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Abstract

The results of Monte Carlo radiation shielding study perfed with the MARS15
code for the vertical test cryostat facility to be installadhe Industrial Building 1 at
Fermilab are presented and discussed.

1 Introduction

A vertical test cryostat facility for superconducting RFvities is planned to be installed in
the Industrial Building 1 at Fermilab. The operations wil ftocused on high accelerating
gradients—from 20 up to 50 MV/m. In such a case the facility ba a strong radiation
source [1]. When performing a radiation shielding desigrHe facility one has to take into
account photoneutrons generated in photonuclear readtppgammas which, in turn, are
generated due to interactions of accelerated electromsoaitity walls and surroundings
(for example, range of 20-MeV electrons in niobium is appreately 12 mm while the
thickness of the niobium walls of such RF cavities is abo6trBm). The electrons are
usually the result of contamination in the cavity.

The radiation shielding study was performed with the MAR®dnte Carlo code [2].
Due to lack of a reliable model describing the amount andalpdistribution of the field-
emitted electrons inside the RF cavities, two the worst e¢asdels are introduced and
employed in the study. The results of the calculations arenabized using the existing
experimental data on measured dose rate in the vicinity i &F cavities. The tritium
production rate in the surrounding groundwater is estichatewell.

*Work supported by the Universities Research Associatiog., lunder contract DE-AC02-76CH03000
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2 Geometry Model

A cross section of the developed three-dimensional modtietest facility is shown in

Fig. 1. A fragment of the cross section as well as plan viewshmvn in Fig. 2. As for the

color scheme employed to denote materials in the modelptl@ving convention applies

to any system: white, light blue, dark green and grey coloreespond to vacuum, air, soll,
and regular concrete, respectively. In addition, in thiddeldhe violet, red, light green

and brown colors correspond to lead, stainless steel, alumand borated polyethylene,
respectively. The boundaries between different regioessaown with black lines. It

should be noted also that, when the resolution of a figureddeguate to show small
regions, these regions appear as black ones.
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Figure 1: An elevation view of the MARS15 model of the vertitast cryostat facility
with an RF cavity in its top position.
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Figure 2: A fragment of the elevation view of the model (topdwing the details around
the RF cavity and fragment of the plan view (bottom) take¥i at —45cm (see Fig. 1).



In this model the floor level is & = 56cm. The asymmetry in the recessed region is
due to the existence of an instrumentation trench. The modkides all the components
essential from the standpoint of correct description ofatmh transport: the RF cavity
itself, additional components inside the shaft immedyasddove the cavity (2.5 cm thick
steel plate, 5 cm thick aluminum holder, 20 cm thick leadrayical shielding block, 5 cm
thick lead layer, and 10 cm thick layer of borated polyethgl@above the latter), regular
concrete walls, movable shielding block at the floor leveell as surrounding soil. The
cavity itself is modeled as a hollow cylinder 1.3 m long withraalius of 10.5 cm and
niobium walls as thick as 2.6 mm. It is supposed that theimtef the cavity is vacuum.
The model shown in Fig. 1 corresponds to the most recent l¢3]g A real dewar can
contain two RF cavities. Only one cavity in its top positieshown in Fig. 1. When in
its bottom position, the cavity itself as well as all the lesyef the local shielding shown
in Fig. 2 (steel, aluminum, lead, and borated polyethyleme)under their corresponding
top positions by 130 cm, so that all the relative positiomskapt unchanged. In this study,
we performed calculations for the facility containing joste RF cavity in its either top or
bottom position.

3 Two worst case models

Due to lack of a reliable model describing the amount andalpdistribution of the field-
emitted electrons inside the RF cavities, we use two worst caodels to calculate dose
distributions around the facility and tritium productionthe surrounding groundwater.

In the first model we assume that a monodirectional beam ofreles of certain energy
(30, 40, or 50 MeV) is going upward and hitting the upper (immveall of an RF cavity
being tested. Such a scenario implies that the electromergied with kinetic energy
equal to zero, are accelerated up to the maximum possibtgyerieis assumed also that
spatial distribution of electrons in the beam to be unifonaraa circle with a radius of 5
cm. This is a very conservative model because it gives risa toverestimate of the dose
in the building above the movable shielding block.

In the second model we assume that the electrons of the saargiesn (30, 40, or 50
MeV) are generated uniformly over the volume of the cavithisTimplies an additional
conservative factor because it is impossible to generatle Bigh-energy electrons in all
regions of the cavity—for example, 30 MeV electrons for tkheaerating gradient of 30
MV/m can appear only in the upper region of the cavity. Anguligtribution is assumed
to be uniform within a solid angle of.293rtwhich corresponds to a cone with an opening
angle of 45. Such an angle, probably, overestimates a realistic angptaad of the beam.
At the same time, one can estimate the sensitivity of thdteesuthe beam profile.

4 Normalization of calculated data

The level of the electron current that should be used to nizenthe predicted dose and tri-
tium production rate is not known. Twelve years of experitabdata from the DESY/TTF



vertical test facility were analyzed, and are used to mak#stec predictions. The x-ray
dose rate was measured 5 cm off axis on top of the stainlesttsp plate (approximately
1 m to 1.5 m from the cavity)i.e., between the radiation shielding internal to the dewar
and the shielding outside the dewar. An analysis of the mamim-ray dose rate, at max-
imum accelerating gradient, showed that the dose rate waghan 5 rem/hr 90% of the
time [4]. The maximum x-ray dose rate ever measured was 5&redlthough 1 kW is
available, the forward power was limited to 250 W at the gafor equipment safety rea-
sons. For a single cavity, the x-ray dose rate as a functiasadlerating gradient increases
approximately exponentially; however, the maximum dose varies from cavity to cavity
and cannot be correlated directly with accelerating gradie addition, it was found that
the cavities reaching the highest gradients do not field sigitificantly; indeed cavities
which put substantial forward power into field emission a@nmeach high gradients, so any
field-emitted electrons would have lower energy.

Therefore, the experimental upper limits are taken inddpetof the maximum accel-
erating gradient, which provides a conservative estimhthex-ray dose rate at highest
electron energies. The consideration of different acaéleg gradients is only to show
the difference in the secondary particle production fordtiierent electron energies. The
maximum gradient achieved was 41 MV/m; a 50 MeV upper limitdtectron energy is
also very conservative.

5 Calculated dosedistributionsaround the facility

The calculations have been performed for the acceleratindignts of 30, 40, and 50
MV/m with the cavity in its either top (see Fig. 1) or bottomsi@mn. An example of the
calculated dose distribution around the facility for thedjent of 30 MV/m is shown in
Fig. 3. Table 1 lists the calculated highest dose rates otofhef the movable shielding
block (15 cm of stainless steel and 46 cm of regular concfetadll the cases considered.

Table 1: Calculated highest dose rate (mrem/hr) on the tdipeofnovable shielding block
for several accelerating gradients (MV/m) and for the twodeis described above (see
section 3).

Position | Accelerating| Model 1| Model 2
of the cavity| gradient
Upper 50 5.7 1.4
Upper 40 5.0 1.1
Upper 30 4.2 0.81
Lower 50 3.3 0.78
Lower 40 3.1 0.70
Lower 30 2.7 0.58
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Figure 3: The calculated dose rate distribution arounddhbgitiy according to the model 1
(see section 3) for the accelerating gradient of 30 MV/m aitt the RF cavity in its top
position.

The employed normalization means that for all the consitlaxelerating gradients
and without the 5-cm layer of lead and 10-cm layer of boratelggithylene (see Fig. 2)
the dose rate approximately 1.25 m above the cavity shouddjbal to 5 rem/hr. However,
even with such a normalization the higher acceleratingigrasl corresponding to higher
electron energies give rise to higher energies of seconglamymas and photoneutrons.
Therefore, the dose rates presented in the Table followrdrelt Anyway, the bottom
position of the RF cavities is preferable from the standpoirbetter radiation shielding.

According to the Fermilab Radiological Control Manual [Bje dose rate above 0.25



mrem/hr and below 5 mrem/hr corresponds to a controlled afeanimal occupancy,
while the dose rate above 0.05 mrem/hr and below 0.25 mrecofinesponds to a con-
trolled area olunlimited occupancy. The calculated data reveal that the top of thabiev
shielding block corresponds to the former definition. One s@e also that the dose rate at
Z ~ 230 cm is about 0.25 mrem/hr and, when going upward in thé&@icm along the&/
axis provide for the dose reduction factor of about two. Tagdneans that normal work-
ing areas such as offices will be maintained at a radiatiogl lewer than 0.25 mrem/hr,
so that they can be qualified as controlled areasbfmited occupancy.

6 Calculated tritium production rate

Due to generation of gammas with energies potentially uptdM&V and, consequently,
photoproduction of neutrons one has to calculate themmifwoduction rate in the surface
water and groundwater. For this purpose one has to deteriingbe¢he so-called “99%
volume” in the surrounding uncontrolled soil that contaapproximately 99% of all stars
generated in the soil. After that one needs to calculateigctf the tritium generated in
the volume. The details on how to determine the “99% volunezei lbe found in Ref. [5].
However, there is an uncertainty in determining the volumesalise usually a “star” refers
to an inelastic nuclear interaction with kinetic energy\a80 MeV per nucleon [5]. At
the same time, there will be no neutrons above 50 MeV arouadtitility and, following
the definition, no stars. To avoid the uncertainty, we préfense the 30 MeV star pro-
duction threshold according to an approach used in othatagistudies [6]. The amount
of generated tritium nuclei does not depend on the star ptamuthreshold because the
realistic excitation functions taking into account redishreshold behaviour of the tritium
production in nuclear reactions are used in these calonlsti

It has been determined in our calculations, performed f@ntlost conservative case of
50 MV/m, that the “99% volume” corresponding to the 30 Me\f stiapduction threshold is
a cylindrical layer a few feet thick and about 16 feet in he&idthe amount of tritium nuclei
generated in the volume is equal td8x 10~° per electron generated in the RF cavity being
tested. After proper normalization (see section 4) thiggiise to the production rate of
1.76x 10° 3H/sec. According to an estimate based on experience at JLab, tiléyfa
will be in operation, most likely, for about 80 hours a yed [Fhen the latter rate yields
5.15x10% 3H /yr which means the activity of.80x 10~/ pCi/g-yr. If one takes into
account that soil contains about 10% of water, the conseevastimate will give rise to
the generated tritium activity of 80x 10~¢ pCi/ml - yr. For any reasonable lifetime of the
facility, the latter is significantly lower than the allowédhit of 2000 pCi/ml [5], so that
the tritium production around the facility can be neglected

7 Conclusions

The radiation shielding study performed with the MARS15 Mo@Garlo code for the ver-
tical test cryostat facility revealed that, in the worsteasenario, the tritium production



around the facility can be neglected. Taking into accounthal uncertainties of the em-
ployed models as well as the conservative style of our aghroane can state that the
suggested shielding will provide for the dose rate in thédig not exceeding 5 mrem/hr
in the immediate vicinity of the shielding and not exceedib mrem/hr in normal work-
ing areas such as workbenches and offices. According to thaleb Radiological Control
Manual, this corresponds to the definition of a controllezhasflimited andunlimited oc-
cupancy, respectively.

8 Acknowledgements
The author is grateful to Camille Ginsburg, Cosmore Sykresind Joe Ozelis of Fermilab
for helpful discussions.

References

[1] J. Knobloch, “Superconducting RF Cavity Test Facibtimr Newman Laboratory—
Safety Report”, Cornell University, Ithaca, NY (2001).

[2] N.V. Mokhov et al., “Recent enhancements to the MARS15 code”, Fermilab-Conf-
04/053 (2004); http://www-ap.fnal.gov/MARS/

[3] C. Sylvester, Private communication, Fermilab (2006).
[4] W.-D. Moeller, Private communication, DESY (2006).

[5] “Fermilab Radiological Control Manual”, Chapters 2, 3,and 11,
http://www-esh.fnal.gov/FRCM/

[6] A. Wehmann and S. Childress, “Tritium Production in thel@mitic Rock Adjacent to
NuMI Beam Tunnels”, Fermilab-TM-2083 (1999).

[7] J. Ozelis, Private communication, Fermilab (2006).



