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Electron induced molecular desorption from electron clouds at the Relativistic Heavy Ion Collider
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Molecular desorption coefficients from electron bombardment of the warm Relativistic Heavy Ion
Collider beam pipe are derived from measurements for both baked and unbaked stainless steel. For this,
we analyze electron detector and pressure gauge signals in the presence of an electron cloud. Finally, we
present a comparison between the measured and simulated energy spectrum of the cloud electrons.
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L. INTRODUCTION

The knowledge of molecular desorption coefficients is a
key ingredient in understanding the electron cloud induced
pressure rises, which are limiting machine operation in
Relativistic Heavy Ion Collider (RHIC) since 2001 [1-
4]. RHIC was not equipped with electron detectors when
the first pressure rises occurred. During the 2002 RHIC
shutdown, electron detectors (ED) were installed in the
RHIC rings to allow better diagnostics in the subsequent
runs. In the following, we analyze the experimental data
taken with these electron detectors as well as vacuum
gauges during 2003 for an unbaked surface, and 2004 for
a baked surface.

Assuming the beam pipe is a periodic structure with
vacuum pumps of pumping speed 2§ spaced by the dis-
tance 2L, the pressure distribution along the longitudinal
position z between two vacuum pumps is [5]:

forO0=z=2L, (1)
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where the z origin is placed at one of the vacuum pumps, ¢
is the specific molecular conductance of the vacuum cham-
ber, and ¢ is the specific linear outgassing rate. We only
consider the outgassing rate due to an electron flux, dI/dl,
in situations where it exceeds the thermal outgassing rate
by a wide margin. In the absence of magnetic fields and
assuming a regular and homogeneous chamber, we can
further consider the electron flux to be constant throughout
the beam pipe. The outgassing rate then does not depend on
the longitudinal position z, and it can be expressed by

kT dI
q9="me 2
where e is the absolute value of the electron charge, k is
Boltzmann’s constant, 7 is the temperature, and 7, is the
electron induced molecular desorption coefficient of the
beam-pipe wall, that is, the number of desorbed molecules
per impinging electron.
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The electron flux dI/dl is not constant in time. Figure 1
shows a typical evolution of the electron flux during a
RHIC turn in a simulation using CSEC [6,7]. The simulation
is for a bunch train of 110 bunches with 8 X 10'° protons/
bunch, and it illustrates the relevant features of an electron
cloud buildup as a function of time. The result is numeri-
cally smoothed with a 10 MHz filter, which is also used in
measurements with the electron detectors. As seen in the
picture initially the electron flux grows exponentially, and
it saturates after = 8 us due to space charge effects [8].
During the abort gap, the electron flux decays rapidly. This
behavior repeats at every turn. Since the time constant of
the vacuum pumps is a few seconds [9], the pressure
evolution cannot be followed within a turn. The pressure
responds then to the flux, time averaged over one turn,

diy 1 [(rdl(r)
<dl> = ﬁ T 3)

where 7 is the revolution period, and dI(¢)/dl is the in-
stantaneous electron flux. Using Eq. (3), the pressure due to
an electron cloud at a given position of the beam pipe z is
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FIG. 1. (Color) The top plot shows a typical evolution of the
electron flux during a revolution when RHIC is filled with a train
of 110 bunches (bottom plot). This is a simulation using CSEC
with an intensity of 8 X 10' protons/bunch. The pressure is
proportional to the time averaged electron flux in one turn, not to
the peak value.
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TABLE 1.
unbaked surface.

Parameters used to estimate the electron desorption coefficient for the baked and

Parameter Symbol  Unit  Value unbaked location  Value baked location
Distance between pumps 2L m 17 7
Pumping speed for CO 28 1/s 140 270
Beam-pipe radius b cm 6
Line impedance V4 Q 50
Amplifier gain G s 1600
Electron detector area Agp cm? 78
Effective transparency Teosy % 5

kT
P(z) = Py + Ne=

2
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dl/ 2c
where Py is the static pressure.

Equation (4) shows that, at a given location z the pres-
sure is directly proportional to the electron desorption
coefficient, 7,. This coefficient depends on the energy of
the striking electron, the surface material, and the accu-
mulated dose on the surface. For electrons below 100 eV,
only a small amount of data exist in the literature. This is
unfortunate, since the energy of the multipacting electrons
for RHIC conditions falls within this range (as it is seen in
Refs. [6,10] and Sec. V). For stainless steel, data for
energies as low as 300 eV are found in Ref. [11], for
OFHC Copper for energies as low as 20 eV in Ref. [12].
The desorption coefficient changes depending on the re-
leased gas as well. Since the experimental setup in RHIC
does not have a residual gas analyzer to investigate the
pressure composition, all calculations are done for CO at
room temperature. Nevertheless, we point out that the gas
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composition without beam in RHIC is mostly H,, and CO
increases faster (ratio wise) in presence of beam than H,
[9]. The pumping speed is obtained from the manufac-
turers’ specifications (see Table I).

We first test whether Eq. (4) holds for the RHIC case.
Then, from the analysis of the experimental data, the
desorption coefficient and its evolution over weeks of
operation is obtained. This analysis is done for two differ-
ent locations, with two different surfaces, and during two
different runs. The single beam vacuum chamber at
“BO2” during 2003 was unbaked stainless steel. The
common beam pipe at “IR12” during 2004 was baked
stainless steel.

II. EXPERIMENTAL SETUP

A. The electron detector at the Relativistic Heavy Ion
Collider

A sketch of the electron detector installed in RHIC is
shown in Fig. 2. This detector is often called retarding field
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FIG. 2. (Color) RHIC electron detector layout. Part of the electron flux hitting the chamber wall reaches the collector plate. The signal
is then magnified using the amplifier (marked with a G) and transmitted to the scope. Grid 1 is used to filter the energy and bias the
collector plate using the high voltage supply. The capacitor between the collector plate and the amplifier protects the latter device from
dc current created by the bias voltage. The MADC (multiplex analog to digital converter) digitally reports the peak electron signals

with a frequency of 1 Hz.
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analyzer (RFA) because it is able to analyze the energy of
the multipacting electrons by means of an electrostatic
retarding field. The RHIC electron detector is based on
the first PSR design [13], although similar detectors had
also been installed in other machines, like APS [14], SPS
[15], and BEPC [16]. In RHIC, the RFA is mounted on a
120 mm inner diameter tee, perpendicular to the vacuum
pipe.

The top grid (““grid 0’ in Fig. 2) is welded to the beam
pipe and acts as an rf shield. Its transparency (7)) is fixed at
23% in order to decrease the effect of the image currents
(see Ref. [17]) without interfering with the multipacting
process. The middle grid (““grid 1" in Fig. 2, with T} =
80%) can be biased to different voltages (V,q), and acts as
an electron energy filter: electrons with energy lower than
IeVgridI cannot traverse grid 1 and are not collected. This is
why it is also called ““filter grid.”” The bottom grid (grid 2 in
Fig. 2, with T, = 80%) is held at —10 V by a dc battery as
shown in Fig. 2. This was originally conceived to repel
back the secondary electrons produced at the collector.
However, after the installation of the electron detectors in
the RHIC ring, a larger signal is observed when this grid is
grounded. Thus, this grid is always grounded unless other-
wise stated.

The collector can be biased either positively or nega-
tively (V. in Fig. 2) to check the presence of either
electrons or ions (yet no ion signal has been detected so
far). The signal produced by the electrons hitting the
collector is finally carried to the data acquisition system.
Typically, the scope takes a snapshot of the electron signal
during one turn every 4 sec. The signal has a time resolu-
tion of 1 ns, and it is smoothed with a 10 MHz filter.

The multiplex analogical to digital converter, MADC, is
used to obtain the peak electron signal with a sampling rate
of 1 Hz. Because of the low sampling rate, this process has
a large attenuation and it is used for applications where the
relative values are important, not for absolute measure-
ments [17].

For a given scope signal V, the flux into the wall per unit
area is given by

a__ Y __ )
dA  ZGAgpTes

which accounts for the line impedance Z, the amplifier gain
G, the area of the collector Agp, and the effective trans-
parency of the electron detector 7. The latter evaluates
the electrons lost between the grids and the collector. In
principle, assuming no electrons are lost when traversing
the path between grid O and the collector (see Fig. 2) the
effective transparency would be estimated as 7.4 =
ToT\T, = 15%. However, this ideal relation does not
take into account the electron energy: low energy electrons
have a larger probability to be lost between the grids than
high energy ones. The appendix shows that a good average
value is T = 5%. In the following, the experimental data

are always quoted in [V]. Taking into account the values
listed in Table I, for a given voltage the corresponding
electron flux per unit area is obtained by

diT pA
dA | cm?

Using the beam-pipe radius, b, the flux per unit length
dI/dl is related to the flux per unit area dI/dA by

dl - di
a o 7
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Using Egs. (5) and (7), we can express the electron flux
time averaged over one turn (dI/dl), by

d\ _ 2mb
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where (V) is the electron detector voltage time averaged
over one turn,

W), = % ﬁ "V, ©)

which is measured using the equipment shown in Fig. 2.
But the RHIC electron detectors described here are ac
coupled to the system electronics. To calculate a nonzero
average over one turn, we shift the baseline by the maxi-
mum value in the electron detector snapshot. The average
over one revolution is then calculated by

! Tv(t)dt=lN[V.—V ] (10)
;];) N; i max b

where N is the number of samples in one revolution.
Figure 3 depicts two examples of an electron detector
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FIG. 3. (Color) Two electron detector snapshots of a RHIC
revolution with 40 injected bunches spaced by 108 ns, and an
average bunch intensity of N, = 16 X 10'° protons. Without
voltage at grid 1 (Vgig = 0 V), an electron multipacting signal
is observed (black trace). The signal disappears when Vyq =
—500 V (red trace).
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FIG. 4. (Color) Geometry of the single beam pipe BO2, made of
stainless steel and unbaked during 2003. The electron detector
location (marked with ED) is about 8§ m away from the pressure
gauge and ion pump, whose location is marked with P. Distances
are given in cm and are not to scale.

snapshot during a RHIC revolution. The black trace corre-
sponds to a snapshot with null grid 1 voltage, the red trace
corresponds to a signal with Vg = —500 V. The buildup
and decay of the multipacting signal is clear when Vg =
0V, and it goes from positive (about 0.5 V) to negative
values (about —2.5 V) due to the ac coupling (a dc coupled
signal would be only negative due to the negative sign of
the electrons). By applying a Vg = —500 V, the signal
disappears (red trace) and it shows that the multipacting
electrons have an energy below 500 eV.

B. Unbaked surface instrumentation

During 2003, approximately 60% of the warm RHIC
beam pipes were baked. Beam injection is inhibited when
the pressure at any location in the ring reaches an unac-
ceptable level. These limits were approached within the
40% of the unbaked regions, where the electron multi-
pacting thresholds are lower than in the baked regions.
The pressure rises in unbaked regions prevented that multi-
pacting conditions in baked regions were reached. In this
situation, the only electron detector in an unbaked region
(labeled as BO2) is easily exposed to electron clouds, and
only few electron clouds were detected in the baked re-
gions. Therefore, the analysis during 2003 uses the instru-
mentation in the unbaked single beam pipe shown in Fig. 4,
which we treat as the periodic structure mentioned in
Sec. I. The vacuum pump and pressure gauge are at the
same location, the electron detector is 8 m away. Since the
beam pipe between the ED and the vacuum pump/gauge is
made of the same material, we can assume that the electron
flux is the same throughout the entire region. In this
situation, we can correlate the pressure at the gauge
“pw3.2” (z = 0) with the electron detector signal using
Eq. (4),

P(z=0)=P0+nekT<dl> % (11
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FIG. 5. (Color) Geometry of the common beam pipe IR12, made
of baked stainless steel. The electron detector location (marked
with ED) is only 0.3 m away from the pressure gauge and
vacuum ion pump, whose location is marked with P.

Distances are given in cm and are not to scale.

The same result is found if we place the origin (z = 0) at
pw3.1 because of the symmetric properties of Eq. (1).
Using Egs. (8) and (11), we can express the pressure as a
function of the electron detector voltage by
kT L 27@b

P=P0+’T]e—

- V). 12
e SZGAEDTeff< >T ( )

C. Baked surface instrumentation

Approximately 80% of the warm beam pipes in RHIC
were baked by 2004, including the aforementioned section
BO2. During the polarized proton run, electron clouds were
often detected in the common beam pipe, labeled as IR12.
Two beams in opposite directions traversing a common
beam pipe produce either larger bunch intensities than in
the single beam pipes, or shorter bunch spacings than the
ones in the single beam pipes. Therefore, electron cloud
thresholds in the common beam-pipe regions are easier to
reach, and the analysis is performed using the instrumen-
tation in the common (and baked) beam pipe shown in
Fig. 5. The electron detector, vacuum pump, and pressure
gauges are only 0.3 m apart. We assume all this instrumen-
tation is at the same location, and use Eq. (4) for z = 0.
Thus, the calculation of the pressure as a function of the
voltage in the ED follows again Eq. (12) using the values
for baked surfaces in Table 1.

III. ELECTRON INDUCED DESORPTION OF
UNBAKED STAINLESS STEEL

Figure 6 shows an example of experimental data. The
top plot shows the time evolution of the pressure at the
gauge pw3.2 (red line, right vertical axis), and the electron
signal averaged over one turn [black dots, left vertical axis,
calculated using Eq. (9)] as beam is injected (bottom plot).
At about 16h17m30s, the injection is interrupted and the
beam is dumped due to the large pressure in the rf cavities.

A linear relation between the pressure readings and the
electron signal averaged over one turn is confirmed in
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FIG. 6. (Color) Pressure and electron signal evolution (top plot),
as the blue beam is being injected (bottom plot). Pressure and
electron signal follow a similar evolution.

Fig. 7, which validates the initial assumption in Eq. (4), and
supports the idea of electron clouds as the driving mecha-
nism for the pressure rises in RHIC. This linear relation has
been found also in other accelerators [18,19]. The black
line shows the result of a linear regression applied to the
red points,

P=A+ B(V), (13)

where A and B are the fitting coefficients. The independent
term A is given by the static pressure and the electron
detector signal baseline. It follows that the desorption
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FIG. 7. (Color) Linear fit (black line) to the experimental data
(red points) from Fig. 6. The fit includes the data until the beam
is dumped. The linear relation between the pressure and the ED
voltage (V), is confirmed, in this case, for unbaked stainless steel
surface.
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FIG. 8. Summary of all calculated desorption coefficients for

the unbaked surface BO2. The error bar (50%) stems from the
uncertainty in the pumping speed and vacuum pressure readings.
A slight decrease of the desorption coefficient with time is
noticeable due to the scrubbing effect.

coefficient, 71, is
B e S ZGAEDTeff
kT'L  2@mb

For the case in Fig. 6, the correlation coefficient is R =
0.850, the error in B is 2%, and the desorption coefficient
(CO equivalent) is 17, = 0.01 = 0.005% molecules/elec-
tron. The error in 7, stems from the uncertainty in the
pressure reading and pumping speed values [9]. The injec-
tion shown in Figs. 6 and 7 took place at the end of the run,
after the surface was conditioned by electron bombardment
for several weeks during operation.

This analysis is performed for all the fills during 2003
that produced electron detector signals above the noise
level. Figure 8 shows the evolution of the calculated de-
sorption coefficient until the end of the run. As expected,
this coefficient decreases with time due to the bombard-
ment dose. In about 6 weeks, 7, decreased by almost a
factor of 5. An estimate of the total bombardment dose is
difficult. The signal-to-noise ratio of the electron detector
does not allow electron signals to be obtained under about
0.15 V, even though pressure rises are observed.

Ne = (14)

IV. ELECTRON INDUCED DESORPTION OF
BAKED STAINLESS STEEL

An example of an electron cloud, and its correlation with
the pressure in IR12 is shown in Fig. 9. Once injection into
the blue ring has finished (blue line, bottom plot), the
electron cloud is triggered after approximately 36 bunches
are injected in the yellow ring (red line, bottom plot), and
both the pressure (red trace, top plot) and the electron
signal (black points, top plot) start increasing at the same
rate. Note the “swing” in both the electron signal and the
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FIG. 9. (Color) Dynamic pressure evolution and electron signal
(top plot), as the blue beam is being injected and ramped (bottom
plot). At the beginning of the energy ramp (22:01:20) the rf
voltage is raised leading to shorter bunches.

pressure evolution (top plot), as the bunch length (denoted
with blue and red squares for the blue and yellow beam,
respectively) swings during the ramp (bottom plot).
Shorter bunches produce electrons with larger striking
energies at the wall, and if this energy is below the energy
at which the secondary emission yield has its maximum,
this translates into a larger number of secondaries, or in
other words, a larger flux into the wall. Again, the corre-
lation between pressure and electron detection is confirmed
when plotting the electron detector voltage versus the
pressure (see Fig. 10). For the particular case in Fig. 10,

75
60 |
5
'z 45 ¢
o
2 30
o
o
15
0 I I I I
0 0.1 0.2 0.3 0.4
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FIG. 10. (Color) Linear fit (black line) to the experimental
points (red dots) shown in Fig. 7. As for the unbaked surface,
a linear relation between the electron signal and the pressure is
confirmed.

the calculated desorption coefficient is 7, = 0.004 =
0.002%, R = 0.942, and the error in B is 3.7%.

Figure 11 shows the analysis for all the fills that pro-
duced electron signals in IR12 during 2004. Note that no
scrubbing effect is seen. It is possible that the chamber is
sufficiently conditioned by baking, or that the low energy
electrons do not lead to observable conditioning. This
could also be due to the presence of the hydrogen jet
installed to measure beam polarization. The jet injects an
extra gas load, and runs almost continuously to measure the
beam polarization [20]. If one understands the scrubbing as
a “‘cleaning” effect, the injection of gas can cancel this
effect. The average and standard deviation of the measure-
ment shown in Fig. 11 are n, = 0.004 = 0.001 molecules/
electron. This is about an order of magnitude less than the
desorption coefficient of the unbaked and unscrubbed
surface.

A direct comparison between the desorption coefficient
obtained from this analysis and literature values is difficult
because it involves different surfaces, different electron
energy ranges, bombardment doses at different energies,
etc. Reference [11] reports on the stainless steel desorption
coefficient and its variation with the temperature, fixing the
incident electron energy at 300 eV. A fiducial value for CO
is 1, = 0.01 molecules/electron. For the “as received”
OFHC Copper reported in Ref. [12], the CO desorption
coefficient decreases from 7, = 0.05 molecules/electron
for 300 eV electron energies to 717, = 0.005 molecules/
electron at 20 eV, and Ref. [21] shows that this value can
decrease by 3 orders of magnitude after a proper bombard-
ment dose. All in all, we conclude that results for both
baked and unbaked surfaces agree in the order of magni-
tude with laboratory measurements [11,12,21].
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FIG. 11. Summary of all calculated desorption coefficients for

the baked staineless steel furface at IR12 during 2004. The error
bar is about 50% of the calculated value due to uncertainty in the
pumping speed and vacuum pressure readings. The average and
rms are 0.004 = 0.001 molecules/electron.
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V. ELECTRON ENERGY DURING MULTIPACTING
CONDITIONS

A. Experimental results using the electron detector

The desorption coefficient strongly depends on the en-
ergy of the electron when it strikes the beam-pipe wall. The
energy spectrum of the cloud electrons was measured
during a fill for the unbaked surface (see Fig. 4). The
measurement was taken during a beam experiment with
bunch intensities ranging from N, = 1.4 to almost 2 X
10'! protons, about twice as large as the operational bunch
intensities at the time.

Several energy sweeps were carried out using the in-
strumentation shown in Fig. 2. These sweeps consist in
ramping grid 1 from 0 to —500 V (with —500 V, no
electron flux is detected). The peak ED signal is propor-
tional to the number of electrons whose energy is larger
than |eV4l. In this way an integrated spectrum is ob-
tained. We use the MADC peak electron signals because
its sampling rate (1 Hz) is faster than the scope mode (0.25
Hz), and it is synchronized to the power supply in grid 1.
The right-hand side plot in Fig. 12 shows the absolute peak
electron signal as a function of grid 1 voltage (|Vgrid|) for
two different sweeps (curves with red dots and black
triangles). As expected, an increase in the grid voltage
reduces the peak electron signal. The signal rapidly de-
creases between 0 and almost 100 V, and it is close to the
noise level when the grid voltage (in absolute value) is
larger than 300 V.

The derivatives of these curves provide the flux at the
particular energy |eVg4l. The normalized electron flux at a
given energy (or grid voltage) is calculated using the
central differences method, where the bins with index i =
2 are used to avoid noise oscillations:

i dN,(E)) — i Viio = Vi

, (15)
N, dE Vo Eivr — Ei
1.8 : ‘
sweep 1 —e—
1.6 sweep 2 —a— A

peak electron signal, [V]

0 100 200 300 400 500
grid 1 voltage, IV 4l [V]

where E; = |eV4l, and V), is the electron signal for a null
grid 1 bias voltage, Vyig = 0 V. Note that a possible
attenuation in the MADC process is not important because
Eq. (15) only accounts for relative values. The right-hand
side plot in Fig. 12 shows the normalized electron flux
calculated from the integrated spectra (left-hand side plot)
using Eq. (15). The two main features are the large peak of
low energy electrons ( = 10 eV), and a spectrum extend-
ing to about 300 eV. Since the noise in the ED is around
0.15 V, the upper energy limit for the energy spectrum
cannot be concluded definitely.

B. Simulation results using CSEC

Table II lists the main beam parameters with which the
energy spectrum was taken. The electron cloud behavior
has been reproduced using the code CSEC [6,7] to compare
the electron energy spectrum obtained in measurement and
simulation. A key ingredient for all simulations is the
secondary electron yield (SEY) as a function of the pri-
mary energy. In this case, CSEC follows the parametrization
in Ref. [22], whose main parameters are listed in the
second part of Table II. These parameters have not been
measured in situ, thus their values are unknown. We use
stainless steel values found in the literature [22]. For
illustrative purposes, we simulate the same case with two
different values of the maximum SEY: 6., = 1.65 (left
plotin Fig. 13), and 6,,,, = 2.05 (right plot in Fig. 13), and
in both cases, we scan the bunch intensities from N, = 1.4
to 2 X 10! protons, in steps of 0.2 X 10!! protons. For an
easy comparison, we add in both cases the two experimen-
tal results in from Fig. 12.

It is remarkable that for all tested bunch intensity N,, the
energy spectrum shape is approximately the same for both
Omax = 1.65 or &,,,« = 2.05 (especially for energies larger
than = 100 eV). This is an indication that the energy
spectrum in RHIC mainly depends on the beam parame-
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FIG. 12. (Color) Two measured integrated energy spectrum (left-hand side plot), and the derived electron distribution (right-hand side
plot) for energies between 0 and 500 eV. The amplitude of the noise oscillations is about 0.15 V.
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TABLE II.

List of beam parameters during the energy spectrum measurement. The second part

of the Table shows the SEY parameters used in the CSEC simulations, whose meaning are found

in Ref. [6,22].

Parameter Symbol Unit Value
Number of bunches n . 60
Average bunch population N, protons 1.6 X 10'!
Bunch spacing Sp ns 107
Full bunch length 4o, ns 15
Rms bunch radius o, mm 2.0
Chamber radius b mm 60
Revolution time T S 12.8
Maximum SEY S max 1.65 and 2.05
Reflection probability for E — 0 8o e 0.6
Reflection probability for E — oo O e 0.15
Energy at maximum SEY E ax eV 305
Reflection energy E, eV 60
Energy of secondary emitted electrons Eqe. eV 8.9
Distribution width of secondary electrons Tgee eV 5
SEY exponent s - 1.83

ters. The simulated energy spectrum is not far off from the
experimental one. The comparison between experimental
and simulated electron energy spectra can be summarized
as follows: :

(i) Both the experimental and the simulated results show
a large peak of low energy electrons. Nonetheless, while
the experimental spectrum peaks at about 10 eV, the simu-
lated one peaks at O eV. For low energies the transparency
decreases (see Fig. 15). Thus, although electrons below =
5 eV hit the inner part of the chamber surface, their ex-
perimental detection is difficult.

(ii) For bunch intensities between 1.6 and 2.0 X 10!!
protons, the spectra in Fig. 13 extend to about 300 eV, as do
the experimental spectra. The reliability of the experimen-

Omax=1.65
0
10 Np=14 x 1010 protons
Np=16 x 10, protons
1 Np=18 x 1010 protons
10 N,=20 x 10"~ protons

experimental data 1
experimental data2 —=

electron flux 1/Ng dNg/dE [arb. units]

200
electron energy [eV]

tal results for high energy electrons (about = 300 eV) is
low because the flux at these energies is similar to the noise
level.

No electron energy spectrum could be taken using the
instrumentation in the baked surface due to technical diffi-
culties with the power supply of the grid voltage. Measured
and simulated in electron spectra, shown in Fig. 13, explain
the slow RHIC surface conditioning, since energetic elec-
trons are more efficient at scrubbing the surface than low
energy electrons. This is valid for both for the electron
desorption coefficient n,, and SEY [23,24]. Usually, for
the same beam conditions the electron fluxes in baked
surfaces are smaller, and thus, a slow conditioning of its
surface (as seen in Fig. 11) is not surprising.

Srmax=2-05
0
10 Np=14 x 1010 protons ——
N,=16 x 10, ~protons ———
A N,=18 x 10 protons ——
10 ¢ Np=20 x 10"~ protons ——— 7

experimental data 1
experimental data2 —~

electron flux 1/Ng dNg/dE [arb. units]

200
electron energy [eV]

FIG. 13. (Color) Energy spectrum for §,,,, = 1.65 (right) §,,,x = 2.05 (left) and different bunch intensities. The spectrum shape is not
significantly affected by the &,,,,, but it depends on the beam parameters (bunch intensity, length, etc.).
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VI. SUMMARY

A linear relation between the pressure and the electron
flux into the wall due to an electron cloud has been ob-
served. The electron desorption coefficient 7, is inferred
from the analysis of the experimental data. For unbaked
stainless steel and assuming CO as the only desorbed gas,
this value is about 0.05 at the beginning of the run, and
decreases to 0.01 after 6 weeks of machine operation due to
scrubbing. For baked stainless steel, this value is around
0.005, and no scrubbing effect is noticeable. For unbaked
stainless steel, a measure of the energy spectrum shows a
large peak around 10 eV. The spectrum extends to at least
300 eV. This is in generally good agreement with the
spectrum obtained using CSEC simulations.
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APPENDIX: CALIBRATION OF THE ELECTRON
DETECTOR

Two calibrations are required for inferring the electron
flux at the RHIC beam pipe from a given electron detector
voltage. First, a frequency calibration ensures that the
signal as a function of the frequency is not attenuated
due to the system electronics, cable length, etc., Second,
a flux calibrations provides the relation between the flux
received at the collector and the flux at the beam-pipe wall;
that is to say, it evaluates the electrons lost between the
grids and the collector plate (see Fig. 2).

1. Frequency calibration

Using a signal generator, sine-wave signals of different
frequencies were introduced at the electron detector (inside
the tunnel), and measured at the scope inside the service
building (see Fig. 2). The total cable length is approxi-
mately 150 m. From the measured ratio between the signal
generator and the scope voltage values, one can establish
the frequency calibration shown in Fig. 14. The frequency
range of interest is between the revolution frequency
(78 kHz) and the bunch spacing frequency (10 MHz).
Note that the attenuation in this range is reasonably flat
and around 1 dB. The 3 dB frequency limit bandwidth is at
50 MHz.

attenuation, dB

0.1 1 10 100
frequency, f [MHz]

1000

FIG. 14. Bandwidth calibration of the electron detector. The
signal is reasonable flat and attenuated by less than 3 dB up to
about 50 MHz.

2. Flux calibration

The amount of electrons lost between the grids and the
collector is calibrated using the test chamber setup shown
in Ref. [25]. By means of an electron gun, monoenergetic
electron jets are sent at different energies to the electron
detector. The ratio between the flux at the gun and the flux
collected in the electron detector provides the effective
transparency. The effective transparency as a function of
the grid voltage is

Tett(Vgria) = T5O(E — [eVgal), (AD)
where 6 is the “step” Heaviside function, and E is the
energy of the monoenergetic flux (whose transparency 7%,
is being calibrated). The energy spectrum for each of these
monoenergetic beams is given by the derivative of
Eq. (Al), that is, a Dirac’s delta function. Figure 15 shows
the results for electron energies E = 5, 20, 50, 100, and
500 eV. By varying the filter grid bias, Vg4, the electron

00 eV

—

O = MNWHhHrOoN®O©O

effective transparency, T [%]

100
grid 1 voltage, [V]

1000

FIG. 15. (Color) Effective transparency of the electron detector.
The flux coming from the electron gun vanishes when the grid
voltage equals the energy of the incoming electron jet. The
transparency for electrons with an energy of 500 eV is twice
as large as the transparency for electrons with 5 eV.
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flux is reasonably flat until E =~ |e V4|, where it becomes
null. One can see that the output is reasonably flat until the
filter bias reaches approximately the energy of the electron
beam, that is, when |e V| = E. More details about the
calibration process can be found in Refs. [10,25].

Since the electron clouds in RHIC contain mainly low
energy electrons (see Fig. 12 a good average value for the
effective transparency is Ter = 5%.
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