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Abstract

During low energy operations below the regular injectio
energy in the Relativistic Heavy lon Collider RHIC, signif- = ~ The Phases of QCD
icant beam lifetime reductions due to the beam-beam i '
teraction in conjunction with large space charge tuneshi
have been observed. We report on dedicated experime
aimed at understanding this phenomenon as well as preli
inary simulation results, and propose alternative workin
points to improve the beam lifetime in future low energ
RHIC runs.

INTRODUCTION

One of the major physics programs at RHIC for thg
next 5-10 years is the search for the critical point in th
QCD phase diagram (Fig.1), which is expected to og
cur at center-of-mass energies in the rangg/Bkn =

5 — 30 GeV/n. This requires colliding gold beams with PSRRI
energies between 2.5 and 15 GeV/nucleon, which is we Ao = ELAL
below the nominal energy range of 10-100 GeV/n in RHIQRIT LS =

(Fig. 2). In conjunction with the circumference of 3.8 km, Ly - L
this low energy results in a significant direct space chard SRS UL
tune shift up taAQs. = 0.1, which is more than ten times

L‘;:gg;;[:g dth;u:iztsl I:v?/a;s%?/mogearr:ﬂr:])ﬁr]n_b?;peri!:igure 1: The QCD phase diagra}m. A lower center—pf—mass

ments with large beam-beam parameter comp.arable Wiﬁqe.rgy\/m cqr'respor?ds'to a higher baryon-chemlcal po-

; . ential. The critical point is expected to be in the energy

the space charge tune shift were performed using protopgn e betweer/sxy — 5 and30 GeV

and are reported elsewhere [2]. Table 1 lists space charge g NN '

and beam-beam parameters achieved in RHIC for differ-

ent Au beam energies. However, in spite of the large dif-

ference in magnitude of these two effects, and the similar

functional dependence of the associated forces on trans-

verse particle coordinates, we have observed a significd

deterioration of beam lifetimes once beams are brought

collision. ;
To gain a better understanding of this phenomenon, WERESERS

have performed a series of beam experiments, and de

oped a simulation code. In the following sections, we deSise 5

scribe our experimental observations during regular low e = fﬁ‘«’".

ergy operations with Au ions as well as those dedicated A

beam experiments. Furthermore, we report on first resuls

obtained from simulations.

EXPERIMENTAL OBSERVATIONS

When RHIC was operated at a beam energyFof=
3.85GeV/n, a tune scan was performed to maximize th
beam lifetime. Starting at the regular RHIC heavy io
working point of (Q./Q,) = (28.23/29.22), the tunes

ieiigure 2: Aerial view of the RHIC accelerator complex,
Rwith its two 3.8 km circumference storage rings “Blue” and
“Yellow”.
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E [G eV/n] AQSC gbeam—beam T [Sec] WCM bunched beam by bucket

0.8 0.03 0 2000 Wa

9.8 0.03 0.002 600 Cw TR

5.75 0.05 0 1600 Tod | HISEHES

5.75 0.05 0.0015 400 ‘

5.75 0.09 0 700 Fa

5.75 0.09 0.0027 260 2.0 |l

3.85 0.11 0 70 o '} i
3.85 0.08 0.003 70 o n

Table 1: Beam lifetimeg with and without collisions

at different energies in RHIC, with the corresponding-igure 4: Intensities of individual bunches in the Yellow
space charge tune shiffsQ,. and beam-beam parametersing, atE = 3.85 GeV /n beam energy. Collisions start at
Ebeam—beam - 10:14, resulting in a sudden lifetime decrease.
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Figure 5: Total beam intensity in the two RHIC rings dur-
ing injection, without any transverse separation of the two
Figure 3: Beam intensities (middle plot) in the Blue and*®ams. After the Yellow ring has been filled, Blue is being
Yellow RHIC rings during a tune scan &t= 5.75 GeV/n  injected, resulting in a gradual decrease of the Yellow beam
beam energy. The Yellow tunes are shown in the top part #fetime due to the beam-beam interaction.

the plot, the Blue tunes in the bottom third. The best Blue

lifetime is achi ki intd},/Q,) = . .
?2652717/'2’3;”1“6? is achieved ata working point(f../ Q, ) the Yellow bunch intensity at this time is only about half

the initial value, which reduces the space charge tune shift

by the same factor of 2, this lifetime deterioration cannot
were lowered and the beam lifetime in collision was obSIMPly be explained by the total tune shift, i.e. the sum
served, see Fig.3. This resulted in a new working poirftf Space charge and beam-beam tune shift. Moreover, a
of (Q./Q,) = (28.17/29.16); during the course of the significant begm-begm effect is observe_:d f(_)r bunches with
run this was further lowered t28.13/29.12). This latest Much smaller intensity, as can be seen in Fig. 4.
working point was subsequently usedrat= 5.75 GeV /n As a second example, we discuss the evolution of the
as well. total intensity of the Yellow beam af = 5.75 GeV/n

During the course of the run a strong effect of beam\l\lh”e the Blue ring is being filled, F|g5 In this case,

beam interactions on the lifetime of the space charge doriere is no transverse separation of the two beams during
inated beams was consistently observed, as illustrated it injection process, so the injection of each individual
Figs.4 to 6. Fig.4 shows the intensity of individualBlue bunch results in a Yellow bunch starting to experience
bunches in the Yellow RHIC ring at a beam energy obeam-beam collisions. As a result, the total Yellow beam
E = 3.85 GeV/n. While the initial intensity drops rather lifetime slowly deteriorates the more bunches undergo col-
quickly for the first couple of minutes while beams ardisions with the newly injected Blue bunches.
not colliding, there is a sudden, sharp decrease in beamFinally, we focus on the beam decay rate at the end of
lifetime to roughly the same level as at the beginning o& Au store withE = 5.75GeV/n beam energy, Fig.6.
the store as soon as the two beams begin colliding. Singéhen the beam-beam force on the Blue beam disappears
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Figure 6: Beam decay rates during several Au beam stor
at5.75 GeV /n beam energy. The Blue beam decay rate im
proves dramatically as soon as the Yellow beam is dumpt ol _ _
at the end of each store (see insert). Note that the alg Dt
rithm to calculate the beam decay rate from the measured

beam intensity has a time constant of 20 seconds. Hence,

the actual drop in instantaneous beam decay is even mdrgure 7: Beam intensities in the two RHIC rings dur-
dramatic than suggested in this picture. ing a beam experiment at regular injection energy £
9.8 GeV/n), at the regular RHIC heavy ion working point

of (Q/Qy) = (28.23/29.22). The beams are broughtinto
due to dumping of the oncoming Yellow beam, its decagollision shortly after injection, resulting in significelife-
rate improves dramatically. time decrease.
Based on the operational experience and the desire to im-
prove beam lifetimes and therefore integrated luminasitie
in future RHIC low energy runs, a dedicated beam expe X—

collisions

iment aimed at searching for a better working point wa *
performed. Since the spacing of nonlinear resonances
largest in the vicinity of the integer resonance, fractioneg
tunes below).1 were proposed as the most promising canz «
didates. These studies were performed at the regular RH £
injection energy 00.8 GeV/n, with a space charge tune
shift of AQs. = 0.03 and a beam-beam tuneshift parame
ter of épeam—beam = 0.002.

As already observed during low energy operations, th '
beam lifetime deteriorated substantially when the twi o
beams were brought into collision at the regular RHIC " 0 o s
working point of (Q./Q,) = (28.23/29.22), Fig.7.

However, when the experiment was repeated at a near- ] o

integer working point of(Q,/Q,) = (28.08/29.09) in Figure 8 Beam |ntgn5|tle§ in RHIC & = 9.8 GeV /n, at
Yellow and(Q, /Q,,) = (28.08/29.07) in Blue, there was & Near-integerworking point ¢0).,/Q, ) = (28.08/29.09)
no discernable effect on the Blue lifetime, while the Yeld" Yellow and(Q./@Q,) = (28.08/29.07) in Blue. When

low lifetime still deteriorated somewhat when beams werB&2ms are broughtinto collision, the lifetime of the Yellow
brought into collision, as shown in Fig. 8. beam suffers, while the Blue beam is unaffected.

The cause of the different behavior in the two rings is not

yet understood. It may be attributable to parameters S“%'&ch of the two RHIC interaction points &f.am__t _
as chromaticity, coupling control, or the different worin , )3 ysing these parameters, tune scans as well as a fre-

point above the diagonal, which may have been less thafye oy map analysis at a fixed working point was applied.
optimal in the Yellow ring during the experiment. How-

ever, this result is very encouraging for future low energyhe mode
operations, though the space charge tune shift during this

injection energy experiment was a factor 2 to 3 smaller than Space charge simulations are usually very CPU-time
at the lower energies. consuming because of frequent re-calculations of the par-

ticle distribution and the associated electromagnetiddiel
In the particular problem studied here, however, we can
SIMULATIONS take advantage of the fact that the evolution of the parti-

To investigate the root cause of the lifetime deterioraele distribution is comparatively slow. This is indicated b
tion we performed tracking simulations with a space chargbe beam lifetime of several minutes to tens of minutes.
tune shift of AQs. = 0.06 and a beam-beam parameter inTypical simulations track particles only over a number of
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Inte




turns that corresponds to seconds of real time, so we can °! P ———
safely assume that the distribution of our test particlessdo o peambeam
not change appreciably over the course of the simulation. % 1
This approach, which is equivalent to the weak-strong sim- ]

ulation technique applied in humerical beam-beam stud- o[

ies, significantly speeds up the computation. In addition |
no artificial noise is introduced into the simulation by theZ oo l } } ] T
finite number of particles, since re-calculating the elec< | } } ] L]
tromagnetic fields from the actual particle distribution is oo ! ]

avoided. Instead, we assume that the distribution remains ‘
Gaussian during the entire simulation process. The RMS o} 1
width of this Gaussian distribution is calculated from the

beam emittance and the qu&lfunction, inCIUding the dy_ 006 28“08 2$‘1 28‘412 28‘,14 28‘416 28“18 2$‘2 28‘422 28‘,24 28.26
namic g-beat introduced by the space charge and beam- Qx=Qy+00L

beam forces around the machine. The accelerator model

is based on the RHIC lattice as described in MAD. So fa

no lattice non-linearities except the chromaticity cotimt . ) . . ¢ dt
sextupoles and the sextupole error in the main dipoles h%_lgn of tune, with the working pointQ./Qy) chosen such
been included. Particles are tracked element-by-elemen :ato =@ — 0.0L.

and space charge kicks are applied at every quadrupole

around the machine. Two beam-beam interaction poin{gith and without beam-beam interaction. Fur this purpose
are included in IPs 6 and 8. Synchrotron oscnlatlo_ns a&e track a single test particle ovel turns and apply fast
included, and the modulation of the space charge kick dy,rier transforms to calculate the horizontal and velrtica
to the resulting longitudinal position oscillations is éak tunes(Qq.1/Qy.1) and(Qq.2/Qy.2) for the first and sec-
Into account. ond2®3 turns. To increase the tune resolution we apply an
interpolation technique [5].

%igure 9: 4-D emittance growth ratg' 1 = 1 4¢ as a func-

Results The tune diffusion is measured as
To study the emittance growth as a function of tune, we
launch 1000 particles with a Gaussian distributioninallsi  |AQ| = \/IQ;E.1 — Qual?+|Qya — Qyal?. ©)

phase space coordinates and track them over 20000 turns.
At the end of each tura we calculate the 4-D transverseThe resulting tune footprint and tune diffusion is plotted

emittance in Fig. 10. While the tune footprint overlaps the coupling
1 resonance), = @, with as well as without beam-beam

(xz)  (z2’) (zy) (zy) | interaction, the presence of the beam-beam force signifi-

(i) = o'z} (a'a’) {aly) @y | (1) cantly enhances the tune diffusion around that resonance.

y') Plotting the same data in the amplitude space, Fig.11,

o . reveals that this enhanced tune diffusion occurs for am-
where (- - ) indicates the average over all particles. Th%litudes (A, A,) in the regionos, < A, < 20, and
emittance growth rate 9% < A <3”’4Jy * v v

1 de As shown above, the largest tune diffusion occurs around
== (2) the coupling resonance. This behavior suggests that it
might be beneficial to increase the tune split between the
is then computed as a function of tune by a linear fit to thisvo planes, thus selecting a working point further away
4-D emittance evolution. from the coupling resonance. To study this hypothesis, we
For the initial tune scan, depicted in Fig. 9, we varied th@erformed a tune scan wit}, = @, — 0.02 and deter-
tunes in steps oAQ,,, = 0.01, with @, = @, — 0.01. mined the 4-D emittance growth rates. As shown in Fig. 12
In the absence of the beam-beam interaction, the 4-D em#hows, the effect of the beam-beam interaction on the emit-
tance growth rate at fractional tunes below 0.2 is signiftance growth rate is significantly reduced.
icantly lower than above, which qualitatively agrees with This observation is supported by the results of a fre-
experimental observations. Once beam-beam interactionsency map analysis for the working poif@./Q,) =
are added the emittance growth rate increases over most(28.14/29.12) (Figs. 13 and 14), which shows little effect
the tune range; however, the resulting growth rate is, withiof the beam-beam interaction on tune diffusion.
error bars, independent of tune. While this result is certainly very encouraging in terms
To determine the tune footprint and tune diffusion fre-of improving the machine performance, it is worthwhile
guency map analysis [3, 4] was applied at a fixed workrepeating that our model so far does not include any mag-
ing point of (Q./Qy) = (28.13/29.12) for the two cases net nonlinearities beyond sextupoles, which may lead to in-
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creased tune diffusion around the associated nonlinear res

onances in the presence of the beam-beam interaction. A_x[sigma_x]

SUMMARY Figure 11: Tune diffusion in the amplitude space, as ob-
We have studied the effects of beam-beam interactiotained from the frequency map analysis at a nominal work-
in colliding beams with large direct space charge paraning point of (Q,/Q,) = (28.13/29.12), without (top) and
eters up toAQ,. = 0.1 both experimentally as through with (bottom) beam-beam interaction.
simulations. During RHIC low energy operations as well
as dedicated experiments we have consistently observed a
strong effect of the beam-beam interaction on the lifetimgomparably modest.
of the stored beam, though the associated beam-beam paThough a quantitative comparison of our simulation re-
rameter was about an order of magnitude smaller than tisalts with experimental observations in RHIC is difficult
space charge tune shift. due to the lack of effects such as intrabeam scattering in the
To provide maximum tune space between nonlinear restmulation code, the tracking model presented here gualita
onances, we have operated RHIC at a near-integer wortksely reproduces the main experimental result, namely the
ing point. In this case, we observed no discernable lifestrong effect of the beam-beam interaction in the presence
time reduction in the Blue ring, while Yellow still suffered of a large space charge tune shift. Based on these simula-
The root cause of this difference between the two rings iBon results, an alternative working point further awaynfro
still unknown, and may be related to parameters such #se coupling resonanag, = @,, which appears to be the
chromaticity and coupling control or the particular work-main source of emittance growth in our simulations, may
ing point during the experiment. However, this result ide beneficial. However, it is of utmost importance to re-
very encouraging for future low energy runs, though theeat these simulations after higher-order multipole arror
corresponding space charge tune shifddj,. = 0.03was have been added to the tracking model, which may lead to



with beam-beam ——
without beam-beam -~

0.06 41

tau”-1 [sec™-1]
o
)
R
T

0.02 |-

!
Hih

1 1 1 1 1 1 1 1
28.1 28.12 28.14 28.16 28.18 28.2 28.22 28.24
Q_x=Q_y+0.02

-0.02
28.08 28.26

Figure 12: 4-D emittance growth rate’1 = lﬁ as a
function of tune, with the working poir{@m/Qy) chosen
at an increased tune split with, = Q, — 0.02.
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Figure 14: Tune diffusion in the amplitude space, as ob-
tained from the frequency map analysis at a nominal work-
ing point with increased tune split between the two planes,
(Q=/Qy) = (28.14/29.12), without (top) and with (bot-
tom) beam-beam interaction.

a further reduction of the usable tune space.
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