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INJECTION AND BEAM DUMPING FOR RHIC 
(Recap of RHIC meeting dated 31 July 85) 

Region available for this purpose: D89 between 080 and Qg0 

Characteristics of this space if @* = 3 m: 

Length (m) 21.6637 

90 Exit Q8, Entrance Q 

3.1195 0.3263 

B H M  83.2287 8.5815 

WH/2T 0.15043 

np[ml 1.2397 0.7281 

-0.0373 -1.6112 

B V M  13.7839 49.4971 

AaV/27r 0.15565 

“H 

“V 

We obtain the half aperture for the circulating beam by scaling from the 

high beta quads, which have B = 400 m and half aperture E = 60 mm. 

fore: 

but this is acceptable. 

There- 

ha 2 60 - mm. This rule neglects dispersive effects’ (17 ) P 

Characteristics of injected beam: 

BP = 100 Tm (actually BP = 90.018 Tm) 

Actual emittance EX = E .< 0.831~ x loe6 rad-m for 2.50. 

General Requirements. 
Y -  

The heavy ion beam to be injected comes in single bunches, one per AGS 

cycle. 

in RHIC ( s o  called box car stacking). 

bunches, one string per AGS cycle. 

in waiting buckets, each bunch in its own bucket, in a single operation. This 

requires synchronism between the r.f. systems of AGS and RHIC at the time of 

These bunches have to be deposited in empty buckets that are circulating 

The protons come in strings of 11 or 12 

All bunches of a string have to be placed 
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beam transfer. The r.f. frequency in RHIC may be an integer multiple of that 

in the AGS. 

when injecting a string of proton bunches, only every sixth bucket will be 

For various reasons that multiple was chosen to be 6 ,  so that, 

filled. 

Each bucket is 

ratio % between bunch length ( 2 . 3 )  and bucket length we have 2.3 = a. 
Choosing B < - 0.75 in order to avoid making the synchrotron motion too non-linear 

we find for the r.m.s. bunch length 

0 = 0.75 x 11.21/2.5 = 3.363 m s11.22 nsec 

This choice yields a total of h = 342 buckets around each ring of RHIC. 

= C/h = 3833.85/342 = 11.21 m '= 37.39 nsec long. Imposing a - 
'u 

For maximum luminosity it is desirable to fill each of the 342 available 

buckets. Our ability to do so is restricted by the switching time of the injec- 

tion kicker. This magnet deflects the bunches that arrive from the beam trans- 

fer line between the AGS and one of RHIC'S rings onto an orbit in that ring while 

it is on, it must be off when traversed by bunches of the circulating beam. 

The switching time T is the time required by the kicker to change state, its 

turn-off time is not necessarily equal to its turn-on time. Bunches, or parts 

of bunches that are present inside the kicker's aperture while its state is being 

changed will be partially deflected, thus the tolerable switching time follows 

from the distance N x C/h between the centers of successive filled buckets, the 

value of the bunching favor B and the velocity Bc: 

ks 

J\ 

J\ N-B c < - * -  
'ks - h Bc 

8 3 m/sec, h = 342, B = 0.75 yields Substitution of p = 3833.85 m, Bc = 3x10 

< (M - 0.75) x 37:3 nsec 'ks - 

The evaluation of this expression in the interval 1 <_ N <  - 6 is given in Table I: 
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Table I. Allowed switching times f o r  i n j e c t i o n  kicker .  

. ‘ks N S 9qo 

6 196 19 1 

5 159 22 1.15 

4 121 28 1.47 

3 84 38 2 

2 46 57 3 

1 9 114 6 

F i l l i n g  Pa t te rns .  

It i s  easy t o  see  t h a t  a l a t t i c e  conf igura t ion  with s i x  equal ly  spaced 

cross ing  po in t s  l i m i t s  a bunch i n  one r i n q  t o  i n t e r a c t i o n  with onlv th ree  pa r t i c -  

i d a r  equal ly  spaced bunches i n  the other .  Those three  bunches w i l l  e x i s t  only 

i f  the  r . f .  harmonic number i s  a mul t ip le  of th ree ,  i n t e r a c t i o n  w i l l  take place 

only i f  the bunches a r e  properly phased r e l a t i v e  t o  r ing  s t r u c t u r e  and each 

o ther .  It follows t h a t  the  bunches i n  each r i n g  can be subdivided i n  sets of 

t h ree ,  the bunches of each s e t  being spaced equal ly  around the r ing ,  and t h a t  

each set  i n  a r i n g  i n t e r a c t s  exc lus ive ly  with a p a r t i c u l a r  set  i n  the other .  

The c o l l i s i o n  ra te  i n  a p a r t i c u l a r  i n s e r t i o n  due t o  a matched p a i r  of sets i s  

3 the  revolu t ion  frequency, thus about 234.6 kHz, i f  there  a r e  N s e t s  i n  each 

r i n g  the r a t e  becomes 234.6 Ns kHz. The choice of harmonic number h = 342 

implies Ns 5 342/3 = 114, the Ns value t h a t  can be r ea l i zed  depends on the 

switching times of the i n j e c t i o n  kicker .  

the assoc ia ted  l u m i n o s i t y m u l t i p l i e r  ML = g/.g0. 

turn-on and turn-off times of the i n j e c t i o n  k icker  a r e  equal and a s  indicated.  

Only one of the two has t o  have the  spec i f i ed  value,  the o the r  may be l a r g e r  

S 

Table I shows values  f o r  Ns and f o r  

These r e s u l t s  assume t h a t  the 
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by a factor 2-or 3 without severe penalty since that would reduce the.number 

of available buckets by only a small amount. 

The bunches to be injected arrive from the AGS via a beam line that splits 

in two branches, one for each ring of RHIC. Each branch connects to the injec- 

tion system proper near the downstream face of RHIC quadrupole QSO close to but 

outside its vacuum vessel. This places the centerlj.ne of the approaching beam 

at a distance of about 35 cm from the reference closed orbit since the vacuum 

vessel has an outside diameter of about 30 cm. It is clearly desirable to 

choose that distance as small as possible, however, proportionally small changes 

bring only modest gains (or losses). A sequence of magnets, placed in the drift 

space between QBO and Q , guides the beam onto a suitable closed orbit in RHIC. 
For the moment we assume that orbit is the one which provides the largest accep- 

tance for the circulating beam and also that it coincides with the reference 

closed orbit. 

(horizontal injection) or above it and slope up or down (vertical injection). 

The last magnet of the sequence is the injection kicker which deflects the beam 

horizontally or vertically. 

90 

The beam may approach either in the median plane of RHIC 

We discuss three possible schemes. 

The first one, which can be arranged for either vertical or horizontal in- 

jection, is attractive because of its conceptual and practical simplicity. 

It consist of only one magnet: the injection kicker. That kicker must be strong, 

however, e.g. fB dR = 3.5 Tm, 8k = 35 mrad, Lk = 20 m, so that it is very expen- 

sive and not very suitable for small switching times. 

The second scheme is similar to the injection system planned for CBA: the 

beam passes through a 1.5 T 4.2 m long septum magnet, a 4 m long Lambertson mag- 

net whose field is graded from 1.5 T near its entrance to 0.5 T near its exit 

and a 3 m long 0.34 Tm vertically deflecting kicker. The constraints imposed by 
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geometry and aperture are much more severe in RHIC than they were in CBA, both 

the septum magnets and the kicker have to be considerably stronger. The margin 

available for septum magnet development is very small because of iron saturation, 

and the slack has to be absorbed by increasing the strength of the kicker. The 

numbers quoted in Table I1 are based on optimistic assumptions for the septum 

magnets and optimized for minimum kicker strength. 

The third scheme is based on conventional median plane injection. Two 

horizonally deflecting septum magnets guide the beam towards a horizontally 

deflecting kicker as shown in the layout in Fig. 1. 

This scheme requires the weakest kicker of the three and has a relatively 

It also offers the best pros- simple beam trajectory, all in the median plane. 

pects for further development towards minimum kicker requirements. It needs se- 

rious work however, particularly on the septum magnets. 

are made superconductive they have to be pulsed for dissipation reasons. Half 

sinusoidal pulses with a base width of 1 msec would be adequate. They would 

require either laminated iron or ferrite cores and would have to be bakeable in 

situ if they are located inside RHIC's ultra high vacuum beam tube. 

shown that ferrite cores can be baked and are acceptable with regard to vacuum. 

These ferrites saturate at 0.3 T, while we need at least 0.53 T over a length of 

9 m. Since there is no prospect of achieving this we introduced two septum 

magnets, the first one for 1.6 T with a laminated core separated from the beam 

Unless these magnets 

. 

It has been 

vacuum by a bakeable, thin walled, stainless steel beam pipe, the second one a 

0.3 T ferrite magnet with a 1 mm thick current septum inside the vacuum. 

configurations are clearly possible, e.g. ones with a vacuum pipe through both 

Other 

magnets. 
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2 1.6637 m 

-I L n n 9  

/ 

operalure 25mm x 45mm 

82.5 mrad 8,  I 

Figure  1. I n j e c t i o n  component l ayou t .  

rnrnrl 
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Tol.erances. 

There are many tolerances to be satisfied. We consider onlv the ones that 

might change from injection to injection, i.e. field inaccuracies in septum mag- 

nets and injection kicker. The tolerances follow from the requirements that the 

error in deflection angle, which causes coherent betatron motion of the injected 

bunch, may not increase the effective emittance of the circulating beam by a 

predetermined amount. Taking for this amount e.g. 4% of the nominal emittance 

of 0.8~10 -6 IT rad-m we find for the example of horizontal injection given 

These magnets are only the last three of a chain that begins with the magnets 

for the extraction closed orbit bump in the AGS and which contains its extrac- 

tion kicker. 

errors it follows that for 1OX net error one can allow not more then 0.1//6 = 

0.04 per element. 

If we allow only six elements equal uncorrelated proportional 

Kicker Considerations. 

A kicker may be characterized by its strength (JB dR), aperture (wxg), 

length ( 2 )  and speed Tks. . Assuming a window frame configuration and single turn 

excitation we have approximately for the excitation current I: 

for the inductance L: 
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. 

for the stored energy: 

and for the voltage: 

The function of the injection kicker is to generate displacement within a drift 

space of limited length. Calling’the displacement d and the driftspace length 

s we have 

€Ik = d/(~-l/2R) 

thus 

where X = R/s c 1 

This function has a minimum for X = 2/3, i.e. for a kicker length equal to 

of the available space, given by 

An optimally positioned kicker half as long would require 

V 
E = 1.28E . 

‘ m  m 
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It i s  assumed i n  t h i s  es t imate  t h a t  the k icker  aper ture  does not  change along 

i t s  length.  Aperture width and height  have then t o  be l a r g e r  than the l a r g e s t  

expected beam width and he ight  anywhere i n s i d e  the  magnet and increase  with 

length because of the behaviour of the B func t ions  i n  a d r i f t  space. 

s u l t s  i n  our case i n  a width t h a t  increases  propor t iona l ly  with length.  Another 

f a c t o r  i n  t h a t  the beam displacement d u e ’ t o  the k icker  a c t i o n  increases  with 

length f o r  f ixed  d and extra aper ture  width may have t o  be provided t o  

accommodate i t .  There a r e  thus severa l  f a c t o r s  t h a t  e n t e r  i n  the  minimization 

of the  s to red  energy. 

Typical numbers of RHLC i n j e c t i o n  k ickers  a r e  given in Table 11. 

This re- 

Table 11. Tvpical k icker  parameters. 

Horizontal  

25x 45 

3 

0.0916 

3280 

2.1 

46 

11.26 

0.2748 

t oo  

2.75 

Ver t i ca l  

45x25 

3 

0.113 

2250 

6.8 

102 

17.14 

0.339 

100 

3 . 4  
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Improvements. 

The choice of the reference closed orbit as injection closed orbit is 

conceptually convenient. 

but requires a strong, full aperture kicker. 

commodate the growth in beam emittance due to intrabeam scattering and is not 

fully used duri’ng the injection, except perhaps for beam manipulation. Since 

the emittance growth occurs on a time scale that is large compared to the 

injection interval it is acceptable to choose a different closed orbit, closer 

to the septum of the critical second septum magnet, provided that orbit is moved 

towards the reference orbit as necessary to compensate for the increasing beam 

size. 

flection angle. It is also acceptable to use a kicker with a smaller aperture, 

provided that it is moved out of the way before it begins to intercept 

circulating beam. This can be done because there is ample time !minutes). Re- 

It provides a large aperture for the circulating beam 

That aperture is necessary to ac- 

The smaller distance between septum and orbit allows a smaller kicker de- 

ductions in deflection and gap width result in a reduced voltage for a fixed 

switching time T~~ or in a decreased switching time for fixed voltage. 

estimated the gain for two cases. 

We 

In. one we adhere to the rule that the avail- 

able aperture should provide for at least 6(a +U ) all around the ring, in the 

second we assume that 2.5 (a +a is acceptable in the vicinity of the second 

septum magnet and in the kicker aperture during the injection period. We ex- 

press the results in terms of the kicker requirements for injection onto the ref- 

erence closed orbit. They are given in Table 111. We used = 32.5 m, = 1 m 

for the focussing parameters at the exit of the second septum magnet, assumed a 

septum thickness of 1.5 mm, and allowed for 2.5 (a +a 

injected at its exit. 

B E  

B E  

P 

in the beam to be B E  

LO 



It is evident that acceptance of a minor amount of beam scraping during in- 

jection should reduce the cost of kicker and kicker energy storage and permits 

a five fold decrease in switching time for the same kicker voltage. 

very difficult to keep the kicker outside the beam vacuum in this approach. 

It will be 

Table 111. Relative changes in kicker parameters. 

6(ogwE1 2. 5(08+crE) 

'kj'kro 0.90 0.54 

gapw/gapwro 0.86 0.36 

gaPh/gaPhro 0.86 . 0.36 

0.67 0.07 Em/E mr o 

(v/vr IT 0.76 0.20 
ks 

Beam Dumping 

The energy stored in the circulating beam in one of the RHIC rings is 

nominally of the order of 300 kJ, only 1/130 of what was expected in CBA. In- 

provements in the source, i.e. Tandem, Booster and AGS and reductions in the 

switching times of the injection kicker could increase it by a factor 20 to 6 

MJ. This energy must be dissipated, without causing damage or driving the 

superconducting magnets normal, whenever the beam has to be disposed of at the 

end of a run or because of some accident or malfunction. The energy stored in 

CERN's ISR beams reached 4 MJ and was dissipated routinely in an internal dump 

target. It is, therefore, reasonable to plan the beam dumping system of RHIC 

also around an internal dump. It is prudent however to allow for extraction and 

an external beam dump in case this should prove desirable or necessary. 

beam dump system consists then of a dump kicker and a dump target; this target 

The 
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. t o  be replaceable  by a f i r s t  ex t r ac t ion  septum magnet eventual ly .  

t i o n  k ickers  have t o  be s t rong  enough t o  move a beam from anywhere i n  the  aper- 

t u r e  onto the dump t a rge t .  I d e a l l y  t h e i r  switching t i m e  should be s imi la r  t o  

t h a t  of the  i n j e c t i o n  k ickers  and the  i n i t i a t i o n  of ex t r ac t ion  should be syn- 

chronized t o  the bunch s t r u c t u r e  of the  c i r c u l a t i n g  beam t o  prevent uncontrol- 

l ed  l o s s  of beam somewhere along the  r i n g  circumference. The k icker  ape r tu re  

must be s u f f i c i e n t l y  l a rge  t o  prevent any obs t ruc t ion  of the  c i r c u l a t i n g  beam 

and the shunt impedance i t  presents  t o  the  c i r c u l a t i n g  beam should be cont ro l led  

The extrac-  

t o  minimize enhancement and t o  avoid in t roduct ion  of i n s t a b i l i t i e s .  Inspect ion 

of the  cu r ren t  RHCI l a t t i c e  suggests v e r t i c a l l y  de f l ec t ing  k ickers  around one of 

the QZI i n s e r t i o n  quadrupoles and a beam dump o r  ex t r ac t ion  septum magnet be- 

tween Q and Q as ind ica ted  i n  Fig.  2. The v e r t i c a l  d e f l e c t i o n  allows us t o  

take advantage of the f a c t  t h a t  the beam's median plane i s  much less uncer ta in  

than i t s  behavior i n  t h a t  plane.  

through the  aper ture  of Q41 on i t s  way out.  

septum magnet d i r e c t  the  beam, v i a  the  ape r tu re  of Q t o  a very e l abora t e  dump 

Various arrangements t a r g e t  i n  the 38 m long d r i f t  space between Q and Q 

w e r e  t r i e d  and some r e s u l t s  are shown i n  Table I V .  The cases  shown the re  have 

r e spec t ive ly  a kicker 'K1 only,  a k icker  K2, k icker  K 1  and k icker  K 2 ,  both with 

the  same B f i e l d  and k ickers  K 1 ,  K2 and K3, now a l l  t h ree  with the  same B f i e l d .  

K2  and K3 are r e s t r i c t e d  i n  t h e i r  lengths  on both s ides  by l a t t i c e  magnets, K 1  

only a t  i t s  down stream end. Whether the  c ross  sec t ions  of the var ious  k ickers  

should be i d e n t i c a l  o r  ad jus ted  t o  match the  dimensions of the c i r c u l a t i n g  beam 

i s  a complex economic ques t ion  w e  do not  d i scuss .  

four  cases  CSB dR fl 0.7 Tm, and t h a t  the  B f i e l d  decreases with increas ing  

kicker  length.  The t a b l e  gives  the  minimum f r e e  ape r tu re  (Wh) required i n  

51  61' 

I n  the  case  of ex t r ac t ion ,  t he  beam would pass 

Another p o s s i b i l i t y  i s  t o  have the  

41  ' 
91 41  

It may be seen t h a t  i n  a l l  

12 



I 
. - .-.. . .  

. I  

-. . .. . 
.. , , . .  .- I 

i 
i 
I 

QF! 08 Q7 B Q6 BSI 05 Q4 

I 

KICKERS BEAM 
DUMP 

. .  ... . , -. " 

. .  . .  



each kicker  and the  energy i n  the  k icker  f i e l d s  per  meter k icker  length 

associated with them. 

I f  we use K2 exclus ive ly  i t  w i l l  have t o  be r a t h e r  s t rong  (B = 0.23 T f o r  

p a r t i c l e s  with the maximum magnetic r i g i d i t y  BP = 839.5 Tm). 

d i f f i c u l t  t o  provide i t  with acceptably small switching t i m e s .  Having only K l  

re leaves  t h i s  problem because K 1  can be given near ly  a r b i t r a r y  length,  but doing 

so imposes l a r g e r  aper ture  requirements i n  BS1, Q5I and BS2. 'Using both 

K 1  and K 2  improves the s i t u a t i o n  i n  t h i s  r e spec t ,  but not enough. This was the  

reason f o r  adding K3.  It may be seen t h a t  t he re  i s  an aper ture  problem, a t  

l e a s t  a t  Q51,  i n  a l l  four cases.  

This w i l l  make i t  
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Table. Beam dumping 

I 
Q 
2 - 

displacement Ay (mm) half aperture needed (mm) 
A4J /m BCm) K1 K2 K1+K2 K1+K2+K3 K1 K2 K1+K2 K1+K2+K3 

Q7 

BS2ou t 
BS2in 

06 

BSlin 
BSlout 

Q5 

D 

-0.24246 

-0.23188 
-0.18926 

-0.1799B 

-0.16485 
-0.12278 

-0.04618 

0. 

30.5482 

30.3126 
42.2882 

45.6164 

27.5673 
10.8666 

5.0031 

5.0157 

Kicker 3 

6.10 

8.24 
19.48 

22.27 

19.77 
16.07 

13.38 

13.42 

0.096 
7 
0.67 
40 

7 
0.67 

40, 6 

2.33 

4.51 
15.36 

18.10 

16.68 
14.49 

12.95 

13.42 

0.23 
3 
0.68 
91 

3.99 

6.15 
17.19 

19.95 

18.05 
15.20 

13.15 

13.45 

0.099 
7 
0.70 
46 

4 
0.40 

26x 60 
24, 6 

3 3 

0.68. 0.30 
36x40 36x52 
91, 31 22, 7.3 

3.64 

5.56 
15.20 

17.61 

11.85 
1.4.20 

12.86 

13.43 

22.68 18.91 

24.76 21.02 
38.99 34.87 

42.54 38.36 

35.52 32.43 
25.95 24.38 

20.10 19.66 

20.15 20.15 

20.57 

22.67 
36.70 

40.21 

33.80 
25.90 

19.86 

20.17 

20.16 

22.01 
32.21 

39.02 

31.86 
24.09 

19.57 

20.15 

0.082 

0.70 
8.5 

38 

4 
0.33 

17, 4 

3 

0.25 
36x52 
15, 5 

1.5 ' 

0.12 
. 21x74 
6.3, 4.2 


