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Abstract

The results of Monte Carlo radiation shielding studiesqrened with the MARS15
code for the Main Injector collimation system are presested discussed.

1 Introduction

A Proton Plan was developed recently at Fermilab for the fitemiethe existing neutrino
programs as well as to increase anti-proton productionfferfevatron programs [1]. As
a part of the plan, the intensity of proton beams in the Majadior (MI) should be in-
creased by means of slip-stacking injection. In order taliae beam loss associated with
the injection, a collimation system was designed [2] thtsBas all the radiation and engi-
neering constraints. The system itself comprises a priroaifimator and four secondary
ones to which various masks are added. It is assumed that losamat the slip-stacking
injection is equal to 5% of total intensity which is5x 102 protons per pulse [2]. As far
as pulse separation is 2.2 seconds, one h&s<(%0'%/2.2) x 0.05= 1.25 x 10 protons
interacting per second with the primary collimator.

In the paper the geometry model of the corresponding Ml regiad beam loss model
are described. The model of the region was built by meansed##hD-MARS Beam Line
Builder (MMBLB) [3] using results of the collimation studig¢2]. The results of radiation
shielding calculations performed with the MARS15 code [4] presented.

2 Geometry Model of the Region

The geometry model developed for the MI collimation regisrshown in Figs. 1 thru 5.
The model extends from Q230 quadrupole up to Q3&0for about 200 meters, and
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Figure 1: A plan view of the MARS15 model of the entire collithoa region from Q230
up to Q310 (top) and a fragment of the model from Q230 up to teesecondary collimator
S1 (bottom). The lines thru the dirt outside of the tunnelwsed to define the so-called
99-% volume (see Sec. 4.1).
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Figure 2: A plan view of the MARS15 model of the first secondenjlimator S1 with
its upstream and downstream masks (top) and a fragment hat805 quadrupole with
concrete wall upstream (bottom).
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Figure 3: A cross section of the MARS15 model of the tunnehwfte first secondary
collimator S1 (top) and a fragment of its core (bottom).
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Figure 4: A cross section of the MARS15 model of a quadrupole)@nd dipole (bottom).
Magnetic field is shown with arrows only for the dipole.
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Figure 5: A cross section of the MARS15 model of a verticahtdipole (top) and hori-
zontal one (bottom).



includes all essential elements with detailed descriptfageometry and materials [5]. Ta-
ble 1 describes the longitudinal sequence of the elemettigineam line. Due to curvature
of the beam line the path length, S, differs fr@toordinate shown in the Figures below
(except for the case of Q230). The MI tunnel with concretdsuvalsurrounded by gravel,
while there is clay under the floor. Detailed two-dimenslaistributions of magnetic field
in the dipoles and quadrupoles were calculated with the GRER code [6]. In order to
identify materials used in the model, the following coloheme is employed:

e blue — air

e brown — magnet coil

e dark blue — marble

e green — soll

e grey — concrete

¢ light blue — polyethylene
e red — yoke (steel)

e turquoise — steel

e violet — copper

e white — vacuum

Each of the secondary collimators (see Figs. 2 and 3) hasehcsiee covered with
marble layers to shield residual activity [7]. Only surfatleat are easy to reach are covered
with marble: front, rear, left side, and left top. For eachlihed secondary collimators, the
jaws were aligned precisely according to the results of tiikneation studies [2, 7]. In
addition, each of the collimators but S4 has two masks: agbloyyene mask upstream and
steel/concrete mask downstream. The last collimator, &idsonly the mask downstream.
The masks are used to absorb radiation scattered in baclamdrébrward direction and,
therefore, provide extra protection.

An electron cooling system is installed in the region from0Q3ip to Q307. In order
to protect the sensitive equipment against scatteredtraaljaa concrete wall (100 cm in
length, 136 cm in width, and 152 cm in height) is required tgzsh of Q305 (see Fig. 2).

All guadrupoles in the region have the same design, so teaaine geometry model is
used (see Fig. 4). Only lengths and magnetic fields can difiee same statements apply
to bending dipoles in the region. There are several horaartd vertical trim dipoles in
the beam line (see Fig. 5). It is assumed that, during thessdipking injection, magnetic
field in most trim dipoles is equal to zero [2]. Therefore,he tmodel the trim dipoles, each
30.5 cm in length, serve only for the purpose of absorptioscattered radiation.

In addition, the beam line includes also four horizontahtdipoles with non-zero mag-
netic field upstream of the following quadrupoles: Q302, Q3D306, and Q308.



Table 1: Beam line elements in the Ml collimation region. Plag¢h length, S, is calculated
along the beam line and given for downstream end of each eken®gimary collimator,
masks, and the shielding wall in front of Q305 are not preseton the list.

Element| Type of element S (m) | Element| Type of element S (m)
Drift -2.95| K304 kicker 87.14
Q230 guadrupole 0.00 | Drift 87.75
Drift 0.77| H304 trim dipole 88.05
IDCO11 dipole 4.83 | Drift 88.22
Drift 5.19| Q304 guadrupole 90.35
IDD002 dipole 9.25| Drift 105.04
Drift 9.58| V305 trim dipole 105.34
V231 trim dipole 9.89| Drift 105.51
Drift 10.02| Q305 quadrupole | 107.64
Q231 quadrupole | 12.97| Dirift 122.33
Drift 13.73| H306 trim dipole 122.63
IDCO012 dipole 17.80| Drift 122.79
Drift 18.15| Q306 quadrupole | 124.93
IDDO10 dipole 22.22| Drift 139.61
Drift 22.55| V307 trim dipole 139.92
H232 trim dipole 22.85| Drift 140.08
Drift 22.98| Q307 quadrupole | 142.22
Q232 quadrupole | 25.93| Dirift 143.18
Drift 26.70| S3 collimator 144.82
IDCO019 dipole 30.76| Drift 156.90
Drift 31.12| H308 trim dipole 157.21
IDD024 dipole 35.18| Drift 157.37
Drift 35.51| Q308 guadrupole | 159.50
V301 trim dipole 35.82| Drift 167.47
Drift 35.95| S4 collimator 169.11
Q301 quadrupole | 38.49| Drift 174.22
Drift 39.95| V309 trim dipole 174.53
S1 collimator 41.59| Drift 174.66
Drift 53.17| Q309 quadrupole | 177.20
H302 trim dipole 53.48| Drift 177.96
Drift 53.64| IDC042 dipole 182.03
Q302 quadrupole | 55.78| Drift 182.39
Drift 70.46| IDD037 dipole 186.45
V303 trim dipole 70.77 | Drift 186.78
Drift 70.93| H310 trim dipole 187.08
Q303 quadrupole | 73.07| Drift 187.22
Drift 74.03| Q310 guadrupole | 190.16
S2 collimator 75.67 | Drift 190.93
Drift 85.15




However, the beam line is built by means of the MMBLB with thagnetic field in these
trim dipoles turned off. For subsequent calculations otib@m loss and radiation transport
in the region, the magnetic field is turned on.

Some details of the geometry model, such as shape of the letdisly block and angle
between the block and tunnel wall (Fig. 2), may look odd. Sartlerroneous perception is
due to the following: (i) finite resolution of the figures;)(distorted aspect ratio because
of different scaling factors applied in horizontal and i@t directions (even if the aspect
ratio is shown as 1:1).

3 Mode of Beam Losson the Collimators

The two-stage collimation system designed for the sliplsitey injection in Ml [2] com-
prises a single-jaw horizontal primary collimator (turegsbar 0.25 mm in thickness placed
between Q230 and IDC011 at Z=36¢cm) and four secondary catilim S1 thru S4 with
5.08 cm X 10.16 cm rectangular stainless steel aperturgs.(Eji 2, and 3). A detailed
description of alignment of the collimators is given in [Zfor the purpose of radiation
shielding studies the beam loss on the collimators shoutddmeled as precisely as possi-
ble. Using the MARS code, there are two options to achievgtad (i) direct modeling
starting from the primary collimator; (ii) using the spatiam loss distribution on the
secondary collimators calculated with the STRUCT code faaource for subsequent
Monte Carlo modeling of radiation transport with the MARSdeo The first option is
very sensitive to misalignment of the beam line elemente@émbodel, details of the mag-
netic field distributions and so forth. Therefore, the sekcoption is used in the study to
determine the radiation distribution. The calculated adatantegral beam loss on the sec-
ondary collimators is given in Table 2. It should be noted,thacording to the STRUCT
results [2], 99.7% of total beam loss occurs inside them@ltion region. 87.3% out of the
99.7% occurs on the four secondary collimators while theatamg 12.4% is lost on the
beam pipe and other elements. In order to perform conseevediculations, one assumes
that 100% of the beam loss occurs on the four secondary @ibirs.

Table 2: Breakdown of the calculated integral beam loss enst#tondary collimators.
Here 100% corresponds to2b x 102 protons lost per second.

Collimator | Beam loss (%
S1 28
S2 40
S3 10
S4 22
Total 100




4 Resultsof Calculations

4.1 Surfacewater activation

Activation of water with radionuclides is strictly limitdaly environmental protection regu-
lations. In the calculations of surface water activatior @ilows the procedure developed
at Fermilab and referred to &ermilab Concentration Model (see [8, 9] and references
therein). The procedure consists in determining the aeest@y density over a so-called
99%-volume of soil surrounding the tunnel. The volume stidaé big enough in order
to satisfy the following condition: the calculated star sigynon external boundary of the
volume should be at the level of 1% when compared to the atlediimaximum star den-
sity on internal boundary,e. tunnel-soil interface. Either maximum star density at the
tunnel-soil interfaceSnax, or star density averaged over such a 99%-volun&,>, can
be used with the Concentration Model. Numerous studies stiahat the following sim-
ple dependence holds: S>= Syux/50, where the factor of 50 was confirmed in various
independent calculatiohs

The calculated distributions of star density around théoregre shown in Fig. 6. The
model of beam loss described in the previous section evigngiges rise to the star density
distribution from S1 up to Q310. In order to calculate therdisition upstream of the latter
region,i.e. from Q230 up to Q301, one needs to consider primary collimagdhe initial
source of beam loss. A separate calculation was perform#édsuch a source for the
region from Q230 up to Q301 and the star density distributsoalso shown in Fig. 6.
The highest calculated star densities are observed arbersgtondary collimators S1, S2,
and S4. The distributions around the hottest spot—colbm&2—are shown in Fig. 7.
The corresponding 99%-volumes around the collimatorsiawers in Fig. 1. Vertical and
horizontal dimensions of the volumes are approximatelysdrae. The calculated average
star densities are given in Table 3. There are underdrairaag the MI tunnel and
suitably placed sump pumps and generation of radionudiidesrface water is of primary
concern. Taking into account a realistic operational sualeednd operational efficiency,
annual amount of protons is expected to b&>3107° [10]. In such a case after a year of
operation the Concentration Model gives rise to the follayactivation around the hottest
spot (secondary collimator S2): surface water - 32% of totat; ground water (aquifer) -
much less than 1% of total limit.

Table 3: The calculated star densitie§, > (cm3s~1) averaged over corresponding 99%-
volumes around the secondary collimators S1, S2, and S4.

<S> 330
<S> 460
<& > | 280

*Smax and< S> were calculated independently in this study.

10
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Figure 6: The calculated distributions (plan view) of stansity cm—3s~1) in the region
from Q230 up to Q301 (top) and from S1 up to Q310 (bottom).
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Figure 7: The calculated distributions of star densityi(3s1) around the hottest spot—
collimator S2: plan view (top) and cross section (bottom).
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4.2 Doseload to magnet coils

The calculated distributions of absorbed dose in the regiershown in Figs. 8 thru 10.

cm
—400 " " L
-300
—200
—100
o
100
1.00e+03 2.00e+03 3. @%3‘03
2.6e+07 0.0e+00
[ s m— e e E— — — I I I I |
Y 10° 10° 10° 106° 10° 16* 10° 16° 10" 16° 101 10%10°%10%10°10°% 107
Aspect Ratio: Y:2 = 1:7.36842
—165 —150
2.3e+08 0.0e+00
“ e e s B E—| — I I ] ] |
) 8 7 6 5 4 3 2 1 (o] —1 —2 —3 —4 —5 —6 —7
Lo 1® 1P 10’ 16° 10° 10" 16° 16® 10" 1° 101 10210°10%10°10° 10
Aspect Ratio: X:Y = 1:1.0

Figure 8: The calculated distributions of absorbed doseyipyrom Q230 up to Q301
(plan view, top) and over the hottest spot—Q301 (crossaedbiottom).
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Figure 9: The calculated distributions of absorbed doseyiGyrom the first secondary
collimator S1 up to Q310 (plan view, top) and for Q302, thet fipgadrupole downsteram
of S1 (cross section, bottom).
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Lifetime of a magnet depends to a great extent on the doseradated in its coils.
The most vulnerable material in the coils is epoxy which damd absorbed dose up to
4 MGy [11]. The highest dose—up to 1 MGy per year—is obserwecbils of the Q301
guadrupole which is upstream of the secondary collimatorFst the magnet this means
the lifetime of about four years. For all the other dipolesntdipoles, and quadrupoles
the absorbed dose in the hottest spot varies from 0.1 up tMG&yr which means the
lifetime of about 8 years and more.

For the reasons described above (see previous sectiomljsthibutions for the regions
from Q230 up to Q301 and from S1 up to Q310 were obtained froms@parate calcula-
tions. Two marble masks, each 10 cm in thickness, are placetbwnstream face of the
guadrupole Q230 and upstream face of the dipole IDC0O11. Tdskgprotect coils against
radiation scattered on the primary collimator and backsoed from the dipole IDC011 as
well as enable us to reduce residual activation of the magsee next section).

In Figs. 9 and 10 one can see the extended tails in forwardtdiredue to scattering
on the secondary collimators as well as significant baciesesmt component. In order
to reduce the radiation scattered in forward direction gigdsw-energy neutrons shown
in Fig. 11), masks consisting of a steel core surrounded @atitrete (total thickness of
75 cm) are placed downstream of the secondary collimatags 2. As to the absorbed
dose, such a steel and concrete mask provides an extra absdgetor of about four.
In response to these calculations (but not included in #p®rt) an additional mask was
placed downstream of S1, S2 and S4 but just upstream of themahine element (H302,
K304, V309) as described in Ref. [12]. Intensity of the backtered radiation from the
collimators can be reduced by means of the polyethylene sne&km in thickness placed
upstream of the collimators (Fig. 2). The polyethylene nsgsiovide an extra absorption
factor of about three (Fig. 11, right).

110%‘ ln;\—‘
’ 4\—L 12102 \—E'[jlj‘:‘ﬁ
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E ;LLH ;; LLQH
108 HHW

ey Yl
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Figure 11: The calculated particle spect®e{ ~1cm2s~1): (i) neutrons (black) and pro-
tons (red) between the secondary collimator S1 and its atektoncrete mask (left); (ii)
neutrons between the quadrupole Q301 and collimator Shtlrgth (red) and without
(black) the polyethylene mask on the upstream face of S1.
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4.3 Distribution of residual activity

Restrictions on residual activation of beam line composi@nt tunnel are derived mostly
from practical considerations. When planning on variougnteaance and hands-on pro-
cedures, usually the residual dose is not to exceed 100 mretrd distance of 30 cm from
the surface after a 30-day irradiation and 1-day cooling.[The calculated distributions
of residual dose for the regions from Q230 up to Q301 and framsto Q310 are shown
in Figs. 12 thru 15 for a 30-day irradiation followed by a lyd®oling.
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Figure 12: The calculated distributions (plan view) of @umttresidual dose (mrem/hr) in
the region from Q230 up to Q301 (top) and from S1 up to Q310¢wx
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Figure 13: The calculated distributions (cross sectiomaoftact residual dose (mrem/hr)
for the trim dipole V301 (top) and quadrupole Q301 (bottom).
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Figure 14: The calculated distributions (plan view) of @mttresidual dose (mrem/hr)
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Figure 15: The calculated distribution (cross section)aitact residual dose (mrem/hr)
around the shower maximum in the secondary collimator S2.

All the distributions in this section are given for standachditions: a 30-day irradia-
tion followed by 1-day cooling. There are several small-ihear dimension of about
10 cm—nhot spots around Q232, V301, Q301, and Q302. The spatslrresidual dose
above 1 rem/hr and the highest dose is observed around thegpa (Fig. 13). Provided
the distance between the magnets in the region from Q230 @3®d is small, the issue
of high residual activity can be resolved by means of a loha@lding such as bags with
poly-beads, sanetc.

About 70% of the total beam loss in the collimation regionwscon the first two
secondary collimators, S1 and S2. As a consequence, theshspiots are observed inside
the collimators (Fig. 14). In order to reduce the contaddies dose on the surface of the
collimators down to an acceptable level, the bodies of alkcondary collimators—front,
rear, and part of side surface—are covered with marble $aj/@rcm in thickness (Figs. 2
and 3). The advantage of using marble is in its extremely lkesidual activation while
providing significant absorption of MeV gammas generatetthénsteel core [7]. One can
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see from Fig. 15 that the hottest spots around S2 are theviallp (i) 70 mrem/hr on the
wall at the beam line elevation (X=0); (ii) 110 mrem/hr atbp 52 itself.

For the hottest spots on the aisle side of the beam line—V3301, H304 and S2—
cooling curves are provided in Fig. 16. For the hottest spatthe aisle side of the col-
limators S1 and S2 the contact residual dose after a 1-y@aliation and 1-hr cooling is
approximately 8 times the 30d+1d residual dose. For thesiogpots on the left wall near
the collimators (see Fig. 15) the corresponding factor euiai.

w

=
o
l

=
Q,

=

Residual activity (mrem/hr)
H
Q
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=
Q
l

1 day

0

10 100 10
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Figure 16: The calculated contact residual dose (mremghrjHe aisle side of several
hottest elements of the beam line after a continuous 1-yestiation.

4.4 Prompt doseratein beam loss monitors

In order to provide permanent monitoring of the beam losatal operation, a number
of beam loss monitors (BLMs) are installed in the collimati@gion. Near each of the
guadrupoles there is a BLM located 60 cm above the beam levatbn. The predicted
prompt dose rate for the monitors can be compared to meadossdrate and, therefore,
can serve for verification purposes. The predicted dosse emgegiven in Table 4.

One can see that the region between Q305 and Q307, wherett®alcooling system
is installed, is protected against the radiation much b#tn other parts of the region. In
part, this lower radiation from Q305 to Q307 is due to the cetecshield wall upstream of
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Table 4: The calculated prompt dose rate for the BLMs in theMlimation region.

Location | Dose rate (rem/hr
Q230 1500
Q231 130
Q232 260
Q301 1500
Q302 380
Q303 2500
Q304 340
Q305 50
Q306 30
Q307 1000
Q308 400
Q309 700
Q310 90

Q305 which absorbs stray radiation including the flux of neng from upstream collima-
tors.

5 Conclusions

The radiation shielding studies were performed for the Mlimation system that com-
prises a primary horizontal collimator and four secondargsn The following problems
were addressed: (i) surface water activation; (ii) dosd toanagnet coils; (iii) distribution
of residual activity around the region.

It was shown that after a year of operation the activationuofese water around the
hottest spot—secondary collimator S2—is about 32% of tatst. At the same time,
activation of groundwater (aquifer) is negligible—muchkdehan 1% of total limit.

The highest dose—up to 1 MGy per year—is observed in coile®f}301 quadrupole
which is upstream of the secondary collimator S1. For themaathis means the lifetime
of about four years. For all the other bending dipoles, tripokes, and quadrupoles the
absorbed dose in the hottest spot varies from 0.1 up to 0.5/@ich means the lifetime
of about eight years and more.

The predicted residual activity around the region revealsial small hot spots between
Q230 and Q302. The issue can be resolved by means of a loetdislgi Marble layers
are used to cover the external surface of the secondarynadtirs and reduce the residual
dose down to an acceptable level. The advantage of usingemarim its extremely low
residual activation while providing significant absorptaf MeV gammas generated in the
steel core of the collimators.
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