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Abstract

The development of a beam induced electron cloud in the vacuum
pipe of RHIC depends mainly on three parameters: the radius of the
beam pipe, the secondary emission yield of the vacuum chamber material
and the time gap between two consecutive bunches. A simple model
estimates the mean survival probability of electrons in the beam pipe,
the effective yield and the dissipated power in the chamber wall due to the
electron cloud. Calculations are made taking into account two different
operation schemes with 60 and 120 bunches respectively. No effect is
expected for an operation with 60 bunches while the potential RHIC
upgrade with 120 bunches runs the risk to produce an unacceptable heat
load in the chamber wall.
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1 Introduction

Electrons, produced by either ionization of residual gas or photo-emission in the
chamber wall due to synchrotron radiation, are attracted and accelerated by the
electrical field of the next passing bunch. Once these accelerated electrons hit
the chamber wall they cause the emission of secondary electrons [1], which can
eventually give rise to a continuous accumulation of electrons in the beam pipe.
Once the cloud is established it is likely to cause beam instabilities and an enhanced
gas desorption associated by a pressure increase. However, various conditions have
to be met to build up a quasi-stationary electron cloud.

This electron cloud effect, first observed and reported in 1977 at the ISR 2]
at CERN, was recently studied again by an LHC working group [3, 4, 5] and found
to be critical for the upper limit of the linear power dissipation on the LHC beam
screen. The alarming results of the LHC working group motivated a closer look at the
possible impact of beam induced electron clouds on RHIC. At RHIC the contribution
from synchrotron radiation (< 1 eV per turn for 250 GeV protons) to the primary
electron production is negligible small, while it will be the dominant source at LEC.
Electrons in the RHIC vacuum chamber arise from residual gas interactions with
the beam. However, at RHIC the distance between two consecutive bunches is much
larger than at the LHC allowing the secondary electrons to be absorbed before the
next bunch arrives. This report provides results for an electron cloud development
under conditions of the typical RHIC parameters.

2 The Model

A potential source of primary electrons at RHIC are interactions of the the beam
with the residual gas. At RHIC both the cold vacuum and the warm vacuum consist
mainly of Hj ions, in the first case with balance being He and in the latter case with
balance being CO [6]. Therefore the number of electrons N, per cm in one turn is
in good approximation equal to the number of Hy and C'O ions created by residual
gas collisions with the beam:

sz'on
dl

where Ny is the number of particles per bunch, M is the number of bunches, p is

=M-Ny- (aH2PH2UH2 + Ofcopcoa-co) = Ne/cmv (1)

the density of ions in the beam pipe corresponding to the quality of the vacuum and
OH,,0co are the cross sections of the Au — H, and Au — C'O interaction respectively.
o denotes the occurance of the molecule type within one turn depending on warm
and cold sections. The ionization cross section which on the one hand is independent
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from the charge and the mass of the ionizing particle on the other hand depends on

the molecule of the residual gas and the velocity of the lonizing particle. It can be
described by the following (“Bethe”) formula [7]:

2 1 ‘
1—,82)_1+02b3, (2)

where C; and C} are constants with the particular values of:

o= 4%(%)2 CyB%In(

molecule C_'f Cy
H, 0.5 8.1
co 3.7 35.1

Assuming a parabolically shaped bunch the electrical field E(r) attracting these
primary electrons is given by [8]:

Br) = E(2-(3?)g fer<k, (3)

E(r) = EOE, forr >R, (4)
r

and
Ibunch
E = @ — ] ‘
0 2meqo L, Rfrey (5)
Here are:

r radial position

R radius of charge distribution

Sfrew revolution frequency

Tyunch bunch current

or bunch length

In a single kick approximation a stationary electron at a radial position r gains a
certain amount of momentum Ap during the passage of a bunch:

Apze-E(r)-"c—L . (6)
The momentum transfer corresponds to an energy gain of:
(Ap)? -
AE = —~— :
E 2m, (7)

To develop an electron avalanche the accelerated electrons have to (1) cross the beam
pipe at least once before the arrival of the next bunch and (ii) create secondary



electrons in the chamber wall. The first condition, which is easily accomplished for
either RHIC operation mode, 60 and 120 bunches, can be expressed by [4]:

< to, (8)

where %y, corresponds to the time between two successive bunches while rp is the
radius of the beam pipe. The second condition is met by any primary electrons
which gained sufficient energy to produce more than 1 secondary electron when
they hit the vacuum chamber wall. Two major ingredients influence the energy
gain: the bunch intensity Iyuncn and the RMS bunch length o7. In the single kick
approximation according to equation 7, effects due to o7 are neglected. However,
in the case of long bunches electrons could oscillate several times inside the bunch
potential leading to a mean energy gain which is shifted to smaller energies. Bunch
intensities smaller than the nominal value, which are likely for the RHIC start up
period, would result in a smaller value for the mean energy as well.

The secondary emission yield § as a function of the angle of incidence © and
the energy E of the initial electron can be parameterized in the following form [8]:

Emaz

EE

Ema.a:

1 — 23 (gm0

§(E,0) = bpngr 1.1 - 00(—cos(®)) (9)

The maximum value of this distribution, §,n45, and the energy where the maximum
takes place, Emqqr, are both specific material constants, which are quoted in literature
for various elements and compounds [9]. However, the quoted values for stainless

Wy

Figure 1: Definition of angle of incidence in this report.

steel differ by quite some amount from 1.2 [10] up to 2.0 [4]. Typically small values
of dmqr are achieved for coated stainless steel, for conditioned surfaces or for a
warm environment. According to the definition of ©, which is outlined in figure 1,
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perpendicular incidence corresponds to © = 0°. The secondary electron coefficient
6(E, ©) acquires a minimum for normal incidence and is increasing as a function of
© up to an angle of © = 60° at which the yield saturates [6].

3 Application to RHIC

Table 1 lists parameters which apply for RHIC and are used in the following calcu-
lations. Most parameters are taken from [11]. Note that E,..; = 300 eV and the
upper limit of dpq, are derived from measurements recently performed within LHC
electron cloud studies [4]. Enq, = 500 eV and the lower limit of 6,,,, are the values
quoted in [10].

M number of bunches 60/120
top bunch spacing » 228.4/114.2 ns
Ty beam pipe radius 0.0346 m
p residual gas density at
4 K, 110" Torr (cold) 210" cm™3
300 K, 1 107® Torr (warm) 310" cm™3
o, cross section 2.3 107 cm?
Oco cross section 1.2 1078 cm?
B bending field 3.5 T
Frev revolution frequency 78.193 kHz
N, number of particles/bunch (gold) 1-10°
Tyuncr | bunch current (gold) 1 mA
oL RMS bunch length (gold start store) | 0.11-0.17 m
R radius of charge distribution (o4,) 1.3-1.7 mm
Omaz | stainless steel 1.2-2.0
E,..: | stainless steel 300 - 500 eV

Table 1: Global RHIC parameters, values for operation with gold, and specific properties
of stainless steel.

The RMS bunch length used is 14 cm, which corresponds to a typical value
at the beginning of a store with gold nuclei [12]. The residual gas in the cold bore
is assumed to consist of H, only while it is assumed to be even distributed between
H, and C'O in the warm bore which corresponds to approximately 25% of the entire
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ring. Based on the assumptions discussed above the number N of primary electrons

per bunch produced in one turn by a beam of 60 bunches can be evaluated according
to equation 1:

dN, e
T 0.535 ~ 7.5 e/bunch

Using 17 cm bunch length instead of 14 cm would increase this number by less than
10%. Once primary electrons reside in the beam pipe they are attracted by the
electrical field of the next bunch. Inserting the full range of values given in table 1
into equation 5 one obtains an electrical field of:

Ep ~ 0.8—1.610° V/m.

In the following Eo = 1.1 10° V/m will be used which corresponds to the electrical
field with R = 15 mm and o7, = 14 cm.

% 30 - r =R
< 25 - % single kick approximation
= et
.bab : .?
> 20 E,=11V/m
1) . .
5 15 o average gain = 1.6 keV
5 i
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Figure 2: Energy gain of primary electrons after one bunch Dpassage in the single kick
approximation as a function of the radial position in the RHIC vacuum chamber. The
dotted line corresponds to the position where r is equal to the radius R of the charge

distribution. The average gain corresponds to the mean energy in the range from r=0 cm
to r=3.46 cm.



In the simple model used to estimate a potential electron cloud effect at RHIC,
primary electrons are assumed to be stationary. According to [4] this approximation
is quite satisfactory and can be applied to electrons with radial positions r > R.
In the calculations it is assumed that beam gas interactions close to the bunch are
more likely. Therefore the assumed density of electrons from gas lonization scales
like 1/r. Figure 2 shows the electron energy after the passage of a bunch in the single
kick approximation as a function of its initial radial position. At RHIC an electron
residing at the wall at the time a bunch passes by receives an energy of about 40 eV
while an electron created closer to the center of the beam pipe may gain several keV
up to 25 keV. The mean energy gain for this approximation assuming a medium
electrical field of 1.2 10° V/m is 1.6 keV.

However, in this approximation the longitudinal bunch shape is not taken into
account leading to an overestimation of the energy gained by particles at small
radii [13]. Particles which are close to a relatively long bunch are attracted more
than once by the electrical field during the passage of the bunch. Therefore such
particles perform some oscillations around the center position being accelerated and
backtracked again resulting in a significant reduction of the total energy gain. To
consider this effect the mean energy gain has been varied from 800 eV to 1600 eV
to evaluate the secondary electron yield of the primary electrons.

3.1 Emission Yield of Primary Electrons

If a primary electron gains sufficient energy it crosses the beam pipe and creates
secondary electrons in the opposite chamber wall before the next bunch arrives.
According to equation 9 the number of released secondary electrons increases with
the energy and the angle of incidence with a minimum at normal incidence, ® = 0°.
Figure 3 shows the secondary electron yield as a function of incoming electron energy
for one particular choice of 8,4, and E,,.,. For each energy setting the angle of
incidence has been varied from 0 to 60 degrees. The data points correspond $o the
average yield while the error bars correspond to the sigma of the variation within
the range of 0 to 60 degree in each bin. In this particular case, at a primary electron
energy of 1.6 keV, E,,, = 300 V, and &,,,, = 2.0 the average secondary electron
yield ; is about 1.5 for stainless steel. According to [6], the value of 6,,q; differs for
stainless steel at 4K (< 2) and at room temperature (< 1.5). As mentioned before
the value quoted in [10] is approximately 1.2 depending on the surface conditions.
Therefore the value of &,,,; has been varied between 1.2 and 2.0 in a range of
300 V < Enas < 500 V. Furthermore the primary energies were changed between
800 ¢V and 1600 eV as mentioned above. This results in an average secondary
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Figure 3: The secondary electron yield of stainless steel with Omaz = 2 and Ep,,, = 300
eV as a function of the incoming electron energy. The dashed line denotes the average
energy gain of the primary electrons.

electron yield ; for the first generation of:
éy = 1.51 £0.08, (10)

where the error corresponds to the error of the mean. In the later calculations of
this report the following values have been used as the default:

Bpaz = 400V, (11)
maz = 1.8, (12)

representing still conservative assumptions. The corresponding value of &; for this
parameter set is 1.47 which agrees fairly well with the average value in equation 10.
3.2 Emission Yield of Secondary Electron Generations

The number of electrons N; in the beam pipe right after a bunch passage can be
written as:

N1 = N0-51 > No (13)



where Ny is the number of primary electrons. These N; electrons are slow since
most secondary electrons are emitted with low energies usually in the range of 1-10
eV [9]. However, some electrons have an energy up to and including the primary
electron energy where the very high energy electrons are backscattered electrons.
The integrated number of electrons at an energy equal to the primary electron
energy is fairly small (O(1%)) [9, 14]. Therefore the backscattered electrons will be
neglected to calculate the total number of electrons present in the beam pipe just
before the next bunch arrives.

The spectrum of the emitted low energy electrons can be approximated by a
Maxwell distribution with a maximum value of 10 eV [8] as shown in figure 4 (re-
flected electrons are not included). The mean secondary electron energy is about 29
eV. Inserting this value in equation 9 results in an average secondary emission yield
for the first generation of low energy electrons of &, = 0.37. In the computation the
yields are integrated over the effective (i.e. 0-60 degrees) range of angles of incidence
(compare figure 3). Table 2 lists emission yields for various energies of incoming elec-
trons. In principle, the spectrum of the low energy electrons is independent of the
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Figure 4: Low energy spectrum of secondary electron emission for 120 eV incoming
electrons.

energy of the incoming particles and the Maxwell distribution shown in figure 4 can
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be applied to secondary electron emission caused by low energy electrons on their
part. While in [15] a slightly different approach is used to compute the secondary
electron spectrum, the resulting mean energies agree to better than 3% in the two
approaches.

In the case of low energies and the Maxwell approach the spectrum is trun-
cated at a certain cut-off value provided this value is still above the maximum value
of 10 eV. Depending on the mean energy of the incoming electrons the new mean
secondary electron energy and thus the yield 6, is reduced from generation to genera-
tion of secondary electrons. Table 2 shows the electron yield §, for three generations

generation | B, | mean energy | &,
[eV] [eV]
(1) 120 29.1 0.37
(2) 49 21.0 0.28
(3) 34 16.3 0.21

Table 2: Cut-off energy of the truncated Maxwell distribution, mean energy and secondary
electron yield for three generations of low energy electrons.

and mean energies of incoming slow electrons. The energy of the incoming electrons
corresponds to the mean energy of a truncated Maxwell distribution. The cut-off
value for the Maxwell distribution in one generation was set to:

EL) = B0 + B0 (14)

mean

where (n) corresponds to the generation number. The value of 120 eV for the first
generation is chosen arbitrarily. Depending on the time gap between two consecu-
tive bunches not only one but several generations of low energy electrons could be
created.

3.3 Lifetime of Secondary Electrons in the RHIC Beam Pipe

To calculate the number of electrons 1\7'1 at the time of the next bunch arrival, the
survival probability o in the time gap between two bunches has to be evaluated
carefully. o is based on the time of residence of electrons in the vacuum chamber
without being absorbed. To derive the total number of electrons, the additional
electrons created by the low energy electrons have to be taken into account. The
creation of more secondary electrons might happen several times before the next
bunch arrives.
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Since electrons in a magnetic field are constrained to helices around the field
lines, the pattern of particle motion at the presence of a dipole field differs from the
motion at a location without field. Therefore RHIC was divided into sections with
and without bending field to calculate a.. Locations with bending field at RHIC add
up to about 40% of the circumference leading to a weight of 0.4 and 0.6 respectively
for the two sections. Fig. 5 shows a schematic view of electron motion with and
without bending field. While in case (a) for small emission angles the distance
electrons cover in the beam pipe rises, in case (b) the electrons are constrained to
a motion around the vertical field lines with an increase of the number of cycles for
small emission angles. However, the typical time of residence in the beam pipe is
about the same in both cases. The average lifetime 7 of electrons as a function of

¢ (a) no bending field:

x, @ .......... q;

[RRRAE

T (b) with bending field: ¢

Figure 5: Schematic view of possible motion of a soft electron emitted from the chamber
wall. (a) Location without bending field, (b) location with bending field.

the emission angle ¢ has been calculated integrating over the entire range of possible
emission angles: 0 < ¢ < /2, where ¢ is defined as shown in figure 5. Figure 6
shows the crossing time integrated over all emission angles for 29 eV electrons at a
location without bending field. No lifetimes below the minimal crossing time, which
is in this case about 22 ns, occur. Table 3 summarizes the minimum and mean
time of residence in the beam pipe for electrons with energies between 1.6 keV and
21 eV. It demonstrates that at the most 2 generations of slow electrons take place
between two consecutive bunches. The survival probabilities are derived from the
mean crossing time at the various energies normalized to the spacing time between
two bunches, 228 ns and 114 ns respectively and are normalized to the absolute
number of electrons which are absorbed at times t < 7. The survival probability
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Figure 6: Lifetime of secondary electrons in the RHIC beam pipe. The energy was set to
29 eV. The mean crossing time is about 82 ns. The distribution is shifted by about 22 ns
(indicated by the dashed line) corresponding to the minimal crossing time of an electron
with 29 eV and perpendicular emission.

increases with the reduction of the energy of incoming electrons and the vanishing
time gap which remains between the two generations. In the case of a 228 ns time
gap a survival probability of 100 % is reached for the second generation. Future
potential RHIC upgrades include doubling the number of bunches from 60 to 120
leading to a shortened time gap of 114 ns, where a survival probability of 100 % is
met after the first generation already.

On average, the first generation secondary electrons cross the beam pipe within
82 ns at which time they release secondary electrons with a yield of 6&1) = 0.37.
Given the number of secondary electrons produced by the high energy primary elec-
trons, N; = 1 - Ny, the number of electrons present at the time the first generation

of secondary electrons hit the pipe wall becomes:
AR O By VAT RN C ) OB Y (15)

While o) - N, first generation electrons survive without crossing the beam pipe,.
(1 —aM)- Ny electrons hit the vacuum chamber wall again and either release new
secondary electrons with a yield of 0.37 or are absorbed. Using equation 13 an
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electron energy [eV] 1600 | 29.1 | 21.0

minimal crossing time [ns] | 2.9 | 22 | 25

mean crossing time 7 [ns] | 10.8 | 81.8 | 94.4

7/228 [ns] - 1036 0.64
7/114 [ns] - 0.7 | 1.
o (928 ns) - 1029 | 0.54
a (114 ns) - 0.58 | 1.

Table 3: Approximate mean crossing time r and survival probabilities of electrons in the
RHIC beam pipe for various energies.

effective multiplication factor d.7¢ can be derived from equation 15:

Nl(l)
ey = = Nodi - (ol 4 (1~ a)ofV) (16)

Inserting the numbers listed in table 2 and 3 d.; is below one for a time gap of 228
ns and above one for 114 ns. The next iteration of Equationl5 takes the survival
probability &(® and the emission yield 552) of the second generation of slow electrons
into account. Thus equation 16 becomes:

5 (2)

@ _ M
56ff -

=N (o® +a@(1 - a®)s 4 (1 — )5 (1 — oMy . )

0

Further iterations could be evaluated accordingly. Table 4 lists the resulting &, ¢ for
two electron generations. For a time gap of 228 ns two generations are created before
the next bunch arrives reducing the “raw” effective yield from 1.47 to 0.70 =+ 0.04.
For a time gap of 114 ns only one electron generation evolves leading to a saturated
effective yield of 1.10 & 0.07. According to the above approximations, no electron

(2) | (b)
89, | 1.47 | 1.47
8% | 0.83 | 1.10
8%, | 0.70 | 1.10

Table 4: Effective electron yield as a function of electron generations for (a) a time gap
of 228 ns and (b) a time gap of 114 ns. Generation 0 corresponds to the primary electron
generation with high energies.
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cloud would appear when RHIC is operated with 60 bunches. However, for the
upgraded operation scenario with 120 bunches, an effective yield above 1 remains
leading to a probable development of a stable electron cloud in the beam pipe.

4 Discussion of the Results

Taking the results from Table 4, the number of electrons in the beam pipe accumu-
lates in the case of a 114 ns time gap. Within one turn a total of 112 bunches pass
followed by 8 empty buckets [16] leading to an enlarged time gap of 8 - 114 = 912
ns. The time gap corresponds to a length of approximately lgap =~ 270 m. The total
number of accumulated electrons, N, immediately after the passage of M bunches
is given by:

M-2
N.=15-No- > &, . (18)
7=0

For M = 120 bunches and an effective yield of 1.10 this number amounts to
N, =1.3-10% while for M = 60 and §. ff = 0.70 the number of accumulated elec-
trons is negligible small. The survival probability of these slow electrons during the
enlarged time gap is smaller than 8 %. Thus all electrons in the beam pipe get
lost during this large gap. However, the absorption process potentially produces a
serious heat load in the chamber wall. The integrated dissipated power P, which is
deposited in the chamber wall during one entire revolution, is given by:

E?—i—[l Ne(i) - e

P>=<FE>-
< EP>=< &> 1

[W/ml], (19)
where [ is the length of the interaction area with the pipe wall, #,., = 12.8us the
revolution time, and < £ >= 1.6 keV. The total number of electrons, N,(7), varies
according to the number of bunches which come along. The sum over the total
number of electrons is the quantity which matters for the integrated dissipated
power during one revolution. Inserting the numbers given in the text above leads
to < P >g~ 0.3 - 107® W/m with a negligible error and < P >;50 = 0.02 W/m re-
spectively. In the latter case, the effect of even small variations of 4, 7f 1s very large
due to the sum with the maximum power of 53} s+ Therefore an effective yield of
Segy = 1.167 which corresponds to an upper limit within the error bars as in equa-
tion 10 results in a dissipated power of < P >199 = 3.7 W/m. This is more than
two orders of magnitude above the central value.
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5 Conclusion

Since the maximum tenable heat load at RHIC is 0.5 W/m [17] the dissipated power
of 0.3 mW /m for an operation with 60 bunches is absolutely negligible. Thus we do
not expect any problem from beam induced electron clouds for these conditions.

In the case of the upgraded scenario with 120 rotating bunches the number of
electrons just after the passage of the 120th bunch is in the order of 108 leading to a
heat load which is still acceptable. However, even a small addition of +0.07 to the
effective yield leads to a power dissipation in the chamber wall of the order of some
W/m. This result is 7 times larger than the tenable heat load.

New measurements at CERN [18] indicate that the typical energy of the emit-
ted slow electrons is smaller by about one order of magnitude compared to the
approximation of a truncated Maxwell distribution. In such a case where the effec-
tive secondary electron yield is practically zero (Jesf ~ 0.04) all released low energy
electrons would be absorbed in the time gap between two bunches without a sig-
nificant electron accumulation. In addition, recently at LBL evaluated preliminary
results from simulations [19] point out a much less severe accumulation effect for
RHIC resulting in an inconsiderable heat load even for a 120 bunch operation.

However, within the above discussed simplifications and the error range of the
secondary electron yield the heat load exceeds easily the maximum tenable value.
Therefore chamber wall overheating is possible for RHIC operation with 120 bunches
under the conditions outlined in this report.
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