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Summary 

Monte Carlo calculations of relative yield of n-, 
K- and b secondaries from cylindrical current-carrying 
production targets in high energy proton beams are pre- 
sented. The results show that the expected focusing 
effect can increase the secondary intensity within the 
acceptance of a secondary beam by significant factors-- 
in some cases two or more--with currents in the Is-to- 
25 kA range. These currents are readily obtainable 
from pulsed power supplies. For dc operation currents 
of this magnitude appear possible from existing power 
supplies and for targets of small transverse dimensions 
such as 2 mm radius Ag. 

Introduction 

In accelerator operations the machine performance 
is usually measured by the intensity of particles de- 
livered to the production target with minimum size and 
time structure. From the point of view of the experi- 
ment, however, the figure of merit is often the signal- 
to-background ratio which limits the number of events 
per unit time which can be accepted. Efforts to opti- 
mize this ratio are usually directed at design of sec- 
ondary beams of maximum acceptance for the desired par- 
ticle and momentum. In the present paper we explore 
the problem of production target efficiency which is 
concerned with the number of secondaries per incident 
particle within the secondary beam acceptance. As a 
model we used the solid angle acceptance & = 13.3 msr 
about @ = 0’ and momentum acceptance bp/p s 0.05 for 
800 MeV/c K- secondaries from the new Low Energy Sepa- 
rated Beam (LESB II) now under construction at the AGS.l 
We report the results of a Monte-Carlo calculation 
CTARGET” in which the focusing effects of a target car- 
rying a longitudinal current are included. A lens 
based on this principle was discussed by Panofsky,3 
Luckey4 and Collins6 and more recently a target was 
proposed by Budker” using this principle for positron 
production for an e*e- colliding beam machine. The 
calculation also includes the effect of energy degrada- 
tion of secondaries and low energy primaries within the 
target (hereafter referred to as a Budker target) and 
loss of secondaries by strong interactions. Multiple 
coulomb scattering and nuclear scattering of the pri- 
mary and secondary particles are ignored, and the 
nucleon-meson cascade is not included in CTARGET. The 
incident beam is assumed to be a pencil beam along the 
axis of a cylindrical target and the secondary angle 
and momentum are selected at random from a Sanford-Wang 
distribution.? The parameters varied include the tar- 
get length, radius and composition as well as the cur- 
rent. In all cases lo6 incident protons were sampled. 
We also calculated the relative yield enhancement of 
low energy (ZOO MeV/c) n- to be expected from the LESB 
II, and the increase in 12.4 GeV/c p intensity antici- 
pated in an operating 0’ AGS medium energy unseparated 
beams of solid angle acceptance - 0.3 msr and momentum 
acceptance Ap/p = 0.06. The calculation was also ap- 
plied to 800 MeV/c K- production for an incident proton 
momentum of 13 GeV/c such as at the ZGS and KEK accel- 
erators and the enhancement of 200 MeV/c n- production 
at the LAMPF proton momentum of 1.46 GeV/c. In the 
latter case, no attempt was made to adjust the Sanford- 
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Wang distribution to conform with the production data 
at this energy.’ 

Relative Yield vs Current, Target Length and 
Target Radius for pBeam = 28.5, 13.0 and 1.46 GeV/c 

The CTARGET program selects a random interaction 
point ZR along the target symmetry axis with the ex- 
pression i!R = - Xint J,n(l-RN) where Xint is the inter- 
action length for the target material and RN is a ran- 
dom number uniformly distributed in the interval 0 5 
RN I 1. Similarly, the random secondary momentum P 
and random polar angle BR are chosen in the interva B 
P,(min) 5 PR 5 P, (max) and B,(min) s eR 5 9,(mx). 
The forward yield of secondary particles Y, for the 
momentum P, and angle 8, is evaluated from the Sanford- 
Wang expression6 
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where p, is the momentum of the incident particle. 
For secondaries used in this report the constants are 
given in Sanford and Wang’s report.7 The radial and 
longitudinal equations of motion of ihe particle in 
cylindrical coordinates are 

‘i + Klir = 0 
\ 

‘1 + K2i/r = 0 
1 

z - Kl;r = 0 
r<R . 

z - K2$/r = 0 
r>R 

(2) 

where Kl = q~,I/2nMR2 and K = qpoI/2rrM. We assume no 
azimuthal motion, i.e. $=6. M is the total relati- 
vistic mass of the secondary. Equations (2) are inte- 
grated along the length L of the target from 2. = ZR to 
2 = L. The particle Y, is then added to the contents 
of a bin in an angle and momentum grid and the total 
yield Ytot is proportional to the sum of the contents 
of bins within a specified angle range emax - emin and 
momentum.interval Pm,, - Pmin 

i max 

SUM = T (*i-l) Ys(i) . (3) i 
i=l 

We first calculated Eq. (3) for 800 MeV/c K- for 
various currents and lengths in a Budker target of sil- 
ver and platinum of radius R = 1 mm. The results are 
summarized in Tables I and II and show an increase in 
relative yield with current up to approximately 25 kA 
and a broad plateau thereafter. The yield is also an 
increasing function of target length up to the largest 
values of L in the table, 35 cm for Ag (- 2.24 Xint) 
and 25 cm for Pt (- 2.72 lint). For comparable values 
of length in units of hint the yields are approximately 
equal for Ag and Pt. For L = *hint and I = 25 k.4 the 
yield increase is - 60%. 

In Tables III, IV and V we show the relative K-, 
i and n- yield vs current for a 10 cm Pt target of 
several radii. The results show a decrease in yield 
with increasing radius as would be expected from ab- 
sorption of secondaries within the target. For small 
radius R = 0.1 mm and, to a lesser extent, R = 1 mm 
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and low momentum secondaries such as 200 MeV/c rri- we 
see a sharp peak near 20 kA. The drop in yield at 
higher current is the result of over-focusing where the 
secondary is bent out of the acceptance of the secondary 
beam. The enhancement in yield of 200 MeV n- with I = 
15 kA is - 2.8. 

TABLE I 
800 NJ/c K- Relative Yield vn Tmraet Length for 28.5 O-N/c Pmtona on Aa 

0 
5 

10 
15 
20 
25 
30 
35 
40 
50 
60 
70 
80 
90 

L-5cm 

236 
251 
294 
306 
200 
305 
283 
338 
377 
429 
443 
440 
457 
440 

lOcm - zl[)cm 

389 478 599 
448 570 662 
486 617 733 
518 717 876 
559 727 950 
625 868 983 
661 899 1013 
731 899 1110 
710 938 1077 
728 920 1048 
780 905 1094 
134 965 1078 
776 a94 904 
761 852 923 

a 3OCm - = 

678 700 758 
714 749 a33 
813 891 933 
923 1015 1063 

1027 1066 1101 
1032 1127 1163 
1142 1169 1141 
1153 1190 1235 
1170 1252 1221 
1152 1124 1120 
1124 1130 
1057 1064 
969 
a92 

TABLB II 

$00 ~e",~ K- relative Yield ve Target Lelrgth for 20.5 CeVfc Proton. on Pt 

L’ 
0 
5 

10 
15 
20 
25 
30 
35 
40 
50 
60 
70 
a0 
90 

326 519 
363 556 
388 618 
441 705 
420 719 
453 851 
451 879 
527 883 
522 908 
589 937 
620 946 
612 956 
688 964 
673 944 

15 cm 20 

620 658 
656 737 
725 826 
862 916 
959 1033 

1030 1041 
1036 1086 
1078 1110 
1070 1100 
1115 1095 
1083 1120 
1088 1045 
1046 912 
929 a33 

25 cm 

696 
772 
917 

1006 
1047 
1062 
1164 
1091 
1129 
985 

1074 

TABLE III 

800 UN/c K- Relative Yield vs T~ra~f Rndius far 28.5 GeVlc Protom on Pt 

ail m& zmm Js?! 

0 614 519 419 416 
5 705 556 466 464 

10 826 618 567 478 
15 1072 705 566 500 
20 1187 719 610 529 
25 1315 851 659 604 
30 1330 879 672 621 
35 1263 883 668 638 
40 1228 908 732 610 
50 1134 937 778 641 
60 1044 946 890 638 
70 1060 956 as9 726 
a0 1035 965 a51 768 
90 908 944 934 a42 

TABLR Iv 

12.6 GeV/c 6 Relative Yield VI) Tar&et Radius for 28.5 GeVlc Protona on Pf 

x!4. R-.lw 

0 45.7 
5 44.3 

10 53.0 
I5 54.0 
20 58.3 
25 55.5 
30 57.6 
35 57.8 
40 50.8 
50 59.0 
60 58.2 
70 56.7 
80 56.2 
90 54.8 

Imm 
29.8 28.8 30.1 
30.0 28.6 29.4 
31.0 29.2 28.6 
32.2 30.0 28.7 
34.0 30.2 29.2 
33.5 30.4 30.0 
34.1 31.4 29.3 
35.9 30.7 29.6 
36.4 31.9 30.9 
36.1 31.6 30.7 
36.4 31.4 30.9 
37.0 32.6 31.4 
38.8 33.9 30.6 
42.6 34.9 31.2 

TABLR V 

200 MeVfc v- Relative Yield VI Target R.diua for 28.5 &V/c Protoo~ o,, Pt 

0 3825 2727 2232 2356 
2.5 3432 

5 8199 4865 3381 2865 
7.T 5527 
10 0564 5464 3859 3596 
12.5 5311 
15 10579 5586 4937 4706 
17.5 6126 
20 a714 6448 5241 4190 
25 7717 5602 4I356 4656 
30 8481 5485 4944 5770 
35 8399 4443 5097 5794 
40 5775 4428 4830 4826 
50 5614 4810 4911 5033 
60 6368 5243 4685 4479 
70 5022 4166 5035 4059 
80 4649 5149 4470 4282 
90 4064 4616 4583 4210 

At lower incident proton momentum the effects are 
similar to those at 28.5 GeV/c but less pronounced. 
In Table VI for 13 GeV/c protons on an L = 10 cm Pt 
target we see that for I = 25 kA the yield enhancement 
of K- for R = 0.1 mm is - 1.7. We assume in these cal- 
culations that the R = 0.1 mm behavior is the expected 
yield when the beam and target radii sre comparable. 

TABLR PI 
800 MeV/C K- Relative Yield YS Tilraat Rndiu, for 13 GM/e Proton. on PC 

R-.hn IWAI Lmm *)mm 

0 334 278 221 219 
5 331 277 238 239 

10 364 
15 463 
20 515 
25 573 
30 592 
35 555 
40 542 
50 503 
60 464 

291 
320 
324 
377 
389 

:t 
400 
414 

277 242 
270 248 
281 256 
2w 283 
300 285 
2% 290 
321 273 
338 282 
308 280 

70 480 424 390 316 
80 465 432 376 333 
90 413 429 416 366 

Also of interest is a possible yield enhancement 
from a Budker target at a meson factory such as LAMPF. 
Although no attempt has been made to fit the Sanford- 
Wang expression at these low beam and secondary momenta” 
we nonetheless performed the calculation to give a qual- 
itative indication of the enhancement. The results for 
200 MeV/c n- from 1.46 GeV/c protons on an L = 10 cm Pt 
target are given in Table VII and show a large (> 3) 
effect for 25 kA and a thin target. 

TAaLB VII 

200 nev/c n- Relative Yield YS Target Radius for 1.46 G&'/c Pzotons on Pt 

IgJ) R-.h -if!% .A?% 2% 
0 321 170 119 122 
5 344 196 181 166 

10 530 284 182 173 
15 a12 307 171 141 
20 1066 273 229 lb5 
25 1172 264 270 203 
30 1124 
35 911 
40 447 
50 426 
60 392 
70 273 
80 245 
90 264 

278 
322 
277 
345 
332 
299 
357 

252 
320 
271 
259 
267 
314 
333 
277 

240 
240 
256 
274 
269 

The Budker target is obviously most applicable to 
targeting a fast extracted beam where the target cur- 
rent can be pulsed. Septum magnets used in fast ex- 
traction attain the - 20 kA currentsl’ of interest here. 
For slow extraction, however, the - 50% duty factor 
requires essentially dc operation for external beam 
components . We therefore evaluated the temperature 
profile resulting from a dc current in a cylindrical 
conductor by numerical integration of the time-indepen- 
dent temperature equationI $T f q(i?)/K = 0 using the 
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computer program TEMPER.2 In the temperature equation 
q(If) is the source function in energy per unit volume 
per unit time and K is the thermal conductivity. The 
source function in this application is q = J2p where J 
is the current density and p the resistivity. We fur- 
ther assume that the thermal conductivity and electrical 
conductivity o are related by the Wiedemann-Franz ratio" 

K - = constant = 
d SF = $ (:I2 

where k is the Boltzmann constant and e the electron 
charge. The temperature equation then reduces to 

a*- ldT+C= 0 
dr2 rdr T (5) 

and E is the constant electric field 
. In solving Eq. (5) we use the sym- 

metry condition dT/dr (r = 0) = 0. With an initial 
guess for C and T (r = 0) program TEMPER iterates to 
obtain the value of c satisfying T (r = R) = 100°C and 
ultimately the value of c also satisfying T (r = 0) = 

>;pg; p 
We then obtain the current density function 
and the total current I = rJdA and the power 

dissipation per unit length PL = [J'pdA, given the re- 
sistivity function p(T) obtained from a fit of the quad- 
ratic function p(T) = co + plT + p2Ts to the data. The 
results are summarized below. 

TABLE VIII 

Maximum Current in Cylindrical Conductor 

Tgt R I,,, Power p,(R-~) pl(n-?m”R) p2(R-mm$‘R2) 
- &Q +A) (W/moQ x 106 X X 

Pt 1 4.06 2075 -2.09 0.0455 -5.69 x lO+ 
& 1 20.32 5914 0.0166 0.00484 1.47 x 10-a 

4 0.336 2.214 
7 0.484 2.361 

10 0.421 2.967 
13 0.639 7.054 
16 0.560 7.424 
19 0.306 7.543 
22 0.306 8.285 
25 0.306 7.543 
28 0.414 7.440 
31 0.414 7.440 

Antiproton Yield x lo+ for 10" Proron~ on j.g 

The calculation also shows that the maximum current is 
proportional to radius and the associated voltage is 
inversely proportional to radius; thus, the peak power 
dissipation remains constant. To obtain the - 20 kA 
current indicated in Tables I-VII would require for Pt 
an R = 5 mm target and power dissipation of - 400 kW 
for an L = 20 cm target. For Ag we could obtain 20 kA 
for R = 2 mm and power dissipation - 450 kW for an L = 
30 cm target. These values are within the capability 
of existing commercially available magnet power sup- 
plies.r4 The large power dissipation will, however, 
pose a challenging heat transfer problem.16 

1: 0.159 0.110 2.464 1.910 

14 0.057 * 8.091 
18 0.057 4.483 
22 0.218 5.110 
26 0.498 6.850 
30 0.699 6.266 
36 0.699 6.842 
38 0.761 6.632 
42 0.755 7.204 

Cascade Production for Ag and Pt Targets References 

The nucleon-meson cascade was simulated by Ranftls 
in the Monte-Carlo program KASPRO. We used this program 
to obtain estizates of absolute yields expected for low 
energy n- and p for 28.5 GeV/c protons on Ag and Pt tar- 
gets. The results are given in Table IX for two momen- 
tum bins of average value pav = 0.85 and 1.42 GeV/c. 
The low momentum p yield appear to have inadequate sta- 
tistics; the 1.4 GeV/c group indicates an increasing 
yield vs target length out to the longest targets con- 
sidered here (- 3Aint). The increase is larger than the 
results of Tables I and II using program CTARGET and 
gives confidence that long Budker targets can be used 
without loss of yield from secondary absorption effects. 
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TABLB IX 

KASPRO Reaulta. Secondary Yield VI hr ct uogrh 'for 28.5 cevlc ~rorons o,, 
R - 2 m ibdiua Target. 5 Y 10 s Proton, Smplcd per Run. 

Beam - f 0.5 m rims, i 1 mr rm. cp, - 0.57 Gev/c, ~6 - 3 q r. 

Nagatlvr Pion YLeld x 10 -9 far 1012 ' ' Protanr 011 Ag 

L(m) Y -(pay-.855) Y -(pa"'l.425Gev/c) 

6 5.015 1.388 
10 
14 
la 
22 
26 
30 
34 
38 
42 
46 

6.481 
7.947 
8.659 
5.721 
4.913 
5.098 
5.642 
5.249 
5.177 
4.848 

5,558 
4.780 
6.775 
5.834 
6.278 
7.360 
7.107 
7.777 
7.714 
8.001 

AntlproCon Y‘eld x 10 -6 
for 10'2 Protons on Pt 


