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Introduction
Numerous recipes for designing lateral slab neutron shielding for electron accelerators are
available and each generally produces rather similar results for shield thicknesses of about 2 m of
concrete and for electron beams with energy in the 1 to 10 GeV region (Tesch 1988 reviews
many such recipes). For thinner or much thicker shielding the results tend to diverge and the
standard recipes require modification. Likewise for geometries other than lateral to the beam
direction further corrections are required so that calculated results are less reliable and hence
additional and costly conservatism is needed. With the adoption of Monte Carlo (MC) methods
of transporting particles a much more powerful way of calculating radiation dose rates outside
shielding becomes available. This method is not constrained_ by geometry, although deep
penetration problems need special statistical treatment, and is an exceilent approach to solving
any radiation transport problem providing the method has been properly checked against
measurements and is free from the well known errors common to such computer methods.
However, for electron beams MC methods have presented problems in the provision of an event
generator for source neutron angular energy spectra. Such codes as PICA at the lower energies
and the VMD models at very high electron energies have been very useful but there has not been
an event generator for all electron beam energies from a few tens of MeV up to ten's of GeV
(Gabriel et al. 1969, Ranft et al. 1987). Recent work by Degtyarenko shows considerable
promise in remedying this deficiency (Degtyarenko 1995). Degtyarenko and colleagues have

produced an event generator based on a nuclear fragmentation model DINREG, which correlates
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well with the sparse experimental data - a review of the development of DINREG and its use in
radiation protection studies can also be found in (Degtyarenko 1995). However, the authors wish
to caution that until the model has been thoroughly verified with experimental data, the results of
this exercise must remain tentative. An appropriate experimental proposal for verifying the
model is discussed by Degtyarenko (Degtyarenko 1997). This present paper utilizes the results of
MC calculations based on DINREG using the Monte Carlo transport code GEANT (GEANT
1994) and models them with the normal two parameter shielding expressions. Because the
parameters can change with electron beam energy, angle to the electron beam direction and
target material, the parameters are expressed as functions of somc; of these variables to provide a
universal equation for shielding electron beams which car be used rather simply for deep
penetration problems in simple geometry without the time consuming computations needed in
the original MC programs. A particular problem with using simple parameterizations based on
the uncollided flux is that approximations based on spherical geometry might not apply to the
more common cylindrical cases used for accelerator shielding. This source of error has been
discussed at length by Stevenson and others (Stevenson et al 1982 and Stevenson 1995). To
study this source of error, a run in both spherical and cylindrical geometry were compared.
Analytical Shielding Expressions

The most commonly used expression for shield calculation assumes an exponential removal
process resulting in a constant “relaxation length” (Chilton et al 1984).

To accommodate the change in properties of the neutron cascade from the thin shielding
situation to the thick shield, the exponential shielding equation is generally decomposed into two
or three parts. For this study we have found that for most purposes a two part expression is
adequate and which takes the form:

P (d+1t)
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is the dose equivalent at point P outside
thickness of shielding at distance



d from a point source
H,and Hy are the low and high energy source terms and

ArandAy,  are the low and high energy relaxation lengths
If we assume that (d+t) = 1 then the equation simplifies to just the numerator:

H, = Hyexp(~t/A,;)+ H,exp(—t/ ;) (1)
Because we would only use equation (1) to solve a shielding problem for a given electron beam
energy, the variation of the shielding constants with beam energy do not need to be included in
the equation as a continuous function, neither do we need to include target or shield material in
such a way. However, there are many ways in which the angular production is needed such as for
the line source calculation. Expressions of angular dependency have already been published,
notably those of Moyer (the utility of Moyer’s method is discussed by Routti et al 1969 and
McCaslin et al 1987), Jenkins and DeStaebler (J enkins 1979, DeStaebler et al 1962). Both
formulations apply the angular dependence to the source terms. Moyer's expression is applied to
the neutron radiation produced by proton accelerators. Jenkins and DeStaebler’s expressions
apply to electron machines and their full shielding expressions have been coded for computer
running by Nelson 1994.
Monte Carlo Techniques
The MC transport code utilized is GEANT (GEANT 1994, Zeitnitz et al. 1995) coupled to the
event generator DINREG (Degtyarenko 1995). For the deep penetration aspects a process was
adoptled whereby particles with favorable direction cosines would be amplified to give some
factor of 100 increase in sensitivity and also the production cross section was also increased
(without perturbing the e,y shower) to improve the probability of events per incident electron.
The results were presented as a matrix with 5 energies, 7 concrete thicknesses plus zero, at 9
production angle intervals. The dose equivalent was determined from the neutrons per unit area
crossing the shield surface boundary divided by their direction cosine to the normal to the
surface. The resultant fluence was converted to dose equivalent by using the conversion

coefficients given in US DOE 1993. Simple spherical and a cylindrical shell geometries were



modeled. The set of runs used a long (1 =25 cm, ¢ = 5 cm) cylindrical copper target and
shielding made of standard concrete with density p = 2.35 g cm™; this was considered
representative of many practical design requirements.

Fitting Equations

We found that a reasonable approximation to the MC data can be obtained with an expression of
the form given in equation (1), assuming that the low energy term is isotropic and the angular

dependence enters only into the high energy term:

H;(0)=a;; 1,(6)=A,; H,(0) = a,exp(c;cos0); 1, (@) =21,/ (I-c,co80—c;c08%8).  (2)
Thus, we used 7 parameters to fit the dose dependence on fand 6: g, and 2, , parameters
determine the low and high energy source terms and relaxation lengths at 90 degrees, and ¢; 5 3
control the angular dependence. The fitting parameters were obtained using the minimization
routine MINUIT (MINUIT 1993), within the CERN data analysi$ and presentation package
PAW (PAW 1995). An example of the data and the 7-parameter fit is shown in figure 1 for
E, =0.5 GeV. The results of dose calculations at different wal! thicknesses are shown using
different symbols, with the lines representing the fitting function. The statistical errors (one
standard deviation) on the MC calculation larger than the size of the marker symbol are shown as
error bars. The points calculated at zero wall thickness, and also at the very forward direction
interval (0.9 < cos 8 < 1) were not used in the fitting procedure because of the influence of
neutron absorption and rescattering in the model target. The results are set out in table 1.

Table 1. Fitting Constants for Parameterization (2)

E, 02 0.5 1.0 4.0 8.0 GeV

a; 18.92(58)* 19.96(74) 19.5(1.2)  23.1(1.1)  20.7(1.2)  Sv[kWh]'m?
A 32.09(39) 32.61(62) 33.2(1.2)  3L.71(81)  332(L.1) gem™

a, 031(2) 0.80(5) 1.24(13) 1.32(7) 1.35(10)  Sv [KWh]! m?
A2 86.5(1.0)  96.0(1.2) 969(2.2) 104.8(1.4) 105.1(19) gem?

¢, 0.43(13) 0.48(5) 0.37(9) 0.50(6) 0.50(7) -

¢, 0.09522) 0.094(10) 0.129(16)  0.133(11)  0.142(14) -

c; 00049  0.031(6)  0051(9)  0.026(7)  0.026(9) -
(a) The figures in parentheses give 1-standard-deviation uncertainties in the last digits of the main mumbers

The extrapolation of the fitting function into these regions is shown by the dashed parts of the



curves. The statistical quality of the fits at 5 different energies was good: ¥ from 2.2 t0 2.9 per
number of degrees of freedom. The energy dependence of the parameters is shown in figure 2. It
is worth noticing that the parameters of the isotropic low energy term a, and 4, show no
dependence on the beam energy. Qualitatively this observation indicates that the low energy term
in the neutron dose is determined by the abundant low energy photon yield in the thick target
electromagnetic cascade, which scales with the beam power. The ¢, parameter also shows no
significant Ey-dependence. Another feature is that the parameters‘ a,,A,,¢,,¢; show the effect of
a slow trend to a constant value with increasing beam energy. This means that at beam energies
of the order of 10 GeV and above, the dose is likely to scale with the beam power. We found that
the behavior of the high energy term may be approximated by using the variable:
z=I1—exp[-In(E,/ E_ )/ C], where E_ is a parameter determining the energy at which the high
energy contribution begins to become significant, and C is a parameter. In terms of this variable,

the energy dependence of the parameters a,,4,,¢,,c; can be expressed as:

ay(Ep) = Ayp%; A)(Ep) = By, +(A;, — By )7 62(Ep) = By + (A, — B )z ¢3(Ep) = Az (3)
The 11-parameter fit of the whole data set was performed and the results are shown in table 2.

The agreement between the data points and the fitting function is still good: y*/ NDF = 2.55.

Table 2 Fitting Constants for Parameterization (3)

parameter value units
a, 21.43 £0.35 Sv [kWh]' m*
A 31.73 £0.22 gom?
Ay 1.64 £0.03 Sv [kWh]! m?
A, 105.33 £0.50 g om™
B,, 83.28 £1.10 g om™
En 0.144 +0.002 - GeV
C 1.674 £0.042
¢ 0.470 £0.023
Ag 0.146 +0.006
Bo 0,059 +0.006
Ag 0.047 £0.004

The comparison is illustrated in figures 3, 4, and 5. In figure 3 the neutron dose equivalent is



shown as a function of the wall thickness in g cm2 for 5 different beam energies at 90 degrees.
Points shown are calculations and lines represent the fitting function. Figures 4 and 5 show the
angular dose dependence.

Application to Cylindrical Shielding

Figure 6 shows the parameterizations applied to a cylindrical shielding configuration together
with the results from MC calculations. Differences between the results for the spherical and
cylindrical cases using the same thickness of shielding (the shield thickness along the radius
vector are the same for the cylinder and sphere) do not seem to be significant for thin shielding at
any production angle. However, when the shield thickness increase to 2 - 3 m then the
differences become quite marked as suggested by Stevenson.

Comparisons With Other Shielding Recipes

Energy and angular corrections were derived for Hy, in other recipes - notably Jenkins (1979)
(SHIELD-11). Below a few GeV, energy correction were provided by Sullivan (1981) who used
the measurements of von Eyss et al (1973). Angular corrections have already been discussed
above. It is observed that for beam energies greater than 0.5 GeV and forward production angles
the SHIELD-11 results compare very well with the parameterization but for lateral and backward
angles and at low electron beam energies, the SHIELD-11 results are a factor 2 to 3 lower.
Examples of calculations using SHIELD-11 and the present parameterization are presented in
figure 7.

Conclusions

It must be clearly understood that this exercise can only be regarded as preliminary until the
event generator DINREG has been properly validated by comparison with experimental
measurements. Comparisons with earlier published measurements indicates that the event
generator shows considerable promise in reproducing angular energy hadron production cross
sections (von Eyss et al 1973, Bathow et al. 1967, Alanakyan 1981). However, the form of the
parameterizations should be valid and, with to minor corrections, should make the basis of a

useful and simple general shielding expression for electron accelerators.



Acknowledgments

The authors wish to acknowledge the help and support of Bob May and also Scott Schwahn who
kindly provided help with generating the current SHIELD-11 data presented in this paper.
References

Alanakyan, K. et al., Sov. J. Nucl. Phys., 34(6), 828 (1981)

Bathow, G., Freytag, E. and Tesch, K. Nuclear Physics, B2, 669 (1967).

Chilton, A. B. Shultis J. K. and Faw, R. E. Principles of Radiation Shielding, p. 150, Prentice-
Hall, INC., Englewood Cliffs, NJ 07632 (1984).

Degtyarenko, P. Applications of the Photonuclear Fragmentation Model to Radiation
Protection Problems, Proc. Second Specialists’ Meeting on Shielding Aspects of Accelerators,
Targets and Irradiation Facilities (SATIF-2), CERN, 12-13 September (1995).

Degtyarenko, P. and Stapleton, G. Experiment Proposal for the Determination of Neutron
Spectra from Targeted Electron Beams Using a Time of Flight Spectrometer with Suppression of
Photon Backgrounds, To be published in Proc. Health Physics of Radiation Generating
Machines, 30th Midyear Topical Meeting, San Jose, CA., Jan 5-8, 1997.

DeStaebler, H. Jenkins T. M. and Nelson W. R. Shielding and Radiation, chapter 26 in the
Stanford Two-Mile Accelerator, ed R. B. Neal, pub. Benjamin (1968).

Gabriel, T. A. and Alsmiller Jr., R. G. Photonucleon and photopio_n production from 400

MeV electrons in thick copper targets, Nucl. Phys. B14, 303, (1969).

GEANT - Detector Description and Simulation Tool, CERN Program Library entry W5013,
CERN, Geneva, Switzerland (1994).

Jenkins, T. M. Neutron and Photon Measurements Through Concrete from a 15 GeV Electron
Beam on a Target, Nucl. Instrum. Methods, 159, 265 (1979).

McCaslin, J. B. Swanson W. P. and Thomas, R. H. Moyer Model Approximations for point and
Extended Beam Losses, Nucl. Instrum. Methods, A256, pp 418-426, (1987).

MINUIT - Function Minimization and Error Analysis, CERN Program Library entry D506,
CERN, Geneva, Switzerland (1993).



Nelson, W. R. SHIELD 11, Radiation Physics Department, MS/48, SLAC, Stanford, CA 94309
(19%94) '

.PAW - Physics Analysis Workstation, CERN Program Library entry Q121, CERN, Geneva,
Switzerland (1995).

Ranft, J. and Nelson, W. R. Hadron cascades induced by electron and ph_oton beams in

the GeV range, Nucl. Instrum. Methods, A 257, 177 (1987).

Routti, J. T. and Thomas, R. H. Moyer Integrals for estimating Shielding of High Energy
Accelerators Nucl. Instrum. Methods, 76, 157 (1969)

Stevenson, G. R. Kuei-Lin, L. Thomas, R. H. Determination of Transverse Shielding for Proton
Accelerators Using the Moyer Model . Health Phys. Vol 43 pp 13-29, (1982).

Stevenson, G. R. To be published in proceedings of the second workshop on Simulating
Accelerator Radiation Environment (SARE?2), CERN, Geneva, Switzerland, 9-11 October 1995,
Sullivan, A. H. Shielding of Electron Accelerators up to 600 MeV, Radiation Protection Group
Report, Int Rep. HS-RP/IR/81-14, CERN, Geneva, Switzerland (1981).

Tesch, K. Shielding Against High Energy Neutrons from Electron Accelerators - A Review, Rad
Prot Dosim. Vol 22, Nol (1988). )

US Department of Energy, Occupational Radiation Protection; Final Rule, 10 CFR 835, Federal
Register Vol. 58, No. 238, Part IV, Subpart A-General Provisions, § 835.2 (b) Definitions, Office
of Health Physics and Industrial Hygiene Programs, EH-41, Washington, DC 20585 (1993).
von Eyss H.. J. and Luhrs, G. Photéproduction of High Enérgy Neutrons in Thick Targets by
Electrons in the Energy Range 150 to 270 MeV, Physik 262, 393 (1973).

Zeitnitz, C. and Gabriel, T. A. The GEANT - CALOR Interface User’s Guide, CERN Program
Library, Geneva, Switzerland (1995).



Figure 1 Examples of Results Using the 7 Parameter Fit
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Figure 3 Shiclding Curves Generated Using the 11 Barameter

Fit with MC Data Points
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Figure 2 Energy Dependence of Fitting Parametery
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Figure 4 Anguler Dose Dependence Using 11 Parameter Fit at

0.2 GeV
AR RARE S e e e A
Elactron enagy E, = 0.2 GaV
10 F tp =0.0m e 3
f* Yp =02m Toe ?

-
d

[e *

ti =05m , . o

5 th =1.0m

"‘,//‘—“—.:
M -
lip =20m 'é

—h
(-]

E
%1& 3 3
:
E

-
(-]

AP IPPE PP PR RV TE S PP PEWE ST FERE
41 0B 08 04 02 0 02 04 06 08 1

Average cosd




Figure 5 Angular Dosc Depeadence Using 11 Parameder Fit at

Figure 6 Angular Dependence for the Cylindrical Case
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Figure 7 Comparison with SHIEL.D-11 Code Calculations
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