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Abstract
Radiation shielding calculations are performed for thariab Linac enclosure
and gallery. The predicted dose rates around the accessniibgit normal opera-
tion and a comparison to measured dose rates are presenmiegtcilent scenario is
considered as well.

1 Introduction

The Fermilab Linac presently provides an intense 400-Meadqor beam to the Fermilab
Booster for High Energy Physics and a lower energy beam thigugron Therapy Facility.
However, the Fermilab Linac is capable of 15 Hz operationraady cycles remain avail-
able. A new facility, the MuCool Test Facility (MTA), is unddevelopment which takes
advantage of unused Linac beam to test targets and othercooting apparatus which re-
quire an intense beam [1]. The full capability of the Liniag, 1.3 x 103 protons per pulse
at a 15 Hz repetition rate and an energy of 400 MeV, has beerested when available up
to the present Linac safety envelope. (Essentially, thegorieenvelope is about half 15Hz,
full Linac intensity operation over one hour, so full-outssgtion is restricted to half-hour
intervals. This envelope was based on a prior safety assessmmich relied completely
on distributed measurements of the radiation environent.

Since this is a new line, it cannot be grandfathered withtexgd_inac shielding and
Linac operation must be re-assessed. The original shgettksign for the accelerator was
performed almost four decades ago [2] using approximatmasnot very reliable, from
a contemporary standpoint, data on proton and neutronactiens with matter. A re-
evaluation of the Linac shielding is therefore, requirespexially for critical areas such as
one access labyrinth located near a strong radiation source

In this study the geometry model and beam loss model emplaseedescribed. Then,
dose rate distributions in the critical area is calculatétth the MARS14 code [3]. Since
the labyrinth in question is instrumented, a comparisoneéasared dose rates is presented
as well.

*The work was supported by the Universities Research Asogjalnc., under contract DE-AC02-
76CHO03000 with the U. S. Department of Energy.



2 Geometry Model

The geometry model developed for the area of Linac enclosudegallery around the ac-
cess labyrinth is shown if Figs. 1 and 2. As to the color schemployed, the following
convention applies: white, black, light blue, green, areygrorrespond to vacuum, black
hole (an artificial material used in MARS modeling that absat00% of incoming radia-
tion), air, soil, and regular concrete, respectively. Tielication of other colors can vary
depending on alternate materials used in the system undatation.
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Figure 1: A plan view of the MARS geometry model of the Linaclesure and gallery
around the access labyrinth at the gallery level (left) atdie@beam line level (right).
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Figure 2: A cross section of the MARS geometry model of theatienclosure (left) and
elevation view of the legs 1 and 2 in the access labyrintingyig



The origin of the coordinate system, (0,0,0), is choseneatjfometrical center of the Lam-
bertson magnet shown in the Figures. All the essential lddtzt influence the radiation
transport in the area are taken into account. In partictiarsoil considered in the study is
supposed to be compacted one with the density charaatesfdhe Fermilab sitg,e. 2.24

glcm?.

3 Model of Beam L oss

In the developed model it is assumed that the extracted pyi#@0-MeV protons are
lost only on the Lambertson magnet. This is a valid rationsilece the beam strikes the
lambertson during Booster operation and it is here thaebase highest. For a pulse being
extracted to the Booster, the beam loss occurs when the bestnoicl is moved from the
zero-field region (hole) in the lambertson upwards to thephaide atX = 0 and back (see
Fig. 3). The unused portion of the pulse is directed down grabatic line and into a beam
absorber. The beam is therefore swept across the lambéatsmat the beginning and end
of every single extracted pulse and each beam traversal3dasis. Since the bunchlength
of a proton bunch is &s theraw rate of the proton loss equals to

1.6 x 10° protons/bunchx 14 lost bunchegpulse= 2.24 x 10'° protons/ pulse
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Figure 3: The central part of the MARS model of the Lamberts@gnet with sample
tracks for 30 primary 400-MeV protons and secondary pasi¢left) and the model de-
scribing strength of a kickstime (right). Black, green, and turquoise tracks corresiton

protons, neutrons, and gammas, respectively.

The termraw loss rate is used to indicate that not all of these 2280 protons are really
lost on the magnet. Behavior of every single proton of thenbéapends on its spatial
position and direction of flight. For this reason, a reatisieam profile (see Fig. 4) is taken
into account in our Monte Carlo modeling. In turn, the abowventionedaw loss rate is
used for normalization purposes.



The proton beam parameterszat 38cm (see Fig. 1) are given in Table 1. A cross
section of the Lambertson magnet afd-projection of 30 sample proton tracks as well as
tracks of secondary particles are shown in Fig. 3.

Table 1: Beam parameters at the upstream face of the Laroberagnet.

Projection| Beam type| Spatialo (mm) | Angularo (mrad)
Horizontal | converging 4.6 1.8
Vertical diverging 7.2 1.75
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Figure 4: Vertical (left) and horizontal (right) projectie of sample tracks for 30 primary

protons and secondary particles showi at 0 andX = 0, respectively. The primary beam
goes through the magnet from right to left.

4 Calculation Results

To verify the accuracy of MARS predictions and establish lautation-to-measurement
correction factor, calculated dose rates are compared tsuned ones. Afterwards the
correction factor is used to predict dose rate distribitiaround the area.

4.1 Comparisonsto Measured Dose Rates

In the critical labyrinth area there is a scarecrow dete&®2040, that measures absorbed
dose rate due to neutrons and gammas. Itis mounted on thenwradl leg 2 of the labyrinth
(see Figs. 1 and 2). The detector performs continuous @mtianitoring in the area. The
measured dose rate is not constant but reveals significeegular oscillations around the
average level of 171 mrem/hr as shown in Fig. 5. Since thetiteperate of the Linac
varies, this is expected. The scarecrow detectors proviighesensitivity (25.rem/count)



to measure relatively high dose rates — above a few mremhwerefore, in the following
we compare calculated dose rates to measured data takenigh aadiation area. For
outer shielding regions, where dose rate should approacimdtural background, more
sensitive detectors are usually usedy( chipmunks that provide 2.frem/count). Due to
a limited scope of this study, we do not perform comparis@ts/ben measurements and
calculations for the outer regions.
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Figure 5: The dose rate (mrem/hr) measured with the scavedetector, RD2040, placed
in the leg 2 of the access labyrinth [4]. The readings werertd&r 24 hours from midnight

on July 9, 2004 till midnight on July 10, 2004. The backgroulode rate of the detector
due to a built-in radiation source is equal to 100 mrem/he [ie going upward represents
the integral measured dogstime.

A proper normalization of the calculated dose rate requates some data on amount
of delivered protons. Specifically, the number of delivdoedm pulses is required in order
to compare with the beam loss model. The total number of peotielivered in a specfic
time interval is therefore used rather than the repetitada.r The data on delivered beam
pulses is stored in a database back to June 2000 [5]. Fordhiparison we have chosen,
arbitrarily, three different time intervals with differedurations:

e July 9-10, 2004 (24 hours);
e July 1-8, 2004 (168 hours);
e July 1-21, 2004 (480 hours).

The data on the measured dose rates for the second and teinhis are shown in Fig. 6.
The corresponding data on beam pulses delivered in July i2d§Men in Table 2.

For the comparison we use the integral measured doses shdwgsi 5 and 6 (41 x
10%, 2.83 x 10%, and 834 x 10* mrem). The integral doses are divided by the correspond-
ing number of beam pulses and the background dose rate ietbetdr (100 mrem/hr) has
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Figure 6: The same as in Fig. 5 but for July 1-8, 2004 (left) dulgt 1-21, 2004 (right) [4].
Average measured dose rate for the time intervals equa®2@dd 174 mrem/hr, respec-
tively.

Table 2: Number of beam pulses delivered daily by Linac ity 20004 [5]. Each counting
procedure was completed at 1 a.m. on the shown date.

Date Number of pulses Date Number of pulses Date Number of pulses
June 30 340720 July 8 215816 July 16 365335

July 1 354023 July 9 319186 July 17 378149

July 2 348599 July 10 308453 July 18 396287

July 3 351403 July 11 348656 July 19 326482

July 4 365828 July 12 354645 July 20 370878

July 5 382356 July 13 328635 July 21 269648

July 6 259353 July 14 304930 July 22 324739

July 7 302493 July 15 371634

been eliminated as well. Results of the comparison are predén Table 3. One can see
from the Table that the calculation overestimates the datee This is not unexpected given
the number of components and obstacles near the Lambeatsithe disagreement is not
significant from a practical shielding standpoint. Furthehen considering the MARS
predictions for the dose distributions around the areacaimulated dose rates can be mul-
tiplied by a correction factor of A1+ 0.35). A possible dependence of the correction
factor on particle spectrag. on spatial location is ignored.

It should be noted also that, having eliminated the rejpetitate and considering only
dose per pulse, we should not observe any meaningful diiferbetween the data taken
during the three time intervals. In other words, all the bganses are the same from the
standpoint of beam loss on the Lambertson magnet. The figsthard data, 553 x 103
and 554 x 102 mrem/pulse, confirm the statement. The second time intecavever,
breaks the rule. The observed difference indicates thatiedal beam loss modes came
into play from July 1 till July 8, 2004. This can likely be egpted from a tuning standpoint



and serves to estimate limits on different operationalipatars of the Linac.

Table 3: A comparison between measured and calculated dtese (mrem/pulse) in the
leg 2 of the access labyrinth. The fraction of the beam dedludtie to operations of the
Neutron Therapy Facility (NTF) is shown as well.

Time interval Dose rate measured with Dose rate calculated
scarecrow detector RD2040 with MARS code | S5
(background 100 mrem/hr) (1o = 15%)
4.11x10®mrem 71 _ 3 —3
July 9-10, 2004 msx 171 = 9.53x 10~ 7.48x 10 35%
NTF — 0%
2.83x10'mrem 69 __ —3 3
NTF — 0.2%
8.34x10*mrem 74 _ 3 3
July 1-21, 2004 6.67><10>f<3pulses<0.96 X 172 =5.54x 10 7.48x 10 35%
NTF — 4%

Finally, possible reasons for disagreement between @dionland measurement are
listed below:

e Non-Lambertson beam loss is not considered. It should &ser¢he calculated dose
rate.

e Real material density of the concrete may differ from theigalsed in these calcula-
tions (2.35 g/cr). The same applies to concrete composition. This cormeciuld
either increase or decrease the calculated dose rate.

¢ Non-uniform sampling of the beam centroid on the way betwéermidplane and
the field-free region could be more realistic. This cor@talso could either increase
or decrease the calculated dose rate.

e Magnetic field inside the Lambertson magnet was ignored.dhiacceptable approx-
imation as far as the neutral secondaries, neutrons and gaynmake the dominating
contribution to the prompt dose outside the shielding.

All that matters as far as the disagreement between thelaatnuand measurement within
a few tens of percent is concerned.



4.2 Calculated Dose Rate Distributions

The distributions of prompt dose rate, calculated for ndwparation at the repetition rates
of 4 and 15 Hz, are presented in Figs. 7 and 8.
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Figure 7: Dose rate distributions in the cross section ofliinac gallery and enclosure
calculated at the repetition rate of 4 (top) and 15 Hz (bojttumthe vertical slice as thick
as 100 cm, namely50cm< Z < 50cm
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Figure 8: Dose rate distributions (plan view) for the Linatlgry and enclosure calculated
at the repetition rate of 4 (top) and 15 Hz (bottom) for theizmntal slice as thick as 170
cm, namely 136m< X < 300cm



4.2.1 Linac Enclosure and Gallery

One can see from Fig. 7 that the prompt dose rate at the lowelr & the Linac gallery

(X < 120cm andY < —850cm in Fig. 2) in the area accessible to people is below the
level of 0.05 mrem/hr even for the repetition rate of 15 HzeBmall penetrations along
the wall connecting the personnel gallery and the enclosere not considered, but their
contribution should be much less and not change the radigtade.

The thickness of the layer used to calculate the horizordsé dlistribution in Fig. 8
was chosen to represent an average human, and thus the siogeition is applicable to a
person in the Linac gallery on the upper level. One can sdeatthhe repetition rate of 4
Hz the dose rate in the gallery is below 0.05 mrem/hr whictvaglit to be qualified as an
area of unlimited occupan@ccording to Ref. [6]. At 15 Hz, however, this is not the case.
In the area around = 0 andY < —850cm (see Fig. 8) one obtains, using the exponential
attenuation law and correction factor described abovefaltaving dose

10 mrenyhr x exp(—135/38.7) /(14 0.35) = 0.22 mreny hr,

where 38.7 is the dose attenuation length (in cm) in the categasoil [7]. It greater than
the required level (0.05 mrem/hr) by a factor of 4.5. To pdevan additional shielding, a
removable block could be used in leg 1 of the labyrinth (sge $)ito reduce the dose back
to required limits. However, this shield block may requeenoval for even short accesses,
so it’'s operational impact requires evaluation.
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Figure 9: A plan view of the MARS geometry model of the accabytinth with a remov-
able shielding block (56m< X < 310cm, —60cm<Y < —540m, —50cm < Z < 50cm)
(left) and the calculated neutron and gamma spectra overatiesponding air volume in
the leg 1 (right top and right bottom, respectively).
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To choose an appropriate material, particle spectra haye tedculated over the corre-
sponding volume in the leg 1 which serves, in fact, as a nautep. The spectra shown in
Fig. 9 indicate that the area is populated mostly by low-gymeeutrons and gammas while
the contribution from charged hadrons can be neglectedreidre, polyethylene can be
used as a candidate material for the removable block. It éas determined that the block
with dimensions shown in Fig. 9 provides an additional tela-dose reduction at upper
level of the gallery. Thus, with the block in place, the hsttpot in the gallery near the end
of leg 1 will be about 0.02 mrem/hr. One can reduce thicknésiseoblock inY-direction
from 60 to 40 cm to have 0.05 mrem/hr at this spot. The calmuratperformed revealed
also that the block gives rise to a slight increase of doseindeg 2 due to backscattering.
The increase, however, can be neglected because the dese tia¢ gallery near the end
of leg 2 (see Fig. 8 = —600cm andZ = 600cm) is below 0.05 mrem/hr.

According to our estimates, at upper level of the galleryhie areaZ < —300cm and
Y < —540cm (see Fig. 8) the dose rate at the repetition rate of Withzhis shield block
in place will be about 0.05 mrem/hr.

4.2.2 Bem

From the calculated distributions (see Fig. 7) one can @séitinat, at the repetition rate of
4 Hz, the dose rate on the berm is below 0.05 mrem/hr, so tbahibe qualified as aarea
of unlimited occupancyAt 15 Hz, starting at the dose rate level of 1 mrem/hr andgidie
attenuation length and correction factor described abowe,obtains the following dose
rate on the berm

1 mrenyhr x exp(—82/38.7) /(14 0.35) = 0.09 mrenyhr.

To qualify the berm as aarea of unlimited occupancagt 15 Hz, the additional two-fold
dose reduction can be provided with appropriate local dlmglinside the enclosure.
4.2.3 An Accident Scenario

According to previous beam optics calculations for the tihaam line, it is assumed in an
accident scenario that the beam experiences an upwardtkick 2 quadrupole and hits
the beam pipe downstream. Trajectories of 50 sample logbpsare shown in Fig. 10. A
numerical description of the accident is the following:

e Kick by Q2 as large as 50 mrad.
e The misbehaved beam hits the beam pipe 1 m upstream the Lizanbenagnet.

e Gaussian beam profile withy, and oy, equal to 9 and 3 mm, respectively yalues
for corresponding angles equal to 0.45 and 1.4 mrad, resphgt

One also assumes that full Linac intensity (at the repetitade of 15 Hz) can be lost in
such an accident and its duration is equal to 1 second. Thigésy conservative estimate
for the response time of the Linac control system. A mordsgakstimate can be derived
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from the consideration of beam loss monitors (BLM) employethe system. The BLMs
were fashioned after the models that are used in the Teviir@&. The basic operational
features of the monitors are as follows. The current fronBihk! ionization chamber goes
directly into the log integrator with an RC time constant.emhthrough an amplifier, the
current goes as the input into the alarm/abort comparatdssthe alarm/abort circuit that
finally decides whether to generate a hardware alarm/algprals The RC time constant
for the beam loss monitors used in the Linac control systeunalsgto 344usecand the
system samples the monitor signals at a time specified bya 8gtting [9]. If the system
detects a mis-behaved pulse, the beam will be turned offfeare will be no further beam
loss. In other words, during an accident only one beam pualsée lost. Therefore, when
considering an accident that lasts one second, one in@igsoa safety factor of about 10.

The calculated distribution of the total dose in such andeati is shown in Fig. 10.
One can determine from the Figure, using the same attemuaitio correction procedure
as in previous sections, that the integral dose on the beemicdine accident is equal to 0.3
mrem. According to Ref. [6], no precautions are needed iftlagimum dose expected in
1 hour is less than 1 mrem.

One considers only berm because it is beam that is mis-stepreard that creates the
severest potential exposure. To estimate the dose for atmgocal horizontal kick of the
same strength directed toward the access labyrinth, wesmthe obtained scaling factor
“integral dose at accident/prompt dgseamely “0.3 mrem/0.09 mrem/hr”. It follows from
the scaling and dose distributions presented above forcttesa labyrinth that the accident
with the horizontal beam kick also complies with thlerhrem in 1 hout requirement of
Ref. [6].

5 Conclusions

The study was performed to resolve the radiation shieldssges for the Linac taking
into account the planned new beamline installation. Catouhs were performed for the
maximum beam intensity and repetition rate (15 Hz). The tieaclosure and gallery
around the access labyrinth were investigated as theyseprareas of human occupancy
and potential exposure.

A comparison to the dose rates measured with a scarecrostoieteas performed. It
was shown that the MARS predictions overestimate the ddss ey 35%. The corre-
sponding correction factor was used to renormalize restifisrther studies.

Within the framework of a credible accident scenario, a beagident at the Linac
enclosure complies with thel‘'mrem in 1 houtrequirement of Ref. [6], so that no precau-
tions are needed.

At normal operation at the repetition rate of 4 Hz, all areagstigated qualify asreas
of unlimited occupancwhere the dose rate does not exceed 0.05 mrem/hr [6]. At 15 Hz,
however, additional shielding is required in leg 1 of theemsclabyrinth and in the Linac
enclosure €.g. a removable block and/or local shielding around the Lansbartmagnet,
respectively) in order that these areas again qualifgraas of unlimited occupancy
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Figure 10: A vertical projection of sample tracks for 50 lpsimary protons and all the
secondaries shown ¥t= 0 (top) and integral dose distribution over the Linac enates
(bottom) calculated for the described accident scenatimckd green, and turquoise tracks
correspond to protons, neutrons, and gammas, respectively
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