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Abstract

To �ll the RHIC rings, bunches are stored for up to several minutes at the injection energy

before acceleration starts. A bunch length increase during this time may lead to particle loss during

transition crossing and rebucketing into storage buckets. Transverse beam growth during this time

will ultimately decrease the attainable luminosity. The measurement, understanding and possible

limitation of beam growth at injection is therefore desirable. Measurements of longitudinal and

transverse growth are presented for gold beams. Comparisons with computations of intrabeam growth

times are shown.

1 Introduction

Several minutes are needed to �ll both RHIC rings. Some bunches are stored for this
entire time at the injection energy before acceleration starts. During this time the beam
can grow both longitudinally and transversely.

An increase in bunch length, and a corresponding increase in the longitudinal emit-
tance, may be induced by rf noise or intrabeam scattering. The latter is particularly
severe for high-charge particles like fully stripped gold ions. Earlier computations yielded
longitudinal beam growth rates from intrabeam scattering of a few minutes [1, 2]. An
increase in the longitudinal emittance may lead to particle loss during transition. Parti-
cles with large momentum deviations also experience stronger tune modulation in case of
non-zero chromaticities. Tune modulation in conjunction with nonlinear magnetic �elds
can limit the beam life time [3]. Furthermore, when bunches become too long they cannot
be transferred into the buckets of the storage rf system.

E�ects that can contribute to transverse beam growth include nonlinear magnetic
�elds, tune ripple, rest gas scattering, and space charge. Transverse emittance growth
reduces the luminosity that can be achieved with the �ll.

In the following we present beam growth observations for gold beam at injection made
during the RHIC Run 2000. For this run a lattice was used with �� = 8 m at the 6
o'clock and 10 o'clock interaction points and �� = 3 m at all other interaction points.
Basic machine parameters are given in Tab. 1. In Sec. 2 a short description of all used
measurement devices is given and measurement results are shown. In Sec. 3 an analysis
of the measured data is presented.
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Table 1: RHIC Machine parameters for gold operation in 2000, at injection.

Parameter Symbol Unit Value

Relativistic gamma 
 1 10.25

Transition gamma 
tr 1 22.8

Slip factor � 1 -0.00759

Rf voltage per turn Vrf kV 300

Harmonic number h 1 360

Revolution frequency frev kHz 77.82

Synchrotron frequency fs Hz 185

Bucket length l ns 35.69

2 Measurements

A total of 12 dedicated beam growth measurements were recorded on four di�erent days.
In all cases a single bunch of gold ions was injected into the Blue ring, and observed over
several minutes. These measurements are summarized in Tab. 2. The pre-accelerators
were carefully tuned in order to obtain a high bunch intensity in RHIC. The closed orbit in
the ring was corrected. To minimize transverse emittance blow-up caused by the injection
mis-steering, the injection was optimized. Ring closed orbits were saved as well as the �rst
128 turns of the injected beam. From the latter the transverse tunes were determined as
well as an estimate for the coupling in the machine. Tab. 3 shows the recorded machine
conditions for the measured cases. The following quantities were recorded for a beam
growth measurement:

1. the total intensity with a beam current transformer (BCT)

2. the bunched intensity with a wall current monitor (WCM)

3. the longitudinal pro�le with a wall current monitor (WCM)

4. the transverse beam sizes with the ionization pro�le monitor (IPM)

5. the longitudinal Schottky spectrum with a Schottky detector

The recording devices are brie
y described below. The data for all cases recorded are
presented for each device.

2.1 Beam Current Transformer

The RHIC beam current transformers have two gain settings to cover a wide intensity
range. In the high gain mode a maximum beam current of 5 mA (5 � 109 gold ions) can
be measured, in the low gain mode up to 500 mA (500 � 109 gold ions). For the beam
growth measurements, the beam current monitor was used in the low gain mode since a
single bunch with approximately 0:5 � 109 gold ions (0.5 mA) was observed.
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Table 3: Machine conditions for the measured cases. Empty �elds denote missing experimental data.

case date WCM closed orbit tunes trans. coupl.

no used horizontal vertical synchr. hor. ver. beat

rms max rms max period

[mm] [mm] [mm] [mm] [1] [1] [1] [turns]

1 08/11/00 WCM4 { { { { 0.0024 { { yes {

2 08/14/00 WCM4 { { { { 0.0024 0.222 0.229 yes {

3 08/14/00 WCM4 { { { { 0.0024 0.222 0.229 yes {

4 08/30/00 WCM2 1.2 3.9 1.3 6.8 0.0024 0.236 0.230 yes 100

5 08/30/00 WCM2 1.2 3.9 1.3 6.8 0.0024 0.237 0.230 yes 100

6 08/30/00 WCM2 1.2 3.9 1.3 6.8 0.0024 0.237 0.230 yes 100

7 08/30/00 WCM2 1.2 3.9 1.3 6.8 0.0024 0.238 0.230 yes 100

8 08/30/00 WCM2 1.2 3.9 1.3 6.8 0.0024 0.222 0.230 yes 100

9 08/30/00 WCM2 1.2 3.9 1.3 6.8 0.0024 0.239 0.237 yes 100

10 08/30/00 WCM2 1.2 3.9 1.3 6.8 0.0024 0.238 0.228 yes 100

11 09/01/00 WCM2 2.0 9.7 1.2 3.8 0.0024 0.239 0.218 yes 70

12 09/01/00 WCM2 2.0 9.7 1.2 3.8 0.0024 0.241 0.221 yes 70

The analog signal is transformed into digital data with a 20-bit ADC. The data ac-
quisition rate is 1 Hz. The noise level is less than 1 �A. The resolution and long term
stability is better than �10 �A from dc to 100 Hz, the drift is better than �10 �A over 10
hours, the absolute accuracy is better than 0.1% at full scale, and the linearity is better
than 0.1%.

In Fig. 1 the intensities of all measured cases are shown, normalized to the initial
intensities. To obtain beam lifetimes from these data, a polynomial function, typically of
5th order, was �tted to the data. The lifetime can then be computed as the derivative
of the �tted function. Higher order polynomials usually provide better �ts but may have
relatively large changes in their derivatives from which the lifetime is determined. The
robustness of the lifetime estimates therefore deteriorates with the polynomial order. The
used order is a compromise between the two e�ects. In some cases the �t could not
be extended over the whole measurement range. In these cases, the �rst 200 s were
�tted with one polynomial function, and the remaining data with a second polynomial
function. Measured intensities and �tted beam lifetimes, at the beginning and at the end
of a measurement, are summarized in Tab. 2.

2.2 Wall Current Monitor

Wall current monitors were used for two purposes. First, the bunched beam intensity
was measured, and second, the longitudinal bunch length was determined as a function
of time. Two wall current monitors were used for the measurements, one at 4 o'clock and
one at 2 o'clock. The wall current monitors give the instantaneous beam current as a
function of time. The resolution of both devices was 0.25 ns. A longitudinal pro�le was
recorded every 4 s. The wall current monitor at 2 o'clock took the average of 128 turns
every 4 s.
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Figure 1: Total beam intensities of all measured cases, normalized to the initial intensities.
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Figure 2: Bunched beam intensities of all measured cases, normalized to the initial intensities.
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Figure 3: Bunch length evolution of all measured cases. Shown are one standard deviation of a Gaussian

�t to the longitudinal pro�les.

The bunched intensity was obtained as the integral under the longitudinal pro�le.
Fig. 2 shows the measured bunched intensities for all cases, normalized to the initial
intensities. The bunched beam lifetimes were determined in the same way as the total
intensity lifetime. The lifetimes are given in Tab. 2.

The longitudinal pro�les were �tted with a Gaussian function. Fig. 3 shows the time
evolution of the �tted standard deviation for all cases. Note that initially long bunches
shrink and initially short bunches grow. The bunch lengths approach values between 5 ns
and 5.5 ns, with an average of 5.2 ns.

Longitudinal pro�les at the beginning and end of a measurement are shown in Figs. 4
and 5. Due to a mismatched longitudinal injection, the beam was injected into the Blue
ring with a sizeable momentum or phase error in measurement cases 4 through 10. This
resulted in large initial bunch areas and, after �lamentation, in a double peak structure
in the longitudinal pro�le, visible in Fig. 4. At the end of a measurement the intensity is
reduced from particles lost out of the bucket and the bunch length is reduced. In addition,
the double peak structure is lost and the pro�le �ts well to a Gaussian function.

In Fig. 5 a case with good longitudinal injection is show. The bunch length grows over
the measurement period. In this case too, particles are lost out of the bucket.
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measurement.
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Figure 5: Longitudinal pro�le at the beginning and at the end of a measurement (case 11). In this case

the longitudinal injection had the correct phase and momentum. The bunch length is increased at the

end of the measurement.
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2.3 Ionization Pro�le Monitor

Beam pro�les were measured with the horizontal and vertical ionization beam pro�le
monitor (IPM) in the Blue ring. An IPM measures the distribution of electrons in the
beam line resulting from residual gas ionization during bunch passage. The electrons are
swept transversely from the beam line and collected on 64 strip anodes oriented parallel
to the beam axis. At each bunch passage the charge pulses are ampli�ed, integrated, and
digitized. The pro�les shown here were produced by averaging 200 consecutive turns.

The IPM's performed well during the 1999 commissioning run and early in the 2000
run. However as the bunch intensity increased there was a beam-induced ringing that
increased in amplitude until it saturated the ampli�ers and made the IPM's unusable.
This ringing was traced to a copper-mesh window placed over the micro channel plate
input and capacitively grounded around its perimeter to prevent beam-anode coupling.
When a beam bunch passed it induced a low-frequency longitudinal oscillation in the rf
screen which was picked up by the anodes. Near the end of the run the vertical IPM
in the Blue ring was �xed in time for the measurements reported here. Fig. 6 shows a
horizontal and a vertical ionization pro�le from the monitor. Figures 7 and 8 show the
time evolution of the measured horizontal and vertical rms beam sizes. During the �rst
200 s of case 8 and case 9 the charge sensitive ampli�ers for center plate channels were
saturated and the beam size is overstated. After ampli�cation adjustment the correct
beam size is shown. Due to the ringing problem the horizontal data are not reliable.

(a) (b)

Figure 6: Horizontal ionization pro�le in part (a), vertical ionization pro�le in part (b). Shown are one

turn, the average of 200 turns and a �t function. The �t is a superposition of a Gaussian function and a

linearly sloped background function. Only even channels are depicted in the horizontal pro�le, only odd

channels in the vertical pro�le.
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a scaling error.

5.5

6.0

6.5

7.0

7.5

8.0

8.5

0 200 400 600 800 1000 1200 1400 1600 1800

Time [s]

V
er

ti
ca

l r
m

s 
si

ze
 [

m
m

]

Case 7

Case 8

Case 9

Case 10

Case 11

Figure 8: Vertical beam size growth as observed with the ionization pro�le monitor. Shown are the

standard deviations of �tted Gaussian distributions as a function of time. During the �rst 200 s of case

8 and case 9 the beam size is overstated due to ampli�er saturation.

9



2.4 Longitudinal Schottky Spectra

In Fig. 9 Schottky data are shown in the vicinity of the revolution line centered at nf0 =
2:7 GHz For single harmonic RF systems the power density in the longitudinal Schottky
spectrum is well approximated by

P (f) = P0

X
m6=0

�̂Z
0

d��(�)J2
m(2�nf0�)Æ(nf0 +mfs(�)� f); (1)

where f is the measured frequency, nf0 is the revolution harmonic closest to f , � is the
amplitude of the synchrotron oscillation in units of arrival time, and Jm is the Bessel
function of the �rst kind. The density in amplitude is modeled as

�(�) / �(�̂ 2 � � 2); for � < �̂

and the synchrotron frequency variation with amplitude is taken to be

fs(�) = fs(0)

�
1�

(2�frf�)
2

16

�
:

In actual measurements the intermediate frequency of the oscillator jitters, leading to a
smearing of the measured spectrum. This washes out the fast oscillations in the Bessel
functions so it is appropriate to take smoothed versions of these functions. A simple and
e�ective approximation is

< J2
m(x+ Æ) >Æ� min

(�
xm

2mm!

�2

;
1

�x

)
; (4)

where the angular brackets denote averaging Æ over a range jÆj <� 1. Fig. 9 shows the
result of optimizing �̂ , P0, fs(0) and the carrier o�set frequency for a data set taken at
injection energy. The optimized parameters �̂ = 9� 1 ns and fs = 182:5� 0:5 Hz agreed
well with independent estimates. While the measured Schottky spectra �t well to the
described model, no change in the Schottky spectrum could be observed for the bunch
length measurements reported here.

3 Analysis

In the measurements it was observed that the beam lifetime can vary signi�cantly, and
that the bunch length converges to a single value in most cases. Bunch length growth
was observed for longitudinal well injected beams. In this section these observations are
reviewed in more detail.
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Figure 9: Schottky data in the vicinity of the revolution line centered at nf0 = 2:7 GHz.

3.1 Beam Lifetime

With the data available, no mechanism could be identi�ed that dominates the bunched
beam lifetime. The lifetime appears not to be correlated with the longitudinal bunch area,
the intensity, the longitudinal phase space density or the space charge tune shift. This
observation is supported by the operational experience. Subsequent �lls, only minutes
apart, often have di�erent beam lifetimes. In our measurements, cases 5 and 6 give such
an example. Only 2 minutes apart, with no machine parameters deliberately changed,
the lifetimes di�er by an order of magnitude. One mechanism that may contribute to this
is the known jitter in the AGS pulsed extraction elements. The jitter leads to di�erent
transverse beam sizes which may be correlated with lifetime. The transverse beam size
measurements during this run, however, were not reliable enough to make a conclusion.

3.2 Asymptotic Bunch Length

In most measurements the bunch length converges to 5.0-5.5 ns. Initially long bunches
shorten and initially short bunches grow. In addition, after a suÆciently long time all
longitudinal pro�le can be well �tted to a Gaussian distribution. With an equilibrium
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bunch length of 5.2 ns the bucket accommodates 3.4 standard deviations of a Gaussian
distribution.

3.3 Intrabeam Scattering

Intrabeam scattering is the scattering of the particles in the beam from each other through
the Coulomb forces that act between each pair of particles. It depends on the ion charge
and mass like Z4=A2 and is usually larger for the heavier ions. Piwinski's original work [4]
treated the case of constant beta functions and dispersion. This was later generalized
by Bjorken and Mtingwa [5] and by Martini, M�ohl, Piwinski and Sacherer [6] to include
azimuthal variations of the lattice functions. Wei [7] simpli�ed the computations for the
case of pure FODO cells.

We only compute the longitudinal growth times since the intrabeam e�ect is most
pronounced in the longitudinal plane. Furthermore, our transverse data are not fully
reliable in both planes. The longitudinal growth time is de�ned as

�s =

�
1

�s

d�s

dt

��1

(5)

where �s denotes the longitudinal rms bunch length and t the time. Similar de�nitions
are used for the transverse dimensions.

We use two programs to compare measured longitudinal intrabeam scattering growth
times with computations. Program 1 [8] is written by G. Parzen and is based on Ref. [6].
Program 2 [9] is written by J. Wei and is based on Ref. [7].

3.3.1 Simulations Program 1

In Ref. [6] it is assumed that the initial distribution of the particles in the transverse
and longitudinal coordinates is Gaussian, and is described by �x; �y; �p, where �x; �y are
rms transverse emittances and �p is the rms longitudinal momentum spread. The distri-
bution is then assumed to remain Gaussian with time, while �x; �y; �p change with time
as a result of intrabeam scattering. One can then �nd expressions for the growth rates
d�x=dt; d�y=dt; d�p=dt. The expressions for the growth rates contain a multiple integral
which has to be evaluated numerically for each element of the lattice and averaged over
the accelerator. This is done by the IBS.p program [8] using the lattice of the acceler-
ator. The expressions for the growth rates can be integrated in time to �nd �x; �y; �p at
any later time. The results of the theory have been tested experimentally by Conte and
Martini [10] using the AA ring at CERN, and by Evans and Gareyte [11] at the SPS.

3.3.2 Simulations Program 2

In the code it is assumed that the whole machine consists of FODO cells. The input
consists of the FODO cell parameters, particle parameters like mass and charge state,
beam parameters as transverse and longitudinal emittances and the bunched intensity.
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The program calculates the longitudinal and transverse beam dimensions as a function of
time along with the longitudinal and transverse growth times. In Ref. [7] the longitudinal
growth rate (the inverse of the growth time) is computed as

1

�s

d�s

dt
=

Z4Nb

A2

r20Lc (�c)

8�(�
)4 �x�y�s
F (�)nb(1� d2) (6)

where �x, �y and �s denote the unnormalized transverse and longitudinal [12] rms emit-
tances. For bunched beams Nb is the number of particles per bunch and nb = 1, for
unbunched beams Nb is the total particle number and nb = 2. Lc is a form factor which
is approximately 20. If vertical dispersion can be neglected, one has

d =
Dx�p

(�2
x +D2

x�
2
p)

1=2
; a =

�xd

Dx

; b =

�y�x

�x�y
a and � =

a2 + b2

2
: (7)

The function F (�) is de�ned by

F (�) =
(1 + 2�)I(�)� 3

1� �
with I(�) =

8>>><
>>>:

1p
�(�� 1)

arctanh

r
�� 1

�
� � 1

1p
�(1� �)

arctan

r
1� �

�
� < 1

(8)

3.3.3 Results

Only �ve of the twelve measured cases show a longitudinally growing bunch. To measure
the growth time in Eq. (5), the rms bunch length curves in Fig. 3 were �tted with a
polynomial from which the growth times could be determined analytically. The �tted
curves are shown in Fig. 10 and the obtained growth times are shown in Tab. 4. Typically
a polynomial of �fth order was used for the �t. An estimate for the error of the measured
growth rates can be obtained by �tting polynomials of di�erent orders to the experimental
data. When polynomials of order two to �ve are used, the obtained growth rates vary
by up to 35% around the average value, while the R2 of the �t changes only little. Note
that growth rates and growth times are derivatives of a measured function and therefore
sensitive to small local changes in the measured function.

For all cases for which a bunch length growth was observed, the bunch length growth
was also computed with both programs using the initial bunch length, transverse sizes,
and intensity. For both the horizontal and vertical emittance, the average measured
vertical emittance was used in the computations. The machine was fully coupled in
all cases (compare Tab. 3) and the vertical emittance measurement much more reliable
than the horizontal one. The growth time was computed with the beam parameters at
the beginning and end of a measurement. The computed longitudinal growth times are
shown in Tab. 4.

In all but one instance (case 11, �nal), the computed growth time is larger than the
measured growth time. Computed growth times exceed measured growth times by up to
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Table 4: Comparison of measured and computed longitudinal growth times �s from intrabeam scattering.

Case initial �nal

measured simulation 1 simulation 2 measured simulation 1 simulation 2

�s;m �s;c
�s;c

�s;m
� 1 �s;c

�s;c

�s;m
� 1 �s;m �s;c

�s;c

�s;m
� 1 �s;c

�s;c

�s;m
� 1

[min] [min] [%] [min] [%] [min] [min] [%] [min] [%]

1 53 114 115 120 125 179 199 11 332 85

2 183 335 94 366 100 361 426 18 493 37

3 208 316 52 357 73 273 405 48 430 58

11 110 127 15 136 23 464 290 �37 357 �23

12 165 167 1 171 4 361 324 �10 370 3

125%, with an average of 50%. This constitutes a satisfactory agreement given the 35%
error in the growth time measurement.

In Fig. 10 the bunch length development of the �ve simulated cases is shown. The
measured and computed bunch lengths are depicted. Except for the case starting with the
smallest bunch length (case 1) there is a relatively good agreement. Case 1 is the case with
the largest growth rate and a source other than intrabeam scattering may have contributed
signi�cantly to the bunch length increase. Note that in the simulations the particle loss
observed in the measurements (see Fig. 2) is disregarded, which arti�cially increases the
computed bunch length growth rate by up to 30% at the end of the computation period
(see Tab. 1 and Eq. 6). This error has the same magnitude as the measurement error for
the growth rates.

The results of simulation program 1 and simulation program 2 show one signi�cant
di�erence in the transverse growth rate. Program 1 predicts a slowly increasing beam
size in both transverse planes while program 2 predicts a beam that is shrinking in both
transverse dimensions. A transversely shrinking beam is expected if the bunch behaves
like a gas in which energy is transfered from the hotter transverse dimensions to the cooler
longitudinal dimension. However, no transverse shrinkage was observed, the beam grew
transversely.

4 Summary

Emittance growth of bunched gold beams were observed at injection. Observed growth
rates vary signi�cantly from measurement to measurement. So far, no dominating trans-
verse growth mechanism could be identi�ed. The most signi�cant mechanism for longi-
tudinal bunched beam growth is intrabeam scattering. Comparisons with two computer
codes give an agreement between measured and computed growth times within a factor
of two or better.

14



 

4.2

4.4

4.6

4.8

5.0

5.2

5.4

5.6

0 200 400 600 800 1000 1200 1400 1600

Time [s]

rm
s 

bu
nc

h 
le

ng
th

 [
ns

]

Simulations 1

Simulations 2

Measurements

Figure 10: Comparison between measured and computed bunch length growth.
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