SLAC-PUB-6628January 1996GIANT DIPOLE RESONANCE NEUTRON YIELDSPRODUCED BY ELECTRONS AS AFUNCTION OF TARGET MATERIAL AND THICKNESS*XIAOTIAN MAO, KENNETH R. KASE, AND WALTER R. NELSONStanford Linear Accelerator CenterStanford University, Stanford, CA 94309, USASubmitted to Health Physics

* Work supported by Department of Energy contract DE—AC03—76SF00515.

2ABSTRACTThis paper characterizes the functional dependence of the Giant DipoleResonance (GDR) neutron yield produced byelectrons in terms of theatomic number (Z) and thickness (T) of the target. The yields werecalculated byintegrating, over the photon energy, the product of thedifferential photon track length and published photoneutron crosssections. The EGS4 Monte Carlo code and analytical formulas wereused to calculate the differential photon track length. In thick targets,the GDR neutron yield approaches a saturation value as targetthickness T increases to 10 radiation lengths. A formula, 8 · 10-6 · (Z1/2+ 0.12 Z3/2 - 0.001 Z5/2) n electron-1MeV-1, developed from EGS4calculations, estimates thick-target neutron yields for incident electronenergies Eo above 50 MeV. GDR neutron yields, calculated by severalanalytic formulas for the differential photon track length, are comparedwith EGS4 calculations. Modifications to the analytic formulas aresuggested. A scaling function (100/E0 Z1/2) T2 [1+(0.04/T)] is derived toestimate, from the thick-target formula, neutron yields produced i n thin targets.

3INTRODUCTIONNeutrons can be produced byelectron beams through photonuclearreactions. The total neutron production is composed of two parts:(1)˚photonuclear reactions via bremsstrahlung, and(2)˚electroproduction via virtual photons (NCRP 79). In general, thecross sections of electroproduction are expected to be of the order of thefine structure constant, a » 1/137, times the cross sections ofphotonuclear reactions. The neutron yield produced byelectroproduction may become important only when the target is thinand the bremsstrahlung yield is low.Giant Dipole Resonance (GDR) neutron yields as a function of targetmaterial and thickness are studied in this paper. GDR neutrons areproduced by photons with energies from approximately 7 to 40 MeV.The GDR neutron yields are proportional to the product of the length lof the material traversed by photons of each energy (the photon track-length) and the GDR photoneutron cross section. The dependence ofthe photon track-length on the photon energy k is expressed as thedifferential photon track length dl/dk, representing the total track-length of all photons with energy in the interval k, k+dk. Thedifferential track length is calculated by analytical formulas or by aMonte Carlo transport code. Two formulas for the differential photontrack length are based on Approximations A and B of analytical showertheory (Rossi 1952), where the former includes only the pairproduction and bremsstrahlung processes and the latter additionallyincludes ionization losses. The most satisfactory approach is to

4calculate the photon track length by a Monte Carlo transport code, suchas EGS4 (Nelson et al. 1985). The EGS4 code simulates the majorphysical processes and estimates the track length of each photon. TheGDR neutron yields are calculated byintegrating, over the photonenergy spectra generated byelectrons, the product of the differentialphoton track length and the published GDR photoneutron crosssections.In thick targets, the simplest analytic method for calculating theGDR neutron yields produced byhigh-energy electrons is to useApproximation A of the differential photon track length. W e calculated neutron yields for eighteen natural elements fromaluminum (Z = 13) to lead (Z = 82) using Approximation A, and thencompared the results with EGS4 calculations. Modification toApproximation A is suggested.For incident electron energies above 50 MeV and target thicknessesgreater than 10 radiation lengths (r.l.), the GDR neutron yield reaches asaturation value. A formula for the neutron yields of infinitely thicktargets was given by Swanson (1978, 1979). The formula was obtained bya least-squares fit of the calculated yields for ten natural elements fromcarbon (Z=6) to lead (Z=82). These calculations were based o n Approximation B of the differential photon track length, withadditional corrections for electron and photon propagation in thematerials. To check Swanson�s formula, the EGS4 code has been used tocalculate neutron yields produced in thick targets of twenty differentnatural elements. This paper presents a new formula for the GDRneutron yields produced in thick targets of natural elements fromaluminum (Z = 13) to lead (Z = 82).

5In thin targets, neutrons produced bythe direct interaction ofelectrons with a nuclei may become important. To calculate theneutron yields due to electroproduction, the direct method is to use thecross sections of neutron production byelectroproduction. Because ofdifficulties in the measurement, few such data are available. Tsai (1974)developed analytical formulas to estimate the differential photon tracklength for bremsstrahlung photons and for virtual photons in thintargets by use of the Weizsacker-Williams method. The neutron yieldsdue to electroproduction can be estimated byusing the virtual photontrack length and the related GDR photoneutron cross sections (Tsai1974).We calculated GDR neutron yields produced bybremsstrahlungphotons induced byelectrons in thin targets, using Tsai�sapproximation, and compared the results with EGS4 calculations.Based on the modified Approximation A and Tsai’s Approximation,we developed a scaling function to estimate, from the thick-targetformula, the neutron yields produced in thin targets.The ratio of total neutron yields to neutron yields produced frombremsstrahlung only in thin targets were calculated byTsai’sapproximation. The ratio was also estimated bya formula obtainedfrom NCRP 79 (1984). These estimates were compared with themeasured data from Barber and George (1959). Tsai’s approximation isrecommended.

6METHODSThe GDR neutron yield per incident electron can be determinedanalytically for each photoneutron reaction, using

Y AE dl dk o E

E GDR GDR th max f N (k) dk , n =

· �

Ł

�

ł

- � 6 023 10 4 . r s

( 1 )where

YGDR

= GDR neutron yield (neutron electron- 1 M e V - 1 ) ; ˚˚

r

= density of target (g cm-3);˚˚

f

= isotope fractional abundance;

Nn

= numbers of neutrons produced per photoneutron reaction;˚

A

= atomic weight (g mol- 1 ) ;˚

Eo

= electron energy (MeV);

sGDR (k)

= photoneutron cross section (mb);˚˚˚

dldk

= differential photon track length (cm MeV- 1 ) ; ˚˚˚˚

k

= photon energy (MeV):˚˚

Eth

= threshold energy of the reaction (MeV); and˚

Emax

= upper limit energy of the reaction or the electron energy whenupper ˚˚˚˚limit energy of the reaction is larger than the electronenergy (MeV) ˚˚˚˚(Swanson 1979).The sources of the cross sections used in the calculations are listedin Table˚1. All cross sections are for natural elements, except nickel,indium, tantalum, and lead, whose individual isotopic cross sectionswere used. Because of the lack of some isotopic cross section data, thesum of the isotopic abundance is not quite 100%. The cross sectionsused included:

7Table 1. Photoneutron cross sections.Cross SectionMeasured from˚˚˚˚˚˚˚˚˚IsotopicElementAtomicNumberNaturalElementIsotopeAbundance(%)ReferencesAluminum13AlDietrich andChlorine17ClBermanPotassium19K(1988)Iron26FeCosta et al. (1967)

Nickel2858 Ni68.27

Nickel2860 Ni26.10Copper29CuDietrichGallium31GaRubidium37RbPalladium46PdCadmium48CdandIndium49115 In95.7Antimony51SbTellurium52TeNeodymium60NdBermanSamarium62SmTantalum73181 Ta99.988Tungsten74WRhenium75Re(1988)Iridium77IrPlatinum78PtMercury80HgLead82206 Pb24.1Berman

Lead82207 Pb22.1et al.Lead82208 Pb52.4(1987)

8. single photoneutron cross section, s ( g, 1n) = s [ ( g, n) + (g, p n ) ] . double photoneutron cross section, s ( g, 2n) = s [ ( g, 2n) + (g, p 2 n ) ] . triple photoneutron cross section, s ( g, 3 n ) T h e c a l c u l a t i o n s of the d i f f e r e n t i a l p h o t o n track l e n g t h are d i v i d e d into two categories: thick targets and thin targets.Thick targets:The simplest method for estimating the differential photon tracklength is to use Approximation A of the analytical shower theory inRossi (1952):

dldkXEko o�Ł �ł thick = 0.572 ,2

(2)where Xo = the radiation length of the target material in centimeters.This approximation applies to infinitely thick targets and to high-energy electrons, and considers only pair production andbremsstrahlung. For these two processes, it also assumes that the crosssections are constant at their asymptotic values. Neutron yieldscalculated using Eqs.˚1 and 2 were compared with the EGS4 calculationsto check the accuracy of Approximation˚A.The second method is to use Approximation˚B (Rossi 1952), whichcannot be written in closed form. The physical processes are similar tothose of Approximation A, except that electron energy loss byionization is considered. It applies to infinitely thick targets and to allelectron energies. Approximation B was used by Swanson to calculateneutron yields produced in thick targets (Swanson 1979).For the present work, the EGS4 Monte Carlo code (Nelson et al.1985) was used to calculate neutron yields. The EGS4 code simulates the

9transport of electrons, positrons, and photons. For the transport ofcharged particles, EGS4 takes into account bremsstrahlung, multipleCoulomb scattering, continuous energy loss, delta ray production, andpositron annihilation. For photon transport, it accounts for pairproduction, Compton scattering, photoelectric effect, and coherentscattering. The individual track length of each bremsstrahlung photonwas multiplied by the GDR photoneutron cross section matched withthe photon energy, and the product was then integrated over theenergy range of the GDR photoneutron reactions to determine theneutron yield.Thin target:For thin targets, neutrons produced by the direct interaction ofelectrons with a nuclei may become important. The differential photontrack length in thin targets must include an electroproduction (i.e.,virtual photon) part:

dldkdldkdldk�Ł �ł �Ł �ł �Ł �łthin brem virtual = + .

(3)For bremsstrahlung induced by electrons in thin targets, Tsai (1974)derived the approximation of the differential photon track length as

dldkXkTo�Ł �ł »brem , 22

(4)where T = target thickness in radiation lengths. The neutron yieldscalculated using Eqs. 1 and 4 were compared with the EGS4calculations, which only simulate bremsstrahlung photons, to checkthe accuracy of Tsai�s approximation.

10Based on the Weizsacker-Williams method, Tsai (1974) pointed outthat the contribution from the direct electroproduction isapproximately equal to the contribution from virtual photonsproduced by letting electrons pass through a radiator with equivalentthickness teq . For the GDR photonuclear reactions, t eq i s equal to 0.02 r . l . For the v i r t u a l p h o t o n , Tsai (1974) derived the a p p r o x i m a t i o n of t h e photon track length distribution as

dldkXko�Ł �ł �Ł �łvirtual eq . = t T

(5)The ratio of the total neutron yields produced by bremsstrahlung andelectroproduction (Ytotal) to that produced byb r e m s s t r a h l u n g o n l y (Ybrem) is given by:

YkTktTkdkkTkdkTo oEE oEEtotalbrem eqthmax thmax ( ) ( ) . .= �Ł �ł +ØºŒ øßœ�Ł �ł = +� �c cc ss2 22 2 1 0 04

(6)Another estimate for Ytotal/ Y brem can be obtained f r o m the NCRP 79f o r m u l a ( N C R P 1 9 8 4 )

YEeebremelectro ( )( ) . ,= aa eg 68 5

(7)where˚˚˚Ybrem = the neutron yield produced from bremsstrahlung photons˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚˚ (n electron-1 M e V -1) ;˚ ˚ ˚ Y electro = the neutron yield produced from electroproduction˚˚˚˚˚ ˚(n electron-1 M e V -1) ;˚˚˚˚˚˚˚˚˚˚

Ee

= electron energy;

11

α γ (Ee ) α (Ee )

= ratio of radiative to total stopping power; and˚˚˚˚˚˚˚˚˚˚˚= fraction of energy lost by electrons passing through the target.From Eq. 7, we can writeY total ˚Ybrem̊

= 1 +

α (E^e )

68.5εα^γ (E^e )˚.(8)

RESULTS AND DISCUSSIONSValidation˚of˚EGS4˚calculationTo validate the EGS4 Monte Carlo simulation and to determine itsaccuracy, a comparison was made between the neutron yieldscalculated by EGS4 and the measured GDR neutron yields produced by34 MeV electrons in about 1-r.l.-thick targets of aluminum, copper,tantalum, and lead. The absolute accuracy of the measurement wasestimated to be –15% (Barber and George 1959). Table˚2 shows that thecalculated yields are generally lower than the measured yields, butwithin 25%. Uncertainties in the˚cross sections and the measurementerror must account for the differences, because the statisticaluncertainty in the calculations is less than 1%.Table 2. Neutron yields produced by 34 MeV electron beams.TargetmaterialTarget thickness(r.l.)Measuredneutron yielda(10- 5 n e- 1 MeV- 1 )Neutron yieldCalculatedbyEGS4( 1 0 - 5 n e- 1 MeV- 1 )1.001.3 – 0.20.98Copper1.043.8 – 0.62.95Tantalum0.985.3 – 0.85.01Lead1.016.2 – 0.94.93˚a Measured data are from Barber and George (1959).

12Thick target (photoneutron yield)When an energetic incident electron hits a target an electromagneticcascade is produced. Most of the energy from the electromagneticcascade initiated by the electron in a thick target is absorbed, so thatneutron yields no longer increase with target thickness. The GDRneutron yields resulting from 100 MeV electrons and 1 GeV electronsincident on iron targets with different thicknesses are shown in Fig.˚1.These neutron yields reach saturation when the target thickness isgreater than about 7 r.l. for 100 MeV electrons or 10 r.l. for 1 GeVelectrons. Further calculations indicate that the neutron yield hasgenerally saturated when the target thickness is 10 r.l. for electronenergies less than 10 GeV.Figure 2 shows GDR neutron yields produced from 20-r.l.-thicktargets by incident electrons with energies from 18 MeV to 10 GeV. Y

Y

EGS4

thick thick

1/2

Approx A

= 0.17 Z ,

dl dk

X E k

X E k

o o o o �

Ł

� ł

·

thick

1/2 1/2

= 0.572 0.17 Z = 0.1 Z , 2 2 S

Y

Y n_=

thin

Approx thick

Approx

( )

. ( )

, X k T k dk X E k k dk o o o E E

E E

2 2 0 572 s s th max th max ^{0.17 Z}1/2 � � ·

»

- .

ln

, /

max max

1

0 19 1 2

2

Z

E E

E

E

E E

T

E o

th max th th E E

E

E

E E

max max

ln

,

th

max th th

-

= 19

Y Y S

n thin

brem thick

= ·

·

T E o 2 Y

thin

total T

E T

o

2

1

0 04 .

+

�

Ł

� ł

1

0 04+ .

T

. 1 685+_{( )}^{( )} a e a g E

E e e