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An electron beam stop was designed to allow 
workers to be present in the experimental area while 
the accelerators are producing electron beam pulses. 
The beam stop is composed of a graphite region to 
stop the electron pulses and a surrounding tungsten 
region to attenuate photons produced by electron 
transport in the graphite. Radiation-transport dose 
calculations were performed to set the dimensions of 
the graphite and tungsten regions. To reduce 
calculational effort, electron transport in the graphite 
was calculated separately from photon dose transport 
to worker locations. The source for photon dose 
transport was generated by tallying photons emerging 
from the graphite during electron transport. 

I. INTRODUCTION 

DARHT is a pulsed-electron linear accelerator 
facility being built at Los Alamos National 
Laboratory. Its final configuration, depicted in Fig. 
1, will be two 20-MeV accelerators with 
perpendicularly intersecting beamlines to provide 
dual-axis radiography of weapon-related high-energy 
hydrodynamic experiments. Each accelerator is 
enclosed in a long hall, whose front cylindrical end 
is called the bullnose. Each accelerator hall has thick 
concrete walls designed to shield against photons 
produced from electron-beam leakage. The 
experiments will be positioned at the intersection of 
the beamlines, called the firing point. Dual-axis 
radiography is accomplished by simultaneously 
pulsing the accelerators. The electron pulse from 
each accelerator impinges on a high-Z target, 
producing photons that are directed in a narrow beam 
to the firing point by a collimator in the front wall of 

the steel cone. The purpose of the steel cone is to 
shield beamline equipment from experiment blast. 

A beam stop will be located inside each 
accelerator hall downsteam of the last accelerating 
stage (see Fig. 1). The beam-stop housing will be an 
integral part of the evacuated beam pipe enclosing the 
electron beam. Engaging the beam stops will allow 
the accelerators to be maintained in a pulsing mode 
when workers perform experimental setup and 
adjustment in the region in front of the bullnoses and 
steel cones, hereafter referred to as the experimental 
area. When disengaged, the beam stop will be 
suspended above the beamline and will fall into its 
engaged position in the beamline if there is loss of 
electrical power to its holding mechanism. 

11. DESCRIPTION OF BEAM STOP 

As depicted in the inset of Fig. 1, the basic form 
of the beam stop is a graphite cylinder fitted inside a 
cylindrical tungsten cup with a thick bottom and thin 
side. The open end of the tungsten cup is flush with 
one end of the graphite cylinder. When the beam 
stop is engaged, its longitudinal axis coincides with 
the beamline and its open end faces the electron 
beams. The low-2 graphite stops electrons with 
minimum photon production, and the high-Z tungsten 
maximizes attenuation of photons produced in the 
graphite. Attenuation in the thick bottom of the 
tungsten cup reduces the dose contribution from 
photons transmitted down the beamline through the 
penetration in the bullnose wall and the collimator in 
the steel cone. Attenuation in the side of the tungsten 
cup reduces the dose contribution from oblique 
photon transmission toward the bullnose wall. It also 
reduces the dose contribution from photons scattered 
from the accelerator-hall walls to the entrance of the 
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Fig. 1. Horizontal Layout of DARHT showing Locations of Electron Beam Stops. 

beamline penetration in the bullnose wall and then 
down the beamline toward the firing point. 

The beam-stop inset in Fig. 1 gives the final 
design dimensions and densities of the graphite and 
tungsten. Minimum size of the beam stop is 
achieved by using graphite and tungsten of high 
density. A density of 1.91 g/cm3 was chosen for the 
graphite because it is the maximum density at which 
graphite is commercially available. Powdered 
tungsten at a density of 15.0 g/cm3 was selected 
because it was available at no cost to the DARHT 
project and commercially available solid forms at 
higher densities are expensive. The increased size 
from using the lower-density powdered tungsten did 
not exceed the space available for the beam stop. 

111. DESIGN BASIS FOR BEAM STOP 

The dimensions of the graphite and tungsten 
regions of the beam stop were determined by 
imposing the following five conditions: (1) electron 
pulse parameters of 20-MeV energy, 3.0-kA current, 
and 60-11s period, (2) 5000 annual pulses per 
accelerator during beam stop engagement, (3) nearly 
all beam electrons to be stopped in the graphite, (4) 
workers to be present in the highest dose location in 
the experimental area during all accelerator pulsing 
with the beam stop engaged, and ( 5 )  doses to 

individual workers in the experimental area to be as 
low as reasonably achievable (ALARA) and less than 
500 mrem per year. The first condition constitutes 
best-estimate pulse parameters. The second condition 
is conservative because the 5000 pulses is a 
maximum estimate for the total number of annual 
pulses, regardless of whether the beam stop is 
engaged or disengaged. The third condition was 
chosen because less photon production occurs from 
electron transport in graphite than in tungsten. The 
fourth condition is very conservative. The fifth 
condition is a regulatory requirement for design of 
radiation emitting facilities. 

IV. CALCULATIONAL METHODOLOGY 

The Monte-Carlo transport code MCNP2 was 
used to perform the electron and photon transport to 
determine photon doses in the experimental area. 
With its coupled electron-photon transport capability, 
MCNP can, in principle, calculate dose in the 
experimental area as one MCNP problem, beginning 
with beam electrons entering the graphite. Due to the 
slowness of calculation of electron transport in the 
graphite, this approach would require impractically 
long computational times to obtain statistically 
reliable dose values. Consequently, electron transport 
in the graphite was performed separately from photon 
transport through the tungsten and bullnose wall. 



Essentially, a source of photons emerging from the 
graphite region was determined with a single MCNP 
calculation, and this source was used for many 
calculations transporting photons to dose locations. 

Doses were calculated as effective dose 
equivalent, incorporating the ANSUANS-1991 photon 
fluence-to-dose conversion  factor^.^ 

V. GENERATION OF PHOTON SOURCE FROM 
CALCULATION OF ELECTRON TRANSPORT 
IN GRAPHITE REGION 

Electron transport in the graphite was calculated 
for an isolated model of the graphite and impinging 
electron beam, as depicted in Fig. 2. The diameter of 
the electron beam is its maximum value of 6 cm. 
Electrons crossing surfaces on and inside the graphite 
were tallied. The 7-cm length of the graphite was set 
by requiring the ratio of emerging electrons to beam 
electrons to be less than 1% for each of three outside 
surfaces. Photons emerging from the graphite were 
tallied over the union of all three surfaces by energy 
and polar angle relative to the direction of the 
electron pulses. 

Photons emerging from graphite are 
tallied by energy and polar angle (e) 
relative to direction of electron beam. 

I 

18-cm diameter - 

6-cm 4 
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20-MeVhectrons 
uniform1y;distributed 

Fig. 2. Model for Calculating Energy and 
Angular Spectra of Photons Emerging 
from Graphite Region of Beam Stop. 

The electron tally results in Table I show that the 
graphite is large enough to stop nearly all electrons, 
including those generated by electron-photon 
cascading. The number of electrons emerging from 
the beam-entrance end, the downstream end, and the 
cylindrical side of the graphite are less than 0.2%, 
1%, and 0.02%, respectively, of the number of the 
beam electrons. Although not recorded here, the 
results show the energy distribution of the emerging 
electrons to be severely degraded from the 20-MeV 
entering energy, thereby diminishing photon 
production in the tungsten. Comparison of the last 
three rows of Table I provides an estimate of the 
rapid falloff of emerging electrons with increasing 
length of the graphite; the number of escaping 
photons decreases by approximately a factor of 10 for 
each 1-cm increase in length. 

The graphite diameter in the electron-transport 
model of Fig. 2 is 18 cm, whereas it is 16 cm in the 
final beam-stop design of Fig. 1. This inconsistency 
results from the electron transport being calculated 
when the beam stop was to be located 13% ft back 
from the bullnose wall instead of the present 6% ft. 

Table I 

Electrons Crossing Exterior and Interior 
Surfaces in Graphite Region (see Fig. 2) 

Electron tally 

Electrons leaving 
cylindrical side 

Electrons leaving 
beam-entrance end 

Electrons leaving 
end opposite beam 
entrance 

Electrons crossing 
interior surface 1 
in beam direction 

Electrons crossing 
interior surface 2 
in beam direction 

Ratio of tally electrons 
to beam electrons” 

(1.84 f 0.14) x 

(1.63 f 0.03) x 10” 
I 

(8.74 f 0.07) x 

(5.78 k 0.00) x lo-’ 1 
“Values are listed as sample mean f one 

standard deviation of the mean. 



At the previous location, tungsten around the 
cylindrical side of the graphite was deemed 
unnecessary because dose locations were further from 
the beam stop and the front portion of the tungsten 
provided greater areal shielding coverage of the 
bullnose, Since the 2-cm thick side portion of 
tungsten is necessary for the present location, 
retaining the 18-cm diameter for the graphite would 
have increased the beam-stop diameter from 18 cm to 
22 cm. Reducing the graphite diameter to 16 cm was 
done primarily to decrease the transverse dimension 
of the beam-stop housing and secondarily to reduce 
the weight of the tungsten. 

The 16-cm diameter graphite is more than 
adequate for stopping electrons in the radial direction. 
From the electron tally results, the number of 
electrons emerging from the cylindrical side of the 
18-cm diameter graphite is approximately 50 times 
less than from the downstream end. The 16-cm 
diameter is a 1 -cm decrease in thickness from the 18- 
cm diameter. From previous discussion of the tally 
results, this decrease causes roughly a factor-of-ten 
increase in the number of electrons emerging from 
the cylindrical side. Consequently, the number 
emerging from the side is still less than the number 
emerging from the downstream end, and the 
emergence criteria of less than 1% emergence on all 
graphite surfaces remains satisfied. 

The energy and polar-angle spectra of photons 
emerging from the graphite were used as a point 
source for calculating photon transport to dose 
locations in the experimental area. The spectra were 
input to MCNP as energy histogram emission being 
dependent on polar-angle bin. The spectra had the 
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expected characterization of increasing intensity for 
energy decreasing from 20 MeV and of decreasing 
intensity for increasing polar angle. 

VI. CALCULATION OF PHOTON DOSE 

Even with a once-generated photon source, too 
much effort would be required to perform a single 
transport calculation with full spatial modeling of the 
bullnose and accelerator hall. Either the 
computational time would be prohibitively large or 
there would be the time-consuming effort to 
determine a global photon-importance function. To 
complete the calculations within acceptable time 
constraints, photon transport was divided into three 
components that are essentially physically decoupled: 
(1) axial transmission down the beamline through the 
tungsten in front of the graphite and then down the 
beamline through the penetration in the bullnose and 
through the collimator in the steel cone, (2) oblique 
transmission through the cylindrical side of the 
tungsten and then through the bullnose wall, and (3) 
scattering from bullnose and accelerator-hall interior 
walls to the entrance of the beamline penetration in 
the bullnose, followed by scattering down the 
beamline penetration and the collimator in the steel 
cone. The length of the tungsten portion in front of 
the graphite was set by dose results from the first 
problem, and thickness of the tungsten portion around 
the side of the graphite was set by dose results from 
the second and third problems. 

Dose is greater in two regions outside the 
bullnose, namely in the small polar-angle range 
around the beamline in which there is line-of-sight to 
the beam stop and at oblique angles outside the 
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Fig. 3. Model for Calculating Dose from Photon Transmission through side (void) 

Tungsten Shield and down Beamline to Outside Cone. 



roughly 0-40" polar-angle heavy-attenuation shadow 
of the tungsten. Doses were calculated in each 
region at locations that yield maximum dose. The 
maximum calculated doses in the two regions are 
likely to be much greater than received dose because 
most of the time workers will likely be inside the 
tungsten polar-angle shadow. There they will receive 
virtually no dose except when they are close to the 
beamline. 

A. Forward Photon Transmission down Beamline 
through Front Region of Tungsten 

The calculational model for the first photon dose 
component is shown in Fig. 3. Dose was calculated 
at the point intersection of the beamline with the 
outside surface of the steel cone. Workers at this 
location are at minimum distance from the beam 
stop. They will receive considerably less dose than 
calculated because most of the time they will be near 
the firing point, which is considerably further from 
the beam stop than the dose location. Moreover, they 
will often be outside the narrow photon beam formed 
by the collimator. 

The bullnose and steel cone were omitted from 
the calculational model. Their omission is 
nonconservative because the dose contribution from 

' - -  Dose surface tally - intersection of horizont3 --I -- 
cylinder with vertical cylinder forming_ I 
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scattering from the interior walls of the beamline 
penetration and collimator is excluded. This 
contribution is judged to be small in comparison with 
that from photons passing through the penetration and 
collimator without being scattered. Some calculations 
were done with the interior walls of the penetration 
and collimator present, but the resultant doses were 
statistically unreliable. Achieving acceptable 
reliability would entail unacceptably large computer 
time or inordinate effort to determine an adequate 
photon importance function in the interior walls. 
Considering the conservatism and uncertainly of the 
design basis, omission of the interior scattering is 
judged to be acceptable. 

The location of the point photon source on the 
beamline at the graphitekungsten interface is 
conservative primarily because it maximizes the 
number of photons intercepted by the tungsten and 
consequently increases the dose contribution from 
photon scattering in the tungsten. 

B . Oblique Photon Transmission through Tungsten 
and Bullnose Wall 

The calculational model for the second photon 
dose component is shown in Fig. 4. The location of 
the photon source on the beamline at the beam- 
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Fig. 4. Model for Calculating Dose from Photon Transmission through Side 
of Tungsten Shield and Concrete Wall of Bullnose. 
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entrance end of the beam stop is conservative 
because of the lesser polar-angle shadow offered by 
the front of the tungsten. The dose tally surface was 
located on the bullnose exterior at the elevation of 
the beamline and is restricted to negative values of 
polar angle (9). For locations not at beamline 
elevation and/or having positive 8, dose would be 
less due to the dose location being further from the 
beam stop and greater length of intersection of the 
bullnose wall with line-of-sight between the beam 
stop and the dose location. 

Dose was calculated for varying 9 because of the 
tungsten being much thinner at the side than in front 
of the graphite and because of decreasing photon 
emission with increasing polar angle. As 9 becomes 
more negative, the line from the beam stop to the 
dose tally intersects the tungsten with rapidly 
decreasing length as the line passes through the 
side/front juncture of the tungsten, resulting in a 
rapid increase in photons emerging from the tungsten 
along this line. As 9 becomes more negative, dose 
reaches a maximum value because of slowly 
decreasing length of intersection with the side of the 
tungsten and decreasing photon source emission. As 
9 increases in the positive direction past the 
side/front juncture, the increasing attenuation from 
increasing intersection length in the tungsten 
overwhelms the increasing photon source emission, 
resulting in nearly zero dose until 9 approaches zero 
when dose rises rapidly from photons coming down 
the beamline. 

Photons entering the central part of the tungsten are 
terminated because they would be much more 
severely attenuated than those entering at the side and 
thus would contribute little to dose transmission 
through the bullnose wall. Their termination 
alleviates having to generate photon importance over 
the front part of the tungsten. 

C .  Photon Scattering from Interior Walls to Entrance 
of Beamline Penetration and then Scattering 
down the Penetration 

The calculational model for the third photon dose 
component is shown in Fig. 6. As for the first dose 
component, dose was calculated at the point 
intersection of the beamline with the outside surface 
of the steel cone. Because this dose was expected to 
be small in comparison with the first-component 
dose, a crude conservative geometrical model was 
judged to suffice. The purpose of calculating this 
dose was to ascertain that it is small in comparison 
with the first-component dose. If the dose had not 
been small, then it may have been necessary to create 
a less approximate model. 

The geometrical model has two primary 
conservative features. The first is that the non- 
bullnose portion of the accelerator hall is modeled as 
the mirror image of the bullnose portion, resulting in 
much more wall scattering to the entrance of the 
beamline penetration than from the actual long 
rectangular hall. The second is that the photon 
source was located at the beam-entrance end of the 
graphite region, resulting in more photons being 
transmitted to the accelerator-hall walls without being 
intercepted by the side of the tungsten and more 
photons intercepted by the side instead of the front of 
the tungsten where they would be severely attenuated. 

The beam stop model is shown in Fig. 5. The 
tungsten has been truncated in front of the graphite. 

The two primary nonconservative features of the 
model is the omission of photon backward scattering 
from the front portion of the tungsten and omission 
of accelerator equipment along the beamline that 
scatters some photons before they reach the walls. It 
is judged that these features have a far less impact on 
dose than do the conservative features. 

16-cm diameter 

Fig. 5. Beam Stop Model for Calculating Doses from Side 
Transmission and Wall Scattering of Photons. 

VII. CALCULATED PHOTON DOSES 

The results for the three components of annual 
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Fig. 6. Model for Calculating Dose due to Photons Scattered from Bullnose and Accelerator-Hall Walls 
to Entrance of Beamline Penetration in Bullnose and then Scattered down the Penetration. 

dose are provided in Table II. The first component first component. Since the dimensions of the 
of photon transmission down the beamline is 46 graphite region were set by the electron-transport 
mrem for the selected length of 25 cm of tungsten in calculation, the first and second dose values set the 
front of the graphite. For the second component of exterior length and diameter of the tungsten at 20 cm 
oblique transmission, the maximum dose from and 32 cm, respectively. 
variation of 0 is 17 mrem. The third component of 
scattering from accelerator-hall walls and interiors of Doses from the other accelerator add little to the 
beamline penetration and collimator is 1 mrem, single-accelerator values in Table II because of 
which indeed is small compared with the 46-mrem significant separation of the two accelerators. For the 



total dose from both accelerators, the location of 
maximum dose may not be at either of the two dose 
locations in Figs. 3, 4, and 6. However, because the 
dose contribution from each accelerator decreases 
with increasing distance from the bullnose or steel 
cone, the total doses must be less than twice the 
doses listed in Table 11. Twice the doses in Table 11 
is still considerably less than the annual design limit 
of 500 mrem. 

Table I1 

Calculated Doses from Annual 
Operation of One Accelerator 

~ 

Dose from photon transmission through 
tungsten shield and beamline penetration 
in bullnose (see Fig. 3) 
Length (L) of tungsten in Dose* 
front of graphite (cm) (mrem) 

23 146 & 0.12 

25 46 f 0.05 

26 I 26 rfr 0.03 

Dose from photon transmission through 
lateral region of tungsten shield and 
through bullnose wall (see Fig. 4) 

Polar angle (e) of dose Dose* 
location relative to beamline (mrem) 

-45" 7.6 f 0.25 
-50" 14.6 f 0.35 
-53" 16.3 f 0.34 
-55" 17.4 f 0.39 
-57" I 15.1 rfr 0.23 I 
-59" I 12.1 -+ 0.23 I 
-60" 9.6 f 0.16 

Dose from photon scattering from interior 
walls to beamline-penetration entrance 
and then down the penetration (see Fig. 6) 

VIII. BASIS FOR DOSES BEING ALARA 

As mentioned, the exterior length and diameter of 
the tungsten were selected for annual single- 
accelerator doses of 46 mrem and 17 mrem, 
respectively. Because of the conservatism in the 
design basis, these doses are judged to be large 
overestimates and are considerably less than the 
annual design limit of 500 mrem. These low doses 
were selected because powdered tungsten was 
available at no cost. No significant increase in 
material and fabrication cost or operational 
inconvenience was associated with the additional 
thicknesses to reduce doses from 500 mrem to these 
low doses. The achievement of these low doses at 
almost no additional cost at least satisfies the spirit of 
the ALARA requirement. 
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1.2 f 0.003 mrem* 
"Values are listed as sample mean 2 one 
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