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1 Introduction 

Rrcently, because of the very high rnrrgy and per>- high Iuminosit,x accel- 

erafors being planned, built OI upgraded, accura,te evahlat.ion of the total 

energy deposition and maximum energy density in thp beam line elements 
are becoming more and nlore important issues. In an accelerator al loner 

bexn int,ensit,ies and,‘or lower radiation levels many of the bram line elp- 

mrnts will behave nearly normal. But one might expect drasiir changes in 

the material properties of these elements under high radiation environment, 

and many t,irnes some of these element~s might end up in catastrophic failures. 

For example: sonw of the failures of t,he L,ithium lens and the 8GeV mornen- 

turn analyzing magnet (called; pulsed magnet) in the antiproton production 
target station at Fpmmilab are b&eyed to be rela,ted t,o the above types of 

problrms. At present, measured data under cont,rolled conditions on interac- 
tion of the particles with matter are only up to a maximum energy of lTe\l 

(Ferrnilab) and only a very fen experiments are dedicated to investigate en- 

ergy deposition and sta,r densities. Also a consistrnt description of all the 
da,ta with existing hadron interxtion models is not, fully satisfactory wen at 

these rnergies. Therefore an extension of any of the existing nlodrls to SSC 
energy (i.e. 20TeV) to build beam line elements~ might become questionably 

and thr usage of the results of calculations should be done with enough safety 

margin. So it is desirable to understand t.hr low energy data careMy. At 

SSC. thy radiat.ion levels under normal operating conditions OT energy depo- 

sit,ions under accidental losses of the beam can be much higher tha,n any of 
thr existing high energy a,ccelerat,ors. Hencr the energy drposition TC ia,trd 

problems become key points in drsigning and determining lifr 
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Tahlr I. %mr luminosity upgrade paramebers for ant,iprot,on scmrw and Trra- 
tron at Ferrnilab 
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time of thr many beam line elements like magnets and kickers etc.. 

.4t Frrmilab WY have a number of upgrade plans related t,o luminosity in- 
crease. ‘The>- are prima,rily a) installation of the proton and antiproton beam 

xpara.tors b) antiproton source improvement c) linac 200.~OOMe\: upgrade 

and d) construct,ion of Main injector. Table I summarizes somr parameter$ 

for Fermilab upgrade’. During 1989 collider run the ma,ximum luminosit) 

(,L,) reached was about 1.6~10~~ CII~~~ set-‘. To increase L an improved prr- 

formance of the antiproton source is very import.ant. The antiproton beam 

paranwtw in the Teratron’ are also shown in the table I. For thr future 

collider runs thr expected intensity of t,he proton beam 011 thr a,ntiprotorl 

target Kill be increased b)- about three times and the beam spot size (u) will 
be decreased by about 1.5 times. Due to these improvements. t,he antiproton 

>-irld will b? increased by a fxtor of more thu three. But, at thr same time. 

the total energy: and the star densities (number of interactions/gm or cc) 
deposited in various heamline elements will also go up and might affect their 

performance. Hence; a good understanding of the failures of the beamline 

elements during pwvious collider runs has become ext,remely important bo 

see whether t,hesc: are relat.rd to ban-induced energy deposit,ion. This needs 

a realistic exwluation of the energy and st,ar drnsities in all the element,s and 

careful measurrmrnt,s of th? same. .Apart from these; radia,tion shielding 

should also be reevaluated and necessary steps should be taken from the 

point of view of cnvironment,al safety and lrealt,h. 

2 Antiproton Source Beamline Elements and 
Energy Deposition 

From energy deposition point of view. t,he bcamlinr elements in t,he allt,ipro- 

ton source can be broadly classified into two ca,tegories based on beam en- 

crgy and intensity of the beam: 1) beam line elements in the target hall and 
2) elements downst,rearn of the target hall (like A1’2, AP3 beam liars; Deb 

buncher and Accumulator rings). ‘The yield of tl le 8Gr\: a.ntiproton is about 

5.0x IO-‘/prot,on (for D z ,015cm) at 120 Gr\:. A very small fraction of thr 

srcondq beam will enter into the AI’2 beam line through t.he downstream 

pulsed dipole ma,gnrt t,uned t,o select nrgativrly charged RGr\. particles. Thr 
ra,diation lrvel down st,rram of the pulsed magnet is several orders of Magi 



nitude smaller t,han that seen near the antiprot.on production target. Hence, 

not much emphasis is given here to the beam line elemenbs down-stream 

of th? analyzing nmgnet except for ra,diat,ion shielding considerations. The 

beam line elements in the target station are antiproton txget, lithium lens, 
pulsed mgnet and 120Ge\- beam dump. The beam dump was originall> 

built t,o receive 3.0x 10’2proton/pulse at ISOGeV with enough safety mar- 

gin. Presently the beam energy is about 25% lower than thr original design 

value. Hence, we can go up in the incidrnt proton bean intensit,y by t,be 

samr amount. (The planned incident prot,on beam intensity for the upgrade 

of 5 x 10’2p/pulse should be still within the safety limit). At pxsmt 110 

further upgrade of the 12OGe\ beam dump is undertaken. But in future this 

issue should also have to be addwssrd. 
.4n ex&mtion of i.he energy deposition and st,ar densities baw been made 

by using hlont,e Carlo codes M.ARS103 and wherever possible wr compared 

t,he results with the calculat.ions done using eitlm C.4SIML34 and;‘or FLI’KA”. 

2.1 Target 

Figure la shows an altiproton production target module similx to t,be one 

used during 1987 and 1989 collider runs. This has four different t.arget, ma- 

terials viz, copper, tant,alum, alumininm and heavy m&J. Exh of them has 
been sandwiched between two brass cooling disks. The i,arget is cooled b> 

using forced air. Before inst,alling, the target, will be completely covered with 

a titanium (high melt,ing point and low density material) cylindrical jacket 

(show-n in the figure la by the side of the t,argrt module). The t.argrl in the 
vault, will be having four degrees of freedom viz.. motion along x. y: z-axis 

and rotation about, its symmetric axis. 
Figure lb and lc show an example of beam-induced effect on a heavy 

metal target. In this case: target was exposed to proton bean for a period 
of six months during the commissioning run in 198i. Afi.er cooling for two 

ymrs a drstructirr analysis6 of the t,argrt has been carried out using the 

facility at. Argonne National lab. Clear indications ha,ve hem swn about 
the void formation and etching of t,hc- target by t,hc beam. Also fusing of tbr 

target with t,he cooling disks near the ,junct,ions and a number of cracks along 

surface of the t,argrt have bwn seen. Probably. shock waves ~TP produced 
due to sudden increase in the local energy density withill 1.6~~~ during the 

irltrraction of the bram nith the target. ‘I’hesr UXXYX propagate through t,he 



mat,erial and a,re reflected back from the rrlat~ivrlg flat edges or intrrfact-s. 

Destructive interference of these waves cause density depletion in certain 

region of the target and also cracks, result,ingin permanent destruction of the 

target. This sort of shockwave induced processes arc very much dependent 

upon the thermoelastic properties of the target material. Thr heavy m&al 

being not a wry good conductor of heat,, during thr beam int,eraction thr 

t,rmperat,ure also might have goneup to a very high value, Thus the malrrial 

melted and fused with t,hr cooling disks. 

In general. the target-damage mechanisms can be classified to fall in to 
two categories: a) long-term effect.s and b) single- pulse mrchanisms. Long- 
term rfft-cts include the depletion of the target, densit,y. swelling of the target, 

void formation and t,arget deteriomtion etc. Thesr would mainly depend on 

how long the t,arget, is exposed t,o the beam. The single- pulsr mechanism 

is dependent upon t,hr beam spot-size and numbrr of partirlcs per pulse, 
Here the shock wave propagation and it,s intrnsit!- play very impurtanf, role. 

Both t,hese effwts arr dqxndent upon thermorlastic proputit-s of the ia,rgri 

malerial. During the 1987 collider run: the beam sire and the inttwsit,! 

wert‘ of the order of .08cm and 1 x 10’2proton~~puls~ respectively. Also the 

target we have st,udied was in the bean for mow than iiw months. \Ve have 
observed both these phenomena. Houwer, based upon our measurements 

it is difficult, t,o say at which stage of beam bombardment, one mechanism 
domina.ted over the other. 

‘Thus from these si.udies we rea,lized that the target ha,s to be redesigned 

a,nd further investigation should be ma,de t,o select better target mat,erial 
in order lo avoid possible structural damages t,o the target. This needs a*~ 

xcuratr evaluation of energy density (c): as a funrtiou of material proprr~ 
ties, target geometry and the beam pa,ramet.ers. Figure 2 shows results of 

I\lonte Ca.rlo calculations for the maximum e~~rrg: drnsit,? c,P,J,, iu copper 

as a function of r.m.s. barn size g. Here, we assume a syrnnrt+rir gilussiau 
distribution for the incident prot.on bean. IIsing this CU~VB we havr rsti- 

mat,ed t,hat under normal operation during 1989 collider ruu: a maximum of 

about, 7R,iJouleigm/pulse in thr target has been reached. A romparisou uf 
this value with the mt-lting point energy of copper (I$,,,,, :~~ fiGRJoule~‘grn j 

suggests tha,t certain regions of t,he target along the heam path might haw 

reached melting point (assuming the brat loss duv to thermal conduciiorl is 

nrgligible during the bram spill limr of 1.611~~). \t beam inbrnsitirs higllcr 
by a, factor of three a,nd r smaller t.han 0.Oi5cm. it is probablr that there 
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will be noticable amount, of melting of the l,arge‘t rrrn due to interaction of 

a single pulse. Figures 3a, 3b and 3c show energy densities as a function of 

z and r. Using these result~s WP estima,te total energy deposited in the target 

module as 264watts which is only 1.6% of the total beam enrrgy. 
The energy deposit,ion calculated from a Monte Carlo code can be used 

t,o det,rrmine the instanta.nrous pressurr developed in the targrt material 

during the bean spill time. For this we use Rlie-Gruneisen equation of stat?. 

Figure 3 shows results of such calculations on some of the t,arget materials of 

int,rrrst. \Ve find tha,t for the same amount of energy deposition the prrssurr 

developrd will be about 4-5 limes larger in iridium than in cnpprr. \Ye 

have looked into mz~ny mai.rrials7 and have concluded that copper is the best 

material from the point of view of thermoela.stic propertics. One can also 
think of a material made by suspending powder of high at,omic wvight and 

Ion density metal (like yttrium or zirconium) in copyr so i,I~at thr average 

atomic weight can be inurased. (It, is import.ant to note that this type 

of material is not, an alloy of copper beca,use t,he ihrrmal conductivity and 
elastic properties are mainly of copper.) In t,hesr t,argrts pbar yield can also 

be increased b,y more than 10% as compared to purr copper t,argrt. 

Based on abovr studies two methods have been suggested to upgrade 

t,he target. The first one is sweeping’ the prima.ry 120GrV prolon beam on 

i.he target in a circular fashion so that the enrrgy is distribut,ed in a Iargcr 

volume lvithin the beam-spill time. The difficulty in this method is designing 

down-stream radiation resist,ant kickers. Second one is to go for a I>CV design 

for t,he target. Figure 5 shower one of i.he target modules proposed for st,udy 

during the future collider run. In t,his design the emphasis are OII efficient n-a) 
of cooling the target and shock wave absorption. The prrsrut target module 

has four Ia,yers of holes with total of about 80 h 1 f 0 es or cooling. CaIr11lirtions 

showrd that the first SC~S of holes surrounding the t,argriting rrgion of .5iu 

dia alone is good rnough to reduce thy shock waves intensity up to about 
50%. Uench test of the target is very much encoura,ging. Study of the targri 

with high intensity beam is planned and effort is being madr to sort out 

single pulse mechanism and long term rffrcts 011 thr t,argrt malcrial. 

2.2 Li Lens and Pulsed Magnet 

The lithium lens was originally designed ’ for beam intensity of 2.5X IO” 

proton/puIsr with beam spot size D = rJ = fly = 0.0378 cm. Figure 6 
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Table 11. Energy Deposition in Li Lms 
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Ta,ble III. A compa,rison of measured and calculatt=d energy deposition for 

120GeV prot.ons at 1.7E+l2p/pulse. 

Joule Heating 

Heat taken arag 

by water cooling 

4133Lratt ~ 0.0 

~ C: Radiation Loss 121 o\Yatt 
(Emissivity=.2) ~ (Emissirit,y-.95: 

painted surface) 

shoxs a, schrmat,ir diagram of thr present lens with its tra~~sformrr. Tablr 

11 displays thr results of calculat,ions on the rnergy deposition 011 various 

sections of the lms. LVr estimate total energy deposition in thr Ins to 1)~ 

about 2888wa~tt. for 5.0x10’*pr0t0n~pu1s~ incident,. Thr toi,al energy dqv- 

sition mrasured during the 1989 collider rur~ agree wit11 thr calculation to 

within a,bout 13%. (12:~ cspect thr mta,sured values of energy drposition 
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might, hay? 30.40% errors mainly arising from convrctior~ losses which we 

could not &imate in our measurements.) 

The pulsed magnet was stmdard 200.turn one meter long dipole magnet,. 

lt has an aperture of 1.77cmx1.77cm. The dista,nce between thelithium lrns 

and the pulsed magnet is 69.95cm in the vault. Mont,r Carlo calculations 

estimat,e the energy deposition by a factor of two larger than the measured 
value. This difference may be associated Kith conxct~ion loss due to addi~ 

tional cooling of the modules by air blown in the vault which is difficult to 
estimat,e and not included in table-III. H owevcr, obsenxtions gave us a fairly 

good T-erification of the calculations of energy deposition. 
As a result of above studies steps have been undert,aken t,o improve th? 

design in Li -lens as well as t,he pulsed ma.gnet. Additional cooling lines have 
been implemented on the body of the lens. Our calculatio~~s show that this 

will enable us in keeping the lens cooler by about 20-2570. From the table 11 

it is clear that a significant energy deposition takes place in the steel of the 

lens body. To cool this pat, of the lens more eficirntly~ a new deign has t,o 

be implemented. For the pulsed magnet single turn water cooled magnet is 
designed and this module is ready to go into the vault. 

3 Radiation Shielding for Antiproton Source 

An evalua,tion of the adequacy of t,hr radiation shirlding in thr antiproton 

SOUIC~ was made ” during the summer of 1991 in preparation for the futurr 
collider runs. We will briefly discuss here the criteria and the mrthud adopted 

in the evaluation. 
To calculate the residual gamma ray activity induced I~;- a pulsrd primar> 

high energy beam incident, on a target a realist,ic model” ha been deyeloprd. 

This model USPS the star densities predicted from Monte Culo calculations to 

estimate the radiation level. The model has been used t,o predict, the activa- 

tiou of one of thr rarlier Frrmilab antiproton production targets. Properties 
of about 42 radioactive nuclei formrd in the t,arget whosr life times arc grratrr 

than five minutes have been considered. \Ve find t,ha.t the activa,tion has brrn 

prrdicird quite well within 20%. To estima,te thr instantaneous dose rate OI~P 

has to include propert,ies of short lived radioactive nuclei in the inierxtion of 
high energy particles with the target, material. This evaluation is rclatiyrl> 

less wcurate mainly beca.use available information on thr short liwd ra,dio 
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isot.opes has large errors or are empirically drducrd. Therefore one uses a 

const.ant conversion factor derived from measured values of activation and 

comparison with calculated star densities. For example one uses a conver- 

sion factor of 10.8 ~rem(star/cm3) for CASIM calculat,ion. This conversion 
facror is cited in the Fermilab R.a.diat,ion Guide” as a,ppropria,tr for soil. 

At Fermilab the maximum allowable radiat,iorl dose equivalent. is set at 
2jOOmrem/year’*. Depending upon the beam int,ensity. beam energy and the 

material of the beam line elements t,he shielding crit,rria change. A summary 

of such shielding criteria are shown in ta,ble IV. 

We have investigated the radiation patlern from a point loss in the pbar 
source enclosure due to the int,eraction of the beam with a magnet or other 
bcamlinr elements. Here the calculations have brer~ performed using CASIO. 

The 

Table IV. Radiation shielding criteria. 

~ ~ D(mr/hr) 

1.0 

10.0 

100.0 

500.0 

No occupancy limit, 

Minimal occupa~ncy 

Signs and ropes 

Signs, fences, locked gat.es 

Signs. fences, int,rrlockcd gates 

Minimal occupa~ncy ‘non-acridrnts 

7 Signs a,nd ropes ‘nowaccidenbs i 

1000.0 

2.5 

10.0 



beam line enclosures in t,he antiproton source a,re almost fla,t and hencr com- 

puter modelling in C.iSIM is fairly stra,ight forward. Radiat,ion measure- 

ments hare also been conducted lo both during stxking as well as conditions 

similar to ant,iprot,on source study period. The measurement~s have been per- 

formed using sixty four radiation detectors. A11 of them were set for quality 

factor of fiw to give a reasonable estimate of the biological damage from 

neutrons but they over-est,ima,te t,he hazards for gamma and beta mdiations. 

All t,be data have been normalized to 3E12protons:pulse!2sec. A number of 

film badges have also been plxed in the test a,rea. The t,otal dew from these 

were t,oo small IO esi,abilish the shirlding criteria. The rrsults of these mea- 

surements have been summarized in the t,able 1,‘. [Ising the criteria from table 
I\‘. the existing shieldings throughout the ant,iproton facility is rr-evaluated. 

Rlorr measurements haw bren madr afi.er radiation sbieldings hare been 

added(R.ef. 10) To cit.r some examples t.he radiation dose rate on the roof 

APO building aas reduced t,o be 5.llmrem/br, in t,hr rault uea it was a 

maximum of 30Omrem/hr and near t,he closed loop a&-r cooling system the 
maximum dose rate w-as 125mrem/hr. Thus our measurements showed the 

necessary shielding crit,eria have been achieved. 

4 Summary 

Beam-induced enrrgy deposit,ion and radiation damage of the pbar target, 

L-lens and pulsed magnet. mandate a,n upgrade of these systems. A new 
target has been designed and will br tesied during futurr collider runs. In 

the upgra.de of Li lens, new cooling systems have bern added. This is desigurd 

to t,a,ke away as much as 25%il of t,he heat develop?d 1,~ the brain. The old 
pulsed magnrt is being replaced by single-turn u-ater cooled pulsed magnet. 

Radiation shielding si,udies and assessment and upgrade of the shielding havr 

brm donr for the upgrade of th<a pbar sour’cc. 

Author would like t,o thank .I. Marriner: hl. Gormley and I<. Anderson 

for useful discussions. 
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Ta,ble V. R~adiatioin measurements at, APO. Ra,diation dosage normalized to 

3E12pip IROOpph 
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-Work area 
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top the 
shielding wall 

OII the top 
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-On the roof 
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lo the diiml> 

inside the 

locked gate 
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to the dump 
inside t.hr 

locked gate 

I 
I Target in 
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~ Target, in 

Target in 
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a’ 

FIG. 1. An antiproton production target module similar to 
one used during 1987 and 1989 collider runs a) target (and a 
titanium jacket) before the beam interaction b) and c) effect 
of the 120GeV beam on the heavy metal target. 
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FIG. 4. Pressure vs energy in some of the target materials of 
interest. y is the Mie-Gruneisen coefficient. The dashed lines 
indicate projected pressure developed in the target during 1987 
and 1989 collider runs. 
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to use during next collider run. 
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FIG. 6. Li lens being used at Fermi1a.b during 1987 and 1989 
collider runs. 


