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Abstract

Using 100 £V R.F. system, the beam loss due to transition crossing can be reduced
to 1% for the phase space a.rea..of 0.3ev- sec/amu. However the space charge effect would
increase the phase space area to lev . sec/amu after the transition energy. B;' using ~2
jump or < increase, the phase space area can be preserved to 0.3ev - sec/amu. To obtain
small bunch length at the collision energy, we study the bunch rotation scheme. We find
that the R.F. harmonic number should be less than 6 x 342 to obtain good efficiency and

larger than 4 x 342 to reach experimental requirement.
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I. INTRODUCTION

The R.F. system originally proposed for the Relativistic Heavy Ion Collider is operated
at R.F. frequence 26.74M Hz and peak voltage 1.2M V', which was dictated by the need to
provide sufficient longitudinal phase space area to accommodate the bunch area dilution
due to intrabeam scattering in the beam storage mode. During the acceleration period
the stable phase angle is sing, =JO.04 .

The longitudinal phase space area at injection is taken to be 0.3ev-sec/amu for heavy
ions. Around the transition region , the beam momentum spread is about £0.5%. The
time when the kinematic non-linear effect becomes important is much longer than the
non-adiabatic 4, crossing time '?, as listed in Table 1. Thus the kinematic non-linear

+79 jons.

effect dominates the entire transition region. Fig. 1 shows the «, crossing of !97Au
Even without considering the space charge effect, there is a T0% beam loss. Therefore

method of 4, jump or % increasing is needed to achieve a high transition energy crossing

-

efficiency.

According to the new R.F. scenario raised on this workshop, the R.F. parameters are
changed to V = 100kV and sin é, = 0.48 to maintzin the same acceleration rate. For
gold ions, the bucket areais 0.5 ev ~sec}a.m'u. at the injection energy of ¥+ = 13. The beam
momentum spread is 1.8 times smaller than that in the original 1.2MV peak voltage
scenario, while the non-adiabatic 7, crossing tim= is more than two times longer. The
beam passes through the transition energy with a much higher efficiency.

In Section II we shall present the result of «; crossing under the new R.F. scenario.
First we review briefly the equations of motion for the longitudinal space in the transition
energy region in Section IIa. The beam induced space charge effect is discussed in Section
IIb. In Section IIc we shall describ-. the treatment of using v; jump or ¥ increase.

It is suggested on the workshop that method of bunch rotation at top energy should
be used to achieve shorter bunches for experimental use. In Section III we shall explore

various bunch rotation scenarios using different R.F. rotation voltage and different high
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frequency R.F. system. The result is compared in Section I'V with the scheme of using high

frequency R.F. system by the time the beam crosses the transition energy, as progosed

by M. Brennan 3 on this workshop.

II. V = 100kV, sin$, =0.48 R.F. SYSTEM ON 4, CROSSING

A. Tracking Simulation and’Kinematic Mismatching Efect

The evolution of *TAu*™ ions in the longitudinal phase space is shown in Fig. 2.
Below transition energy the bunch is assumed to have a bi-gaussian distribution of phase

space area 0.3 ev - sec/amu. The motion of each individual particle in the longitudinal

phase space (¢, %fl) is described by the difference equations

Zef/,,,, ) .
bnp1 = On + m -{sing, —sind, )
Zev!.n : h?. .
+m - (sin(@2,5n + E.A(ﬁ") - sin ¢z ,n) -
+As.=(¢n) + AZ(¢H) (1)
27 (6n
¢"4+1 = ¢1\ + _-7-‘,(0_4.1) * 5ﬂ+l (2)

an -

where

v, = (1 — 82)~}, synchronous energy of the particle in moc? units

h, = harmonic number of the original acceleration R.F. system

hy = harmonic number of the high frequency R.F. system used for bunch rotation or
4. crossing programming
6 = _.‘.\._E_.'. — A

e == Ef%f'-, relative deviation of the particle energy

¢ = deviation of the particle R.F. phase from ¢, in the original R.F. phase space
Z = charge carried by the particle

A = atomic number of the particle

A, . = relative energy gain per turn due to the space charge field

Az = relative energy gain per turn due to coupling impedance
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n (subscript) = revolution number,

The kinematic non-linearity is included in equation (1,2) ,

Ap
Ta(8) = Mo(Tan) + 771(7.,n)—P—- + ... (3)
where
1 1 362, ay
Mo\ Yam) = =37 — 75 777..:\):'—,‘"—‘—-_,, 4
o{ ) Yo i, 1 2y, 2v% (4)
with a; as the expansion coefficient of the momentum compaction factor a, t.e.
a 1
a=ao(1+a1—£+...);ao=—:~, (5)
p i

where v, is the transition energy of the machine. The particles are tracked further on a

turn-by-turn basis to higher energy
eVin . ZeVan

. =Y, 2 sing,n 4+ ——=sinda,, - 6
7 N+l 7 s .4m0c2 ¢ y + Amgcz ¢ N ( )

If the line density A(¢) of the beam changes slowly ** within distance comparable to
the diameter of the vacuum chamber 2b ,i.e. -

2b 8A
X% <1, (1)

the space charge induced voltage effect, A, . (#,), can be represented by the mean feld

expression

CV;_;((ﬁ") = ZogoRocze . aA(¢ﬂ) (8)
Amec?y,  24meciy? gs '

where Zy = (€qc)™? = 377 (1), Ry is the average radius of curvature. gq is the geometric

Al.c.(¢n) =

factor, go =1+ 21n§ for a cylindrical geometry.
The voltage induced by the space charge V, . {®) is found by evaluating the derivative
of the density distribution function of the beam in the ¢ space **

Z*h%geZqce ) (N f(9))
2R,7? o '

where Ny is the total number of particles per bunch, Ny f(¢) is the number of particles

Vie(d) = (9)

per unit ¢ around ¢,. To study the effect of microwave instability, the bin length used in

the calculation should be of the order of the wave length of microwave cutoff, i.e., I, ~ &.
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The time scales relevant to the problem are the following:

1. g, revolution period;
2. Tum., Synchrotron oscillation period;

3. T.., nonlinear time, during which the 7; contributes more than 7,

Ay (sﬂf—al)'(%z)l-fm
Tt = = - . (10)

A
where (—p)g_s,is the half total momentum spread of the beam;
p

4. T., characteristic nonadiabatic time!
L

Amqgct 8 2x 3
= ity & a3 mat———————— d
% (Rgh 2% ZeVicosgi) "
5. Tin.., microwave instability growth timel. 11
g

With the new R.F. system, the total momentum spread of the beam is about 5;‘3 =
+0.25% by the time the bunch is near the transition energy. Comparing with the origi-
nal scenario, the non-linear time now becomes shorter than the characteristic time (see
Table 1),

To € Tht. < T < Ty, « (12)
From Fig. 2 we observe that few pa.r‘:iclés are spilled out of the bucket due to the kinematic
effect. Without considering the space charge contribution, 99% of the particles remain
inside the bucket after they cross the transition energy. The central “core” consists of .
about 95% beam. It has roughly the same 95% phase space area as before the +; crossing.

The “tail” beam will gradually wind up around the central “core” beam.
B. Effects of Beam Induced Space Charge

During the computer simulation 3600 representative particles are used for the study
of the beam induced space charge effect. The bin size used in the calculation is chosen
to be the vacuum pipe aperture of 0.072 m. Therefore space charge voltage contribution
from low frequency to microwave cutoff is included in the calculation. With an intensity

of 1.1 x 10° per bunch, the space charge gives an equivalent capacitive impedance of
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ity

~ 1.2 Q at transition energy. Contributions from the space charge and the kinematic
non-linearity are both included. The phase space diagrams corresponding to Fig.2 are
shown in Fig.3.

We observe that although the instability is expected to happen during the time T, .
after the beam crosses the transition energy’, the effect from the low frequency defocusing
space charge force combined with the kinematic non-linearity is dominant. From Fig.3¢
and the corresponding space charge voltage curve Fig.dc we notice that the negative space
charge voltage on the positive Ag side drives the two “tails”, one developed before and the
other after the central v,y crossing as shown in Fig.2¢, far away from the center. Although
the v crossing efficiency is still 98% , the phase space area is blown up. From Fig.3d we
see strong diffusion and filamentation in the longitudinal space. The macroscopic phase
space area after v, crossing is about lev - sec/amu.

To investigate the effect of space charge and impedance induced field, we perform the
calculation under several circumstances, as shown in Table 2. Fig.5 corresponds to the
case when the kinematic non-linearity is neglected, @; = 0, and when the space charge
capacitive impedance ;z‘- ~ 1.2 Q. We observe that the space charge force causes bunch
length mismatching. After the tramsition crossing the bunch tumbles in the longitudinal
space. The phase space area increases to about 0.6ev - sec/amu.

" Fig.6 shows the case where there is an inductive impedance 1%{ ~ 1.2 Q by the time
the beam crosses the transition energy. At the moment before the central 4, crossing —
the space charge voltage enhances the developing of the non-linear “tail”, as shown in
Fig.6b. The crossing efficiency is 97%. The phase space area after 7, crossing is about
lev - sec/amu. The transition energy crossing behaviour is very similar to that of the
capacitive impedance case (Fig.3).

¥ig.7 corresponds to the situation when the impedance is strong, a capacitive -f- ~
10 2. We observe that during the time T\n . after the central 'm.crossing the instability
d=velops. The original bunch breaks into many short bunches, as shown in Fig.75. The

instability and the kinematic non-linearity causes strong beam loss. After the beam is
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far away beyond the 7, the synchrotron oscillation motion diffuses the distribution, as
shown in Fig.7d. The crossing efficiency is 79%. Due to filamentation the beam will

gradually fill up the entire bucket.
C. v Jump Crossing Transition Energy

We assume that the quadrupbles are pulsed in a way that -, is jumped by Ay = 0.6
within 60ms by the time the beam crosses v,9. Effectively the beam passes the transition

energy region with an effective ¥ faster by a factor of 6. As shown in Table 1, in this case
To < Tﬂ.l. < Tc < Tﬂﬂ'l- . (13)

The kinematic non-linear effect and the space charge effect are both cured by such a fast
v crossing. The simulation of the «; jump process is shown in Fig.8. No beam loss and
essentially no phase space area blow up is observed. Instead of 4, jump, a ¥ increase by

using the available momentum aperture can similarly improve the crossing efficiency. ~-
III. BUNCH ROTATION SCENARIO & REQUIREMENTS
A. Bunch Rotation at Collision Energy

The bunched beam of particles is accelerated by the R.F. system of peak voltage of
Vi = 100kV, harmonic number of A = 342 to the top collision energy. The method of
bunch rotatica can be applied to squeeze and rotate the bunch to a shorter bunch length.
A high frequency R.F. system is snapped on at this moment to recapture the bunch in
the new R.F. bucket. The b;am thus has a much shorter bunch length for experimental
use.

The R.F. voltage is adiabatically decreased froma ¥; = 100kV to a lower voliage
Vz. From Fig.9b we notice that V3 = 50kV provides enough phase space area for the

lev - sec/amu beam. The bunch is vertically compressed {o have a smaller momentum

spread (9;,2) and a longer bunch length A¢. A voltage V3 of the same R.F. frequency
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is applied to rotate the bunch for a time period of about | synchrotron oscillation. As
shown in Fig.9¢c, the bunch length becomes very short. The other R.F. system with new
harmonic number h,, peak voltage V. is snapped on at this time.

Hence, the requirements for the bunch rotation are:

1. V» should not be too szn/a.ll, it.e. the bunch should not be squeezed too much.
Otherwise the “tail” particles suffer too much from the non-linear R.F. rotation;
2. the bunch length after the rotation of ; synchrotron oscillation period under voltage

Va should be short enough for the high frequency R.F. bucket, i.e.

27h
Ay < _I_f.; (14)
hy

3. the minimum voltage Vs for the bunch rotation is decided by the momentum spread

after the compression (i‘f)z and the required bunch length Aga,

2 2 (é?.) z * :
Vo _ 2myhln. Bl Amec® ({5 ) (15)
3, min. Z‘ coS ¢,l A¢3 .

A higher V; gives a more linear rotation and thus improves the efficiency;
4. the high frequency R.F. syste;n with harmonic number h; should have a peak
voltage
Vi~ ':—:Va : (16) .
The voltage Vs, Vi and the synchrotron oscillation frequency 2, depend on the re-
quired fop energy vip. For a specific k2, both V3 and Q, are proportional to the quantity
\/%T‘ In Fig.10 the quantity \/T—:?fl is plotted as a function of the top energy ¥,,,. Fig.10

implies that betwsen i, =30 and vp =100 the bunch rotation scenario is appliable.

B. Results For *"Aut™ Ions

+79

Bunch rotation simulation is done for the *7Au*" ions with various beam populated

phase space area, rotation voltage V3 and harmonic number h;. In the simulation for
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the beam of phase space area of lev - sec/amu and 0.5ev - sec/amu , the voltage is first
decreased from V; =100kV to V; = 50kV in 50ms and from V; =100kV to V; = 15kV in
100ms respectively. Then the R.F. voltage is increased to f’; in half milli-second. Two
schemes are investigated, Va = 300kV and V4 = 500kV. The voltage is kept at Vi for
12ms and 8ms respectively. After this time period the high {requency R.F. system with
Vi, A is snapped on in half milli-second. By the same time the 2; = 342 R.F. system is
turned off. This procedure can be applied for various collision energy from 7., =30 to
“Yiop =100.

Fig.11 shows the longitudinal phase space diagrams after the recapture for V3 =500V
and ks =1T10, 2052 and 2736 respectively at v, =30. The R.F. voltage is Vi=2.5MV,
3MYV and 4MV respectively. The beam populated phase spa.cé area is assumed ic be
lev - sec/amu before t1_1e bL}nch rotation, as shown in Fig.9a.

Fig.12 shows the téta.l efficiency of the bunch rotation process for v, =30. The
Vi =500kV scheme improves upon the ¥3 =300kV one by reducing the bunch length A4, )
and by reducing the non-linear R.F. rotation. In either scheme, the bunch of lev-sec/amu
is too wide for the A; =2736 bucket. Either the beam phase space area should be reduced
or the ; be decreased to achieve a bunch rotation efficiency above 95%. At ;. =30 the
effect due to the beam induced space charge field is within 1%. The result for v, =100
is the same as the one for 7., =30, as shown in Fig.12, except that the space charge
effect is negligible.

In Fig.13 we plot the achievable R.M.S. bunch leagth oy as a function of the harmonic
number k4 for the phase space area before the rotation, lev-sec/amu and 0.5ev - sec/amu
respectively. The R.F. peak voltage is assume to be 1.2MV for A = 342 and 15MV for
ke = 8 x 342. The larger the R;, the higher the voitage. For the top energy phase space
area of lev- sec/amnu, the experimental requirement of ¢; ~ 0.2 m implies that h; should
be‘ larger-than 4x342. However to achieve a rotation efficiency of above 95%, k, should
not be larger than 6x342. The requirement on short bunch length compromises with the

rotation efficiency to a range of hy from 4x342 to 6x342. If 4, jump or other methods
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are employed to ensure that the top energy phase space area is within 0.5ev - sec/armu,

this range can be extended to from 3x342 to 8x342.

IV. COMPARISON WITH SCENARIO OF TRANSFERING
TO HIGH FREQUENCY R.F. SYSTEM DURING 4, CROSSING

We shall compare the scenarfio described in Section II and III with the one of trans-
fering to the high frequency R.F. system during the transition energy crossing time, as
being discussed in Ref.3. Because the bunched beam has a relatively short bunch length
by the time it crosses the transition energy, it is possibie to program the R.F. systems
such that the beam is recaptured in the high frequency R.F. bucket after it crosses the
transition energy. Thereafter the beam is accelerated to the collision energy by the high
frequency R.F. system. <

Simulation is done’ by adiabatically turn.on the high frequency R.F. system with
ha.ljmc;nic number h;. The pezk vqltage of this system is gl;a.dually increased from 0 to
%‘f x 100(kV") in about lsec. after the center of the bunch crosses 7, The phase space
area below transition energy is assumed to be 0.3ev - sec/amu. A non-linear a; = —0.6
is again assumed. In Fig.14 the efficiency is plotted as a function of k;. Note that the

bucket provided by the h; =2736 R.F. system is too narrow for the beam phase space

area of 0.3ev - sec/amu.
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TABLES

Table 1. — Characteristic non-adiabatic 7, crossing time T, and non-linear time T,

.

T. Tha. 95% phase space | Survival
(ms) | (ma) | area (ev : sec/amu) rate
Original y
V =1.2MV,sing, =0.04| 26 63 30%°
scenario (Fig.1)
V =1.2MV,sin¢, = 0.04
with 7, jump 11| 5 0.3° 100%¢
A, = 0.6 in 30ms
» 0.3° 99.1%°
Naw (Fxg2)
V = 100kV,sing, =0.48 | 57 | 36 1.5 97.9%"
scenario (Fig.3)
0.3¢ 100%°
V = 100kV,sin ¢, = 0.48
with v, jump 31 6 0.3° 100%"°
A~,=0.6 in 60ms (Fig.8)

Calculation is performed for 1°7Au*" jons of 1.1x10? per bunch. 7, = 25.44. The initial

phase space area is assumed to be 0.3ev : sec/amu.

a) Calculation is done without considering the space charge induced fields.
b) Space chsrge effect is included in the calculation. The bin size is chosen to be the
vacuum pipe aperture of 0.0672m. f ~ 1.2 £2. Calculation is done with 3600 representative

particles and by using the three-point formula®.
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Table 2. - Spac= charge and impedance induced effect

space charge £ =1.2Q
a3 = -0.5 ’

95% phase space | survival Features
area [ev - sec/amu) rate
No space charge ) Non-linear “taii”
no impedance 0.3 99% and filamentation
ay = ~0.5 (Fig.2)
| Space charge = =1.2Q| bunch leagth
a; = 0.6 100% mismatching
and tumbling (Fig.3)
Space charge £ = 1.2Q non-linear *tail”
a; = —0.6 1 e8% tumbling and
diffusion (Fig.3)
Inductive ]:‘;ri =1.20 non-linear *tail”
a, = —0.8 1 e7T% tumbling aad
diffusion (Fig.5)
Capacitive £ = 10Q microwave
ay =~0.5 1~2 79% instability and
‘ ’ diffusion {Fig.T)
Ye jump .
Av,=0.5 in 60ms 0.3 100% “clean” crossing

(Fig.8)

V=

25.44. The iniiial phase space area is assumed io be 0.3ev - sec/amu. For the space
charge and impedance calculation, the bin size is chosen to be the vacuum pipe aperiure

of 0.072m. £ ~ 1.2 Q. Calculation is performed with 3600 representative particles and

100%Y; sing, =

by using the ihres-point formula®.
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FIGURE CAPTIONS

Fig. 1. The transition energy crossing with the V =1.2MV, A =342 R.F. system.
sin ¢, =0.04. Spa.;:e charge effect is not considered. Efficiency is 30%.

Fig. 2. The transition energy crossing with the V =100kV, & =342 R.F. system.
sin ¢, =0.48. Space charge effect is not considered. Efficiency is 99.1%.

Fig. 3. The transition cnergy/ crossing with the 1 =100V, A =342 R.F. system.
sin ¢, =0.48. Space charge effect is considered. The space charge impedance f = 1.202.
Efficiency is 97.9%. The phase space area is estimated to be lev - sec/amu after the +,
crossing.

Fig. 4. The space charge voltage curve corresponding to Fig.3. The maximum vertical
scale corresponds to the acceleration voltage of V - sin ¢,.

Fig. 5. The transition energy crossing with the V =100kV, h =342 R.F. system.
sin @, =0.48. Only the space charge effect is considered. The space charge impedance
f = 1.2Q. Efficiency is 100%. The phase space area is estimated to be 0.6ev ?aec/a.m:ﬁ
af}.er the -, crossing.

Fig. 6. The transition energy crossing with the V =100kV, A =342 R.F. system.
sin ¢, =0.48. A total inductive imped;ncc of Ifl = 1.202 is assumed. Effidency is $6.8%.
The phase space area is estimated to be lev - sec/amu after the v, crossing.

Fig. 7. The transition energy crossing with the ¥V =100kV, A =342 R.F. system. -
sing, =0.48. A total capacitive impedance of f— = 109 is assumed. Efficiency is 79.2%.
The phase space area is estimated to be 1~2 ev - sec/amu after the 4, crossing.

Fig. 8. The transition energy crossing with the ¥V =100kV, A =342 R.F. system.
sing, =0.48. The machine v, is jumped by A4, =0.6 in 60ms. Space charge effect
is considered. The space charge impedance f = 1.2Q. Efficiency is 100%. No phase

space area blow up is observed.

Fig. 9. Bunch rotation at top energy ¥ip =30 . The phase space area is lev - sec/amu.

Vi =100&V, V2 =50kV and V3 =500kV. The harmonic number is &, =342.
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Fig. 10. \/@ as a function of v,

Fig. 11. Bunch rotation recapture at top energy of 7., =30 . The space charge effect is
considered. h; =1710, 2052 and 2736 respectively. The phase space area is lev-sec/amu.
7, =100V, V; =50kV, V3 =500kV, h, =342.

Fig. 12. Bunch rotation efficiency at top energy of 7., =30 under variour V3, &, and
phase space area. ’

Fig. 13. R.M.S. bunch length oy as a function of A, for different top energy phase space
area.

Fig. 14. Efficiency of the scheme of transfering to the high frequency R.F. system during
the v, crossing. h, =1710, 2052 and 2736 1espectively. The phase space area below

transition energy is 0.3ev - sec/amu. Space charge effect is not consider=d.
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