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The Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory has been operating
since 2000. Over the past decade, thanks to the continuously increased bunch intensity and reduced β�s
at the interaction points, the peak luminosity in the polarized proton operation has been increased by more
than two orders ofmagnitude. In this article, wewill present the operational observations at the routine proton
physics stores. The mechanisms for the beam loss, transverse emittance growth, and bunch lengthening
are analyzed. Numerical calculations and multiparticle tracking are used to model these observations.
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I. INTRODUCTION

The Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory consists of two super-
conducting rings, the “Blue” ring and the “Yellow” ring. The
two rings intersect horizontally at 6 symmetric interaction
points (IPs) along a 3.8 km circumference. During the
physics stores, the two beams collide head on at IP6 (STAR
detector) and IP8 (PHENIX detector). At other 4 noncolli-
sional IPs, the two beams are always separated vertically.
Figure 1 shows the layout of RHIC.
RHIC is capable of colliding heavy ions and polarized

protons. In the proton operation, the Figure Of Merit
(FOM) is LP2 for the single spin program and LP4 for
the double spin program, where L is the luminosity and P
the polarization of proton beams. In order to maximize the
FOM, both instantaneous luminosity and polarization as
well as their lifetimes have to be maximized.
The luminosity is defined as [1]

L ¼ N2
pNcγfrev

4πϵn;rmsβ
� Hðβ�; σlÞ: ð1Þ

Here Np is the proton bunch intensity, Nc the number of
bunch collisions per turn, γ the Lorentz factor, frev the
revolution frequency, ϵn;rms the rms normalized emittance,
β� the β-function at the collisional IPs, and σl the rms bunch
length. Hðβ�; σlÞ is the luminosity reduction factor due to
the hourglass effect.
An increase of luminosity is generally achieved by

an increase of the proton bunch intensity and a reduction
of the β�s at the collisional IPs. Using both methods, the
RHIC peak luminosity for protons was increased by more

than two orders of magnitude [2] over the past decade.
The peak luminosity in the 2013 255 GeV proton run
reached 2.45 × 1032 cm−2 s−1.
However, beam-beam interactions introduce amplitude-

dependent tune shift and nonlinear resonance driving terms
[3]. This proved to be the limiting factor in RHIC for
further increase of the bunch intensity and drives a special
interest in understanding the underlying mechanisms
affecting the beam lifetime, emittance and other relevant
parameters for luminosity performance.
In RHIC, there are 111 bunches in each ring. Bunches

from different rings collide head on at IP6 and IP8. Most
bunches have 2 collisions per turn except 10 bunches from
each ring have only 1 collision per turn due to some empty
buckets requested by the physics experiments and beam
abort. The beam-beam parameter can be used as a gauge
for the strength of beam-beam interaction. In the case of
one collision, it is defined as [4]

ξ ¼ Nprp
4πϵn;rms

: ð2Þ
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FIG. 1. Layout of RHIC. Particles circulate clockwise in the
Blue ring and counterclockwise in the Yellow ring.
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Here rp is the classical radius of proton. As an example, for
a bunch intensity 2 × 1011 and a normalized emittance
ϵn;rms ¼ 2.5 μm, the beam-beam parameter is 0.01=IP. The
higher the bunch intensity is, the larger the beam-beam
parameter is. A large beam-beam parameter can lead to
beam loss and emittance blowup. The effect of long-range
beam-beam interactions in RHIC is negligible [5,6].
The current working point is constrained between 2=3

and 7=10. While 2=3 is a strong third order betatron
resonance, 7=10 is a 10th order betatron resonance and
more importantly a spin depolarization resonance. To
maintain good beam and polarization lifetimes, these two
resonances must be avoided during the physics operation.
Figure 2 shows the tune footprints with 2 beam-beam
interactions. The bunch intensity is 2 × 1011, and the lattice
tunes are (28.695, 29.685) and (28.685, 29.695).
As seen on this plot, there is not enough tune space

between 2=3 and 7=10 to accommodate the beam-beam tune
spread when the proton bunch intensity is larger than
2.0 × 1011. Themaximumpeak bunch intensitywe achieved
in the 2013 255 GeV proton run was 1.85 × 1011. Beyond
that, a large emittance growth and a bad beam lifetime
were observed and therefore was not used in the normal
physics operation.
A complete fill in the RHIC proton operation includes

injection, energy ramp, rotator ramp, physics store, and
ramp-down. To maintain the beam intensity, transverse
emittance, and the polarization on the energy and rotator
ramps, the orbits, tunes, betatron coupling, and chroma-
ticities have been well controlled [7–10]. Table I lists
the machine and beam parameters at store for the 2012
100 GeV and 2013 255 GeV proton runs. The β�s at the
collisional IPs are 0.85 m and 0.65 m respectively. In 2012,
we also collided protons at 255 GeV.
To minimize the detrimental effects from the electron

cloud and impedances [11–14], a common 9MHz rf system

has been commissioned in 2011. The 9 MHz rf cavity
provides a large bucket area and reduces the peak bunch
current. After reaching the top energy, the bunches are
rebucketed from the 9 MHz to 28 MHz rf system. During
the physics stores, to produce more collisions in the central
area of detectors, 300 kV 197 MHz rf voltage was added in
2012 to shorten the bunch and mitigate the hourglass effect.
In this article, we will first present the operational

observations during the routine physics stores. Then we
will analyze the mechanisms for the proton particle loss,
transverse emittance growth, and bunch lengthening.
Numerical calculations and models will then be presented
to explain these observations.
The findings and conclusions of this article are important

to understand the beam-beam effects in the past RHIC
proton runs and could provide insight to improve the beam
lifetime over the next RHIC luminosity upgrade program
with head-on beam-beam compensation. However, the
results from the latest successful 2015 100 GeV proton
run including head-on beam-beam compensation with
electron lenses are beyond the scope of this article.

II. OPERATIONAL OBSERVATIONS

A. Beam loss

The particle loss rate τ−1ðtÞ is used in the RHIC
operation system, which is defined as

τ−1ðtÞ ¼ −
1

NpðtÞ
dNpðtÞ

dt
; ð3Þ

NpðtÞ is the instant beam intensity. The unit of particle loss
rate is given in %/h.
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FIG. 2. Tune footprints without and with beam-beam inter-
actions with a bunch intensity 2.0 × 1011. Different colors
represent particles with different transverse amplitudes.

TABLE I. Beam and optics parameters for the 2012 100 GeV
and 2013 255 GeV RHIC polarized proton runs.

100 GeV 255 GeV

Parameters Unit in Run-12 Run-13

Ring circumference m 3833.8451
No. of bunches 109 111
Bunch intensity, initial 1011 1.6 1.85
Trans. emittance, initial μm 3.3 3.5
Long. emittance, initial eV · s 2.0 2.0
Working point � � � (0.695, 0.685)
First order chromaticities � � � (1, 1)
β� at IP6 and IP8 m 0.85 0.65
β at IP10=12=2=4 m 7.5 7.5
9 MHz rf voltage kV 20 20
28 MHz rf voltage kV 360 360
197 MHz rf voltage kV 200 100
rms bunch length cm 75 60
rms momentum spread 10−4 4.2 1.8
Beam-beam parameter/IP � � � 0.007 0.007
Peak luminosity 1030cm−2s−1 46 245
Average/Peak luminosity % 72 65
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In the absence of collisions at the store energies, the
particle loss rate could be less than 1%/h depending on the
machine tuning.
Right after we brought the two beams into collision by

removing the vertical separation bumps at IP6 and IP8, the
particle loss rate suddenly jumped up in the first 1–2 min.
Then the particle loss rate slowly came down in the
following 1–2 h. After 2 h into store, the particle loss rate
would stay below 5%/h.
As an example, the left plot of Fig. 3 shows the

evolutions of the total beam intensities of both rings for
Fill 16697 in the 2012 255 GeV run. The instant particle
loss rate reached a maximum of 35%/h in the Blue ring and
50%/h in the Yellow ring right after collision. About 15%
of the total beam intensities were lost in the first hour of
the store.
The right plot of Fig. 3 shows the average particle loss

rates for all the physics stores in the past 250=255 GeV
runs. The horizontal axis is the average particle loss rate
during the first hour and the vertical axis is the average
particle loss rate during the rest of store. The particle loss
rate in the first hour was 5 times larger than that for the rest
of store. The beam loss rates in 2011 were much higher
than other runs due to the commissioning of the 9 MHz rf
cavity and other systems.
The proton particle loss rate due to the luminosity burn-

off is given by

τ−1burn-off ¼
NIPLσtot
hNpiNB

: ð4Þ

hNpi is the average bunch intensity, NB the number of
bunches per ring, and NIP the number of collisions per turn.
σtot is the total cross section of proton collision, which is
50 mbarn for the 250 GeV proton collision. With the record
luminosity L ¼ 2.45 × 1032 cm−2 s−1 in the 250=255 GeV
proton runs, together with Np ¼ 1.85 × 1011, NIP ¼ 2, and
NB ¼ 109, we have

τ−1burn-off ¼ 0.44%=h: ð5Þ
Compared to the observed beam loss rates, the burn-off
loss rate is negligible. This is a strong indication that the
proton beam losses during the physics stores at RHIC are
dominated by beam-beam effects.

B. Transverse emittance and bunch length

In RHIC, transverse emittances are measured with the
ionization profile monitors (IPMs). Emittance measure-
ment with the IPMs requires a good knowledge of the β
functions at the IPM location and a good calibration of the
total 64 micro-channels which can lead to large uncertain-
ties on the measurement.
The left plot of Fig. 4 shows the IPM measured normal-

ized emittances throughout the store of Fill 16697. The
horizontal and vertical emittances of both rings are shown.
In the 2011 250 GeV and 2012 255 GeV proton runs, the
transverse emittances normally first decreased in the first
hour right after collision, then slowly increased in the rest
of store. We associated the emittance reduction at the
beginning of store to the fast large beam loss in the first
hour. Fast loss of particles with large transverse amplitudes
reduces the transverse rms beam sizes.
The wall current monitors (WCMs) are used to measure

each bunch’s longitudinal profile. The right plot of Fig. 4
shows the evolutions of rms bunch lengths of both rings
for Fill 16697. The bunch lengths decreased in the first
hour right after collision and then slowly increased over
the rest of the store. Similarly to transverse emittance
reduction, we associate the early bunch length reduction
to the fast early beam losses, i.e., fast losses of particles
with large momentum deviation reduces the rms bunch
length. The spikes around 0.4 h in the plot are related
to polarization measurements when the voltage of the
197 MHz rf cavities was reduced to 70 kV.
During the 2013 255 GeV proton run, with the same

lattices as in 2011 and 2012, a better beam lifetime was
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FIG. 3. Left: Evolutions of the beam intensities at store for Fill 16697. Right: Average particle loss rates in the first hour and in the rest
of store for all the physics stores in the past 250=255 GeV runs.
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obtained with a reduction of the voltage of the 197 MHz
cavities from previously 300 kV to 100 kV. Another
improvement in 2013 was the introduction of the longi-
tudinal bunch-by-bunch dampers which were used at
injection and on the energy ramp to mitigate the longi-
tudinal instabilities. During the first hour of stores, the
bunch length either remained stable or increased much
slower than for the rest of store. We normally observed mild
transverse emittance blowups right after collision which
can be explained by a larger beam-beam parameter in that
run. The transverse emittance then slowly increased over
the rest of store.
For each run, after we entered the dedicated physics data

taking operation mode, the initial beam parameters and
their evolutions repeated very well from store to store.
As an example, Fig. 5 shows the bunch lengths for all
the physics stores in the 2012 and 2013 255 GeV runs. The
horizontal axis is the initial bunch length at store. The
vertical axis shows the bunch lengths at 1 and 6 h into store.
The relative deviations of beam parameters between good

stores were less than 10%. In the following analysis and
simulation calculation, we will mainly focus on two typical
stores: Fill 16697 from the 2012 255 GeV run with 300 kV
197 MHz cavities and Fill 17520 from the 2013 255 GeV
run with 100 kV 197 MHz cavities.

C. Store analysis

To compare with the IPM emittance measurements and
for further store analysis, according to Eq. (1), we define an
average transverse emittance from the luminosity,

hϵLi ¼
N2

pNcγfrev
4πβ�L

Hðβ�; σlÞ: ð6Þ

This luminosity-derived emittance cannot account for
differences between the horizontal and vertical planes of
the two rings but represents a more robust emittance
measurement as it only depends on the luminosity and
bunch intensity which are generally measured with high
precision.
Hðβ�; σlÞ in Eq. (6) can be calculated precisely with the

longitudinal bunch profiles. For an example, we slice the
average longitudinal bunch profile in each ring into K
slices, then we have

Hðβ�; σlÞ ¼
XK
j¼1

XK
i¼1

n1;in2;jσ2ð0Þ
Np;1Np;2σ

2ðzÞ : ð7Þ

Here n1;i and n2;j are the particle populations of the ith slice
of beam 1 and of the jth slice of beam 2. Np;1 and Np;2 are
the bunch intensities of the two beams. z is the longitudinal
location where these two slices collide, z ¼ ðz1;i − z2;jÞ=2,
z1;i and z2;j are the relative longitudinal positions of the
slices with respect to their bunch centers. σð0Þ and σðzÞ are
the transverse beam sizes at IP and at the longitudinal
location z away from IP.
Figure 6 shows the calculated hourglass luminosity

reduction factor and the luminosity-derived emittance for
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Fill 16697. The hourglass factor decreased from 0.7 at the
beginning to 0.6 at the end of the store. The luminosity-
derived emittance was decreasing in the first hour and then
slowly increasing for the rest of store, which is in
qualitative agreement with the IPM measurements.
With the luminosity-derived emittances, we can estimate

the total beam-beam parameter with two collisions.
Figure 7 shows the total beam-beam parameter at 5 min
after collision for all the physics stores during the past
250=255 GeV proton runs. Since we used average bunch
intensities and emittances, the actual beam-beam parameter
for each ring may slightly differ for each beam and plane
depending on their respective beam parameters.

III. MECHANISM OF BEAM LOSS

A. Correlations to beam loss

We attempted to correlate the observed particle loss rates
with the optics parameters such as the tunes, chromaticities,
and the beam parameters such as the bunch intensity,

transverse emittance, and beam-beam parameter. However,
these correlations did not apply to the general cases, even
though they might explain some specific observations of
beam loss and/or emittance blowup. In this section we try to
explain the general behavior of the machine in the case of
ideal tuning. These specific cases of wrong tuning will
therefore not be discussed.
As mentioned above, there are a few bunches only having

1 collision instead of 2 collisions per turn. The top-left plot
of Fig. 8 shows the intensity evolutions of two adjacent
bunches selected fromFill 16697: one bunchwith 1 collision
and the other one with 2 collisions per turn. These two
bunches had very similar bunch intensities before collision.
With collision, the particle loss rate for the bunch with 2
collisions was more than double that for the bunch with 1
collision.
The top-right plot of Fig. 8 shows the bunch lengths for

the two adjacent bunches. The difference in their bunch
lengths was very small at the beginning of store. There was
not much bunch length growth in the first hour after
collision. After that, the bunch lengths of both bunches
began to grow. From the plot, the bunch length for the
bunch with 1 collision per turn grew faster and got wider
than the bunch with 2 collisions.
The bottom-left plot of Fig. 8 shows the longitudinal

phase space with 360 kV 28 MHz and 300 kV 197 MHz rf
voltages at the store energy 255 GeV. The horizontal axis
is the distance to the center of the 28 MHz rf bucket in units
of ns. The central rf bucket of the 197 MHz rf cavity is
between [−2.5 ns, 2.5 ns]. The vertical axis is the relative
momentum deviation dp=p0. The rf momentum acceptance
for the combined rf systems is 1.1 × 10−3. The typical
longitudinal emittance of the proton beam in RHIC is
2.0 eV · s and the relative rms beam momentum spread is
about 2 × 10−4.
From the bottom-left plot of Fig. 8, we can see that the

particles away from the bunch center have a large momen-
tum deviation. From the larger rms bunch length of the
bunch with 1 collision we can deduce that the bunches with
1 collision per turn had a larger off-momentum dynamic
aperture than the bunches with 2 collisions per turn.
The bottom-right plot of Fig. 8 shows the longitudinal

bunch profiles over the store for the beam in the Blue
ring of Fill16697. The profiles right after collision and
1 and 5 h with collision are shown. We notice that the
particle intensity decreased dramatically in the central
bunch area, especially during the first 1–2 h, while the
particle population and its distribution at the bunch tail
did not.
Next we study the correlation between the particle

loss and the particle movement in the longitudinal plane.
For the moment, we focus on the change of particle
population in the central bunch area [−5 ns, 5 ns]. For
particles in this area, the relative momentum deviation is
within [−6 × 10−4, 6 × 10−4]. Note that the area [−5 ns,
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5 ns] is chosen arbitrarily. Choosing a different central
region does not affect the following correlation.
The left plot of Fig. 9 shows the particle loss and particle

leakage rates for all the bunches in the Blue ring for Fill

16697 over the whole bunch train during the first hour at
store. The particle leakage rate is calculated from the
population reduction in the area [−5 ns, 5 ns] normalized
by the initial total bunch intensity. From this plot, we found
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a strong linear correlation between the particle loss rates
and particle leakage rates for all the bunches during the first
hour of collision. The few points in the bottom-left corner
of the plot represent the bunches with 1 collision per turn
which have slower losses.
The above linear correlation between the particle loss

and the particle leakage for all bunches also holds for other
stores, and for any period of any given store. Furthermore,
if we use the average WCM bunch profile and the total
beam intensity loss, a similar linear correlation exists. The
right plot of Fig. 9 shows the linear correlation between the
total particle loss and the total particle leakage rates during
the first hour at store for the Blue ring for all the physics
stores in the past 250=255 GeV proton runs.
During the routine physics operation, we did not observe

debunched beam from the WCMs. For this reason, all the
particles lost originate from the bunched beam and were
lost in the transverse planes. Considering that the particle
loss rate is proportional to the number of particles moving
out of the central bunch area and the particles in the bunch
tails have large momentum deviations, we correlate the
particle loss to a limited transverse off-momentum aperture.
In addition, the large beam losses only happened with
collision. We conclude that the proton beam loss in the
routine physics stores is due to a limited off-momentum
dynamic aperture which is reduced by the beam-beam
interactions.

B. Off-momentum dynamic aperture

In this section, we compute and compare the off-
momentum dynamic apertures with and without beam-
beam interactions. We track particles in a 6-dimensional
phase space ðx; px; y; py; cΔt; δ ¼ dp=p0Þ up to 106 turns
with SimTrack [15,16]. The initial particles are launched in
10 equally spaced directions in the first quadrant of the
ð ffiffiffiffiffiffiffiffiffiffiffiffi

2Jxβx
p

=σx;
ffiffiffiffiffiffiffiffiffiffiffiffi
2Jxβy

p
=σyÞ plane, βx;y are the β-functions at

the starting point of the lattice. The dynamic aperture is
given in units of the transverse rms beam size σ. We only
compare the minimum dynamic apertures between different
beam-beam conditions.
As an example, we look at the lattices used during the

255 GeV proton runs. The β�s at the collision points are
0.65 m. The lattice tunes are (28.690, 29.685), which are
close to the operational settings. The linear chromaticities
are corrected to (1, 1) before tracking. The second order
chromaticities are (2100, 4400) for the Blue ring and
(−6100, −1700) for the yellow ring. Second order chro-

maticities are defined as ξð2Þx;y ¼ 1
2

∂2Qx;y

∂δ2 , δ ¼ dp=p0. 360 kV
for the 28 MHz rf cavities and 300 kV for the 197 MHz rf
cavities are used. The normalized rms transverse emittance
is 3.3 μm. The bunch intensity is 1.8 × 1011, which gives a
total beam-beam parameter of 0.0135.
Figure 10 shows the calculated off-momentum dynamic

apertures versus the relative momentum deviation dp=p0

for the Blue ring. Three cases are studied: without collision,
with 2 collisions at IP6 and IP8, and with 1 collision at IP6.
The dynamic aperture without collision stays around 7.5σ
for dp=p0 between 0 and 1.0 × 10−3. Beam-beam inter-
actions reduce the dynamic aperture: the larger the momen-
tum deviation, the smaller the dynamic aperture. For dp=p0

equals 7 × 10−4, the dynamic aperture with collision is
approximately 6σ, which is 1.5σ less than the case without
collision. For most of the cases shown in Fig. 10, the
dynamic aperture with 1 collision is slightly larger than the
one with 2 collisions.
Figure 11 shows the off-momentum dynamic apertures

for the Blue ring with and without beam-beam interactions
as a function of tunes. The tunes are kept below the
diagonal and between 2=3 and 7=10. The horizontal axis is
the vertical fractional tune. The horizontal fractional tune
is kept at 0.005 above the vertical one. The same beam
parameters as in the above dynamic aperture calculation are
used. The initial relative momentum deviation is set to

 5

 5.5

 6

 6.5

 7

 7.5

 8

 8.5

 0  1  2  3  4  5  6  7  8  9  10

D
yn

am
ic

 a
pe

rt
ur

e 
(σ

)

10-4 Relative momentum deviation dp/p

No Collision
2 Collisions
1 Collision

FIG. 10. Calculated off-momentum dynamic apertures without
and with beam-beam interactions for the Blue ring. The particle
energy is 255 GeV.

 5

 5.5

 6

 6.5

 7

 7.5

 8

 8.5

 0.68  0.682  0.684  0.686  0.688  0.69

D
yn

am
ic

 a
pe

rt
ur

e 
(σ

)

Vertical fractional tune

No Collision
2 Collisions
1 Collision

FIG. 11. Calculated off-momentum dynamic apertures for the
Blue ring in a tune scan along the diagonal in the tune space
between 2=3 and 7=10. The particle energy is 255 GeV.

ANALYSIS AND MODELING OF PROTON … PHYS. REV. ACCEL. BEAMS 19, 021001 (2016)

021001-7



6 × 10−4, which is 3 times the rms relative momentum
deviation.
From Fig. 11, the case without collision gives the largest

dynamic aperture among the three cases studied. The
dynamic aperture without collision decreases when the
working point moves toward the third order resonance.
For the cases with collision, the dynamic aperture drops
when the working point moves toward 2=3 or 7=10.
For the operational working point with the vertical tune
between 0.684 and 0.690, the case with 1 collision per turn
gives a larger dynamic aperture than the case with 2
collisions per turn.
To summarize, numerical calculation of dynamic aper-

tures verifies that the beam-beam interactions in the RHIC
proton operation reduces the off-momentum dynamic
aperture. And the bunches with 1 collision per turn have
a slightly larger dynamic aperture than the bunches with
2 collisions.

IV. MECHANISM OF EMITTANCE GROWTH

A. Beam-gas scattering

In RHIC, the most important beam-gas interactions are
the inelastic nuclear collisions and the elastic nuclear
Coulomb scatterings between the protons and the nuclei
of gas atoms [17]. The inelastic nuclear collisions cause
proton losses and reduce the beam lifetime, while the
multiple elastic nuclear Coulomb scatterings cause proton
beam emittance growth.
The cross section of the nuclear collision can be

estimated as [18]

σN ≃ πR2
N; ð8Þ

with RN ¼ r0ðA1=3
i þ A1=3

t Þ, r0 ≃ 1.2 fm, Ai;t are the atom
mass numbers of the projectile ions and the target gas
atoms. The cross sections between the proton and the
residual gas atoms are in an order of 10−25 cm−2.
In standard operation, 83% of the beam pipe is at 4.5 K

with a pressure of 0.01 nTorr. The remaining is at room
temperature, 300 K, with a pressure of 0.5 nTorr. The warm
sections are mainly located in the 6 IRs. The residual gas is
made of 100% He gas in the cold regions, and 95% H2

and 5% CO in the warm regions. Based on these vacuum
parameters, the beam-gas lifetime of the RHIC protons is
1250 h and thus negligible compared to other sources.
The cross section of single elastic Coulomb scatterings

between protons and the nuclei of gas atoms is given by the
Rutherford cross section [18]. The averaged square of the
scattering angle θ is

hθ2i ¼ 2θ2min ln

�
θmax

θmin

�
¼ 4θ2min lnð204Z−1=3

t Þ; ð9Þ

where θmin is the minimum scattering angle due to screen-
ing of electrons of target atoms, θmax the maximum

scattering angle due to finite sizes of target nuclei, Zt
the atom number of the target atom. For the RHIC proton
operation,

ffiffiffiffiffiffiffiffiffi
hθ2i

p
is of the order of 10−8–10−7 rad. The rms

angle spread σx0 of the proton beam is of the order of
10−5 rad. Therefore, single elastic Coulomb scattering
cannot cause proton loss.
The growth rate of the rms normalized emittance of the

proton beam due to multiple elastic Coulomb scatterings
between protons and the nuclei of gas atoms is calculated
with [19]

dϵn;rms

dt
¼ 2πγihβintβic

�
2ZiZtrp
Aiβ

2
i γi

�
2

lnð204Z−1=3
t Þ; ð10Þ

where βic and γi are the velocity and Lorentz factor of the
protons, nt the density of gas atoms. hβi is the average β
function along the ring, which is 45 m in the cold sections
and 115 m in the warm sections.
For the 100 GeV RHIC protons, the calculated normal-

ized rms emittance growth due to multiple elastic Coulomb
scatterings is 4.9 × 10−3 μm=h. And for the 250=255 GeV
RHIC protons, it is 2.5 × 10−3 μm=h. Therefore, the
emittance growth due to the beam-gas interaction can be
neglected too.

B. Touschek effect

Coulomb scattering of charged particles in a bunched
beam results is an exchange of energy between different
degrees of freedom [20]. Usually two scattering regimes are
considered: the single scattering when a rare single large-
angle scattering makes a large change to the particle’s
momentum (Touschek effect [21,22]), and the multiple
small-angle scatterings which lead to a diffusion process
(Intrabeam scattering or IBS effect [23–25]). Touschek
effect can cause particle loss and create non-Gaussian
bunch tails. IBS is usually responsible for the changes
of particle distribution in the bunch core and hence
emittance growth.
The particle loss rate τ−1T ðδmÞ due to the Touschek effect

for a 3-d Gaussian distribution is given in Ref. [20]. δm is
the maximum momentum aperture, which is assumed to be
much larger than the beam’s momentum spread. Here we
use these equations to estimate the particle leakage rate out
of the central bunch area due to the Touschek effect. For an
example, we again look at the central area [−5 ns, 5 ns].
Considering the fact that particles with different initial

momentum deviation need different momentum change to
be able to leak out of the central bunch area, the total
leakage rate is [26]

τ−1leakage ¼
Z

6×10−4

0

τ−1T ð6 × 10−4 − δÞρðδÞdδ: ð11Þ

ρðδÞ is the distribution of relative momentum deviation for
particles in the area [−5 ns, 5 ns].
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For simplicity, we assume a Gaussian distribution of
particles in the bunch central area. For Fill 16697,
the bunch intensity is 1.8 × 1011. However, only about
1.35 × 1011 particles are in the central Gaussian distribu-
tion. The rms bunch length was 0.4 m, and the relative rms
momentum deviation was 2 × 10−4. Figure 12 shows τ−1T
as a function of δm, δm is scanned from 1.0 × 10−5 to
6 × 10−6 with a step size of 1.0 × 10−5.
According to Eq. (13), the calculated particle leakage

rate out of the central area [−5 ns, 5 ns] is about 1.1%/h,
which is about 10 times smaller than the actual observa-
tions. As we reported earlier, more than 10% of the total
number of particles leaked out of the central area [−5 ns,
5 ns] during the first hour of the stores during the 2012
255 GeV run. Therefore, the Touschek effect is not the
main source to particles moving out of the central
bunch area.

C. IBS effect

The exact equations to calculate the IBS growth rates for
a 3-d Gaussian distribution bunch are given in Ref. [20].
For a quick estimate, we use an approximate approach
given in Ref. [27]. The difference in the growth rates
between the exact and approximate calculations is within
20%. The IBS growths rates from the approximate
approach are given by

τ−1IBS;∥ ¼
1

σ2p

dσ2p
dt

¼ r2i cNiΛ

8β3=2γ3=2ϵ3=2n;rms;xhβ1=2x iσlσ2p
; ð12Þ

τ−1IBS;x;y ¼
1

ϵn;rms;x;y

dϵn;rms;x;y

dt
¼ 1

2

γβσ2p
ϵn;rms;x

�
Hx

βx

�
τ−1∥ : ð13Þ

Here σp is the rms relative momentum spread, σl is the rms
bunch length, and ϵn;rms;x is the transverse normalized rms
emittance. Λ is the Coulomb logarithm. Hx ¼ðD0

xβxþ
αxDxÞ is the invariant of dispersion, Dx is the horizontal

dispersion, αx is the horizontal alpha-function of Twiss
parameters. Here we assumed the same emittance growth
rates for the horizontal and vertical planes, which is the case
for the standard RHIC operation.
For RHIC proton lattices with β� ¼ 0.65 m at IP6 and

IP8, we have hβxi ¼ 6.7 m and hHx=βxi ¼ 0.045. For Fill
16697, at the beginning of the store, the bunch intensity
was 1.7 × 1011, the rms normalized emittance 2.5 μm, the
rms bunch length 0.4 m, and the rms relative momentum
spread 1.4 × 10−4, the calculated IBS growth times are
1.3 h in the longitudinal plane and 26.6 h in the transverse
plane. The longitudinal IBS growth rate is much faster than
the transverse emittance growth.
If we assume that there is no dynamic aperture limit and

no particle loss, the momentum spread and the bunch
length would increase by 39% while the transverse emit-
tance only increases by 4% in the first hour of stores. Based
on the rms bunch length change, we calculate that there
would be 11% of the total number of particles moving out
of the area [−2.5 ns, 2.5 ns] during the first hour. Based on
the WCM measurements, there was 10% of total particles
moving out of the area [−2.5 ns, 2.5 ns].
During the first hour at store with collision, there were

15% of the total beam loss for Fill 16697. IBS not only
moved the particles from the central 197 MHz rf bucket
to the bunch tail but also increased the off-momentum
deviations of the particles initially in the bunch tail. Due
to the reduced off-momentum dynamic aperture with
beam-beam interactions, particles in the bunch tail with
large off-momentum deviations would get lost.
After the first hour at store, the IBS growth rates were

smaller due to the reduced bunch intensity and increased
bunch length and momentum spread. For Fill 16697, the
calculated IBS growths rates are 3.4 h in the longitudinal
plane and 39.0 h in the transverse plane. We calculate that
there would be 4% of the total number of particles moving
out of the area [−2.5 ns, 2.5 ns] during the second hour.
Based on the WCM measurements, there were 3.8% of the
total number of particles moving out of the area [−2.5 ns,
2.5 ns]. The actual total beam loss during the second hour
at store is 5%/h for Fill 16697. The particle population in
the bunch tail almost remained stable.
To summarize, IBS is the main cause to move the

particles out of the bunch central area. The particles in
the bunch tail had large off-momentum deviations and
would get lost with beam-beam interactions. As discussed
earlier, beam-beam interactions reduce the off-momentum
dynamic aperture.

V. NUMERICAL MODELING AND
MULTIPARTICLE TRACKING

A. Numerical modeling of emittance growth

In this section, we numerically model the transverse
emittance growth and bunch lengthening at store due to
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the IBS effect. For simplicity, we assume a 3-d Gaussian
distribution for the particles in the bunch central area and
use Eqs. (14) and (15) to calculate the growth rates of the
transverse emittance and bunch length. The results are to be
compared with the actual measurements.
In the code, we update the IBS growth rates and the

transverse emittance and bunch length every 20 s. The
initial inputs are the average bunch intensity, the WCM
measured bunch length, and the luminosity-derived trans-
verse emittance at the beginning of store. The real evolution
of the bunch intensity throughout the store is used.
First we model the bunch length growth without beam-

beam interaction. As an example, Fig. 13 shows the
measured and IBS-predicted rms bunch lengths for the
beam in the Yellow ring for Fill 16715. This short store was
used for the proton polarization lifetime measurement and
there was no collision. The voltage of the 197 MHz rf
cavity was 60 kV and the longitudinal bunch profile was
Gaussian. The initial bunch intensities was 0.8 × 1011,
the rms bunch length was 0.56 m, and the rms relative
momentum spread was 2 × 10−4. A typical normalized rms
transverse emittance 3 μm at the beginning of store was
assumed since we did not have a good IPM emittance
measurement for this store. During the 4-h long store, the
beam loss rate was less than 1%/h except during the
polarization measurements.
From Fig. 13, the IBS effect largely predicted the trend

of the actual bunch lengthen increase, especially during the
first hour. There were two polarization measurements at 1
and 3 h into store which introduced additional bunch length
increase. The difference in the bunch lengths between the
IBS prediction and the measurement is less than 5% at
the end of store. The difference in the net bunch length
increases in 4 h is about 20%. From Fig. 13, these two
polarization measurements accounted for the most differ-
ence between the prediction and the measurement.

Next we numerically model the emittance growth and
bunch lengthening for Fill 16697 which includes collisions.
As discussed above, the reductions in the emittances and
bunch lengths at the beginning of store are related to a fast
large intensity loss. Our modeling therefore starts at 1.5 h
into the store. Again we assume a 3-d Gaussian distribution
for the particles in the central bunch area. Based on the
WCM longitudinal profile measurement, about 70% of the
total particles are in the central Gaussian distribution.
For this fill, the initial bunch intensity in the central

Gaussian distribution was 0.85 × 1011, the rms bunch
length was 0.42 m, and the initial relative rms momentum
spread was 3 × 10−4. The initial normalized rms transverse
emittance was 2.8 μm, which was derived from luminosity.
The real bunch intensity evolution is used here too.
Figures 14 and 15 show the IBS-predicted transverse

emittance growth and rms bunch lengthening for the beam
in the Blue ring and their measured values. The difference
in the emittance growth between the IBS prediction and

 2.7

 2.8

 2.9

 3

 3.1

 3.2

 3.3

 0  1  2  3  4  5  6  7  8  9

E
m

itt
an

ce
 (

μm
)

Time (hour)

Derived from lumi.
IBS prediction

FIG. 14. Numeric modeling of emittance growth with collision
at store. Initial beam parameters similar to Fill 16697 are used.

 0.4

 0.44

 0.48

 0.52

 0.56

 0  1  2  3  4  5  6  7  8  9

R
M

S
 B

un
ch

 L
en

gt
h 

(m
)

Time (hour)

Measurements
IBS prediction

FIG. 15. Numerical modeling of bunch length growth with
collision at store. Initial beam parameters similar to Fill 16697
are used.

 0.52

 0.54

 0.56

 0.58

 0.6

 0.62

 0.64

 0.66

 0.68

 0.7

 0.72

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5

 R
M

S
 b

un
ch

 le
ng

th
 (

m
)

 Time (hour)

Measurements
IBS prediction

FIG. 13. Numerical modeling of bunch length growth without
collision at store. Initial beam parameters similar to Fill 16697
are used.

Y. LUO, W. FISCHER, and S. WHITE PHYS. REV. ACCEL. BEAMS 19, 021001 (2016)

021001-10



the measurement is below 5%. The difference in the net
bunch length increase in 7 h at store is about 10%. These
differences may come from our 3-d Gaussian bunch
assumption in the simulation. And we also ignored all
other effects except the IBS effect. As mentioned above,
Touschek effect moves particles out of the bunch center and
generates a non-Gaussian distribution tail. The method to
measure the average bunch length with WCMs also gives
some systematic errors since the differences between
bunches are ignored.

B. Multiparticle tracking

1. Simulation code

Multiparticle numerical simulation was carried out to
understand and model the evolutions of longitudinal bunch
profiles and particle loss for non-Gaussian proton bunches
at store. In the simulation, the transverse motion is
represented by a 4 × 4 linear matrix and the transverse
chromaticities are set to 2. Both the 28 MHz and 197 MHz
rf cavities are included. The time-of-flight is calculated
with the slippage factor.
To generate the non-Gaussian longitudinal bunch profile

at store, we first generate a 6-d Gaussian distribution of
macroparticles with 360 kV 28 MHz rf voltage. Then we
slowly ramp up 300 kV 197 MHz rf voltage. After a few
seconds a stable longitudinal distribution is obtained, we
begin to add the IBS and beam-beam effects. In this study,
half a million of macroparticles are used.
To simulate the IBS growth for non-Gaussian bunch, we

slice the proton bunch into 100 slices longitudinally. For
each slice, we estimate its IBS growth rates with the formula
for the coasting beam. To save the computing time, enlarged
Gaussian random IBS kicks are applied each turn to the
macroparticles. This method had been benchmarked with the
analytical predictions for a Gaussian distribution bunch and
was successfully used for the stochastic cooling simulation
for the RHIC ion operation [28].
In our study, we simply apply a hard momentum aperture

cut to represent the effect of beam-beam interactions. If a
macroparticle’s off-momentum is larger than it, this particle
will be immediately eliminated and considered lost. The
burn-off caused particle loss is also included by changing
the weights of macroparticles based on their longitudinal
positions in the bunch.

2. Simulation results

Multiparticle simulation largely reproduces the evolu-
tions of longitudinal bunch profiles and transverse emit-
tances at store. As an example, Fig. 16 shows the
longitudinal bunch profiles with particle loss caused by
burn-off only. The initial beam parameters were similar to
Fill 16697. The particles continue to move out of the central
197 MHz rf bucket due to the IBS effect. Since there is no

momentum aperture limit, the tail population continues to
increase over the store.
Figure 17 shows the longitudinal bunch profiles with an

off-momentum aperture 6.0 × 10−4. Particles in the bunch
tail with an off-momentum deviation larger than the
momentum aperture will get lost. In less than an hour a
stable particle distribution has been created in the bunch
tail. In the study, if the momentum aperture is set to be
7.0 × 10−4 or larger, the tail population will continuously
increase over the store. If the momentum aperture is set
to be smaller than 6.0 × 10−4, a stable particle distribution
still can be generated in the bunch tail but with a smaller
population than the beginning of store. Compared to the
measured bunch profiles as shown in the bottom-right
plot of Fig. 8, the actual momentum aperture in the RHIC
proton operation is likely around 6.0 × 10−4.
Furthermore, Fig. 18 shows the longitudinal bunch

profiles at store from the multiparticle tracking with
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100 kV 197 MHz rf cavities which was used in 2013. The
initial beam parameters are from Fill 17520. The profiles
from simulation qualitatively agreed well with the WCM
measurements. Compared to the case with 300 kV of
197 MHz rf cavities used in 2012, the particle leakage
rate slowed down due to the reduced bunch intensity at the
central bunch area. And the momentum spread of the
proton beam was smaller with 100 kV 197 MHz cavities.
For Fill 17520, there was less particle loss due to the

off-momentum momentum aperture limit. During the first
hour at store, there was 4.5% particles moving out of the
central bunch area [−5 ns, 5 ns]. The actual particle loss
rate was 5.2%/h. From both the actual WCMmeasurements
and the simulation, the tail population slightly increased
throughout the store.
Figure 19 shows the evolution of bunch intensity from

the multiparticle simulation with 300 kV 197 MHz rf
cavities. The red curve shows the bunch intensity only with

the burn-off beam loss. The average particle loss rate at
store is 0.32%/h, which is close to our early analytical
estimate.
The blue curve in Fig. 19 shows the evolution of bunch

intensity with an off-momentum aperture 6.0 × 10−4. The
very early particle loss is from particles initially with large
off-momentum deviation than the momentum aperture.
After the very fast early loss, the particle loss is determined
by the IBS growth rate and the momentum aperture. The
smaller momentum aperture, the larger particle loss rate is.
For an off-momentum aperture 6.0 × 10−4, the particle loss
rate is 3.5%/h from simulation, which is close to the
measurements after the first hour at store.
Currently we cannot demonstrate the large fast particle

loss in the first hour at store. One reason is that we used a
hard momentum aperture in simulation. In RHIC, there is
not a momentum collimation system. The real process of
particle loss may take a longer time. The second reason is
that we could not generate a realistic particle distribution in
the bunch tail. Compared to the real bunch profile mea-
surements, there were more particles on both sides of the
central 197 MHz rf bucket than the simulation. It would
take a relatively longer time for those particles to get lost
due to the IBS effect.
In Ref. [29], the longitudinal distribution and particle

loss at store with a single frequency of rf system are
modeled by numerically solving an integrodifferential
diffusion equation. This method was applied to Tevatron
at the Fermi National Accelerator Laboratory. As opposed
to RHIC, the off-momentum dynamic aperture with beam-
beam interactions was not the main limiting factor to the
beam lifetime at the Tevatron [30–32].

VI. CONCLUSION

In this article, we presented the operational observations
in the past RHIC polarized proton runs. We analyzed the
mechanisms for the proton particle loss, transverse emit-
tance growth, and bunch lengthening at store. A strong
linear correlation was established between the beam loss
rate and the particle leakage rate out of the central bunch
area. We concluded that the particle loss was caused by a
limited off-momentum dynamic aperture which was
reduced by the beam-beam interactions. IBS was identified
as the main reason for the growths of transverse emittances
and bunch length. It moves particles out of the bunch
central area. These particles in the bunch tail with an off-
momentum deviation larger than the momentum aperture
would get lost. Both analytical calculations and multi-
particle simulations largely reproduced the observed evo-
lutions of bunch lengthening and emittance growth over the
physics store. Based on these findings, a new store lattice
with a much larger off-momentum dynamic aperture was
used in the 2015 RHIC 100 GeV proton run. Together with
the head-on beam-beam compensation, both the peak and
average luminosities were doubled [33].
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APPENDIX: CAUSES OF DYNAMIC
APERTURE REDUCTION

In the following we present the causes of dynamic
aperture reduction in the RHIC proton operation.

1. Chromatic effects with low β�s

To increase the luminosity, the β� s at the collisional IPs
were reduced. A low β� lattice increases the nonlinear
chromaticities and reduces the off-momentum dynamic
aperture. In the 2009 100 GeV run, the β�s were further
reduced to 0.7 m from 1.0 m used in 2008 but shorter
intensity and luminosity lifetimes were observed. In the
following 100 GeV run in 2012, β� was increased to 0.85 m
and the beam lifetime was improved.
Figure 20 shows the calculated dynamic apertures with

beam-beam interactions versus β�s at IP6 and IP8. The
particle energy is 100 GeV. The tunes without collision are
(28.688, 29.685). The proton bunch intensity is 1.5 × 1011.
The transverse emittance is 3.3 μm. From this plot, the
dynamic aperture with beam-beam interactions drops as β�
decreases. With β� ¼ 0.7 m, the calculated dynamic aper-
tures are 4.2σ in the Blue ring and 3.6σ in the Yellow ring.
With a larger β� ¼ 0.85 m, they increase to 4.7σ and 4.5σ
respectively.
The main sources to the nonlinear chromaticities are the

triplet quadrupoles in the collisional interaction regions
(IRs). In these regions, the low β� s at the IPs lead to a large
off-momentum β-beat dβ=dδ. To compensate the second

order chromaticities, we can adjust the betatron phase
advances between IP6 and IP8 to be ðkþ 1=2Þπ, k is an
integer. Another solution is the achromatic-telescopic-
squeezing (ATS) scheme which is adopted for the
HL-LHC program [34] and was recently implemented in
RHIC [35] as a part of the electron lens project.

2. Third order resonances

Beam-beam interactions introduce an amplitude-depen-
dent tune shift which is proportional to the bunch intensity.
In the limited tune space between 2=3 and 7=10, a large
beam-beam parameter generates a large tune spread and
pushes the particles in the bunch core toward the third order
resonances at Qx;y ¼ 2=3. Even with a low beam-beam
parameter in the 2006 100 GeV proton run, we already
noticed that a working point above the diagonal gave a
worse beam-beam lifetime than the one below diagonal.
Both simulation and experiments show that the stop-band
of the horizontal third order resonance is wider than that of
the vertical third order resonance.
Figure 21 shows the calculated dynamic aperture with

beam-beam interactions in a tune scan along the diagonal in
the tune space between 2=3 and 7=10. The β�s at IP6 and
IP8 are 1.0 m, which is the same as in 2006. The bunch
intensity is 1.5 × 1011 and the transverse rms emittance
3.3 μm. The initial relative momentum deviation is
12.5 × 10−4. The difference between the fractional hori-
zontal and vertical tunes is kept at 0.005. The horizontal
axis is the lower tune value, which can be the horizontal or
the vertical tune depending whether the working point is
above or below the diagonal.
We can see on Fig. 21 that the dynamic aperture drops

when the working point moves toward the third order
resonances. At the same distance from the third order
resonances, a working point below the diagonal gives a
larger dynamic aperture than one above the diagonal.
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The Blue ring has a larger dynamic aperture than the
Yellow ring. The reason is that the negative second order
chromaticities in the Yellow ring pushes the tunes of off-
momentum particles closer to the third order resonances
than for the Blue ring.
The main sources to the third order resonance driving

terms are located in the collisional IRs. In RHIC, we use the
local IR normal and skew sextupole correctors to correct
the third order resonances. Without collision, by pushing
the tunes close to the third order resonances, we could
reduce the beam loss by adjusting the local IR sextupole
correctors. However, when bringing the beams into colli-
sion, the effect of these corrections were not conclusive.
Possible explanation is that the beam lifetime with colli-
sions is mainly determined by beam-beam interactions,
even though the third order resonance correction could
possibly yield some additional tune space.

3. Limited tune space

With a larger bunch intensity in the 2013 255 GeV
proton run, to maintain the proton polarization, the beam-
beam tune footprint had to be placed closer to the third
order resonance. Operational experience shows that a
vertical tune higher than 0.686 reduces the polarization
lifetime. In addition setting the tune close to 7=10 will
introduce large beam losses. Since the beam-beam tune
footprint was close to the third order resonances, we
normally observed mild transverse emittance blow-up right
after collision during routine physics stores in 2013.
Figure 22 shows the peak luminosity and the luminosity-

derived emittances when we pushed the proton bunch
intensity during the 2013 255 GeV proton run. Each point
in the plot represents one store. The horizontal axis is the
average bunch intensity of the Blue and Yellow rings.
These data are taken at 5 min after physics data taking was
declared. On this plot we can see that when the bunch

intensity was larger than 1.9 × 1011, the transverse emit-
tance was blown up and the peak luminosity was reduced.
To reduce the head-on beam-beam tune spread, two

electron lenses have been installed in RHIC [36], one in
each ring. Partial head-on beam-beam compensation is
used to avoid overcompensation. To cancel the nonlinear
head-on beam-beam resonances, the betatron phase
advances between IP8 and the center of electron lenses
is set to kπ. Electron lenses were also installed in the
Tevatron for long-range beam-beam compensation and
other purposes [37–41].
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