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Abstract

The results of Monte Carlo radiation shielding study perfed with the MARS15
code for the final design of the vertical test cryostat faciio be installed in the In-
dustrial 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 wal ftocused on high accelerating
gradients—from 20 up to 50 MV/m. In such a case the facility ba a strong radiation
source [1]. Aninitial radiation shielding study for the fity was performed previously [2].
In this study the results of Monte Carlo calculations [3]fpemned for the final design are
described. As far as the groundwater activation with tmitiwas shown to be negligible [2],
emphasis is made on dose distributions around the facitityggmma energy spectra for
the final design.

2 Geometry Model

A cross section of the developed three-dimensional mod#&ietest facility is shown in
Fig. 1. A fragment of the cross section as well as plan viewshmevn 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 colorsespond to vacuum, air, soil,
and regular concrete, respectively. In addition, in thisdeidhe 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
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should be noted also that, when the resolution of a figuredadeguate to show small
regions, these regions appear as black ones. In this maglébtr level is aty = 56cm.
The model includes all the components essential from tmelptzint of correct description
of radiation transport (see also [2]). A real dewar can dorttao RF cavities. Only one
cavity in its top position is shown in Fig. 1.
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Figure 1: An elevation view of the MARS15 model of the vertitest 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 30cm (see Fig. 1).



In order to describe the final design of the facility, thedoaling updates were applied
to the MARS15 model developed previously:

¢ the length of the shielding along axis (see Fig. 1), both steel and concrete, was
reduced down to 404 cm which gives rise to a total weight ofstiielding of about
31 tons;

¢ the radius of the additional shielding layers above the Ritycélead and borated
polyethylene) was reduced down to 28.7 cm (see Fig. 2);

¢ the layout of the instrumentation trench was changed (Fig. 2
e the amount of concrete in the recessed area was reduced;

¢ the shielding steel plate is considered to consist of theparmmte steel plates and the
shielding concrete block is considered to consist of fopasate concrete blocks;

e gaps were introduced between the concrete floor and thadsigedteel plates (10
mm), between the shielding steel plates themselves (3 mmd)hetween the shield-
ing concrete blocks (5 mm).

3 Source of field-emitted electrons

Due to lack of a reliable model describing the amount andalpdistribution of the field-
emitted electrons inside the RF cavities, we use two sounmeis to calculate dose distri-
butions around the facility [2].

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 possibigyene

In the second model we assume that the electrons are gathergftermly over the inner
surface of the cavity except for its bottom. Angular diattibn is assumed to be uniform
within a solid angle of @93rtwhich corresponds to a cone with an opening angle 6f 45
For electrons generated on the inner side surface an aulitiestriction is introduced:
their velocity should be directed outside the cavity. Kioeinergy of the electrons, in
contrast to the previous study [2], is assumed to dependryen their vertical distance
from the bottom of the cavity, so that the energy varies froat the bottom up to the
nominal value (30, 40, or 50 MeV) on the upper (inner) walllof tavity. In a sense the
second model is more realistic one.

4 Normalization of calculated data

The level of the electron current that should be used to nizethe 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 mto 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 aa@nmeach high gradients, so any
field-emitted electrons would have lower energy.

Thus, the experimental upper limits are taken independeheanaximum accelerating
gradient. The consideration of different gradients is awlyshow the difference in the
secondary particle production for the different electroergies. The maximum gradient
achieved was 41 MV/m; a 50 MeV upper limit for electron endeygiso very conservative.

The normalization factors were calculated separately &oheof the accelerating gra-
dients studied and for each of the two models mentioned iptéeéous section. In other
words, six different normalization factors were detemined

5 Results of the calculations

5.1 Dose distributions around the facility

The calculations have been performed for the acceleratiadignts of 30, 40, and 50
MV/m with the cavity in its top position (see Fig. 1). In coast to the initial study [2],
these calculations were performed with detailed crossmector generation and transport
of low-energy neutrons [5]. The calculated dose distridmgiaround the facility for the
gradient of 40 MV/m are shown in Fig. 3. Table 1 lists the higjlgose rates on the top
of the movable shielding block. The hottest spots refer talkgpatial regions with linear
size of about 5 cm and, therfore, are not quite representhéizause of inevitable statistical
fluctuations even for a long computation time. The dosesaanst over spatial regions with
linear size of about 30 cm (which is comparable to linear sfzecross section of a human
body) ardower than the data presented in Table 1.

One can see that in the horizontal direction the predicteg d@oless than 0.25 mrem/hr
at distances from th¥—axis (Z = 0) exceeding 300 cm. In the vertical direction a con-
servative estimate taking into account the dose attenuatithe air [2] enables us to state
that the predicted dose is less than 0.25 mrem/hr at distdrm® the top of the shielding
block that exceed 300 cm. Thus, normal working areas suclifiaesoand workbenches
should be located at distances exceeding 300 cm in ordertespmnd to the definition of
a controlled area afnlimited occupancy [6]. The top of the movable shielding block is an
area ofminimal occupancy.
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Figure 3: The calculated dose rate distribution arounddhbgitiy according to the model 1
(top) and model 2 (bottom) (see also section 3) for the acatihg gradient of 40 MV/m
and with the RF cavity in its top position.



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

Accelerating| Model 1 | Model 2
gradient
30 1.4 0.32
40 2.5 1.4
50 2.8 1.6

5.2 Residual activation around the RF cavity

The distribution of contact residual dose, calculated adothe RF cavity for standard
conditions (30-days irradiation followed by 1-day coolinig shown in Fig. 4.
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Figure 4: The calculated distribution of contact residuasel around the RF cavity for
model 1 (see section 3) and for the accelerating gradier® ®8/m which represents the
most conservative estimate of the residual activation.



The hottest spot—about 20 mrem/hr—is observed on the alumifange. However,
in order to get realistic value, one should take into acctlwatfollowing. First, usually a
single RF cavity test lasts for about an hour followed by agss than 18-hour cooling [7].
A detailed calculation for a 1-hour irradiation followed ayl-day cooling reveals that the
residual contact dose for the flange is about 1.2 mrem/hror@kdor thin and/or small
objects such as the flange a scaling factor of about 0.3 shauspplied [8]. As a result,
the estimated residual contact dose for the flange is abéuh@m/hr which is much less
than the limiting value of 100 mrem/hr accepted at Fermitathinds-on maintenance [6].

5.3 Energy spectrum of gammas

For diagnostic purposes an X-ray detector should be plandatietop platej.e. around
Y = —25cm. In order to determine the most appropriate type of the deteenergy spec-
trum of gammas was calculated in a thin layer of the air aratisdlocation (see Fig. 5).
The predicted dose that a detector can measure in thisdéodatabout 1.3 and 1.5 rem/hr
according to the model 1 and model 2, respectively. The dosksle, however, a contri-
bution due to neutrons—about 10%.

35000

30000

25000

20000

15000

10000

5000

0 ] R — ‘
107 107
SPG (cni’s™t) vs E(GeV)

Figure 5: The calculated energy spectrum of gammas in a dlyier lof the air around the
locationY = —25cm according to model 1 (black line) and model 2 (red line) (sise a
section 3) for the accelerating gradient of 40 MV/m.

One can see that relative amounts of low- and high-energyrgemmn the spectra differ
significantly for the two models. For the same model the viameof the spectrum shape



with accelerating gradient (electron energy) is much lesaqunced. At present this un-
certainty, as to which spectrum is correct, can not be resbtlue to lack of a reliable
model describing the amount and spatial distribution offiblel-emitted electrons inside

the RF cavities.

6 Dose attenuation in various materials

It is possible that some minor material replacements wilhbeessary for technological
reasons. In order to estimate the effect of such replacenoenthe predicted dose, relative
dose attenuation in several materials was studied (se®}ighese dependencies can be
used, for instance, in order to estimate the amount of leqdired to replace the 5-cm

aluminum flange (see Fig. 2).
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Figure 6: The calculated dose attenuation in layers of séweaterialsvs thickness of the
layer for monodirectional and monoenergetic electron batnormal incidence. The dose
in front of the layer due to the incident beam is assumed tonlttg.u



7 Conclusions

The radiation shielding study was performed with the MARSMénte Carlo code for
the vertical test cryostat facility. Taking into accourtthe uncertainties of the employed
models as well as the conservative style of our approachcanestate that the suggested
shielding will provide for the dose rate in the building noiceeding 5 mrem/hr in the
immediate vicinity of the shielding and not exceeding 0.2=mVhr in normal working
areas such as workbenches and offices. According to the lgerRRadiological Control
Manual, this corresponds to the definition of a controlleglaaoflimited and unlimited
occupancy, respectively.
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