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Abstract

Recent Monte Carl o cascade simul ationshave shownthat are-
duction in the maximum of deposited energy density can be ob-
tained by applying a uniform magnetic ®eld over afront part of
the graphite core of the LHC dump. This paper shows the effect
of ®eld strength on spatia distributions of absorbed energy and
temperatures, and discusses problemsto be solved when design-
ing asuitable magnet.

|. INTRODUCTION

TheLHC energy of nominally 333 MJper ring (2.97-10'* pro-
tonsat 7.0 TeV), extremely concentrated inasmall regionaround
the beam axis, givesriseto severe therma and mechanical con-
straints on the construction of the beam dump, which will bein-
stalled at adistance of about 750 m from the g ection point. Sev-
eral beam diluting procedures exist and have aready been dis-
cussed [1]. Each of them applied aloneiseither not suf®cient to
keep the maximum temperature rise in the graphite below atol-
erablelevelDor kicker magnet performance or thetunnel length
are forced to extreme levels.

Absorption of the beam energy is the process mainly con-
tributed to by low-energy charged components (mostly electrons
and positrons) of the cascades induced by primary protonsin the
dump. Thusamagnetic ®€eld applied over afront part of thecore
could serve to spread a part of the deposited energy out of the
critical concentration region. This study aims to answer what
®dd strengths would be required to obtain a suf®cient cascade
dilution, and if those ®elds can be provided by any magnet that
isredlistic for design and installation in the dump area.

1. EFFECT OF MAGNETIC FIELD ON
ABSORBED ENERGY AND TEMPERATURE
DISTRIBUTIONS

A. Smulationsof particle cascades

The simulations of particle cascades in a central part of
the LHC dump were performed with the FLUKA high energy
shower program [2]. Comparisons with measurements of ab-
sorbed dose distributions around accelerator beams (albeit, at
lower energies) have shown [3] that an accuracy of better than
25% can be expected when estimating the densities of deposited
energy from Monte Carlo cal culations with this code.

The LHC beam of 7 TeV protons was assumed to have pro-
jected distributions of Gaussian pro®le; the beam parameters
taken for thesimulationsare given in Table I. The most suitable
materia for the construction of the upstream part of the dump
coreis a graphite, assumed here to be pure '2C of density 1.75
g-cm~3. Secondary cascades were simulated only in the cen-
tral part of the dump of dimensions 10x10x300 cm?; prelim-
inary results have shown that this depth includes the longitudi-

Tablel
Nomina beam parameters assumed for the simulations.

Beam momentum (monoenergetic) 70 TeVie
Horizontal beam size (Gaussian o) | 1.46 mm
Vertical beam size (Gaussian ¢,,) 1.06 mm
Beam divergence (Gaussian o, ) 164 pr
Beam intensity (protons per ring) 297 -10'¢
Spill absorption time 90 pus

nal maxima of deposited energy density (with or without a mag-
netic ®eld), and that the energy densities (and the corresponding
instantaneous temperature rises) decrease by at least two orders
of magnitude for radial positions5 cm from the beam axis.

The interactions and propagation of charged components of
the cascades (protons, charged pions, muons and €l ectrons) were
followed down to thekinetic energy threshold of 1 MeV, of pho-
tonsdown to 100 keV, and of neutrons down to athermal energy
range. Particles slowed down or produced with energies below
these threshol ds are assumed to deposit their energy locdly (in
arange which is negligible compared to the scoring mesh size).
Energy lost by charged particlesinionization processes was con-
verted to emitted §-rays (low energy e ectrons), and thus further
distributed around ionizing particle tracks. None of the bias-
ing or importance sampling methods availablein FLUKA were
used.

The homogeneous uni-directional magnetic ®eld perpendicu-
lar to the beam axis (the direction of ®eld is called dvertical®,
since the induction B was taken parallel to the vertica beam
plane) was present over the whole length of the system (3 m),
with ®€ld strengthsof 0.5, 1, 2 and 5 T. The resultswithout ®eld
were a so obtained for reference, for the same beam (see Tablel)
and for the beam that vertical pro®lewaslinearly swept over dis-
tance +5 cm. Samples of primary historiesthat were compl eted
for ®xed run times of the simulation program (20 000 native sec-
onds of the SP2 system at CERN) for each ®€ld case are given
in the the second column of Table .

Thedensity of the deposited energy was determined asafunc-
tion of horizontal and vertical positionand of longitudinal depth,
intwo Cartesian binstructures, i.e.,: a®nemesh of 0.1x 0.1 mm?
lateral size (up to 5 mm from the beam axis), and a coarse mesh
of 1x1 mm? lateral size; both with longitudinal bins 10 cm in
depth.

B. Spatial distributions of deposited energy

Maximum energy densities, maximum laterally integrated en-
ergies and total energies deposited per one proton of the LHC
beam, inthe 10x 10x 300 cm? graphite bl ock inan uniform mag-
netic ®elds of various strengths, are givenin Table 1. The max-
imum densities given in the third column of the table, are those
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Figurel. Maximum energy densitiesas function of longitudinal
depth in the core, for various ®eld strengths.

obtained fromthe 1x 1 mm? lateral bins(coarse mesh), that were
still less then projected half-widths of the beam.

The obtained spatial distributions of densities of energy de-
posited per one primary proton, for various levels of the mag-
netic ®eld, are shown in Figure 1 as a function of the longitu-
dina depthin graphite, and in Figure 2 as a function of the |at-
eral distance off-axisin the plane perpendicular to the magnetic
induction B (horizontal plane). For the longitudinal plots, the
densities have been averaged over &1 mm distancesin both lat-
eral planes. The horizontal distributionsshownin Figure 2 have
been averaged between the symmetrical @up® and @downe posi-
tions within the £1 mm range in the vertical plane (parallel to
B), and over 30 cm ranges around the longitudinal maximare-
spective to the ®eld levels, taken from Figure 1, that are: 160-
220 cm for no ®dd case, 150-210 cm for 0.5 T, 140-200 cm for
1T, 100-160 cm for 2 T, and 80-140 cm for 5 T. Moreover, the
performed analysis has proved that (within the limits of statisti-
cal errors) aso thedight®and & efte distributionsare symmetri-
cal, and thus the mean values of the@ight® and 4 eft® horizontal
positions(from 0to 5 cm) are plotted in Figure 2.

The®nemesh resultsincludedin Figure2 (Ieftmost part of the
scale) show again that the horizontal pro®lesof energy density, at
depths of thelongitudina maxima, are at within the horizontal
range of ®rst+1 mm off the beam axis. The central parts of the
vertical distributions(not shown hereto keep this paper concise)
look similar. Thisjusti®es again the averaging procedures that
were applied for the Figure 1 and Tablel.

C. Maximum temperatures after absorption of the beam

Theamount of beam energy that isdeposited inthe coreisfur-
ther dissipated in the dump in the form of heat. In order to de-
termine maximum temperature rises that can be expected in the
graphite after absorption of the spill, the energy deposition re-
sults from particle cascade simulations were coupled to a tran-
sient heat transfer analysis, performed by means of the ANSY S
®nite element program [4]. The system geometry and |oads be-
ing symmetrical, only onequarter of the corewas considered, up
to 5 cm radius off beam axis. This three-dimensiona quadrant
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Figure2. Latera distributionsof energy density at depthsof lon-
gitudinal maxima, for various ®eld strengths.

Tablell
Tota energies deposited in the core, maximum lateraly
integrated energies, maximum energy densities and maximum
temperature rises for various ®eld strengths.

Magn. | No. || Depos. | Energy | Lateral | Temp.
®dd of part density | integra rise
|B] | sim. of in10=7 | in107° | in10°
inT p 7TeV | Jkg® | Jom ¢ | K?
no 71 28% 52 19 51
0.5 57 21% 32 15 33
10 26 19% 24 1.2 22
20 35 14 % 19 0.8 18
5.0 45 9% 0.8 0.5 9
sweep® | 32 24 % 04 16 5

%per one primary proton
bper spill (2.97-10'* protons)
€45 cm, without magnetic ®eld

was meshed with quadrilateral brick elements, by using uniform
divisionsin the azimutha angle (A$=15°), radial binsincreas-
ing logarithmically from Ar=0.5 mm, and the same longitudi-
nal binsasinthe Monte Carlo calculations (Az=10 cm). Asthis
mesh ismoreef®cient in covering spatia regionsof concentrated
importance than the Cartesian bins available in FLUKA, much
less elements (3600 in total) were required. However, a spe-
cia interfacealgorithm had to be written, transferring the Monte
Carlo scoring output to the thermal load input of ANSY S.
These loads were the internd heat generation rates (in
J(cm?-8)), obtained by multiplyingthe energy density (in Jom?
per primary) interpolated for each node by the number of pro-
tonsin spill, and dividing them by the spill absorption time in
seconds (see Tablel). These heat generation rates were assumed
to be constant in time during the absorption period, whichislong
when compared with the time scal e of the cascade devel opment,
but short when compared to characteristic times of heat propaga
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tion. Thus heat ow outside of the core (to external parts of the

dump, a cooling system, etc.) could be neglected for the absorp-

tion period, and the external boundaries of the considered sys-

tem could then be assumed to be adiabatic. Moreover, the ther-

mal propertiesof graphite, taken from Ref. [5], change consider-

ably with temperature; in particular the speci®c heat variesfrom
about 660 to 2500 J/(kg-°) between room temperature and few

thousands degrees. Thus ANSY S procedures for the nonlinear
solutions had to be involved. It should be noted that physical

properties can aso vary between different graphites, and under
irradiation conditions.

The maximum temperatures a the end of a spill, obtained
for each ®€ld strength, are given in the last column of Table II.
The three-dimensional temperature distributions are shown in
the form of color contours in the poster session of this confer-
ence.

1. PROBLEMS TO BE SOLVED BY
DESIGNING A SUITABLE MAGNET

The major dif®culty isthe building of a suitable magnet with
the necessary high dipole ®eld over a70 cm wide gap and within
avolumeof about 1.5 m?, even if the precision of the®eld is not
acritical parameter. By far the most elegant solution, requiring
neither power supply, nor water cooling or cryogenicsin an area
which isradioactive and distant from any central infrastructure,
would be a permanent box- or ring-magnet [6] which, because
of the very strong magnetic forces (severa tons/m) between the
different blocks, would be built of short modules which would
need to be preassembled. However, the maximum ®elds which
can be obtained with a °reasonable? design Babout 0.3 T with
relatively cheap ferrite, or 1 T when using the more expensive
rare earth - cobat material + are by far insuf®cient to reduce
the energy deposition by an order of magnitude. In order to
achieve higher ®€ds, the volume of the permanent magnet ma
teria would have to grow out of any proportion. The solution
of aclassical window-frameel ectro-magnet cannot be envisaged
since the maximum achievable ®eld of 2 T only bringsabout one
third of the desired effect. The stored magnetic energy in such
a magnet would be in the order of 1 MJm when excited with
atotal current of about 1.2.10° Ampere-turns. The dissipated
power in the aluminum coil, which needs to be cast in concrete,
would exceed 1 MW unless being cooled with liquid nitrogen.
The only possible magnet able to produce the required magnetic
®€d of 5 T would be a superconducting magnet which provides
a stored magnetic energy of about 5 MJm and which possibly
would quench at every discharge of the LHC-beam. The coil of
the magnet would have to be fully stabilized in order to absorb
the total energy and the helium be contained in a closed circuit.

V. CONCLUSIONS

This study of the utility of an uniform magnetic ®eld for the
LHC beam dump system can be summarized:

o The maximum energy densities and temperatures are re-
duced approximately linearly with ®eld strength, up to
about factor of 7 for a5 T ®eld. The effect obtained for the
maximum ®eld is comparable with the dilution of energy
density obtained with alinear sweep of +5cm.

« In presence of the magnetic ®eld, spatia pro®les of de-
posited energy are longitudinally “attened and lateraly
spread out from the centra region; thus smaller fractions of
thetota energy are depositedinthe central part of thedump
system, critical for the concentration of the absorbed energy
and consequent temperature rise;

o It was not possible to obtain a reduction of the maximum
energy density by one order of magnitude, or to keep the
maximum temperatures in graphite below 2500°C, using
the ®eld strengths provided by the most favorable perma
nent magnets; other magnet designs would be even lessre-
aigtic. A satisfactory solution might be achieved be com-
bining magnetic dilutionof the cascades withalinear sweep
in the perpendicular direction.
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