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Abstract

During the RHIC Run-4 pressure rises could be observed in some of the interaction regions when
the gold beams crossed the transition energy. We analyze these pressure rises as a function of location,
store number, intensity, beam loss, and fill pattern. These findings are compared with electron cloud
simulations. OQur aim is to determine the dominant source of the transition pressure rise.

1 Introduction

Pressure rises in heavy ion operation are relevant at injection, transition, and store. They
limit the intensity that can be injected, accelerated and stored, and lead to an increase
in experimental background. While pressure rises at injection and store could clearly be
linked to electron clouds [1-3], the source of the transition pressure is less clear. In Run-
3 the transition pressure rise was clearly dependent on the total intensity, but showed
little or no dependence on the bunch pattern [4]. Beam loss was suspected as a possible
source for the release of gas molecules. Measurements at BNL, CERN, and GSI have
yielded desorption coefficients from 10 to 107 for ions in the energy range from 1 MeV /u
to 158 GeV/u (see Ref. [5] for a compilation of the data). The values at the high end
of this range are still under discussion. Further desorption measurements were done at
RHIC during Run-4 [6,7].

Here we analyze the transition pressure rise of all ramps that lead to physics stores
in gold-gold operation in Run-4 (for an overview of all Runs, see [8]). For each case we
record the following quantities:

Bunch pattern

Blue and Yellow intensity before transition

Blue and Yellow intensity after transition

Pressure in IR4, IR10, and IR12 before transition
Maximum pressure in IR4, IR10, and IR12 near transition

A

We analyze the pressure in the common sections of IR4, IR10, and IR12. In the common
sections the pressure rise is usually more pronounced. In most cases only small or no
pressure rises are seen during transition crossing in IR2, IR6, and IR8. In the following
we discuss electron clouds and beam losses as possible sources for the transition pressure
rise.
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Figure 1: Typical intensities (top) and pressures (bottom) in IR4, IR10, and IR12 during transition
crossing, indicated by the marker near 14:32:20.

2 Observations

We now discuss the transition pressure rise with respect to the location in the ring, the
time structure, the beam intensity, the beam loss, and the bunch pattern. Fig. 1 shows
a typical case of the transition pressure rise. When the energy approaches the transition
energy, the pressure increases in IR12, later in IR10, and to a lesser extent in IR4. In
IR12 the pressure increase happens before any beam loss is measurable.

Location Transition pressure rises are visible only in the warm regions. They can
be observed in the common sections of IR12, IR10, and to a lesser extent in IR4. In
the common parts of the other interaction regions as well as some other warm regions
(notably yol, yo4, and bi8), pressure rises are only observable for very high intensities.

Time structure The pressure rise in most cases precedes, and sometimes coincides
with visible beam loss (see Fig. 1). The pressure usually drops back after transition
crossing.

Time during Run-4 The transition pressure rise for all Au-Au physics stores of Run-4
is shown in Fig. 2. Although there appear to be more problems at the beginning of the
Run, there is no strong general trend. Stores 1 through 35 had 56 bunches per ring, stores
36 through 53 had 61 bunches/ring, stores 62 to 132 had 56 bunches/ring, and stores 133
through 274 had mostly 45 bunches/ring. We also note that stores 246 to 274 were at
31.2 GeV/u beam energy. The beams cross transition under the same conditions as for
the 100 GeV/u beam energy.



Intensity Fig. 3 shows the transition pressure rise as a function of the total beam
intensity (Blue intensity plus Yellow intensity). There is a threshold of 85 x 10° Au ions
below which no transition pressure rise can be observed. Above this threshold there is an
stronger than linear dependence of the pressure with the intensity. This is in agreement
with the transition pressure rise observations in Run-3 [4].

Beam loss Fig. 4 shows the transition pressure rise as a function of the transition
beam loss. There appears to be no correlation between the pressure rise and the amount
of beam lost.

Bunch pattern Finally, Fig. 5 shows the maximum pressure near transition as a func-
tion of the average bunch intensity, separated into stores with 45, 56, and 61 bunches per
ring, for IR10 and IR12. The threshold below which no pressure rise can be seen increases
with the average bunch spacing. The pressure rise above the threshold is approximately
linear.

3 Electron induced desorption

In this section we will argue that electron induced desorption, after an electron cloud
formation, can explain the observed transition pressure rise. Figure 3 shows that the
maximum pressure is strongly dependent on the total beam intensity, and Fig. 5 marks
three different bunch intensity thresholds for this pressure rise corresponding to 45, 56,
and 61 bunches per ring. For both IR10 and IR12 the threshold increases as the number
of bunches per ring decreases (or the average bunch spacing increases). This is typical for
electron clouds, not only for RHIC [2,10] but also for other machines [9].

For electron clouds with a constant bunch pattern, we expect a density approximately
proportional to the bunch intensity [10]. With an increase in the bunch intensity, the
electron impact energy also increases (see below), and with it the desorption coefficient 7,
(number of molecules released per incident electron) [11]. We therefore expect a pressure
rise dependence on the bunch intensity stronger than linear. This is consistent with the
data shown in Fig. 5.

To gain further inside we simulate the electron cloud behavior in IR10 and IR12 for
bunch patterns with 45, 56, and 61 bunches per ring. We consider the bunch lengths at
injection, transition, and store. We used the code CSEC by M. Blaskiewicz (a description
can be found in [8]). The simulation parameters are listed in Tab. 1. As observation point
we chose a location close to a vacuum gauge, which is different in both IRs (Tab. 1), and
we also assume for simplicity that the abort gaps coincide at both IRs. The pipe material
in IR10 is beryllium, it is stainless steel in IR12. We choose for the total intensity 90 x 10°
Au ions, a value at which we observe a clear pressure rise in both IR10 and IR12 for all
bunch patterns (see Figs. 3 and 5).

The surface parameters related to the Secondary Electron Yield (SEY, §) are a critical
ingredient to the simulation. Unfortunately and as seen in Ref. [14,15], there is a signif-
icant uncertainty in the SEY behavior as a function of the electron energy (specially at
low energy) and the electron dose. Both dependences have a large influence in the studied



Table 1: List of input parameters for electron cloud simulations at IR10 and IR12.

TIR10 IR12
parameter unit value value
bunch spacing ns 108/216/324
beam offset mm 0.0
bunches/ring 45/56/61
rms beam radius mm 2.0
pipe radius mm 36 60
distance from IP m 7.5 1.0
electrons generated/bunch 20000
electron generation radius mm 36 60
full bunch length ns 17.5/3.5/5.0
bunch shape parameter n 3
single beam intensity 10° 45
longitudinal slices per turn 312000
macro-particles, initially 25
smoothing length d mm 1.0
Pee, initial pC-m! 0.16
do [12,13) 0.6 0.5
doo 0.1
Ereﬂect eV 60
Pregittuse 0.5
Smax 2.4 1.9
Enax eV 450 310
Esecondary eV 8.925
ags 1.0
Qg 1.0

cases. As an example we mention that a 10% variation in the elastically reflection proba-
bility of low energy electrons (parameter ¢y in Tab. 1), or the maximum SEY (parameter
dmax in Tab. 1), or even the energy at which dp.x occurs (parameter E,,, in Tab. 1) can
change the electron density by more than 100%.

The surface parameters listed in Tab. 1 correspond to typical values found for stain-
less steel, OFHC and beryllium [12-16]. The final values were chosen to reproduce the
observation that there is no electron cloud at injection with a full parabolic bunch length
of o, = 17.5 ns, and an electron cloud at transition (o, = 3.5 ns) and store (o, = 5 ns).

In Tab. 3 the simulation results are shown for IR10. We have effectively no electron
cloud for the injection conditions. For transition and store conditions, when going from
61 to 56 to 45 bunches per ring, there are some variations in the electron cloud density,
and electron flux into the wall. The energy of the cloud electrons increases monotonically
when going to a smaller bunch number with larger bunch intensity. Note that the shorter
the bunch length, the larger electron energy.

Tab. 3 shows the results for IR12. Here too we have no electron cloud for the injection
conditions. For transition and store conditions, when going from 61 to 56 to 45 bunches
per ring there is small a reduction in both the electron cloud density and the electron



flux into the wall. The difference in the electron energy for different fill patterns is more
pronounced than at IR10. This can be best seen in the maximum electron energy which
rises, for the transition case, from about 500 eV for 61 bunches per ring to about 700 eV
for 45 bunches per ring. At IR10 the maximum electron energy is about 100 eV lower.

An increase in the electron energy could lead to a higher pressure rise if the desorp-
tion coefficient increases with the electron energy. In Fig. 6 (from Ref. [11]) molecular
desorption coefficients are shown for electron energies up to 300 eV. In this range they
are monotonically increasing. We have not found measurements at higher energies, and
it is possible that the desorption coefficients do not or only slightly increase further with
higher electron energies. The intensity scaling of the transition pressure rise is within
expectations from electron clouds as the main source of the pressure rise.

In our simulations the electron cloud densities and currents into the wall change only
slightly with the bunch pattern. We do see, however, a monotonic increase of the electron
energy with a reduced bunch number and the same total intensity. This can compensate
for a reduced electron flux into the wall and reproduce the total beam intensity behavior
seen in Fig 3. Together with the change in the bunch intensity threshold observed in Fig 5
when moving from 61 to 56 to 45 bunches per ring, we therefore conclude that electron
clouds can explain the observed transition pressure rises.

We note that it may be possible to calibrate the simulations such that they reproduce
the observed bunch intensity thresholds as a function of the bunch pattern. With this, the
simulations could yield useful information for setting intensity threshold during operation.

4 Beam loss induced desorption

In this section we will argue that beam loss induced desorption cannot explain the observed
transition pressure rise. Fig. 4 shows that there is no correlation between the transition
pressure rise and visible beam losses. Nevertheless, beam losses in the form of halo
scraping were proposed as the main cause of the transition pressure rise (see, for example,
Ref. [17]). For beam losses to be responsible for the transition pressure rise one must
assume that

1. The pressure rise is caused by halo losses not visible in the DCCT,

2. That these halo losses can occur in the IRs while the bulk losses occur at other
locations in the ring, and

3. There is a sufficiently large desorption coefficient 7.5 for beam loss driven desorption.

The first point is necessitated by the observation shown in Figs. 1 and 4. The transition
pressure rise can be seen without any visible beam loss. The second point implies that
the beam halo losses are single-turn losses. Multi-turn losses, from a limited dynamic
aperture, tend to be concentrated in a few locations of the ring (the physical aperture).
Tab. 2 shows that the IRs between the outside of the DX magnets are not the limiting
betatron aperture. Due to the small dispersion they are also not the limiting momentum



Table 2: Comparison of betatron and momentum aperture in the RHIC arcs and interaction regions.

Bx,max By,max Dx,max dpipe

[m] [m] [m]  fem]
arc 48 48 1.5 7
DX (outside)-DX (outside) 45 45 0.03 12

aperture. The most likely single-turn loss mechanism is the electromagnetic interaction
of a beam ion with the nucleus in one of the rest gas molecules. This loss mechanism is,
however, not enhanced at transition. Other processes like electron capture or stripping,
which dominate the instantaneous losses in lower energy ion accelerators, are not relevant
in RHIC. We see therefore no loss mechanism that can account for halo scraping in the
interaction regions, enhanced at transition.

For the third point we make a rough estimate for the required desorption coefficient
Moss for beam loss driven desorption, assuming halo scraping as the main cause of the
pressure rise. The pressure rise is approximately

_ KT AN "
p - 27TT2 dl nlOSS)

where k is the Boltzmann constant, 7' the temperature, » the beam pipe radius, and
dN/dl the particle loss per length. For a conservative estimate we assume that 10% Au
ions (still visible in the DCCT) are lost within 10 m in IR12 leading to a pressure rise of
107 Torr. For this a desorption coefficient of s A~ 107 is needed. This is at the high end
of all observations, and was only inferred from some RHIC observations [5,6,18]. From
the above we conclude that beam loss induced desorption cannot explain the observed
transition pressure rise.

5 Conclusions

Significant transition pressure rises were observed in IR10 and IR12 during Run-4. These
pressure rises can be explained assuming electron clouds as the driving mechanism. They
cannot be explained assuming halo scraping during transition.

Since the transition pressure rises can be accounted for by electron clouds, we conclude
that all operationally relevant pressure rises (at injection, transition, and store) can be
explained by electron clouds. Beam loss driven desorption can lead to large pressure rises,
as recent measurements in RHIC have confirmed [6,7]. However, in these instances the
pressure rise is likely only the result of the large beam loss, which itself is an operational
anomaly unrelated to the pressure rise.
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