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Electron Photon Verification Calculations Using MCNP4B

David P. Gicrga and Kenneth J. Adams
Log Alamos National Laborstory
Los Alamos, NM

Abstract

MCNP4B was released in February 1997 with significant enhancements to efectron/photon transport methods,
These enhancements have been verified against a wide range of published clectron/photon experiments, spanning
high energy bremsstrahlung production to electron trunsmission and reflection. Three sets of bremsstrahlung cxperi-
ments were simulated, The figst verification calcuiations for hremsstrahlung production used the experimental results
of Faddegon for 15 MeV electrons incident on lead, aluminum, and beryllium targets. The calculated integrated
bremsstrahlung yields, the bremsstrablung energy spertrs, and the mean energy of the bramsstrahlung beam were
compared with experiment. The impact of several MCNP tally options and physics parameters was explored in
detal]. The second was the experiment of O'Dell which measured the bremsistrahlung speetra from 10 and 20.9 MeV
electrons incident on & gold/tungsten target. The [inal sct was a comparison of relative experimentul spectra with cal-
culated resilis for @ 66 MeaV electrons incident on tungsten based on the experiment of Starfelt and Koch. The trans
mission experiments of Lbert were also studied, including comparisons of transmission coefficients for 10.2 MeV
electrons incident on carbon, silver, and uranivm foils. The agreement between experiment and simulution was usu-
ally within two standard deviations of the experimental and calculational errors.

1. Introduction

MONP (Monie Curle N-Particle) is a three dlinensional, fully coupled neutron-photon-electron Monte Carlo
transport code. MCNP version 4B, released in February 1997, included significant enhancements to the electron-
photon transport methods. These included improvements in secondary particle production algorithms and the mitiga-
tion of clectron substep artifacts, as well us improved stopping powers and energy loss parameter. The purpose of this
study was to compare the simulation results of MCNP4B with scveral experiments it the litcrature. This paper
describes the bremsstrahlung produciion and electron transmission calculations. Further information is avaitable in
(ref LA report?).

2. Description
2.1 Bremssirahlung Verification Calculations

Several thick target bremsstrahlung cateulations were performed, The targets are “thick™ in that their thickncss
is greater than an electron range; the targets are thin to photons, Previous studies on thesc data have been performed
using EGS?S, 1TS3, and MCNP4A%. MCNPA4B simulutions of three sets of cxperiments are described. They ace the
absolute thick-target bremsstrahlung measurements of Faddegon er o7 and O’Dell ef al.%, as well as the relative
bremsstrahlung measurements of Starfclt and Koch®,

The bremsstrahlung simualations included both cell and detector photon tallies. Detector and cell flux tallics are
calculated in fundamentally different ways. The cell tally for flux is a track lengih estimate, in which the time inte-
grated flux is cstimated by the summing WT/Y, where W is the particle weight, 7 is the track length of the particle in
the cell, and V is the cell volume. Conversely, a deteclor tally is a deterministic catimate of the flux at a point in
space, of in the case of a ring detector tally, at a pdint sampled from some location on a ring. The detector flux is cal-
culated from! '
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where 2p(L) is the probability density function at ., the cosine of the angle between the particle trajectory and the
direction to the detector; R is the distance from Lhe source or collision event to the detector: and

o
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A= J.:Z‘(s)ds. (2)

which is the total aumber of mean free paths integrated over the trajectory. from the source or collision event 1o the
detector, I, is the total macroscopic cross scetion, '

The exponential term of Fq. (2) accounts for the attenuation between the present event and the detector point, and
8 J/4TR° 1erm accounts for the solid angle cffect. The p(u) term accounts for the probability of scattering toward the
detector instead of the dircotion sclected in the random wath, Euchcuntribution t the deiector can he thought of as
transporting a “pseudoparticle” to the detector.

2.1.1 Faddegon et al, Experimént

The most detailed set of the three bremsstrshlung caleulations described in this paper were the MCNP simula-
tions of the experitments of Faddegon ef al.®”. Thesc experiments provided bremsstrahlung spectra and integrated
yields (rom thick targets of Be, Al, and Pb at angles of 0°, 17, 2, 4°, 10, 30°, 60", and 90" relative to the beam axis for
eleetrons of 15 MeV incident cnergy. The spectra are absolute in the sense that they arc in units of photons per inci-
dent electron.

The cleetron beam passed through 4 thin Ti exit window (0.013 cm) and a Si beam monitoring detector (0.01 cmn)
prior to impiniging on the target chamber. The targets wera Ph (9 13 plem? thick, 17.98 g/em?® radius), Al (9.74 g/urat
thick, 9.81 glem? rudius), and Be (11,67 glem? thick, 6.72 glom? radius) cylinders, The targets are thick for ¢lectrons,
but aot for photons. The targets were surrounded by a stainless steel target il except for the 30°, 60°, and 307
measurements. There was an additional Al exit window downstream of the target. The photons then passed through
a Pb collimatot prior to heing collected in 2 Nal detector. Buths the caperiment and simulations used a low encrgy cut-
off of 145 keV.

The Mente Catlo sitnulation was designed w match he experitnent as faithfully as possible. The work of

DeMurce®, who performed a similar study using MCNP4A, was used cxtensively as a reference. The Al target cxit
window, side walls of the stainless stecl target chamber, and Pb collimator wete not included in the simulation since
the published experimental results are corrected for these factors, The simulations were done in a vacuum, since the
experimental data is also corrected for attenuation in air, The target dimensions corresponded exactly to the published
values, The thickncsses for the Ti exit window and Si beum monitory system were taken from the published values,
although the radial dimensions werce estimated. Further uncertainty is introduced in modeling the stainless stecl
entrance window. In the MCNP model, the stainless steel was defined as 18% (weight fraction) cluomium, 8%
nickel, and 76% iron. This model was based on typical 304 stainless steel, neglecting the trace impurities,

The bremsstrahlung yields were tallied using ccll flux and detector flux tallies, The spectral data over individual
energy bins were tallied, although the primary itom of interest was the bremsstrahlung yield integrated over all ener-
gics. The tallies were multiplied by the square of the source to detector distunce (SDD) to convert the tally nnits fram
photons per cm? to photons per steradian. The SDD of 300 cr is defined from the upstream surface of the target.
The cell wallies were based on the uninn of two cones and two spheres, which forms an annular spherical region. An
angular range of 0.5° and a radial thickness of 1 inm were used. Ring detectors were defined according to the SDD
and a ring radius which reprodices the desired angle, Since the gzometry is cylindrically symmctric, ring detectons
wete uscd rather than puint detectors for maximum efficiency. The MCNP default settings were used for this sct of
calculations, as well as for all other caleulations preseated in this paper, unless otherwise noted,

2.1.2 Stacfelt and Koch Experiment
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Starfelt and Koch® have also measured thick target hremsstrahlung spectra, They report photon spectia fu 9.06
MeV electrons incident on a tungsten target for 0° and 12°, They used an electron beam from a 50 McV betatron
which passcd through a system of Lucite collimators in vidst o minbinize di sugula sprgad ol the bewn, The clec-
tron currcnt in the target was not measured so the spectra arc not ahsolute. The beam was focused on the bremsstrahi-
ung target by an iron-core magnetic lens. Tawgels were wosted vn aluminum rings 1 mm thick with 52 mm inslde

diameters. The tungsten target was 5.8 g/om? thick. The bremsstrahlurg photons pass through an aluminum window,
cadmiutn {iticr, and Icad collimator before impinging on a Nul{T1) spectrometer.

Since the photon spectia were corrected for collimator effects and photon absorption between target and spec-
trometer, the only material included in the simulation was the target. Llectron and photon cutoff energies were set to
0.4 MeV. Cell and detector tallies were positioned at 0° and 12° using the same method as described in the previous
section. The ccll tallies had an angular range of 0.7°, which is consistent with the experimental sctup. To reconcile
the differences between the relative experimental results and the absolute MCNP calculations the experimental data
were normalized to the simulation at the first (lowest) energy bin.

2.1.3 O'Dell ¢t al. Experiment

O'Dell et al.} measured the thick target bremsstrahlung spectra for 5.3 to 20.9 MeV elections incident on a gold-

tungsten target. The bromsstrahlung target was 0,49 gfem? of tungsten fullowed by 0.2453 glom’ of gold. The spectra
were measured using a technigue hased on deuteron photodisintegration. This method is limited to measuring photon
energies above 3 MeV%, ‘L'he clectrons were incident on the bremsstrahlung target, and the resulting photons interact
with a secondary DO target, which provides a source of photoneutrons. The neutrons produced above the D(y.n)p
reaction threshold of 2.23 McV were analyzed using time-of-flight techniques. This gives absolute bremsstrahlung
spectra in units of photons per MeV per steradian per incident electron,

The bremsstrahlung tfarget was modeled as a thin cylinder of tungsten followed by a thin cylinder of gold.  Sim.
ulations using 10.0 and 20.9 McV incident electrons were done. The sceondary target was modeled with dimensions
of 1,25 x 0.25 and 0.5 x 0.25 in. for the 10,0 and 20.S mcasurcments, respectively. ‘The photon spectrum was tallicd
over the entire face of the cell, This is important since the bremsstrahlung vicld is fairly sensitive to angle, cspecially
near 0", Elcctron and photon low encrgy cutoffs were set to 4.0 McV, which mirror the published cxperimental
result Only the electron beam and bremssirahlung target were modeled, with the photons being tallicd over the fuce
of the D,0 target,

2.2 Electron Transmission and Backscatter

Several clectron transmission and backscatter comparisons were ‘aiso done. Ebcert eral,!! give a tremendous
amount of data for 4.0 (o 12.0 McV moncenergelic clectrons incident on a varicty of solid targets. In this study, a few
of the experimental transmission and backscatter experiments have been simulated using MCNP4B.

1n this experiment, the electron beam, generated by a linae, had an energy spread of about 1%. The beam passed
through two copper collimators, chosen as a compromisc between a low-Z, low density material which would pro-
duce alarge low energy sceondary electron background, and a high Z, high density material which would produce a
high bremsstrahlung background. The maximum beam diameter allowed by the collimators was 0.6 cm at the targel.

The target chamber containcd x-ray shielding, an insulated target holder, two large Faraduy cups, and a carbon
hcum stop in addition to the collimator assembly, The Paraday cups were used io colleet the transmitted and hack-
scattered electrons. Bias rings, setio -500 V, were mounted in the Faraday cups to minimize the very low energy sce-
ondary electron current. The rargeis mnged in thickness from about 0.03 to 6.0 g/cmz. The targets were cither 2.0 or
8.0 ¢tn in dismeter. The larger targets ranged in lincar thickness from 0.6 to 3.2 cm, The target dimensions were cho-
sen such that the farget radins was greatet than the sum of the beam radius and the maximum ¢lectron range. This
configuration will minimize clectron escape through the turget sides, and approximate a semi-infinite slab geometry.

The experimental prometry was greatly simplified for the MCNP simulutions, Only the target was explicitly
modeled. The transmission and backscatter coefficicnts were calculuted using particle current tallies at the target
faces. This is much simpler than modeling the Faraday cup geometry, and chsurcs that there are no Lally lusses from
solid angle effects. The current tallies were divided into two cos(8) bins, where 8 is defined relative to the positive
surface normal. The transmission coefficient was caloulated by using a 0 range of 0° to 90°, while the buckscarer
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coefficient used a B range of 90° to [80°. The simulations were done in conpled electron/phown mude, and used the

dcfault cutoffs of 1 keV.

3, Results

3.1 ¥addegon Comparison

The integrated bremsstrahlung yield for a Pb target is presented in Figurc 1. Simulations for angles between 0°
and 10° include the stainless steel entrance window, while anglos gscater thun 10° had no stainkess steel window. This

is consistent with the experiment.

Lead |
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Figure 1: Integrated Bromsstrahlung Yicld vs Angle for Ph.

Figure 1 shows that the discrepancies between experiment and simulation are greatest for the ferward directed
angles and for 907, It is intcresting to nole that the detector tally seems to track the experiment better that the ccll
tally, even though more detailed physics is used for the cell tally for electron photon problems. When the same phys-
ics models are used, however, the ccll and detector wilies become identical. The larpest difference between experi.
ment and simulation is 16% at 90° for cell tallics, and 13% al 9J° for detecior tullies, The error bars for the 0% and 90°

simulations were generally the largest, because of the low intensity at 90° and sinall the solid angle at (",

The detailed encrgy spectra were aiso comparcd. Figure 2 shows experimental and simulation results for the
bremsstrahlung energy spectra for aluminum. These plots compare the default MONP cell 1ally with experimental
data at 10°. The simulations show excellent overall agrecment for each material, These results show thut MCNP can

accuralcly calculate both the integratcd bremsstrahlung yields as well as the detailed photon energy spectra.
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Figure 2: Comparison of experimental and MONP cell tally hremsstrablung spectra for alominvm at 10°.

1.2 Starfelt and Koch Comparison

Figure 3 shows the 0° bremsstrahlung spectra as a function of photon encrgy, The experimental and MCNE spec-
tral shapes show good agreement for both angles, and in fact agree within statistical uncertainty. The spectra agree
particularly well for lower photon encrgics, which cotrespend (o the highest photon yields. Tirror bars are not showu
for the experimental data, but Starfelt and Koch estimaic the uncertainties to range from about 3-4% at | MeV to 11-
17% at 9 MeV. The experimental crrors become quite large for photon energics above 95% of tie incident election

energy.
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3.3 O’Dcll Comparison

Calculated and experimental bremssteahlung xpectea are shown in Figure 4 far 20,9 MeV elecuons incidenton a
gold/tungsten target. Error bars for the experimental data are based on O'Dell’s estimate that the errors range from S
o 10%, except at higher photon energics whare ponr counting statistics further inerease the experimental error.
There is good overall agreement batween calculation and experiment at hoth energies. All of the points agree within
experimental errer. There also appear to be some minor diszontinuities in the MCONP simulations. These are most
likely statistical in nature, and are not a reflection of the cross section data. This can be verified by running the simu-
lation for more histories.

Tablc 1 gives the integrated bremsstrahlung yiclds for the AwW iarget at 10.0 and 20.% MeV. The resuits for
O'Dell were obtained by integrating the published spectra, while the MCNP result was automatically obtained from
the cell tally. The results show that MCONT agrees with experiment o within 5%.

20.9 MeV electrons :ncident on Au/W
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Fignre 4: Bremsstrahlung Encrgy Spectrum, 20.9 MV dectrons incident on Aw/W,

Table 3.1: Integraled Yiclds for AWW for O Deil

Enetgy O’ Dell MCNP

MeV) (1/s1) (l/sn)
10.0 0.1826 (23.6,7.5% | 0.1949(0.93)
20.9 2.0929(29.0,7.5) | 2.1956 (0.48)

% first number is propagated percent error, second is
percent error in each exparimental data point

3.4 Ebert Results

Transmission coetficicnts for 10.2 MeV clectrons incident on Ag foils of varying thicknesses are presented in
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Figure 5. The experimental results and sirnulation results using MONPAR defudt cetings ars shown. The simula-
tions agree with experiment with varying degrees of success, The experimental uncertainties are estimated at 2%,
Lbert ef al. only give a errors for transmission coefficienis hetween 0.3 and 0.8,

The silver simulations agrce with experiment to the greatest degree. The maximum deviation betwsen the defaul
simulation and eaperiment is 17%, while mnst of the transmission cocfficicnts agree within 10%. For the range of
ransmission cocfficients that experimental urcertainties are published, the simulation and experiment agree within
stalistics. For carbon (not shown), the defauit MONP simulations disagree with expenment by as much as 90% for the
last few data points, although the transmission coefficients for thicknesses less than 3.5 gfem? differ within 10%. The
experimental uncortaintics in the transmission cocflivicnts fur very thick targets may be quite targe, which may help
account for these discrepancies. For uranium (not shown), default MCNP agrees with experiment within 5-15%.
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Figure 5: Comparison of transmisston coefficients for 10.2 MeV clectrons incident on Ag foils

4, Conclusions

MCNP4B was verified against a wide range of electron/phiton experimeni< including high encrgy bremsstrahl-
ung production and electron transmission and reflection. The bremsstrahiung spectral shape and mean encrgy com-
pured well across three benchimark experiments. The energy integrited yields agreed within about 1062 for cell tnflies
and 5% for detector tallies when comparing to the experiments of Faddegon et al., except for a few points near 0° and
90°. The cell tally energy integrated yields for O Dell o7 o/ |, however, agreed to within 5% of the experiment, and
were slightly higher than the experimental fesults. MCNP ulso showed excellent agreement with the bremsstrahlung
spectra of Starfelt and Koch. The caleulatinns of electron transmission based on the experiments of Lbert e 2/, com-
pare within 5-15% for silver and uranium, but therc arc highly significant deviations for carbon. The caleulations in
this study have shown that MCNP schieves excellent agreement with a wide range of experiments
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