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I. Overview
Schematic layout of the RHIC and the injector complex.
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Intensity dependent mechanisms in RHIC:

e Intra-beam scattering

— dominant for heavy ion beam at collision (Z*/A?)

— predicted to produce 40% beam loss in 10 hours

— luminosity improvement by more frequent re-filling,
beam cooling, etc.

e Transition crossing

— first superconducting machine to cross transition

— slow magnet ramping, combined chromatic effect &
intensity effects

— a transition jump is necessary

e Beam-beam effects

— moderate for gold operation (£ ~ 0.001 per IP)

— zero crossing angle for nominal 60-bunch operations

e Instabilities

— susceptible to microwave instability at transition

— transverse & longitudinal dampers for coupled bunch
instabilities

— electron cloud effect insignificant for nominal 60-
bunch operation



Luminosity reduction caused by intrabeam scattering during a 10-

hour store for a crossing point with a 8* of 1 m and 2 m, respectively.
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Effects of chromatic nonlinearities and self fields at transition.
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Major Parameters for the Collider.

Kinetic Ener., Inj.-Top, Au 10.8-100 GeV/u
(each beam),  protons 28.3-250  GeV

No. of bunches/ring 60

Circumference 3833.845 m

Number of crossing points 6

B3*, injection, H/V 10 m

B*, low-beta insertion, H/V 1 m

Betatron tunes, H/V 28.18/29.18

Transition energy, yr 22.89

Magnetic rigidity, injection  97.5 T-m
top energy 839.5 T-m

Bending radius, arc dipole  242.781 m
Coil i.d. arc magnets 8 cm
Coil i.d. triplet magnets = 13 cm
Acceleration RF harmonic 360

Storage RF harmonic 2520




II. Intra-beam Scattering

(qualitative understanding & quantitative treat-
ment)

Beam rest frame Hamiltonian

rotat l'ns fr.m

r.
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in terms of dispersion and betatron motion

1_72Fz
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e Below transition (positive mass regime):

— The system is conserved ( “thermal equilibrium” ex-
ists) only if the machine lattice is uniform (artificial)

— In_general, the beam sees a time dependent poten-
tial, modulated by the lattice frequency. The beam
structure absorbs “phonon” and heats up.

— IBS behaves as a mixture of thermal equalization
and temperature (emittance) growth

e Above transition (negative mass regime):

— The Hamiltonian is not bounded.

— Beam emittances (temperature) grow in both the
longitudinal and transverse directions.
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e Below transition:

— asymptotic state: equal velocity in the beam rest
frame

(=~ v <o

— “optimum” operating point

e Above transition:

— intensionally coupling horizontal and vertical motion
to confine horizontal emittance growth

— asymptotic state:

Vndoz) = (Dy)o,, 7> r

n. = 1 (uncoupled); 2 (fully coupled)
- np = 1 (bunched); 2 (coasting)

op dt | _ Z'N mrgmaoc’Le il = 4l (7)
1 do, A? 16v7eq€,S |

— d/n.

| o dt | | J

d = D,o,/(c%+ Dgaf,)l/z <1



Intra-beam scattering scaling laws

(one-line formula with confidence within a factor of 2)

e Gaussian distribution in all dimensions
e Coulomb logarithm Ly > 1

e D,/B%? is near constant

[ 1 do, |
;p‘jit—p | ny(1 — d?)
4N 2 2
1d - . Z*N romgc Lc .
| T A Sjegs W) a2+ d (6)
1 doy 9
Sl —b2/2
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e proportional to Z*/A?

e linearly proportional to 6-D phase space density
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Fokker-Planck approach and IBS beam loss

¢ non-Gaussian distribution
e evaluation of beam loss through boundary
=

e Fokker-Planck approach in the longitudinal direction

e using action-angle variable, derive a 1-D transport equa-
tion for the evolution os the density function W(J)




1. Fokker-Planck Eq. in action variable

Distributioh function:

‘I’T,L(z7 :B', Y, yl’ Q, J; t) = pH(xa :L"; t)pV(y, y’; t)‘I’L(Q, J; t)

Fokker-Planck equation:

ot ~ Oz#

?_gé — 0 ) (Az“)C,T +_]; & ¥ (Az“Az”)C,T
At 28zhozv | * At

p,v=Q,J

o Average.over collision events ( )¢
o Average over all transverse variables ( )r

o Average over syn. osc. angle ( )o

correlation syn. osc. IBS relaxation
: < : < :
time period time




Simplified F-P equation:
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Evolution of density distribution ¥(J ) (IBS):
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'Rutherfold scattering in the rest frame

Lorentz transformation:

'Y Be (syn. \Snrticle)

)4 |

Al

Relative velocity between 1 (test particle) and 2
(media):

A 2
lu| = ﬂCJ (—1;’1 - éfz__) +92 () — =5)* + 72 (v — 1)°

Motion in the rest frame is non-relativistic.



Coulomb scattering cross section:

q4e4
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o Average over collision events ( )¢
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o Average over all transverse variables { )r.

Assuming transverse distributions are time-varying Gaussians:
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F-P coefficients in accessible forms:

oW

FU) = [22 [ldq 3;[‘ (@.7) /’
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For round beam with Bz, + azz, ~ 0:
Ir()) = 2a’sgn(A)x {1 — v/x|Ale¥ [1 — (M)}
Ip(A) = ax{va(1+2X%)e¥ [1 - &(N)] — 2|A]}

®: error function

Dispersion z,, effectively increases the horizontal

beam size, thus decreasing the growth rate:

X =exp |~ |-
_ Tz4G




‘Comparison With previous growth -rate
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IBS compensation with beam cooling_

e Stochastic cooling:

— feasible with a cooling system of 4 — 8 GHz band-

width

— present experiments with bunched beam experience
large coherent signal suspected to be caused by in-

stability

e Electron cooling:

— needs separate electron storage ring for electron damp-

ing
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Ny, Lee, Colestown
et.al,
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III. Transition Crossing

Non-adiabatic regime formalism

- e transition crossing is often the “bottle neck” during
acceleration

~ @ analysis is complicated by the non-adiabatic nature of
the motion

e chromatic nonlinearity (Johnsen effect), self-field mis-

match, microwave instability enhance each other

¢ = longitudinal amplitude function 3y

1
mESiy
geV'| cos ¢s|yhw?

~ X 40 mg

T, = (
Synchrotron frequency:
Q, = kB;!
Maximum excursions in ¢ and W':
¢ =2y, W =\28.J

G4 = 0.52 (S/kT,)"/*
&5 = 0.71hw, (KT,S)"? | E,32.
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+ Longitudinal amplitude function Gy
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Johnsen effect
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'R &cﬂon-ang-je variables
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2.

mismatch due to self <{ields

+ veactive Coupling
- [ J

H o= ne v B (ad-ae)
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Microwave instability

e microwave instability threshold scales with %3

e Vlasov equation exactly solvable for a parabolic bunched
beam

e unstable time 7,,,, around transition:

me ~ 1.37 (D“ — 1) Tc

4hf'Z||/n
Dy =~ %)
9V | cos ¢s| 05

> 1 (8)
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* broad-band resictive Umpedance
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coupling.
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Transitiond'mmp

e transition jump is the only ways for RHIC to cross tran-
sition without loss

o first-order jump scheme developed using pulsed quadrupole
correctors Pegss Tepikian, Trbojeve

e without further enhancing nonlinear factor o,
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IV. Summary

e Intra-beam scattering is the leading mecha-
nism of luminosity degradation, emittance growth
and beam loss for RHIC. The effect can be
compensated by larger RF voltage, quicker re-
filling, and ultimately beam cooling

e Transition crossing in a slow-ramping ring is
complicated by chromatic nonlinear effect, beam
self-field mismatch, and microwave instability.
The effect can be compensated by a first-order
transition jump

e Theoretical predictions are to be confirmed by
real machine performance in the coming year



