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ABSTRACT

This report discusses the ISABELLE Mark 6

radiation heating experiment and summarizes the

work done by others. It concludes with

recommendations for further work.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors, sub-
contractors, or their employees makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness,
or usefulness of any information, apparatus, product or process disclosed, or
represents that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Govern-
ment or any agency, contractor, or subcontractor thereof.
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A study of the quench sensitivity of the Mark 6 cosine 0 magnet to beam

heating was recently completed and the results are published in Ref. 1,

attached to this report. This experiment was conceived as an initial test of

the repeatability of such an experiment under less than ideal conditions. One

compromise was that the magnet was cooled by pool boiling liquid helium

instead of the forced-flow technique which will be used in ISABELLE. This was

done because a suitable refrigerator for forced-flow was not available.

However, the experiment, although flawed, did reach several conclusions. This

report summarizes these conclusions and assesses the need for further work.

Goals of the Task Force

We wanted to make reliable estimates of radiation heating effects on ISA

magnets in ISA situations—injection, acceleration, beam cleanup, ejection.^

Our philosophy was to design simple experiments which could (1) give an

immediate result for the order of magnitude of the tolerance and (2) be easily

interpreted by computer models of the heating process. By testing models at

both 30 GeV (here) and at 400 GeV (at FNAL), we could determine the

reliability of the nodels over the energy range important for ISABELLE. Then,

one could predict radiation tolerances for any ISA situation.

Discussion of Mark 6 Study Using Beam Heating

In the Mark 6 experiment, the full 28 GeV/c beam was steered into the

magnet coil by the field of the magnet. By varying the beam intensity for a

given magnetic field and beam position, the intensity level was found which

caused the magnet to quench. This was done for different magnetic fields
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below 3 Tesla and for different beam positions. The study found the magnet to

be surprisingly resilient at low currents. For magnetic fields below 0.8 Tesla,

the intensity necessary to cause a quench rose sharply.

G. Bozoki3 converted the observed quench thresholds to deposited energy

per volume, using a computer program which simulated the interaction of the

beam in the magnet called CASIM1* (CAscade SIMulation). As a function of the

magnet currents, the energy per volume which caused the quench was compared to

the enthalpy reserve, the expected energy per volume required to locally raise

the temperature of the coll above the critical temperature for superconduc-

tivity. The observed quench thresholds were typically several times (5x)

higher than the enthalpy reserve. Now, this difference could be due to

several factors which will be discussed: heat transfer to the helium,

differences between the experimental geometry and the simulation, problems

with CASIM.

The effect of cooling is very uncertain. To first order, we attempted to

avoid cooling questions by using a very short energy pulse to quench the

magnet, the 2 usecond AGS fast spill. Estimates and measurements of cooling

time constants are tens of milliseconds. Although the energy was introduced

quickly, the quench propagation velocities are slow (~ m/second)5, so that the

time required to heat a region large enough such that the magnet cannot

recover may be long enough for there to be significant heat transferred to the

helium. Furthermore, there is indirect experimental evidence which supports

the importance of cooling, even when energy is dumped ir,1to the magnet quickly.

The AGS 8° magnet** was able to absorb over ten times more energy than Mark 6

at a 2.5 Tesla field, where the heater for each experiment was the 2 Msecond AGS

fast beam. The 8° coil has considerably more exposure to helium than the Mark 6

magnet.
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Differences between the experimental geometry and the simulation

contribute a 50% uncertainty to the simulation. Most parameters of the input

program do not affect the result if varied within reasonable limits. The

dominant uncertainty is the precise beam cross section, which was monitored by

a SWTC with a storage scope display. A factor of 2 error in beam area would

contribute a 40% error in the simulated energy/volume. The simulated energy

deposit in a given volume is not proportional to the beam area because the

width of the cascade of particles at the coil from the beam interaction is

comparable to the beam size.

Bozoki has assessed the accuracy of the simulation program CASIM.1* CASIM

is based on the thermodynamical model of Hagedorn and Ranft7 and, thus, it is

normalized to available particle production data at and below 30 GeV incident

proton beam energies. Calorimeter studies at 200 and 400 GeV tested CASIM at

the new energies. The simulation agreed with results within a factor of 2,

for the energy deposition in aluminum and copper calorimeters caused by a

dumped 2.5 am radius (a) proton beam, as a function of radius from the beam

from about 1 cm to 12 cm, and as a function of depth from a minimum of 2/3 of

an absorption length (2.5 radiation lengths of aluminum) to a maximum of 4.6

absorption lengths (49 radiation lengths of copper). CASIM consistently

overestimated the energy deposition at moderate radii, with better agreement

at larger radii. The program has not been tested for energy depositions

within a beam diameter.

Mark 6 Conclusions

If the confidence factor in CASIM is a factor of 2, then we can attribute

any of the excess tolerance above this uncertainty in CASIM to cooling. Thus,

Mark 6 may show excess tolerance at half maximum field as well as below 0.8

Tesla. However, one solid conclusion we have drawn from the experiment is
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this: If one uses CASIM now, without an uncertainty factor, then this magnet,

in the test geometry and with pool-boiling, tolerates a factor 3-10 more

specific heating than would have been predicted from braid enthalpy

calculations anywhere between injection and half field.

Other Beam-Heating Experiments

There have been a number of other beam heating experiments on

superconducting magnets. Several types of heating have been studied: a direct

beam interaction in the coil, beam halo interactions with the coil, and

heating from secondaries after a target with Lhe magnet either unprotected or

protected by a collimator. These experiments have been done at BNL with the

8° magnets6, at Argonne with a ZGS magnet8, and at FNAL with several different

9 10 11
models of Doubler dipoles. ' * All the experiments show a characteristic

rapid rise in tolerance to heating at low current (except that for the 8°

magnet, this rise occurs at half of maximum field). All the magnets show

remarkably similar quench thresholds at high current on a plot (see Figure*)

where incident protons were converted to energy per volume in the coil, either

using a calorimeter to determine the conversion, or using CASIM and the

particular experimental geometry. (No conversion was made for the ZGS

magnet.)

*Notes on Figure. In several cases, the energy conversion from the measured
beam intensity was done using the Monte Carlo program CASIM. For Edwards, et
al.,9 a calorimeter was used which was designed to simulate the test magnet.
Allinger, et al.6 used the magnet as a calorimeter and also used the program
CYLKA. A number of approximations were necessary to convert the data of Cox,
et al. 1 0: the data that were taken as a function of current used a slow beam
spill and had a geometry which differed from a fast beam point for which they
had used CASIM to convert to an energy density. The figure shows their fast
beam point at I/*max • 0.9, and the lower current points on the figure were
calculated from the slow beam points by normalizing to the (fast beam)/(slow
beam) ratio at I/Imax " 0.9. When densities were reported in the units mJ/gm,
the conversion factor used was 1 mJ/gm • 8.7 mJ/cm3. The valv.e for I^JJ was
arbitrarily set: for Mark 6, a value of 5000 amperes was used; 1450 amperes
for Edwards, et al.; 4000 amperes for Cox, et al.j 5000 amperes for Dixon, et
al.; and 50 kilogauss for Allinger, et al. In general, the quoted I m a x for
each reference was used, even though in two cases (Edwards, Cox), this was an
operating maximum rather than a calculated one. The operating temperature of
all the magnets was in the range 4.5°-4.8°K.
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Heater Experiments

Although it is attractive to measure the tolerance of magnets to beam

heating directly, the problem divides conveniently into two - understanding

initial energy deposition and understanding magnet recovery. Beam heating

studies are best done with calorimeters - a superconducting magnet is a

poorly-understood calorimeter.* Magnet tolerance of heat is best studied with

heaters buried in the magnet - although a proton beam may be a well understood

heater, it is an expensive one.

Several tests with heaters embedded near braid cooled by liquid helium

support the conclusion that the magnets become quite stable at low current.

The tolerance of the braid to 7 msecond pulses of heat was measured by M.

Garber, as a function of current in the braid, and as a function of external

magnetic field.^ For each field value, the braid became quite stable at low

current, although at somewhat higher currents than in the Mark 6 experiment.

There have also been heater tests in a simulated magnet winding5 and

heater tests in ISABELLE magnet 21.3 These tests all verify the increased

tolerance to heat at low current observed in the beam experiments. The

normalization of the heater experiments from heater to heater varies by a

factor of 10 (i.e., the geometrical conditions and the fraction of heater

power transferred to the conductor are not reproducible for different

experiments), but the relative heat tolerance for a given heater/geometry have

errors of only 10%.5 These experiments have also been done at high current

and field. There is a roughly linear decrease in the response to heat as the

current increases, which follows the predicted enthalpy limit of the

conductor. These tests have all been done with pool-boiled liquid helium

coolant.

*Although, ultimately, superconducting magnets are the only relevant

calorimeter.
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Conclusions and Recommendations

Where tested, the computer model CASIM describes beam heating well,

within a factor of 2 - CASIM typically overestimates the heat deposited by

beams of protons in calorimeters. CASIM has not been tested for its

prediction of heat deposition close to the dumped beam. All superconducting

magnets tested at various laboratories have been cryostable at low (< 50% of

maximum) field. Mark 6 is more tolerant of heat, roughly a factor of ten,

below 8 kilogauss than would be expected from enthalpy calculations. At higher

currents, the heat tolerance of Mark 6 appears to follow the enthalpy limit,

as a function of current.

We recommend:

1. Experimental studies should be made of forced-flow cooling, compared

to liquid. All the tests described above were done with pool-boiling

liquid. These studies would be most efficiently carried out with

heaters buried in a magnet near the coil.

2. CASIM should be tested with a small calorimeter near the beam dump,

preferably at 400 GeV, i.e. preferably at FNAL.

3. Heed the existing studies of energy deposition densities for ISA

situations which have used CASIM: Bozoki studied uncontrolled beam

losses for dipoles12 and for quadrupole-dipole sequences1^, and

Stevens studied the controlled losses from collimatorsil+ and at

ejection.15 Bozoki found, for example, that 2xlO8 400 GeV protons

instantaneously scraping the vacuum chamber of a dipole on the inside

of the ring would quench that dipole. Stevens discusses the
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significance of such results, compared to ISR experience, and

recommends limiting-aperture collimators. In his discussion of

ejection, Stevens observes that, "It may be difficult not to quench

one or more ISA magnets during extraction at 400 GeV assuming a dc

mode of operation".

We do not recommend more studies with the AGS beam at this time.

Finally, we have filed at the ISABELLE project office, a complete set of

the papers referred to in this report, under "Radiation Heating Task Force".
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ABSTRACT

Superconducting magnecs tor acceleracora can be
accidentally quenched by -heat resulting fro* baaa
losses la Che magnet. The threshold for such quenches
is determined by Che time structure of the baaa loaa
and by details of the magnet application, construction
and cooling. A 4.25 a long superconducting coain* 8
Jipoie magnet, MARK VI, conatructed during the research
ana development phase at the ISABELLE Project ac BNL
was installed In the H.$ Ci''/c primary proton baaa
line rrom die AGS. By energizing the aagnet, the pro-
LOII bejm could be JeClected into thHt magnet. The beam
intensity required to queiwti Che oagnec >-/as observed
;JC uirc'dcent beam sizes ami at several values of mag-
i<.-'- current up to 2*00 A or apprixinately 702 of the
:ii=-!iesc magnet operating current. The maximum current
•.Ja iiraiced by che jag-cooled pover lead flow available
j=in^ pool-boiling helium rather than single phase
rorced-flow heliua at S acm fax uiiich the megnec sys-
tem was designed. Details of che experimental setup
including che oagcet and cryogenic system, the beaat-
=ionitoring equipment and ins i<iaencacion are described.
T!ie measurements are discussed and compared with beam
neating measurements made on another superconducting
nagnec and interpreted using thx Caacada Simulation
Program, CASIM.

I. Experimental Arrangement

Superconducting magnets in high energy physics
applications may be exposed to Intense particle beaas
wiiich can deposit relatively large amounts of heat In
the aagnec In short periods of cine. To investigate
che effects or this radiation heating on a magnec de-
signed for an hi'jh energy storage ring accelerator,
MARK VI, an ISABELLE r4d cosine 4 dipole aagnet wa*
installed in the fast external 28.5 GeV/c primary pro-
ton beam in the North Area of the ACS. Figure 1 shows
schematically the subnet installation In the Fast Ex-
ternal Bean (FEB) relative to the AGS. The MSB circu-
lating bean Intensity is measured by a current trans-
former (CSH) located at L15 and the FEB intensity by
current transformers (CT) located ac 015 and U303 along
the bean transport line as indicated in Fig. 1.

The experimental setup in the area of the magnet
installation is shown schematically In Fig. 2. The
aagnet, MARK VI, is shown positioned in the baaa.
The .nagnet was sounced on rails so that it could be
rolled out of che beam line when radiation heating
studies were noc scnedulcd to permit utilization of
the beam for neutrino puysics in detectors dowusi.<.-«aa
in chc U-llne.

The magnet was pfecoolvd by circulating helium
from die 3NL 7-ic. iuoble Chaab* :• helium refrigerator
compressors :hrcut;n a ! iquiu nitrogen heat exchanger
ami Chen :hrcush c:« nd»;net ino returning che (as to
che compressor system. The aagnet was further cooled
and tilled with UjuiJ iieliua from storage davars sup-
plied from che 3uDdl« Chamber helium refrigerator/
ii.i'jor i<jr. Heiiuji ^.j^ to j>r^3suri=e the storage aewars
was tak^n trom chc JiiODle Cluubur compressor sysc«a

performed jnj«r auspices of -.3. Oept. ot" Energy.

and helium boil-off gaa fro* the maaaet cryoscat and
gaa flow from the magnet gas-cooled power leads were
returned to the compressor syacaa completing a- closed
loop system. The liquid nitrogen heat exchanger and
helium storagt dewars war* located outside the beam
U n a shielding berm and connected to the magnet cryo-
stat with 48-ft. long supply and return transfer lines
installed through a small conduit. The magnet and gas-
cooled power leada had been designed for forced-flow
cooling at 3 at*. Because the only mode of cooling
available: for chase experiments involved pool boiling
helium from storage dewars, the naximua pressure that
could bit attained was determined by relief valve set-
tings on the storage dewars. This constraint limited
the power lead gas flow which in curn United che
naximun magnet current that could be used safely to
2400 A or about 701 of che highest operating current
for che magnet. The temperature of the aagnet was
monitored by sensors at the numbered locations indicat-
ed in Fig. 3.

The power supply for the magnet was installed in
che same area aa the helium dewars and controlled from
the instrumentation trailer shown in Fig. 1. The
power supply systen waa a standard ACS 450 kilowatt
SCR type sec for a maximum current of 3600 A at an
output voltaje of approximately 15 V d.c. Comparators
ware usidd to trip che power supply on power lead and
•agncc overvoltages.

The FEB ac Che AGS can be operated so that che en-
tire beam in the AGS consisting of 10 protons in 12
bunches spaced 200 nanoseconds apart Is extracted In
2.4 microseconds with a pulse repetition rate of I
seconds. Because the existing FEB CT monitors were
suited to measure intensities 2 to J orders oc Magni-
tude higher than chose required for ctvj radiacion
heating tests, a Secondary Emission Chamber (SEC) and
an Ionization Chamber (IC) for intensity measurements
and a Segmented Wire lonizatlon Chamber (SWIC) for
beam profile and position measurement, designed for
lower intensities, were Installed just upstream of
tha magnet. To track the beam Intensity over a large
range of values, lntercomparisons were made between
various measuring instruments over their overlapping
ranges. The FEB CT'» were useful for intensities

above 0.4 x 10 protons per pulse (pop), the SEC

measured intensities above 10 ppp and the IC had a

linear response below 10 ppp.

The ACS waa first detuned to run ac its lowest
1>

stable iaccnaity or approximately 1.5 co Z x 10 pop.
A Jain change was then aade la che rf *y?tem radial
loop to permit operation down ca about 3 x 10 ppp.
Lower intensities were obtained h? spoiling che extrac-
tion efficiency from the typical valu* if 95*.. A
final absolute cross-calibration of the Intensity was
made by using foil actlviaclon at two different inten-
sities. These calibration aeasurcments -agreed very
well with results obtained from che SEC ar.d tC.

The SWIC, Mvina. a resuluCton of 2 =a/sc«o, waa
used :o aeasure -.relative beam profiles and :o abeam



the relative position at the beam entering the magnet.
Figure 4a shows a typical SWIC display at high beam
intensity, 4b, ac low Intensity and -c, the beam dis-
placed horlzoncally by approximately 1.5 ca. The beam
was also moved vertically to investigate Ch« effects
of radiation heacin" off the aldplane of the magnet.

A shunt was hardwired in the magnet circuit to
roeusure current and an K-coil device, which essentially
monitors the flux In an air core solenoid, was Instal-
led to neasure dl/dt and, hence, I -/dl/dt dt also.
An Hall probe was placed in the bore of the magnet to
monitor directly the field at that position, tad an
array of search coils mounted at various anglis on
a Z-it. long plastic tube, whose outer diameter
equalled the bore size of the magnet, i<u used to
measure the several multipolcs present In the field.
The sexcupole and decapole correction windings of the
MARK VI magnet were also used aa search coils. The
behavior of the magnet after quenching was monitored
by these devices. However, this paper describes only
measurements leading to the determination of quench
thresholds.

II. Experimental Results

Figure 3 is a schematic of the experiments show-
i.n>; now the field of the magnet bent the full particle
JI/JO pulse into the magnet coil. Starting at low
uv.nu intensity wit!) the signet current at some con-
stant value, a pulse of beam was deflected into the
.-.lusinet. If the magnet did not quench, a second higher
Intensity beam pulse was sent into the magnet several
:ninutes later. Successively higher intensity pulses
•.•.ere delivered in this way until a magnet qucich
occurred. A magnet quench was detected by observing
j voltage developing across the magnet and a rapid
rise of the helium pressure in the magnet dewar sys-
tem. The window between the intensity of the pulse
which caused a quench and the highest beam intensity
wiiich did not defined the quench threshold. The
quench thresholds were determined as a function of

current for different beam conditions.

The initial tests with the magnet were made to
Jcteraine if, indeed, the proposed experiment could
be carried out. These tests were designed to res-
pond to such questions as: Are measured quench thresh-
i'.oids reproducible* How carefully should the sagnet
temperature be controlled? What time Intervals are
required between quenches or pulses to achieve tem-
perature equilibrium? How Important is it to hit the

in the same spot with the beam.'

Che reproducibllity of the quench thresholds was
tested by making 5 runs under the same conditions with
the magnet current at 1000 A which generates a field
of about 1.2 T. Thresholds were obtained which were
consistent to better than 10%. The possibility of
residual heat building up in the magnet during a
succession of pulses which could affect the observed
threshold was investigated by holding the intensity
near 80'; of the ae<ssureu threshold for a sequence of
10 pulses, 2 sees, apart. No quenches occurred under
:!!<:>•! conditions indicating that a heating effect on
a : sec. tine scale could not be observed.

?!-.e horizontal position at en* beam whose cross-
section was 4 aa horizontally by 3 ma vertically was
*iso cr.anjtd in 1 ca steps as shown schematically
in rlj. 6. This horizontal aovement changed both
the location where the beam energy was deposited in
the aagnet coll and the angle oi Incidence of the beam
to the aagnct. A gradual increase of 10-20! In the
quunctt threshold was JbsorveJ a* Che location was aoved
:rja upstream CJ downstream until at position 4 on

fig. 6 the bua* misted cli« coll. Cross changes In
beam position change the quench thresholds by less
than 202. The apparent systematic Increase la thres-
hold as the location where beam energy was deposited
vaa moved downstream l« not yet understood.

The beam position was varied vertically by s 1 ca
with less than a 10S change in threshold. Finally,
the quench threshold was observed to Increase by 30S
whan the beam «*» defocused to double its cross-sec-
tion. A Monte Carlo simulation of the development
of the energy shower, using tht appropriate beam
sizes and geometries, gave a »0X increase In the thres-
hold when the beam cross-section was doubled. The
expected Increase in threshold is not proportional
to the beam crots-sectlon because the energy shower
develops c/er a considerably greater area than the
beam cross-section* used in this experiment.

Figure 7 shows the measured quench thresholds
for the cosine 8 dlpole magnet, HARK VI, as a function
of magnet current. For each experimental point, the
beam full width was approximately 4 mm horizontally
by 3 mm vertically before entering the magnetic field.
The area of the magnet coll illuminated by the beam
decreased and the angle of incidence of the beam to
the magnet coil Increased .j th* magnetic field was
increased, complicating the interpretation of the
•measurements. The non-linear increase in quench
threshold below 600 A indicates that the xjgnec is
very stable to beam heating at low currents itlie in-
jection current for ISABELLE is 300 A). At the low
current values the beam was scanned horizontally as
In Fig. 6 to assure that it was not being steered
Through the magece without striking the magnet coil.
These results were obtained using liquid i-.eliua to
cool the magnet gather than forced-flow helium $aa for
which the magnet was designed. No attempt has been
mfide to compensate for differences in heat capacity
and transfer between these two methods at cooling.

In order to obtain a physically more meaningful
interpretation of these experimental results, the

i

MACSIM variant of the Honte-Carlo code CASIM* to
simulate beam and cascade propagation in the presence
of a magnetic flald was used. Taking into account
the geometry of the experiment and a detailed descrip-
tion of the coil region near the horizontal ildpiane
of the magnet, the maximum overall energy densities
deposited in the magnet by the beam were determined ac

i

a function of the magnet current with the MACSIM model.'
These energies densities expressed in uaita of aj/cm
per proton are plotted as a function of magnet current
In Fig. 8. Tills curve is quite flat indicating that
th« maximum energy deposition density per proton has
only a very weak dependency on the current. The break-
down of the curve at small magnet currents occurs
because the cascade and the beam only partly cross
the coll. Using the curve fro* Fig. 3 as a "calibra-
tion curve" to convert beam intensities into absorbed
energy densities, the riea*ured '?eam intensities from
Fig. 7 were transformed to maxiaua absorbed energy
densities and plotted as a function at current in
Fig. 9. These pints or quencn and recovery Ueat tol-
erance functions of the -a>jnet i>.re shown as dashed
curves in Fig. 9 together with a full line represent-
ing a shifted ideal "short sample" !i«at tolerance curve

as described by Sozoki.'

Curves representing the average and minimum
enthalpy jf a Mdplane ugnec conductor are also dis-
played on fij. 9. A comparison at the enthalpy curves
with :he heat tolerance curves shows that the 3SL
oslnu -5 "nacnut !ias excoiient stability at low currents,
the quench thresnuid at 0.3 kA and O.o ?, for



Dcini a caccor or approximately JO greater Chan the
enthalpy reserve or che aidplane conductor at chac
-crrenc. The curves also show chat this factor de-
creases rapidly with increasing current.

The result or' an earlier published experiment on
raaiacion hoeing with che BNL S° window-tram* b«nd-
iu£ aajnec ac -.5 T is plotted on Fig. 9 normalised
.JILi; che MASK VI results as J function of (jxB kA -

>
I'.va") ". The S° a^nec, with grooved high purity
jlu::iinum spacer scrips and .iiora liquid helium in
.::c r.iâ uec windings, Jus a quench colerance larger
•jy a faccor oc -0 Chan che MARK Vt magnec ac
ijxS kA-T/ca")* • 8.5 For magnetic fields up to
2.5 7, the i° magnet is essentially cryostable.

III. Conclusion*

The MARK VI cosine i nagnec cooled with liquid
aelium is qulce scable to bean radiation heating ac
!.'j T.ugnec ourrencs. A Monce Carlo program, CASIM,
>roviues an accurate incerprecacion or che reiulcs
: seam raciacion neating experiments and may be used
•,, u'ejict energy Jensicies deposited in magnets by
= î-i heating. The eiieccs oc cooling, in particular
: .= :or^ej-f!ou technique proposed cor ISABELLE, have

i ct been >ieteraiiica experinencally.
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FiUura Captions

Fig. 1 Schematic showing magnet Installation
relative to the ACS.

Schematic oi uxpi-r iiucnt.il setup in mag-
Uut instaHuL uui area.

£. i Sclismaci<: showing locacion of magnet
temperature sensors.

Segmented Wire tonization Chamber profiles.

Fig. 5 top view schematic of radiation heating
tests showing the magnetic field bend-
ing the particle beam into the magnet
coil.

Top view allowing schematically the change
in Location -mo1 angle of incidence ot etie
b^M-.i ui Llm :.iari!n;c as the beam was moved
!iofi<:oatal!v.

iiueucii clirsshoids for MARK VI in terms of
iiuaiu intensity ot 28.5 GeV/-: protons
versus :u;i>jnet current.

OvcraLl energy deposition density maximums
per procou as a function of magnet cur-
rent.

(juencli Cliriialhtdid t'nr the cosine S
MARK VI, in terms of energy densities
deposited versus magnee current. Lower
curves mark the average (A.) and the mini-
mum (>!) enthalpy reserve for a conductor
at the horizontal midplane. Right verti-
cal scale: maximum temperature of normal
zone with bath temperature, T. - 4.5K.
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