe,'g")

XLabel_fig9={'Flux Percentage E_n >10MeV'};

YLabel_fig9={'Correction Factor H*(10)_{spe} /H*(10)_{cf252}%;
xlabel(XLabel_fig9, FontWeight','bold’,'FontSize’,16,'FontAngle', italic’)
ylabel(YLabel_fig9, FontWeight','bold’,'FontSize’,16,'FontAngle', italic")
legend('Data’,['Cf-252 ' Equation_Cf],['Am-Be ' Equation_AmBe],['Pu-Be ' Equation_PuBe],'Location’,'NorthWest");
axis square

axis([0,70,0,4])

%% fig 10 Spectral Correction Factor (6"/7"/8"/9") vs High Energy Neutron Index
XAXxis_figl0=CountingRate(:,:,7)./CountingRate(:,:,2);
YAxis_9=SpectralCorrectionFactor(1,:,5);
YAxis_8=SpectralCorrectionFactor(1,:,4);
YAxis_7=SpectralCorrectionFactor(1,:,3);
YAxis_6=SpectralCorrectionFactor(1,:,2);

YAxis_HighEnergy 9=YAxis 9(YAxis_9>1);
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XAxis_HighEnergy 9=XAxis_figlO(YAXxis_9>1);

YAxis_HighEnergy 8=YAxis_8(YAxis_8>1);

XAxis_HighEnergy 8=XAxis_figlO(YAxis_8>1);
YAXxis_HighEnergy_7=YAXxis_7(YAxis_7>1);

XAXxis_HighEnergy 7=XAxis_figl0(YAXxis_7>1);
YAXxis_HighEnergy_6=YAXxis_6(YAXxis_6>1);

XAXxis_HighEnergy 6=XAxis_figl0(YAXxis_6>1);

[fitobject_9,gof 9]=fit_figlO(XAxis_HighEnergy_9,YAxis_HighEnergy_9);
[fitobject_8,gof 8]=fit_figlO(XAxis_HighEnergy_8,YAxis_HighEnergy_8);
[fitobject_7,gof _7]=fit_figlO(XAxis_HighEnergy_7,YAxis_HighEnergy 7);
[fitobject_6,gof 6]=fit_figlO(XAxis_HighEnergy_6,YAxis_HighEnergy_6);
figure

scatter(XAxis_fig10,YAXxis_9)

x_fig10=linspace(1,6,100);

y_9=fitobject_9.p1*x_figl0+fitobject 9.p2;
pl_9=numa2str(fitobject_9.p1,4);

p2_9=numa2str(fitobject_9.p2,4);

Rs_9=num2str(gof_9.rsquare,4);

Equation_9=[pl 9,'x+'p2_9,' R"2=",Rs_9];
y_8=fitobject_8.p1*x_figl0+fitobject 8.p2;
pl_8=numa2str(fitobject_8.p1,4);

p2_8=numa2str(fitobject_8.p2,4);

Rs_8=num2str(gof 8.rsquare,4);

Equation_8=[p1_8,'x+'p2_8,' R"2=",Rs_8];
y_7=fitobject_7.p1*x_figl0+fitobject_7.p2;
pl_7=num2str(fitobject_7.p1,4);

p2_7=num2str(fitobject_7.p2,4);

Rs_7=num2str(gof_7.rsquare,4);

Equation_7=[pl_7,'x+'p2_7,' R"2=",Rs_T7];

y_6=fitobject_6.p1*x_figl0+fitobject 6.p2;
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pl_6=num2str(fitobject_6.p1,4);
p2_6=num2str(fitobject_6.p2,4);
Rs_6=num2str(gof_6.rsquare,4);
Equation_6=[p1_6,'x+'p2_6,' R*"2=",Rs_6];
hold on

plot(x_fig10,y_9,'r"

hold on

plot(x_fig10,y 8,'c")

hold on

plot(x_fig10,y 7,'b")

hold on

plot(x_figl0,y 6,'g"

legend('Data’, ['9" ' Equation_9],['8" ' Equation_8],...

[7" ' Equation_7],['6" ' Equation_6],'Location’,'NorthWest');
XLabel_figl0={'Ratio of Readings (4P6_{8}/6")'};
YLabel_figlO={'Correction Factor H*(10)_{spe} /H*(10)_{cf252}};
xlabel(XLabel_fig10, FontWeight','bold’,'FontSize',16,'FontAngle','italic’)
ylabel(YLabel_fig10,'FontWeight','bold’,'FontSize',16, FontAngle','italic’)
axis square

axis([0,3.5,0,4])

%% fig 11

figure

XAxis_new_figll=HighEnergyPercentage_new;
YAxis_new_figl1=SpectralCorrectionFactor_new(1,:,5);
XAxis_HighEnergy_figl1=HighEnergyPercentage(HighEnergyPercentage>10);
YAxis_HighEnergy figl1=YAxis_figl1(HighEnergyPercentage>10);
XAxis_figll=HighEnergyPercentage;
YAXxis_figl1=SpectralCorrectionFactor(1,:,5);

[fitobject figll,gof figll]=fit figl1(XAxis_HighEnergy figll,YAxis_HighEnergy figll,XAxis new_figll, YAXis_new 1
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%% fig 12

figure

XAxis_figl2=CountingRate(:,:,7)./CountingRate(:,:,2);
YAxis_figl2=SpectralCorrectionFactor(1,:,5);
XAXxis_HighEnergy_figl2=XAxis_figl2(HighEnergyPercentage>10);
YAXxis_HighEnergy_figl2=YAxis_figl2(HighEnergyPercentage>10);
XAxis_new_figl2=CountingRate_new(:,:,7)./CountingRate_new(:,:,2);
YAXis_new_figl2=SpectralCorrectionFactor_new(1,:,5);

[fitobject_figl2,gof figl2]=fit_figl2(XAxis_HighEnergy_figl2,YAxis_HighEnergy figl2,XAxis_new_figl2, YAXis_new_

fCountingRate.m

function out=fCountingRate(DetectorResponseFunction,NeutronSpectrum)
for i=1:size(DetectorResponseFunction,2) % i t# Z#§ 7 &

for j=1:size(NeutronSpectrum,2) % it 3 #& 245 B

CountingRatebyEnergy(:,j,i)=DetectorResponseFunction(:,i).*NeutronSpectrum(:,j);
end

end

out=sum(CountingRatebyEnergy(1:end,:,:),1);

end

fSpectralCorrectionFactor.m

function
out=fSpectralCorrectionFactor(NeutronSpectrum,H10,DoseCalibrationFactor,CountingRate)
for i=1:size(NeutronSpectrum,2) % & 3% #c& 245 &
H10byEnergy(:,i)=10"-6*H10.*NeutronSpectrum(:,i);
end

H10spe=sum(H10byEnergy(1:end,:),1);
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for j=1:size(DoseCalibrationFactor,1) % DoseCalibrationFactor & it &k #icg 4 f&
for k=1:size(DoseCalibrationFactor,2) %DoseCalibrationFactor i & B#¥ 7 &
H10cf252(j,:,k)=DoseCalibrationFactor(j,k)*CountingRate(:,:,k);
out(j,:,k)=H10spe./H10cf252(j,:,k);
end
end

end

fGenerateNewSpectrum.m

function out=fGenerateNewSpectrum(NeutronSpectrum,HighEnergyPercentage,Nsamples)
HighEnergySpectrum=NeutronSpectrum(:,HighEnergyPercentage>5);
HighEnergyPercentage(HighEnergyPercentage<5)=[];
Min=1;
Max=size(HighEnergyPercentage,?2);
for i=1:Nsamples
alpha=rand(); % randomize weigths
beta=1-alpha;
y=rand(1,2);

RandNumber=ceil((Max-Min).*y+Min);

out(:,i)=(alpha*HighEnergySpectrum(;,RandNumber(1)))+(beta*HighEnergySpectrum(:,RandNumber(2)));
end

end

fit_figb.m.m

function [fitobject,gof] = fit_fig6(XAxis_HighEnergy, Yaxis_HighEnergy,X Axis, YAXis)

%% data to fit

[XOut,YOut] = prepareCurveData(XAxis_HighEnergy, Yaxis_HighEnergy);
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%% set up fittype and options

aFittype = fittype(‘poly2";

newOptions = fitoptions('‘Method','LinearLeastSquares');
newOptions.Lower = [-Inf -Inf 1];

newOptions.Upper = [Inf Inf 1];

%% fit model

[fitobject,gof] = fit(XOut,YOut,aFittype,newOptions);

%% print out the fitting result

x=linspace(1,100,500);
y1=fitobject.p1*(x.”2)+(fitobject.p2*x)+fitobject.p3; % my result
pl=num2str(fitobject.p1,2);

p2=num2str(fitobject.p2,2);

p3=num2str(fitobject.p3);

Rs=num2str(gof.rsquare,3);

Equation=[p1,'x"2+'p2,'x+',p3,' R"2=",Rs];
y2=0.00026*(x.#2)+(0.0079*x)+1; % published result
plot(x,y1,'r");

hold on

plot(x,y2,9);

hold on

scatter(XAxis, YAXis)

legend(Equation,'0.00026x"2+0.0079x+1 R"2=0.971','Data’,'Location’,'NorthWest');
XLabel={'Flux Percentage E_n >10MeV'};

Y Label={'Correction Factor H*(10)_{spe} /H*(10)_{cf252}};
xlabel(XLabel,'FontWeight','bold','FontSize',16,'FontAngle', italic’)
ylabel(YLabel,'FontWeight','bold','FontSize',16,'FontAngle','italic")

axis square
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axis([0,70,0,4])

fit_fig8.m

function [fitobject,gof]=fit_fig8(X Axis_HighEnergy, Yaxis_HighEnergy, X Axis, YAXis)

%% data to fit

[XOut,YOut] = prepareCurveData(XAxis_HighEnergy, Yaxis_HighEnergy);

%% set up fittype and options
aFittype = fittype('polyl’);

newOptions = fitoptions('‘Method','LinearLeastSquares');

%% fit model

[fitobject,gof] = fit(XOut,YOut,aFittype,newOptions);

%% print out the fitting result
scatter(XAXis, YAXis);

x=linspace(1,6,100);
yl=fitobject.p1*x+fitobject.p2; % my result
pl=num2str(fitobject.p1,4);
p2=num2str(fitobject.p2,4);
Rs=num2str(gof.rsquare,3);
Equation=[pl,'x+',p2,' R"2=",Rs];
y2=1-0.2594*x+0.3247*x."2; % published result
hold on

plot(x,y1,'r")

hold on

plot(x,y2,'g")

legend('Data’,Equation,'0.3247x"2-0.2594x+1 R"2=0.951",'Location’,'NorthWest');
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% Label axes

XLabel={'Ratio of Readings (4P6_{8}/6")'};

Y Label={"'Correction Factor H*(10)_{spe} /H*(10)_{cf252}%};
xlabel(XLabel,'FontWeight','bold’,'FontSize',16, FontAngle','italic’)
ylabel(Y Label,'FontWeight','bold’,'FontSize',16,'FontAngle',"italic’)
axis square

axis([0.75,3.5,0,4])

fit_fig9.m

function [fitobject,gof] = fit_fig9(XAxis_HighEnergy, Yaxis_HighEnergy)

%% data to fit

[XOut,YOut] = prepareCurveData(XAxis_HighEnergy, Yaxis_HighEnergy);

%% set up fittype and options

aFittype = fittype('poly2");

newOptions = fitoptions('Method','LinearLeastSquares');
newOptions.Lower = [-Inf -Inf 1];

newOptions.Upper = [Inf Inf 1];

%% fit model

[fitobject,gof] = fit(XOut,YOut,aFittype,newOptions);

fit_figl0.m

function [fitobject,gof]=fit_figl0(XAxis_HighEnergy, Yaxis_HighEnergy)

%% data to fit

[XOut,YOut] = prepareCurveData(XAxis_HighEnergy, Yaxis_HighEnergy);
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%% set up fittype and options
aFittype = fittype(‘polyl");

newOptions = fitoptions('Method','LinearLeastSquares');

%% fit model

[fitobject,gof] = fit(XOut,Y Out,aFittype,newOptions);

fit_figll.m

function [fitobject,gof] = fit_figl1(XAxis_HighEnergy, Yaxis_HighEnergy, XAxis, YAXis)

%% data to fit

[XOut,YOut] = prepareCurveData(XAxis_HighEnergy, Yaxis_HighEnergy);

%% set up fittype and options

aFittype = fittype('poly2");

newOptions = fitoptions('Method','LinearLeastSquares');
newOptions.Lower = [-Inf -Inf 1];

newOptions.Upper = [Inf Inf 1];

%% fit model

[fitobject,gof] = fit(XOut,YOut,aFittype,newOptions);

%% print out the fitting result

x=linspace(1,100,500);
yl=fitobject.p1*(x.”2)+(fitobject.p2*x)+fitobject.p3; % my result
pl=num2str(fitobject.p1,3);

p2=num2str(fitobject.p2,3);

p3=num2str(fitobject.p3);

Rs=num2str(gof.rsquare,4);
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Equation=[pl,'x"2+',p2,'x+',p3,' R"2=",Rs];

plot(x,y1,'r");

hold on

scatter(XAxis, YAXis)
legend(Equation,'NewSpectrum','Location’,'North\West');
XLabel={'Flux Percentage E_n >10MeV'};

Y Label={'Correction Factor H*(10)_{spe} /H*(10)_{cf252}};
xlabel(XLabel,'FontWeight','bold’,'FontSize’,16,'FontAngle’,'italic’)
ylabel('YLabel,'FontWeight','bold’,'FontSize',16,'FontAngle', italic’)
axis square

axis([0,70,0,4])

fit_figl2.m

function [fitobject,gof] = fit_figl2(XAxis_HighEnergy, Yaxis_HighEnergy,X Axis, YAXis)

%% data to fit

[XOut,YOut] = prepareCurveData(XAxis_HighEnergy, Yaxis_HighEnergy);

%% set up fittype and options
aFittype = fittype('polyl");

newOptions = fitoptions('Method','LinearLeastSquares');

%% fit model

[fitobject,gof] = fit(XOut,Y Out,aFittype,newOptions);

%% print out the fitting result
scatter(XAxis, YAXis);
x=linspace(1,6,100);

y=fitobject.p1*x+fitobject.p2;
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pl=num2str(fitobject.p1,3);

p2=num2str(fitobject.p2,3);

Rs=num2str(gof.rsquare,4);

Equation=[pl,'x+'p2,' R"2=",Rs];

hold on

plot(x,y,'r")
legend('NewSpectrumData',Equation,'Location’,'NorthWest' );
XLabel={'Ratio of Readings (4P6_{8}/6")'};

Y Label={"Correction Factor H*(10)_{spe} /H*(10)_{cf252}%;
xlabel(XLabel,'FontWeight','bold’,'FontSize',16,'FontAngle', italic’)
ylabel(YLabel,'FontWeight','bold’,'FontSize',16,'FontAngle', italic’)
axis square

axis([0.75,3.5,0,4])
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