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ABSTRACT MASIER. magnets expo sed to intense primary 
proton beams in high energy physics applications are 
subject to potentially extreme heat deposition. The 
beam power density, its duration and spatial distrib­
ution, the current density in the superconductor and, 
potential ly , in the normal metal substrate, as well as 
the construction and cooling details of the magnet, are 
all relevant parameters. 

\.Je will discuss an extension of some earlier work 
in which 2S.S GeV/c proton beams with up to SO k joules 
of energy were targeted upstream from a 4 m long, 4 T 
dipole magnet used to deflect the protons thr ough an 
angle of S0 , Quench thresholds much greater than the 
enthalpy limit of the magnet materials were observed. 

In the beam exposure experiment described i n this 
paper, intense beams of l.S GeV/c protons have been de ­
flected directly into the magnet coil at relatively 
steep angles of incidence, The magnet quench threshold 
was studied by varyLng the beam currents and beam sizes , 

I. INTRODUCTION 

The magnets used in this experiment are the super­
conducting S0 bending magnets which have been operated 
since October, 1973 in t he 2S.S GeV/c primary proton 
beam from the Alternating Gradient Synchrotron to the 
neutrino experimental area at Brookhaven National Lab­
oratory . Figure 1 is a photograph showing the cryo­
stats containing these magnets installed in the tunnel 
housing the beam line. These magnets 
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are of the window-frame type as shown schematically in 
Fig. 2 and produce a dipole field between parallel cur­
rt.!nt sheets . Because images in the iron return path 
extend the sheets, magnetic fields comparable in pre­
cision and predictability to those of conventional mag ­
ne ts can be obtained at al l levels of excitation by 
u tilizing a single a~xiliary correction coil in a pre ­
determined way , 
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Fig . 2 
Schematic showing cross section of S0 S .C. magnet module 

The main dipole coil and the correction coil are 
wound with high purity aluminum spacers between vertical 
layers of the coils which extend over the full leng t h 
and height of the coils . A section of the dipole coil 
and correction coil are shm<n in Fig . 3 . These aluminum 
spacers are grooved to allow helium to contac t directly 
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Fig, 3 Sections of main dipole coil and auxiliary 
correcting coil showing the high purity al-
uminum interlayer spacers . CNS - 992 -73 

SO percent of the surface area of one vertical face of 
each coil layer . In addition to t his direct contact of 
coil conductor with helium, the high thermal conductiv­
ity and diffusivity of the aluminum cause locally pro­
duced heat to be dissipated rapidly into helium over an 
extended a rea. This mechanism inhibits quenching since 
helium is the only significant heat sink at magnet oper ­
a ting tempera tures . However , if a quench is initiated, 
it is propagated rapidly transversely and longitudinally 
so that h igh vo l tages and excessive temperatures are 
not developed in the coils of the magnet. 
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II. RADIATION HEATING EXPERIMENTS 

The 8° magnet dipole sy tem had previously been ex­
posed to radiation heating in secondary particle flux 
from C, Cu, and Pb targets of various t hicknesses which 
were inserted in the 28 .S GeV/c primary proton beam at 

1 distances 2 m and S.6 m upst ream from the first magnet. 
In the experiment described in this paper, beams of l .S 
GeV/c protons with various intensities and beam cross­
sections were deflected directly into the magnet coil 
at angles of incidence of about 13° . To produce this 
deflection, the magnet was operated with a current of 
approximately SOO A in the dipole coil conductor, gen­
erating a magnetic field intensity of 2.S T. Under 
these conditions, the current density in the NbTi su­
perconductor of the 1 . 2S Cu to 1 . 0 NbTi composite con­
ductor is 29 kA/cm2 . 

The observations recorded during the experiment 
are listed in Table I . 

TABLE I 
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OBSERVATIONS 

Beam Sia • 1.507 co2 · Particle Density - 0.8 x 10
12 ?rotons / c~2 

ENERGY ~.ACNE! l'R.ESSURE 
{J f" TT '>"'Uif_)_ I 'f!D OTPOT.f. C\lRlU:,-I' ~.UE V<OIL P IN. CO!L 

1.144 J( to12 153 Joules 500 A Yu None 

1 . 247 X 1012 166 Joules 500 A Yu None 

1.322 x lOlZ 176 Joules 498 A y., 0.18 v 89.6 w 

OOTE: Pressure decreased when supply was turned down , conductor was 
resiStive and heating Ln a l:)l:!.tastable way, recovered as curre nt 
~o~as dec reil¥cJ, 

1 .255 X 10
12 

168 JouLes 510 A Yes >t.S V > 765 W 

~: 

Rapidly 

Quench - 61 W fr0111. inc::rease of temperature of magnet conductor 
to 50° K. 

8 , Beam Size - 0. 7452 cm2 • Particle Density · 0.84 x 10
12 

Protons / cm
2 

0 . 627 x 1012 83.9 Joules 500 A No No 

0 . 62 5 x to12 
83.6 Joulu 510 A Yes .25 V 127.5 W 

NOTE : Magnet recovered Yhen supply was ; urned down. 

Beam Size 5.057 cm1 
4 Particle uens1ty • 9 1'1 ' 

1012 r~ucu.la/ cm 

0.556 X 1012 74.4 Joules 500 A No No 

0 . 575 X 1012 76.9 Joules SLOA Yes,Slow .21 'I 107 w 

~"OTt: ~agnet recovered from metastable state when power supply was 
turned dovn. 

2 

Beam Slze 4 l. 7l6 cm2 
4 Particle Den!lty - 0.216 x to 12 

Protons / cm
2 

0 . 369 x 1012 49 . 4 Joules 

0 . 342 x 10
12 

45 / 8 Joulu 

510 A 

520 A 

No 

Yes ,S10Y 

No 

No 

As indicated in the table, several beam-size settings 
were used and the beam intensity and magnet current 
varied within each setting. The helium pressure in the 
magnet cryostat and the voltage across the magnet coil 
were monitored. The Energy into Dipole represencs the 
amount of energy deposited by the proton beam in the 
dipole coil structure including conductor, aluminum 
sheets, formvar insulation, and helium, based on pre­
liminary calculations. P in Coil represents the power 
being dissipated in the magnet as determined by the 
magnet current and voltage readings. 

The above observations indicate that after the in­
itial heat impulse from the proton beam which created 
a normal region in the dipole coil of t he magnet, the 
magnet could be operated in a metastable condition with 
approximately 100 w being dissipated in t he coil . An 
increase in magnet current would cause the normal re­
gion to grow and decrease would be followed by coil re­
covery. Under one set of conditions a complete magnet 
quench was initiated. 

For the case of the complete quench, preliminary 
calculations indicate that the energy deposited by the 
particle beam in the section of dipole coil struck by 
the beam is approxima te ly 168 joules. An error of :SO% 
is presently assigned to this value which should also be 
applied to o t her calculated results depending on its 
magnitude . From considerations of beam path and cross­
section, and coil structure, 12S of the 168 joules men­
tioned above are deposited in 68 gms of dipole conductor 
which is equivalent to 1 . 84 joules / gm. 

Using Curve 4 from Fig . 4 ~or the temperature in ­
terval 4 .S - · lOK and the curve for the specific heat of 
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Fig. 4 Specific heat of 8° magnet conductor 

copper as a function of temperature from l<ADD Tech . Re­
port 60 -S 6 2 for the temperature interval 10-300K, it 
is estimated that an enthalpy change of 1.84 joules/g~ 
will raise the temperature of the conductor struck by 
the beam to approximately SO K, assuming no heat trans ­
fer occurs during the 6 ~sec beam pulse . At this tem­
perature with the magnet current fully in the Cu of the 
conductor, representing a current density in the Cu of 
23 kA/cm2, the resistance of the Cu is such that 61 w 
are being dissipated in the volume of conductor struck 
by the beam 

A previous paper1 has discussed the temperature 
reserve of superconductors, indicating that because of 
the dependence of the short sample critical current 
density (Jc) on temperature (T) the reserve capacity 
of practical accelerator magnets , which require high 
current densities, to absorb heat is very small . Plots 
of Jc vs T for NbTi alloys give essentially straight 
lines of negative slope for constant B val ues , and for 
regions of practical interest where the operating temp­
erature, T,is 4 to S K and the peak field, Bmax , is 3 
to 7 T, the parametric relationship can be further sim­
plified. At any fixed T, the product (JcBmax) becomes 
almost constant. 



The quantity (JcBma )~attainable for a NbTi super­
conducting magnet coi l ~ecreases linearly with increas­
ing T as shown i n Fig . 5. When the ordinate is express-
ed as (Jc3 kA -Tesla/ cm2) ~ where Jc and Bmax refer to 
the superc~~uctor, a general relationship is obtain­
ed independent of de.sign details and ma!!;net saturation. 
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Fig.5 ( JcBmax) ~ versus temperature for NbTi . 

Curve a of Fig . 5 has (JcBmax)~ = 23.S a t 4.2 K where 
Jc = 14 2 kA/cm2 was measured at B = 4 T and T = 4 .2 K. 
The data for CuNe a are for a single strand of NbTi 
from a commercially available conductor wi th a large 
strand radius of nominally 120 ~m and are taken from 
load line data of Hampshire, et a1. 3 Curve buses the 
data of Bindari 4 on a ~pecially prepared high Jr per­
tormance NbTi fil ament of nominal radius, r = 100 ~m , 

and is typical of the resu l ts obtained with high per­
formance small strand commercial composites, i .e . , 
Jc ~ 200 kA/cm2 at 4 T and 4 , 2 K. The Curves a and b 
of Fig . 5 thus bracket the range of ultimate perform­
ance of NbTi coils. 

The S0 magnet conduc tor with superconducting fil­
aments of relati vely large radius is rated Jc = 142 
kA/cm2 in NbTi at 4.2 K and 4 T, placing the conductor 
on Curve a . For the same material , dra~·m ciown to one ~ 

fourth the cross-sectional area for the correcting coil , 
Jc increased as shmm in Fig . 5 almost to Curve b due 
to the additional size reduction and cold work . The 
vertical s ca le drawn at 4. 5 K in Fig. 5 r epre sents the 
S0 dipole excitation at its typical operating temperat­
ure, Point 1 at t he intercept of Curve a represents no 
thermal reserve, or, short sample operat ion at about 
5 .5 T. The iron yoke fo r the so magnet was designed 
to saturate heavily above 4 T and, becaus e of i ron sat­
urat ion, a field of only abou t 5 T is genera t ed with 
(JcBmaxl~ =22.5. 

The usual operating mode for the S0 magnet is with 
a f ield in the aperture of 3 .6 T at 4.5 K and, under 
these conditions, B = 4 T in portions of the coil on 
the horizontal midplane closest to t he proton beam. ~ 
This mode of operation requires J = ~9 kA'cm2 and (JB) 
= 15 . 4, i .e. 6S% of t he limiting (JcB ) . The magnet 
would thus be operated at its thermal~!mit only if the 
NbTi fi l aments were heated to 6 . 0 K. The normal tem ­
perature reserve is, t herefo re , 1.5 K and is indicated 

by 6 T1 = 1.5 K in Fig. 5. For the experiment described 
i n this paper, the magnet was operated with 500 A in 
the conductor at a field of about 2 . 5 T or abou t 3S% 
of the limiting (J B )~ . The thermal limi t in this 
mode of operation Is~~5 K and t he temperature reserve, 
as i ndica ted by 6 T3 in Fig. 5, is about 3.0 K. 

From curve 4 , Fig. 4, it can be found that the 
enthalpy change of the S0 dipole conductor fo r 6T3 = 
(7 ,5-4 .5 ) K is about 1 . 12 rnJ / gm. As men tioned above, 
the energy deposited by the 1.5 GeV/c proton beam in 
t he dipole conductor str uck by the beam is sufficient 
to produce an enthalpy change in the conductor of l . S4 
joules/gm, a change 1600 times as great as that needed 
to raise the tempe r ature of t he conductor to 7 ,5 K and 
cause a quench. 

The heat vapor ization of helium at 4 .5 K is about 
20 joules/gm , and fo r equal volumes , at this low tem­
perature, the helium is a heat s ink approximately 103 
times larger than that provided by the magnet coil ma­
terial. If it is assumed in t hose cases wt-e re the mag­
net coil was struck by the beam but did not quench that 
all the energy de pos ited in the conductor was dissipat­
ed by vaporizing l iquid helium contained in the dipole 
coil structure, then t he amount of l iquid helium vapor­
ized is about 50 cm3. From details of the co i 1 strllrt­
ure, the l ength of a complete dipole coil section con­
taining t his quantity of liquid helium is about 140 em, 
Table II i s a summary of the calculated results. 

TABt.E II 

CALCUI.ATED RESULTS 

12 . 
Energy in Beam of 1.3 X 10 Protons at 1.5 CeV·- --·---· ····.312 Joules 

Beam Cross-Section ---------------l.5 cm2 
Beam Pulse Duration----------- -- - -6 !o'Sec 

Energy Deposited by Particle Beam in Sec t ion of 
Dipole Colt S truck by Beam -- - - - - --- -- - ----- ~ ··-------- - 168 Joules 

( This result i s presently assigned an error of 
± 50'1. which should be applied co the calcu l ated 
res ults listed below. ) 

Energy Deposited i n the Di pole Coil C onduccor - ~ -·-···-- · ··· · 1 25 J o ules 

Enthalpy Change ( llhB ) of the Dipole Conductor---------- , 1.84 Jou les / ppl 

Final temperature of the Dipole Co nducto r fo r Enthalpy 
Change of 1 . 84 Joules /gm······ -·---- --- -- -----·· ··· ·-~1 

Thennal Reserve ( .6T3 ) of Dipole Conduc tor 
Operating ac 4 . 5 K and 25 kG - ------- ----- - - ---- - ----- ( 7 . 5 -4 . 5 ) ~ 

En t halpy Change ( 6h3) of Dipole Conductor fo r llt 3 -- ----- - · ·· l .l 2 mJ/ gm 

Ratio 6hB / AhJ -· --- • ------------------------------- - --· ---- ---1600 

Ass ume all Energy De posited in the Conductor 
Dissipated by Vaporizing Li quid Helium 
in the Dipole Co il ----------- --·· --- ------------·- · J 
Volume o f Li quid Helium Vaporized ------------·------- -50 em 

Le ngth of Dipo le Coil Containing 50 cm3 He------ - -------------140 em 

Cur rent Density in ~bTl of i · ~~T~u Conductor 
2 ac 25 kG Be fore Heating -------- - ------- - -- -- ----- --- -- 29 kA / cm 

Current Density in Cu After Heating- - - ---- --------- - - ------ - 23 kA / cm
2 

I
The Magnet ac 2.5 kG Recovers f rom Beam Heating Impulses Oepos it i n 
Energy of About 1600 x En t ha l ph y i n t he Coil Section Struck by th 
Beam. 
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Although these results have been obtained us ing 

simple assumptions which do not include, for example, 
detailed heat transfer considerations , t hey do give 
strong indicat ion of t he remarkable stability and tol­
erance to radiation heat i ng that have been incorporated 
i n the so magnet design by the use of the high purity 
a luminum interlaye r spacers . The behavior observed is 
simi lar to t hat of cryogenically stable conductors and 
is attributed to ample cooling with liquid helium and 
the high thermal conductivity and diffusivi ty of the 
aluminum spacers which serve to rapidly distribute heat 
from the rma l distur bances over large areas . 




