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THE STATUS OF R&D FOR THE RELATIVISTIC MEAVY I O N  COLLIDER AT BROOKHAVEN* 

E. E. Forsyth and the  S ta f f  of the  Accelerator Development Department 
Brookhaven National Laboratory 

Upton, New York 11973 

Abstract:  Formal development of t he  Re la t iv i s i -  
t i c  Heavy Ion Col l ider  (RHIC) has been funded f o r  t he  
pas t  t h ree  years. Prototype superconducting magnets 
and c ryos t a t s  have been tes ted .  Detailed designs have 
been prepared f o r  the  arc sec t ions ,  t he  i n s e r t i o n  re- 
gions and i n j e c t i o n  and e j e c t i o n  systems. The RF sys- 
tem has undergone s i g n i f i c a n t  rev is ions  i n  order to en- 
hance the  experimental capab i l i t y  of RHIC. Progress 
has been made with the  design of detectors.  We a r e  
put t ing  i n  place a management information system i n  an- 
t i c i p a t i o n  of an expeditious start of construction. 

In t roduct ion  

There can be very few acce le ra to r s  b u i l t  i n  the  
past  which were subjec t  t o  t h e .  i n i t i a l  cons t r a in t s  put 
upon RHIC. These cons t r a in t s  include an ex i s t ing  tun- 
ne l ,  experimental a reas  and cooling p l an t  and a well  
defined range of p a r t i c l e s  ava i l ab le  f o r  in jec t ion .  
Nevertheless,  an a t t r a c t i v e  design has been produced 
f o r  a c o l l i d e r  which promises a unique experimental 
physics program which w i l l  be unmatched wel l  i n t o  the  
next century. When completed the  RHIC complex employ 
many of the acce le ra to r s  on si te  i n  order t o  pre-accel- 
e r a t e  p a r t i c l e s  p r i o r  to i n j e c t i o n  i n t o  RHIC. The com- 
p l e t ion  of the  heavy ion t r a n s f e r  l i n e  was an important 
s t e p  i n  the  sequence and permitted to  start of a heavy 
ion physics program a t  BNL with the  a v a i l a b i l i t y  of 
ions up t o  mass s i l i con . '  The completion of t h e  AGS 
Booster acce le ra to r  i n  1991 w i l l  extend the  ran  e of 
p a r t i c l e s  f o r  acce le ra t ion  i n  the  AGS up t o  gold.5 I n  
addi t ion  the  proton i n t e n s i t y  w i l l  be increased by a 
f a c t o r  of four t o  five.  I f  the  present worth of a l l  
the  f a c i l i t i e s  on hand (including t h e  Booster) are 
summed then R H I C  may be considered as a r e l a t i v e l y  
small increment on t he  ex i s t ing  investment of about 
ha l f  a b i l l i o n  dol la rs .  The formal R&D program s t a r t e d  
i n  f i s c a l  year  1987 and has two major components; R&D 
on the  acce le ra to r  system which is now i n  f u l l  s t r i d e  
and R&D on de tec to r s ,  which w i l l  formally start i n  f i s -  
c a l  year 1990. The expenditures on t h e  various subsys- 
tems of R H I C  during t h e  R&D phase are shown i n  Table 1, 
t h i s  t ab le  is taken from the  r ecen t ly  published R&D 
plan f o r  R H I C . ~  The ea r ly  emphasis on a r c  magnet R&D 
i s  intended t o  mesh with a proposed cons t ruc t ion  s t a r t  
i n  the  near future.  Such a s t r a t e g y  enables i n d u s t r i a l  
f a b r i c a t i o n  of a r c  magnets t o  gear up while R&D on t h e  
remaining subsystems proceeds. The t o t a l  expenditures 
on acce le ra to r  systems R&D t o t a l s  some $24 mil l ion .  
Over the  period p r io r  to acce le ra to r  s ta r t -up  the  R&D 
on de tec to r s  amounts t o  about $9 mi l l ion .  

P r i o r  t o  f i s c a l  year 1987 a s m a l l  R&D e f f o r t  de- 
voted to  the  fundamental i s sues  of designing a heavy 
ion  c o l l i d e r  and conceiving of an experimental physics 
program was supported by funds from t h e  Di rec to r ' s  d i s -  
c r e t iona ry  exploratory research program, The s m a l l  ex- 
penditure was extremely e f f e c t i v e  i n  g e t t i n g  RHIC 
s t a r t ed .  Four fu l l - length  d ipole  magnets were made, of 
which th ree  were assembled by commercial. The 

bas i c  s t r u c t u r e  of t he  l a t t i c e  was chosen and a Task 
Force was appointed to coordinate the a c t i v i t i e s  of 
p o t e n t i a l  users and t o  develope a r e a l i s t i c  experi- 
mental program. 

The R&D Program 

RHIC cons i s t s  of two main r ings ,  separated rad- 
i a l l y  by 90 c m ,  cen ter  t o  center ,  except where they 
cross at s i x  points.  Each r ing  has s ix  cryogenic 
arcs containing twelve c e l l s ,  t he  phase advance per 
c e l l  is goo. The twelve c e l l s  form a continuous cryo- 
genic enclosure which is terminated at e i t h e r  end by 
the  t r a n s i t i o n  to  a room temperature s t r a i g h t  s ec t ion  
which can contain i n j e c t i o n ,  e j e c t i o n ,  RF cav i t i e s  
and the  magnets necessary t o  achieve the  focussing 
and bending at the  inser t ions .  The two r ings  a re  
f i l l e d  by means of t r a n s f e r  l i n e s  from t h e  AGS, Two RF 
systems are proposed: one to capture and acce le ra t e  
the  beam, the  second system is designed t o  minimize 
growth i n  the diamond at the  beam i n t e r s e c t i o n  regions 
during storage. Methods of i n j e c t i n g  and e j e c t i n g  t h e  
beam have been considered i n  some d e t a i l .  Descriptions 
of the  machine have been published5, i n  addi t ion  a re-  
vised Conceptual Design Report has j u s t  been issued.6 
The performance goals of RHIC are shown i n  Table 2. 

Machine R&D 

A f i n a l  design f o r  the  l a t t i c e  was frozen i n  
1988. It was designed to ensure an adequate physical  
aper ture  f o r  the  beams fo r  spec i f i ed  values of beam 
emittance and momentum spread. The l a t t i c e  has demon- 
s t r a t e d  t u n e a b i l i t y  over a range of Av = + 1 and pro- 
vides f o r  B* of 2 t o  6 m f o r  each inser t ion .  All in- 
s e r t i o n s  can be tuned independently. A set of sextu- 
poles divided i n t o  s i x  f ami l i e s  i s  provided t o  cont ro l  
chromaticity and to  minimize the dependence of beta- 
t r o n  tune and o ther  l a t t i c e  functions on off-momentum 
er ror .7  The dependence of tune on beta t ron  amplitude 
has been inves t iga t ed ,  t he  proposed sextupole arrange- 
ment a l so  minimizes t h i s  aber ra t ion  e f f ec t .  Many 
questions concerning t h e  dynamical aper ture  have been 
resolved by means of computer t racking  programs, t h i s  
work included a comparison of severa l  acce le ra to r  
codes.8 The l a t t i c e  design allows s torage  and c o l l i -  
s ion  with both s i m i l a r  and d i s s i m i l a r  particles i n  
each ring. 

The question of t r a n s i t i o n  energy crossing has 
been inves t iga ted  i n  d e t a i l  and methods proposed t o  
minimize beam blow-up. , A set of pulsed quadru- 
poles have been included i n  t h e  l a t t i c e  which permit a 
rap id  change i n  t r a n s i t i o n  energy as the  beam ap- 
proaches t h i s  point. 

About a year ago a workshop was  held a t  Brook- 
havenl l  t o  eva lua te  the  performance an t ic ipa ted  i n  
l i g h t  of experience of other c o l l i d e r s  such as t h e  
Tevatron and SPS. As  a r e s u l t  of t he  workshop a major 

* 
Work performed under t h e  auspices  of the  U.S. Depart- 
ment of Energy. 
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Control System 

Administration 
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Detectors 
Subtotal  
G&A 
Total  89 $ 

ACC. Physics 

Table 2 

P r i o r  
years  

4558 

248 
25 

50 
50 
50 
50 
50 
25 

770 
6164 

0 
6164 
2636 

288 
- 
- 
- 
8800 - 

Table 1 

RHIC R&D Summary Estimates 
$ i n  Thousands 

FY89 - 
2558 
33 
29 9 
50 
70 
70 
80 
100 
50 
444 
535 

0 

1911 
6200 

- 
4289 

4289 
- 
- 
= 

General Parameters and Design Goals f o r  RHIC 

Energy Range (each beam), Au 

Luminosity, Au beams 

Maximum diamond length 
Operational l i f e t i m e  Au @ y > 30 
Circumference, 4 314 Cags 
Number of X-ing poin ts  
Free space a t  X-ing point 
Beta @ X-ing, h o r i z o n t a l / v e r t i c a l  

Betatron tune , hor izonta l /ver t  i c a l  
T rans i t i on  Energy, y 
F i l l i n g  mode 
No. of bunches/ring 
No. of Au-ions/bunch 
F i l l i n g  time 
No. of d ipoles  (180/ring+12 common) 
No. of quadrupoles (276 a r c  + 216 
Dipole f i e l d  @ 100 GeV/nucleon, Au 
Dipole magnetic length  
Dipole yoke length 
Coil i.d. a r c  magnets 
Beam separa t ion  i n  a rcs  
r f  vo l t age  (26.7 MHz-acceleration) 
r f  vol tage (160 MHz-storage) 
Acceleration time 

protons 

@ y = 100 and 22 cm rms diamond 

low-beta i n s e r t i o n  

T 

i n s e r t i o n )  

E 9 0  

2560 
74 
300 
110 
95 
115 

90 
55 

155 
39 17 
651 

1732 
6300 

- 

180 

1 a3 
- 
- 
4568 
- 
- 

7-100 GeV/nucleon 
28.5-250 Gev 

2x1026 em-2 see-1 
+ 22 cm rms 
> 10 h 

6 
- + 9 m  
6 m  
2 m  

24.7 
Box-Car 
57 

- 
3833.85 m 

28.82 

1x109 
1 min 

372 

492 

9.46 m 
9.7 m 

90 cm 
0.4 MV 
4.5 Mv 
1 min 

3.45 T 

8 cm 

change t o  the  design of the  RF system was made. The 
i n t e n t  of the  change is to e l iminate  the need f o r  beams 
t o  cross a t  a shallow angle and ins tead  t o  meet head- 
on. This w i l l  e l iminate  a non-linear be t a t ron  - syn- 
chrotron coupling observed at t h e  SPS. In  order to  
maintain a small diamond over which the  beams i n t e r a c t  
of + 22 cm (rms) over the beam l i f e  t i m e  a separa te  
high frequency RF system was proposed. This change 
necess i ta ted  f u r t h e r  s t u d i e s  of beam-beam ef fec ts .  l2 

I n j e c t i o n  and beam abort  ( e j e c t i o n )  s t u d i e s  have 
covered two ma j or  top ics  : 

i s  

FY91 

1195 
100 
625 
150 
180 
250 
313 

70 
183 
155 

3301 
93 1 
4232 
1968 
6200 

- 

ao 

- 
- 

- - 

FY92 

129 
167 
560 
135 
160 
220 

- 

28 5 
ao 
320 
183 
155 

2394 
1770 
4164 
1936 
6100 

- 
- 
- - 

FY93 

0 
149 
450 
90 
115 
145 
165 
60 
340 
123 
155 
1792 
2235 
4027 

5900 

- 

- 
1873 - 
- 

FY94 

0 
90 

27 5 
90 
100 
145 
100 
40 
180 
123 
155 

- 

1298 
1842 - 
3 140 
1460 
4600 
- 
- 

FY95 

0 
50 
0 
35 
35 
35 
35 
35 
107 
55 
80 

467 
1240 
1707 
793 
2500 

- 

- 
- 
- - 

1) The complete i n j e c t i o n  sequence all 

Tot  a1 

11000 

27 57 
71 0 

1030 

,535 
1147 

2160 
23622 

32291 
14309 
46600 

688 

805 

1208 

1582 

8669 

the way - 
from the  source. Electron s t r i p p i n g  s t r a t e -  
g i e s  to  achieve t h e  maximum p a r t i c l e  inten- 
sities have been examined.13 

2) I n j e c t i o n  and e j e c t i o n  t r a j e c t o r i e s  and de- 
s i g n  of magnets, i n f l e c t o r s  and kickers  to 
achieve them. An i n t e r n a l  beam dump w i l l  be 
used i n i t i a l l y .  

The next milestone t o  be achieved i n  the  R&D Plan 
the  f i n a l i z a t i o n  of t h e  correction- scheme and a 

s t r a t e g y  f o r  s h u f f l i n g  the  a r c  d i p 0 1 e s . l ~  The correc- 
t o r s  systems i n  both the a r c  and i n s e r t i o n  regions 
w i l l  cor rec t  f o r  magnet imperfect ions,  skew coupling 
and t r i m  e r r o r s  so t h a t  a closed o r b i t  can be 
achieved. l5 

Hardware Development 

Turning t o  hardware development, emphasis has 
been given to the e a r l y  perfect ion of magnet designs 
f o r  the cryogenic a r c  sect ions.  The magnet is defined 
t o  cons is t  of the cold mass and i t s  cryostat .  In ad- 
d i t i o n  t o  t h e  d ipole  magnet R&D, there  has been sub- 
s t a n t i a l  progress i n  the  development of quadrupoles, 
sextupoles  and cor rec tors  f o r  t h e  a rcs ;  t h e  develop- 
ment of quadrupoles is l a r g e l y  completed and i n i t i a l  
sextupole  and cor rec tor  magnets a re  being b u i l t  and 
a r e  approaching t h e  t e s t i n g  of t h e i r  design. The di-  
pole  design incorporates  several  fea tures  h i c h  s e t  i t  
apar t  from t h a t  of other  superconducting acce lera tor  
magnets, e.g. , those f o r  t h e  Tevatron, HERA, o r  the 
SSC. It has a r e l a t i v e l y  la rge  bore (80  mm) to  accom- 
modate the  emittance growth associated with intrabeam 
s c a t t e r i n g ,  a modest operat ing f i e l d  (3.45 T), a s in-  
g l e  layer  cosine t h e t a  c o i l ,  an i r o n  yoke assembled as  
c o l l a r s ,  a copper-plated bore tube ard no i n t e r n a l  
t r i m  co i l s .  The e f f e c t i v e  magnetic length is  9.46 m. 
Other parameters a r e  l i s t e d  i n  Table 3. 

To minimize cos t  and to  take advantage of on- 
going development, t h e  magnet uses superconducting ca- 
b le  of the  same type as t h e  cable developed f o r  t h e  
outer  c o i l  l ayer  i n  the  dipoles  f o r  the  SSC. This is 
a f l a t ,  keystoned 30-strand cable  of t h e  Rutherford 
type. The (bare)  cable  width is 9.73 mm and i t s  aver- 



Table 3 

Dipole Parameters 

Bo, i n j e c t i o n  
Bo. 100 GeV/nucleon 
Current,  100 GeV/nucleon 
Inductance 
Stored energy @ 3.45 T 
Length, e f f e c t i v e  
Length, mechanical 
S a g i t t a ,  mechanical 
c o i l ,  number of turns  
Coil ,  inner  radius  
I ron ,  o u t e r  radius  

0.40 T 
3-45 T 
4.98 kA 
29 mH 
397 kJ  

9.81 m 
49.3 mm 
32 
39.9 mm 
133.3 mm 

9.46 UI 

age thickness  is 1.17 mm, with a keystone angle of 1.2 
degrees. Each wire i s  0.65 mm i n  diameter,  containing 
high-homogeneity NbTi f i laments  6 pm i n  diameter. For 
the  i n i t i a l  R&D magnets the  copper-to-superconductor 
r a t i o  was 1.8:l and the  c r i t i c a l  current  dens i ty  of the 
wire  ( @  5 T,4.2 K )  was 2200-2600 A/mm2. To give added 
s t a b i l i t y  against  quenching and t o  allow f o r  s ingle-  
diode quench p ro tec t ion  with a s u i t a b l e  margin of safe- 
t y ,  the  revised s p e c i f i c a t i o n  f o r  the  copper-to-super- 
conductor r a t i o  i s  2.25:l. The current  dens i ty  is  now 
spec i f ied  at 2600 A/mm2, taking advantage of improve- 
ments made i n  superconductor technology i n  the l a s t  few 
years.  

P r e s t r e s s  is applied t o  the  c o i l  d i r e c t l y  by the  
i ron  yoke through a 10 mm th ick  combination of g l a s s -  
phenolic i n s u l a t o r  and brass  spacer package keyed i n t o  
the yoke lamination, L e . ,  not by a non-magnetic c o l l a r  
a s  used i n  t h e  d ipole  f o r  t h e  SSC. A s t a i n l e s s  s t e e l  
s h e l l  which i s  s p l i t  and welded a t  the  v e r t i c a l  mid- 
plane takes over the compression of t h e  yoke when it is  
a t  cryogenic temperature. The i ron  s a t u r a t i o n  a t  t h e  
highest  operat ing f i e l d  is corrected with lumped cor- 
rec tors  ou ts ide  the dipoles.  A recent  small  adjustment 
of the  design spaces the  c o i l  a t o t a l  of 10 mm from the  
i ron  to reduce the s a t u r a t i o n  e f fec ts .  The magnets a r e  
assembled i n  f i x t u r e s  t h a t  introduce t h e  required cur- 
vature;  t h i s  curvature  i s  locked in place v i a  the  outer  
s t a i n l e s s  s t e e l  weldment re fer red  t o  above which a l so  
serves as the helium pressure vessel .  

The R H I C  d ipole  R&D program has included severa l  
types of model magnets. The f i r s t  models u t i l i z e d ,  f o r  
expediency, c o i l s  wound a t  Fermilab to  the pa t te rn  of 
inner  Tevatron c o i l s  using CBA/Tevatron cable ,  but 4.5 
m long. One of these c o i l s  was inser ted  i n t o  a CBA 
i r o n  yoke t h a t  had been adapted t o  the cor rec t  c o i l  
diameter by means of laminated i ron  spacers.  Four 
other  4.5 m long c o i l s  were co l la red  at DESY, inser ted  
i n t o  bent HERA yokes a t  Brown, Boveri & Cie. (BBC), 
Mannheium, Federal  Republic of Germany, and returned t o  
BNL f o r  t e s t i n g .  Two were assembled with aluminum col- 
l a r s  between c o i l  and yoke, and two with i r o n  co l la rs .  
A l l  of the  magnets met t h e i r  expected conductor s h o r t  
sample performance with l i t t l e  t ra ining.  Next came a 
s i n g l e  4.5 m long magnet which served as  a s h o r t e r  pro- 
totype f o r  f u l l  l ength  magnets. This magnet a l s o  
reached a quench plateau i n  good agreement with shor t  
sample pred ic t ions ,  and i t s  harmonics were wel l  with 
the expected e r r o r  d i s t r i b u t i o n .  

The f i r s t  fu l l - length  R&D magnets consis ted of 
four  dipoles4 designated DRA-001 through DRA-004. The 
cold mass of the f i r s t  of these t e s t e d ,  DRA-004, was 
constructed e n t i r e l y  a t  BNL ( u t i l i z i p g  a keyed yoke) 
and i n s t a l l e d  i n  a h o r i z o n t a l  HERA cryos ta t  supplied by 
BBC. Coi ls  f o r  the remaining t h r e e  were a l s o  produced 
a t  BNL. They w e r e  subsequently sent  t o  BBC f o r  cold 
mass assembly (with welded yokes) and i n s e r t i o n  i n t o  
c ryos ta t s ,  and were returned t o  BNL f o r  tes t ing .  The 
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Fig.  1. Training History of Dipoles DRA-001 
- 004. 

quench da ta  f o r  these dipoles  a r e  shown i n  Fig. 1. As 
can be seen, the  quench f i e l d s  were a l l  w e l l  above t h e  
operat ing f i e l d  and t r a i n i n g  was minimal. The mea- 
sured allowed harmonics f o r  DRA-004 general ly  agreed 
with ca lcu la t ions  within t h e  estimated magnet-to- 
magnet v a r i a t i o n  expected from construct ion to le r -  
ances; these harmonics i n  t h e  o ther  th ree  magnets ex- 
h ib i ted  an o f f s e t  t h a t  w a s  not complete BNL and BBC of 
t h e  s i z e  of the  shim near t h e  pole. The unallowed 
harmonics measured i n  a l l  t h e  magnets d i f fe red  from 
zero by l e s s  than the  amount expected from construc- 
t i o n  e r rors .  The s a t u r a t i o n  c h a r a c t e r i s t i c s  of t h e  
BNL-built magnet DRA-004, d i f fe red  from those of the  
BBC-built magnets; t h i s  d i f fe rence  was ascribed to t h e  
d i f fe rences  i n  i ron  used a t  BNL VS. t h a t  used a t  BBC. 
The f i e l d  normal to  the  magnetic median plan i n  t h e  
magnets var ied somewhat g r e a t e r  than would be desir-  
able f o r  machine magnets. The measurement probe used 
f o r  measuring the  f i e l d s  i n  these magnets was one de- 
veloped f o r  use i n  17  m SSC magnets. 

In summary, these magnets were considered q u i t e  
successfu l  and w e r e  productive i n  i l luminat ing areas  
i n  which d i f f i c u l t i e s  can a r i s e  i n  t h e  commercial fab- 
r i c a t i o n  of acce lera tor  magnets. 

The most recent  R&D magnets, DRB-005 and DRB- 
006, have j u s t  completed the t e s t i n g  stage.  These 
magnets have a c o i l  design modified from t h e  e a r l i e r  
ve r i son  t o  r e f l e c t  the th icker  cable being used, an 
increased gap ( t o t a l  10 mm) between the  c o i l  0.d. and 
the i ron  i.d., and the post-type c ryos ta t  intended f o r  
use i n  t h e  machine. The quench r e s u l t s  f o r  these two 
magnets a re  shown in Fig. 2. Both performed wel l  
above the  required f i e l d  value from t h e  f i r s t  quench. 
The magnetic f i e l d  measurements were within the bounds 
expected from construct ion tolerances although some 
adjustment of the systematic,  allowed mult ipoles  w i l l  
be required. Experience gained i n  t h e  assembly and 
t e s t i n g  of these  magnets w i l l  lead t o  minor modifica- 
t i o n s  i n  the  construct ion of the  f i n a l  two BNL R&D a r c  
d ipole  magnets, DRC-007 and DRC-008. R&D i ssues  re-  
maining in t h e  d ipole  program include t h e  ac tua l  mea- 
surement of var ious parameters such as  mult ipoles  
above t h e  decapole, the  alignment of the  d ipole  median 
plane,  and ramprate-dependent e f fec ts .  

Two a r c  quadrupole magnets, QRA-001 and QRA-002, 
have been b u i l t  and tes ted.  Their quench performance 
was well  above the  required level .  The f i e l d  q u a l i t y  
measurements indicated multipole s t r u c t u r e  w e l l  w i th in  
the  allowable tolerances.  Sextupole and cor rec tor  
magnets are c u r r e n t l y  under construct ion and t e s t i n g  
of t h e  f i rs t  models ind ica tes  good performance, 
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Fig. 2. Training History of Dipole Magnets DRB-005 
and DRB-006. 

Ongoing magnet R&D is devoted t o  the construct ion 
of a F u l l  Cel l  Test. The c e l l  cons is t s  of two ha l f -  
c e l l s  each containing a d ipole ,  quadrupole, sextupole 
and cor rec tor  magnets. This w i l l  r equi re  t h e  design of 
magnet interconnect ions,  bellows and pick-up elec- 
trodes.  l7 In  addi t ion,  t h e  preparat ion of spec i f i ca -  
t i o n s ,  drawings and process procedures f o r  use in the  
i n d u s t r i a l  manufacture of magnets w i l l  proceed, leading 
t o  a contract  f o r  i n d u s t r i a l  too l ing  and the  i n d u s t r i a l  
assembly of two dipole  cold masses using c o i l s  supplied 
by BNL and tool ing which is avai lab le  t o  indus t ry  as  
par t  of an arrangement wi th  DESY. The purpose of t h i s  
cont rac t  i s  to  learn  as quickly as  possible  i f  there  
a r e  any remaining problems in t h e  i n d u s t r i a l  fabr ica-  
t i o n  of machine-ready cold masses. The involvement of 
p o t e n t i a l  i n d u s t r i a l  sources f o r  the  magnets is a major 
addi t ion  to  the  R&D program. This work was added a f t e r  
funding f o r  construct ion did not m a t e r i a l i z e  i n  FY 1989 
and to some extent  i t  should reduce the  t i m e  f o r  indus- 
t r i a l  magnet vendors t o  gear  up f o r  production once 
construct ion is funded. 

The c ryos ta t  housing the  cold mass cons is t s  of 
the carbon s t e e l  vacuum vessel  (610 mm outer  diameter) ,  
an aluminum heat sh ie ld  maintained a t  55 K, b lankets  of 
mul t i l aye r  f a b r i c  and aluminized Mylar, cryogenic 
headers,  and the magnet support system. The design 
c a l l s  f o r  d ipole  cold mass t o  be supported at three  l o -  
cat ions by means of t h e  folded,  insu la ted  post-type 
support developed o r i g i n a l l y  a t  Fermilab f o r  t h e  SSC 
magnets and adapted a t  BNL f o r  use in RHIC. A standard 
a r c  d ipole  w i l l  have three  such supports and the s tan-  
dard a r c  quadrupole w i l l  have two. The vacuum tank a r e  
carbon s t e e l  cast ings.  The sur face  of these legs  a r e  
used to  provide t h e  e x t e r i o r  survey f i d u c i a l  references 
used to  survey and a l i g n  the magnets i n t o  t h e i r  posi- 
t i o n  i n  the  tunnel. 

Allowance will be made f o r  r e l a t i v e  thermal motion 
of the cold mass, piping, he$ s h i e l d  and vacuum tank 
with respect  to  each other  by means of expansion j o i n t s  
(bellows) located in the  interconnect  region between 
magnets. This region has been designed to  f a c i l i t a t e  
connections between magnets a f t e r  they have been ins- 
t a l l e d  i n  the  tunnel  and t o  permit ready removal of a 
magnet i f  t h a t  should ever become necessary. Careful 
design is required t o  f i t  a l l  necessary hardware i n t o  
t h i s  region, hold t h e  heat  leak to  the  desired low 
value,  and achieve an economically acceptable  solut ion.  

Major components of t h e  c r y o s t a t s  f o r  magnets 
DRB-005 and DRB-006 were fabr ica ted  by commercial 
sources. A second generat ion design c ryos ta t  will be 
used f o r  DRC-007 and DRC-008. The components for  these  
c ryos ta t s  as well  as  those f o r  QRA-001 and QRA-002 w i l l  
be fabr ica ted  commercially and assembled at BNL. A s  
these  c ryos ta t s  a re  assembled f o r  use i n  t h e  F u l l  C e l l  
mentioned above, they w i l l  he evaluated f o r  ease and 
economy of assembly and disassembly, compliance wlth 

accuracy. If  necessary,  the  desi& w i l l  be modified 
on t h e  bas i s  of t h i s  evaluat ion t o  prepare f o r  indus- 
t r i a l  production. 

Other R&D Issues  

During t h e  R&D phase of a project  a good many 
problems must be d e a l t  with beyond t h e  r a t h e r  obvious 
need t o  r e f i n e  the design. Nowadays s a f e t y  and envi- 
ronmental i s sues  of t h e  completed machine must be ad- 
dressed e a r l y  on before construct ion begins. A great .  
deal  of pre-construction planning is required to  pre- 
pare budgets, schedules and cost  estimates.  The crea- 
t i o n  of a v e r s a t i l e  Work Breakdown St ruc ture  (WBS) is 
an e s s e n t i a l  too l  in the  computerized vers ions neces- 
s a r y  f o r  a l a r g e  project .  The WBS must a s s i s t  a l l  
l e v e l s  from managers t o  working engineers.  Typical 
requirements include: 

Management summaries a t  t h e  cos t  account 
l e v e l ,  as  wel l  as a s t r u c t u r e  depict ing geo- 
graphic  loca t ion  of the  machine components. 
In t eg ra t ed  Date Base c o l l e c t i n g  cost  and 
manpower a t  the  lowest WBS l eve l .  

e Data which is timephased to  year of obliga- 
t i o n ,  thus permitted changes i n  the  year ly  
funding p r o f i l e  t o  be accommodated. 
Milestone schedule and procurement plans 
based on the  cur ren t  prof i le .  

e Current Working Estimate (CWE) of cost  based 
on l a t e s t  mater ia l  and labor  project ions.  

Another i s s u e  of some importance is t h e  improve- 
ment c a p a b i l i t y  inherent  in t h e  machine design which 
can be exploi ted a f t e r  i n i t i a l  construct ion i s  f i n i s h -  
ed. The improvements should be made by means of re la-  
t i v e l y  modest technica l  changes which w i l l  not requi re  
s i g n i f i c a n t  rev is ions  of t h e  magnets in t h e  cryogenic 
arcs. Thus RHIC as constructed should not preclude 
l a t e r  upward rev is ions  of t h e  performance i f  desired 
but i t  should i n i t i a l l y  be b u i l t  wi thin the con- 
s t r a i n t s  of the val idated cost  and schedule. 

An increase of p a r t i c l e  i n t e n s i t y  should be pos- 
s i b l e  beyond the values  shown in Table 2 by means of 
higher  in jec ted  beam curren ts  and f i l l i n g  empty RF 
buckets. A t  some s tage  of improvement an ex terna l  
beam dump may be required.  The use of very low beta 
i n s e r t i o n s  with the  increased beam i n t e n s i t y  should 
provide u l t imate  luminosi t ies  f o r  the  proton beams of 
about 2 x cm-2 sec’l. Average luminosi ty  may be 
improved by s t o c h a s t i c  cooling schemes. Assuming the  
components in the  cryogenic a rcs  remain unchanged 
f o r  the l i f e t i m e  of RHIC, increases  in energy could 
come from t h e  addi t ion of power supplies.  The maximum 
energy w i l l  be l imited by magnet performance and w i l l  
be about 120 GeV/amu f o r  gold on gold (300 GeV f o r  
proton on proton). These energies  correspond to  simi- 
l a r  species  i n  each r i n g  and may not be achievable si- 
multaneously with the  maximum ul t imate  i n t e n s i t y  as  
the  a v a i l a b l e  margin of cooling w i l l  be reduced by 
both high energy and high in tens i ty .  

Detector R&D 

The de tec tors  which w i l l  be b u i l t  f o r  research a t  
the heavy ion c o l l i d e r  w i l l  have much i n  common with 
l a r g e  de tec tor  systems at o ther  high energy co l l iders .  
There are, however, some important,  and dramatic new 
f e a t u r e s  of the  experimental environment a t  RHIC which 
w i l l  r equi re  the  extension of known techniques f o r  
p a r t i c l e  de tec t ion  beyond the present ranges of appl i -  
ca t ion  in elementary p a r t i c l e  and nuclear  physics. 
Central  t o  t h e  research goals  a t  RHIC i s  t h e  need to  
produce, de tec t  and study c o l l i s i o n s  of unprecedented 
complexibi l i ty:  i t  is t o  be a laboratory3for  t h e  study 



"mini-big bang" events. With beam energies  up t o  100 + 
100 GeV/nucleon and ion masses over 200, the  t o t a l  en- 
ergy i n  each c o l l i s i o n  can reach up t o  40 TeV i n  the  
center-of-mass: a range f a r  beyond t h a t  of any present  
a c c e l e r a t o r  or  any e x i s t i n g  d e t e c t o r  system. Unlike 
the proposed SSC c o l l i d e r ,  which would accelerate ele- 
mentary p a r t i c l e s  t o  such an energy and produce hun- 
dreds of very high energy p a r t i c l e s  i n  t h e  f i n a l  s ta te ,  
t h e  most i n t e r e s t i n g  events  at t h e  RHIC c o l l i d e r  are 
expected t o  produce tens of thousands of f i n a l - s t a t e  
p a r t i c l e s  i n  each c o l l i s i o n ,  with propor t iona te ly  less 
energy car r ied  away by each p a r t i c l e .  Thus, while  t h e  
b a s i c  d e t e c t o r  technology will have much i n  common with 
the  de tec tor  systems developed f o r  c o l l i d i n g  beams of 
elementary p a r t i c l e s ,  the  design of de tec tor  systems 
f o r  t h e  heavy ion c o l l i d e r  must address a d i f f e r e n t  set 
of problems. Detector systems t o  deal  wi th  high energy 
nucleus-nucleus c o l l i s i o n s  w i l l  r equi re  new approaches 
t o  t h e  technologies of t racking,  calor imetry,  p a r t i c l e  
i d e n t i f i c a t i o n ,  f a s t  t r i g g e r  decis ions and on-line d a t a  
processing. 

It is  expected t h a t  the  RHIC f a c i l i t y  w i l l  begin 
operat ion with 3 o r  4 major de tec tor  systems. The ma- 
chine i s  configured t o  u l t imate ly  al low f o r  6 i n s t r u -  
mental c o l l i s i o n  regions. The research program is ex- 
pected to  involve 300 - 500 p h y s i c i s t s ,  with the design 
and cons t ruc t ion  of de tec tors  spanning a period of 
about f i v e  years.  

B e  inn ing  i n  Apri l  1985, a series of work- 
shops18,f9,20 has been held i n  which p h y s i c i s t s  from 
many l a b o r a t o r i e s  and u n i v e r s i t i e s  have c a r r i e d  out a 
de ta i led  examination of poss ib le  experiments f o r  RHIC. 
Several  well-developed designs f o r  experiments have 
come out of these  workshops, and these  have served as a 
b a s i s  f o r  cost  es t imates  and f o r  pin-pointing R&D re- 
quirements. The following areas  have been i d e n t i f i e d  
as  most urgent ly  requi r ing  s tudy before  the  design of 
large-scale  de tec tor  systems can be completed: 

0 Tracking de tec tors  f o r  very high p a r t i c l e  

0 Calorimeter response t o  nuclear  i n t e r a c t i o n s .  
0 Methods of muon and e l e c t r o n  p a i r  de tec t ion  

s u i t a b l e  f o r  s t u d i e s  at t ransverse  momenta 
and p a i r  masses = 1 GeV. 
Radiation hardness of de tec tors  and c i r c u i t  
components. 

0 Design and instrumentat ion of test beam fa-  
c i l i t i es .  
Development of Monte Carlo event generators .  

densi ty .  

A t  t h e  May 1987 workshop a f e w  of the designs f o r  
l a r g e  de tec tor  systems were examined i n  d e t a i l  to  
study t h e i r  t echnica l  f e a s i b i l i t y ,  t h e i r  impact on t h e  
design and modes of operat ion of the  c o l l i d e r  and t h e  
range of c a p a b i l i t i e s  f o r  physics research represented 
by each. Out of these  s t u d i e s  came t h e  r e a l i z a t i o n  
t h a t  t h e  measurement of lepton p a i r s ,  ( e l e c t r o n  p a i r s  
and muon p a i r s )  r a d i a t i n g  from heavy ion  c o l l i s i o n s  and 
R H I C  cannot be adequately measured i f  t h e  luminous in- 
t e r a c t i o n  length  of t h e  crossing beams is  of t h e  order  
of a meter o r  more, as it was i n  t h e  o r i g i n a l  RHIC de- 
sign. Since t h e s e  lep ton  p a i r  measurements are of 
fundamental importance to t h e  research program a t  RHIC, 
the  design of t h e  RF system of the  machine was revised 
to  provide s h o r t e r  beam bunches as described above. 
These workshop s t u d i e s  are a l s o  showed t h a t  t h e  most 
useful  improvements t o  t h e  machine performance - from 
t h e  point of view of extending t h e  physics reach - 
would be those which increased t h e  luminosi ty  of t h e  
machine, r a t h e r  t h a t  extending t h e  energy range. 
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