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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 Covern—
ment or any agency, contractor, or subcontractor thereof.
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A study of the quench sensitivity of the Mark 6 cosine © 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. Ome
compromise was that the magnet was cooled by pool boiling liquid helium
instead of the forced-flow technigue 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.2
Our philosophy was to design simple experiments which could (1) give an
immediate result for the order cf 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. Bozoki? 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 CASIM* (géscade_§l§plation). 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 coil 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)>, so that the
time required to heat a region large emough 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 ié%o the magnet quickly.
The AGS 8° magnet6 was able to absorb over ten times mor: energy than Mark 6
at a 2.5 Tesla field, where the heater for each experiment was the 2 psecond 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 resuit if varied within reasonable limits. The
dominant uncertainty is the precise beam cross section, which was monitored by
a SWIC 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." CASIM
is based on the thermodynamical model of Hagedorn and Ranft’ 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 (o) 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 aﬂnumber 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 the magnet either unprotected or
protected by a collimator. These experiments have been done at BNL with the
8° magnetse, at Argonne with a ZGS magnete, and at FNAL with several different
models of Doubler dipoles.g’lo’11 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. 1In several cases, the energy conversion from the measured
beam intensity was done using the Monte Carlo program CASIM. For Edwards, et
al.,g a calorimeter was used which was designed to simulate the test magnet.
Allinger, et al.® 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.l%: the data that were taken as a function of current vsed 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/I ax = 0¢9, and the lower current points on the figure were
calculated from tﬂe slow beam points by normalizing to the (fast beam)/(slow
beam) ratio at I/I x = 0.9 When densities were reported in the units mJ/gm,
the conversion factor used was 1 mJ/gm = 8.7 mJ/cma. The valce for Im x 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.; 5000 amperes for Dixon, et
al.; and 50 kilogauss for Allinger, et al. In general, the quoted I ax for
each reference was used, even though in two cases (Edwards, Cox), thTs 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
pooriy-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.3 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 winding® 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%.° 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 Iincreases, 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 (€ 507 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

1.

2.

3.

recommend:
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.
CASIM should be tested with a small calorimeter near the beam dump,
preferably at 400 GeV, i.e. preferably at FNAL.
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 sequencesla, and
Stevens studied the controlled losses from collimators!“ and at
ejection.l® Bozoki found, for example, that 2x108 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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QUENCH ENERGY DENSITY
VS. MAGNET CURRENT
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Figure. Quench energy density observed for short (< 10 usecond) pulses of energy deposited in a magnet coil,‘ for
several different types of magnets. The conversion from the quted values in the references to points on this
plot was not at all straight-forward - please see the text for details. The enthalpy limit sham, a calmlated
minimm for the Mark 6 magnet for the midplane, is similar for all the mgpets. Presumbly, the imrease.d
tolerance to heat above this enthalpy limit, observed for all the mgnets, is due to an unknam cod:im.tmn of
cooling and current-sharing in the conductor, A final note: the Mark 6 data were taken with pool-boiling liquid

heliun cooling. ISABELLE plans call for cooling with forced-flow helium gas.
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ISA SUPERCONDUCTING COSINE & MAGNEI*
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ABSTRACT

Superconduciing magnets tor accelerators can be
accidentally queénched by -heat resulting from beam
logses 1in the magnet. The threshold for such quenches
is determined by the time scructure of the beam loss
and by details of the megnec application, construction
and cooiing. A +.25 a long superconducting cosine @
Jdipole magnec, MARK VI, constructad during the research
and development phase of the ISABELLE Project at BNL
was Inscalled in the 28.5 CeV/c primary procon beam
iine from the AGS. By ehergizing the magnet, the pro-
won beam could be Jeflected into the magnet. The beam
incensicy requicted 20 quench the magnet was observed
tor Jifferent beum sizes and at several values of mage
aet current up to 2400 A or appraximately 702 of the
aighest magnet operating currfess. The maximum current
wJds limited by the gag-cvaled pover lead flow available
ssinz poul-builing nelium rather than single phase
forced-flow helium at 5 acm £31 which the magnet sys-
tem was designed. Details of t/e experimental setup
including the magnet and crvogenic systam, the beam-
zonitoring equipment and ins rumencation sre described.
The nmeasurements are discussed and compared with beam
neating measurements made on acother superconducting
aagnet and interpreced using th: Cascade Sfmulacion
Program, CASTM.

I. Experimental Arrangement

Superconducting msgnets in high energy physica
applicacions may be exposed to intense particle beans
which can deposit relatively large amounts of heat in
tiie magnet in short periods of time. To investigate
the effecta of this radiation heating on a magnet de~
signed for an high energy scorage ring accelerator,
MARK YI, an ISABELLE riad cosine 3 dipole aagnet was
installed in the fast excernal 28.5 GeV/c primary pro-
ton beam in the Norch Area of the AGS. Figure 1 shows
schematically the mayganet installacion in the Fast Ex-
ternal Beam (FEB) relative to the AGS. The AGS circy-
lating beam incensity i{s measured by a curreat trans-
Zormer (C3M) locacced act L1S and the FEB {atensity by
current transformers (CT) located at UlS and U303 aleng
the beam transport line as indicated in Fig. 1.

The experimental setup in the area of che magnet
inscallation is shown schemactically im Fig. 2. The
magnet, MARK VI, is shown posicioned in the beam.

The magnet was aounted on rails so thac it could be
rolled vut of the beam line when radiation heacing
studics were nor scneduled ¢o permit utilization of
the Seam for aeutrino paysics in detectors downsiceam
in the U-line.

The magnel was precwvlcd by circulating helium
from che BNL 7-ft. 3ubtble Chamb.: helium refrigerator
<ompreasurs throuyn 4 !igquid nitrogen aeat exchanger
and then shrough zhia nagnet ind returning the gas to
the Compressor svstem. The magnet was further coolad
and f:lled with iiquid helium from storage devars sup-
pliear fcom zhe 3ubdle Chamber helium refrigeracor/
fagueficr. Heliun jas tu proasurize the dtarage aewars
wdd tdken from Ihc Jubble Clhuniber 2COPressor System

x . . N « .
work perfotaed Jnder susoices of U.3. Dept. of Energy.

and helium boil-off gas from the ma net cryostat and
gas flow from the magnet gas-cooled power leads were
returned to the compressor system complating a closed
loop system. The liquid aitrogen hest ewxchanger and
helfus storage devars were located outside the beam
line shielding berm and connected to the mag:«t cryo-
stat wicth 48-ft. long supply and return transier lines
installed through a small conduict. The magnet and gas-~
cooled pover laads had been designed for faorced-flow
cooling at 3 atm, Because the only mode of cooling
avallable for these experiments involved pool boiling
helium from storage dewars, the maximum pressure cthat
could b attained was decermined by relief valve set-
cings on the storage dewars. This constrainc limited
the power lead gas flow which in turn limited the
maximum magnet current that could be used safely to
2400 A or about 70% of the highest vuperating current
for the magnet. The temperature of the magnet was
monitored by sensors at the numbered locations indicat=
ed in Fig. 3.

The power supply for the magnet was installed in
the same area as the helium dewars and controlled from
the instrumencation trailer shown in Fig. 2. The
pover supply system was a standard AGS 450 kilowatt
SCR type sec for a maximum current of 3600 A ac an
output voltage of approximately i5 V d.c. Comparators
vere us«d to ctrip the pover supply on pover lead and
nainet overvoltages.

The FEB at the AGS can be aperated $o that the en-

tire beam in the AGS consiating of 1013 protons in 12
bunches spaced 200 nanos<conds apart is extractad in
2.4 microseconds with a pulie repetition race of 2
seconds. Because the exiscting FEB CT monitors were
suiced to measure lntensicies 2 to 3 arders of magni-
tude higher than those required for the radiacion
heating tests, a Secondary Emission Chamber (SEC) and
an Ionizacion Chamber (IC) for intensity aeasurements
and 3 Segmenced Wire lonization Chamber (SWIC) for
beam profile and positiun measuremant, designed for
lower intensities, were Linstalled just upstream of
the magnee. To track the heam intensity over a large
range of values, intercomparisons were made between
variocus measuring instruments aver their overlapping
ranges. The FEB CT's were useful for incensiCics

12 protons per pulse (pop), the SEC
ppp and the IC had a

above 0.4 x 10
measured intensities above 10lo

linear response below 1011 PPP-

loweat

to 2 x :012 PP,

svoCtem radial

1
iovp o permit operation down T3 about 3 x 107 opp.
Lover intensities were obtained by sgoiling the excrac-
tion efificlency from the ypical value 2f 955, A
final absolute cToss-calibration of the intensity was
made by using foil activtation at two iifferent :incen-
sities. These calibration aeasurements 3greed very
weil vith resuits obtained from the 3EC «nd IC.

The AGS was first Jdetunud tO run af its

scable lncensicy of approximately 1.5
A 3ain change was then nade {a the rf

)

The 3SWIC, naving 4 resulution of 2 zm/s52e0, <u3

used 0 Seasure rvelative deam profiles 4mdd To Ibtain



the relative posicion of che beam entering the aagnet.
Figura 4a shows a typical sSWIC display at high beam
intensity, 4b, ac low intensicy and ‘¢, the besm Jdis-
placed horizoncally by dpproximately 1.5 cm. The beam
wias alse moved vertically to invescigate the effects
of radiacion heating off the midplane of the wmagnet.

A shunt was hardwired i{n the magnet circuic to
Measure current and an H-coil device, which essentially
monitors the flux in an air core solenoid, was inscale
leu to meadure dI/dc and, hence, I -.Ihtld: dt also.

An Hall probe was placed in the bore of the magnet to
monitor directly cthe rfield ac that posiction, #nd an
array of search coils mounted at various anglas on

a 2-ft. long plascic cube, whose outer diameter
equalled the bore 3ize of the magnet, as used to
measure Che several multipoles presenc in the field.
The sextupole and decapole correction windings of che
MARK VI magnet were #2130 used as search coils. The
behavior of the magnet atter quenching was monitored
by these devices. However, cthis paper describes only
aeasurements leading to the determination of quench
thresholds.,

II. Experimental Results
SR2E

Figure 5 1s a schemacic of the 2xperiments show-
{ug how the field of the magnet bent the full particle
Juvam pulse fnco the Mmagnet coll. Starting at low
Duail intensify with Che aagnet current 4t some con=
atant value, o pulse of beam was decflected into the
sugiet, Lf che magnet did not quench, a second higher
intensity beam pulse was sent i{nto the magnet several
ninuCed later. Successively higher intensity pulses
were delivered in chis way until a asgnet queach
gccurred. A magnet quench was detected by observing
1 vultage 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 quenck and the highest beam incansity
wivich did not defined the quench chreshold. The
juench thrasholds were determined as a function of
2agnet current for Jifferent beam conditions.

The inicial tescs wicth the magnet were made to
Jecermine 1£, indeed, the proposed experiment could
be carried out. These fests were designed to res-
pond tv such questions as: Are measured quench thresh-
hoids reproducible: How carefully should the sagnet
temperature be controlled? What tima intervals are
required between quenches or pulses to achieve cema-
perdture equilibrium? How important is it to hit the
aagnet in the same spot with che beam?

Che reproducibilicy of the quench thresholds was
tested by making 5 runid under the same conditions with
the magnet current at 1000 A which generates a fie¢ld
of about 1.2 T. Thresholds were obtained which were
sonsistent to better than 10%. The possibilicty of
residual heat building up fn the magnet during a
successian of pulses which could affect the observed
threshold was investigatad by holding cthe inteansity
aear 80% of che avésurad chresinold for a sequence of
20 pulses, 2 secsi. apar:. No quenches occurred under
csneae condit{ons indicating that a heacting effect on
4 2 sec. time scale could not be observad.

The horizantal posicion uof the beam whose crosse~
ascctiun was 5 a:m horizontally by ] aa vercically was
sis0 changad in 1 om staps as shown schemacically
in fig. 6. This horizantal zovement changed boch
zhe location where the beam energy was deposited in
the zagnet coil and the angle of incidence of the beam
to the magnet. A gradual increase of 10-20% in tha
quench tnreshold was sbserved as the location vas moved

Irom upstream $o JownstIeum until at posicion % un

"

Fig. 6 the budm missed the coil. Cross changes in
beam position change Che quench thresholds dv less
than 202. The apparent systumacic increase in thres-
hold as the locacion where Heam enecgy was deposited
waa Boved downdtream is not yst understood.

The beam position was varied vertically by ¢ ) o
with less than a 105 change in threshold. Fimally,
the quench threshold was observed to fncrease by 30%
when the beam wes defocused to double its cross-sec-
tion. A Monte Carlo simulation of the developsent
of the anergy showver, using che appropriate beam
sizés and gaomerries, gave a <02 incresse in the thres~
hold when the besm cross-section was doubled. The
expected increase in threshold is not proportional
to tha beam croga-section because the energy showsr
develops orer a considerably greater area than tha
beam cross-sections used in this axperiment.

Figure 7 shows the messured quench thresholds
for the cosine 9 dipole magnec, MARK VI, as a funccion
of magnet current. For 2ach exoerimental poinc, the
beam full width was approximataly + mm horizontally
by 3 mm vertically before encering che sagnecic field.
The area of the magnet coil illuminatad by tne beas
decreased and the aagle of incidence of the beam to
the magnet coil increased . s the magnetic fiela was
increased, complicacting the interpretation of the
mgagurements. The non-linezar increase in guench
cthreshold below 600 A indicates that the Zugnec is
very stablz to beam heating ac low currents (the ine-
jection current for TSABELLE s 300 A). At the low
currenz values the beam was scanned horizoncally as
in Fig. 6 to assure that it was not being steered
chrough the uzagret wirkout striking the m:agnet coil.
These results wvere obtained using liquid helium te
cool the magnet zacher than forcisd-ilow helium 3as for
which the magnat was dasigned. No actempt has been
asde to compensate for Jiffarences in heat capacity
and transfer between these two methads of cooling.

In order to abtain a physically more seaningful
interpretation of these experimental results, the

1
MACSIM variant of the Monte-Carlo code CASIM™ to
sisulace beam and cascade propagation {in the presence
of a magnectic fiald was used. Taking into accounc
che geometry of the experiment and a detailed descrip-
tion of the coil region near the horizontal aidplane
of the magnet, the maximum overall energy densities
deposited in the magnet by che beam were determined as

-
a function of che magner current with the MACSIM modei.”™

Thesé energies denidities expressed in uanits of :Jicn3
per proton are plocted 35 a function Of magnet current
in Fig. 8. This curve is quite flat indicating that
the saximum energy depusition Jensity per procon has
only a very weak dependency on the current. The break-
down of the curve at saall aagnet currents Jccurs
because the cascade and the beam only partly cross
the coll. Using the curve from Fig. 3 as a “calibra-
sion curve'" to convert heam incensities Into absorbed
:nergy densities, the nmeasured -~eam inteznsities Srom
Fig. 7 were transformad to maxisum absorbed energy
densities and ploctted ay a Sunccion of current in
Flg. 9. These pluts ur quench and recovely ledt tole
crance functions If the zagnet vre shown 33 Jdashad
curves in Fig. 9 togecther with a full line Teprusent-
ing a shifted Ldeal "shors sumple" Yeat toleranie curve
3

as Jescribed Sv Sozoki.”

Curves tepresanciag the averiage and ainimum
enthalpy of a2 aidplane ragnet conductar are also lis-
slayed on Fig. 9. A comparison af the <nthaipy Jurves
with the hez2t tolerance curves ihows that zhe INL
C23ifc § nagaet lag exceiient stabzlity at low Jurzents,
the quenct chirestwld 3t 0.3 A amd .0 I, for exemple,



de¢ing 3 factor of approximdtely 10 greater than che
¢nthalpy reserve of the midplane conductor at chat
currenct. The curvaes d4lgo show chat chis factor de-
Jteddes rapidly with incredding curreac.

The result of an earlier published uxperiﬂentl on
cidiation heacing with the BNL 3V window~frame bend-
iy aagnet at 2,5 T is plotted on Fig. 9 normalized
<ith che MARK V[ results as 4 function of (jxB kA -

»
{'ea”) %, The 39 mugnet, with grooved high puricy
sluminum spacer serips and aore liquid helium in
e dladgiet windings, has 4 quench tolerance larger
by o factor af -0 than the MARK VI magnet ac

24,
%8 kaA=T/ca™)° = 8.5 For magnetic fields up to
5 T, the 3° magnet is essentially cryoscabla.

L
3V
-

III. Conclusions

The MARK VI cosine 3 magnet cooled with liguid
aelium is quicte stable to beam radiation heating ac
1.0 magnet currents. A Monte Carlo program, CASIM,
Jroviges an accurate interpretation of the results

¢ oeam radiacion neating experimencs and may be used
tu dredict energy Jensities deposited in magnets by
s iun heating. The erffects of cooling, in particular
t.e forced=flow technique proposed for ISABELLE, nave
. i ‘et Seen cetermined experimentally.
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Flgura Cantions

Schematic showing magnet installation
relative to the ACS.

Schaemitic ol experimental setup (o mage-
el installation ared.

Schematic shuvwing locacion of magnec
temperature sensors.

Segmented Wire [onization Chamber profiles.

Top view schematic of radiation heating
tests showing the magnetic field bend=
ing the particle beam into the magnet
coil.

Top view showing schematically the change
in tocation uand sngle of incidence of the
bean tu the magnet a3 che beam was moved

horicontally,

Huench threshoids for MARK VI in terms of
heall intensity of 28.5 GaV/: protons
versus nisnet current.

Overall energy deposition density maximums
per procton as a function of magnet cur~
rent.

Quench threstiutds for the cosine 3 magnet,
MARK Vi, in terms of energy densities
deposited versus magnec current. Lower
curves mark the average (A) and the mini-
mum (M) enthalpy reserve for a conductor
at the horizontal midplane. Right verti-
cal scale: maximum temperacure of normal
zone with bath cemperature, T, = 4.3K.
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