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Shielded button electrodes for time-resolved measurements of eletdrwhbuildup

J.A. Crittendef*, M.G. Billing?, Y. Li?, M.A. Palme?, J.P. Sikora

ACLASSE, Cornell University, Ithaca, NY 14853, United States

Abstract

We report on the design, deployment and signal analysishietded button electrodes sensitive to electron clouddopilat the
Cornell Electron Storage Ring. These simple detectorsyetbifrom a beam-position monitor electrode design, hawwiged
detailed information on the physical processes underlthiegocal production and the lifetime of electron densitiethe storage
ring. Digitizing oscilloscopes are used to record elecftores incident on the vacuum chamber wall in 1024 time stéd90 ps

or more. The fine time steps provide a detailed characterizaf the cloud, allowing the independent estimation ofgesses
contributing on difering time scales and providing sensitivity to the chamagtie kinetic energies of the electrons making up the
cloud. By varying the spacing and population of electron pmsitron beam bunches, we map the time development of thaear
cloud production and re-absorption processes. The ex¢cedproducibility of the measurements also permits thesmesment of
long-term conditioning of vacuum chamber surfaces.

Keywords: storage ring, electron cloud

1. Introduction 2z tom vacuum chambers as shown in Fig. 1. A retarding-field
The buildup of electron clouds (ECs) can cause instatsifitie analyzer port is shovyn on the left end, and two SBE. modules
: . ' . o 2o~ are shown near the right end of the chamber, each with two de-
and emittance growth in storage rings with positively cledrg . g .
.3 . tectors. The SBEs incorporate beam-position monitor (BPM)
beams. Low-energy electrons can be generated by ionizatio

of residual gas, by beam particle loss and by synchrof?on? ectrode designs, but placed outside the beam-pipe behind

O > pattern of holes shielding them from the directly inducegt si
rl'e;wdelztelogl-elzgrgﬁes}dcapg(ggiff;tgnsiingrt;ugei?r?)r:geﬁrn;lﬂv;gi " nal from the passing beam bunches. Two SBE electrodes are

when accelerated to high energy by the stored beam [1]. we r%lr?;ﬁdégr;?;t:gg?s”gl’ pror\c/)lsilgi?] rﬁgrer;gﬁn(;i arr;i;vtvé) dci)lse'E' iwi E
port on studies performed in the context of the Cornell Etect 9 Y. P 9 y seg

) % to the cloud electrons. The centers of the latter two eldefso
Storage Ring Test Accelerator ¢&XTA) program [2], an ac- are+14 mm from the horizontal center of the chamber.

celerator R&D program for future low-emittance electrom an
positron storage rings. The production of photoelectrons b
synchrotron radiation is by far the dominant cause of ebectr
cloud development at such high-energy storage rings [ShyMa
techniques for measuring the EC density have been develope

at CesrTA. One class of detectors samples the flux of cloud Transverse Pair
electrons on the wall of the beam-pipe. This paper describe:
the use of a shielded button electrode (SBE) as such an elec
tron flux detector with sub-nanosecond time-resolving bdpa
ity. The SBE is sometimes referred to as a shielded-picklip [4
or a shielded button pickup [5]. We outline several experime
tal techniques based on the performance of this type of tetec
to quantify cloud growth and decay mechanisms.

Longitudinal Pair

2. The Shielded Button Electrode Detector

Two 1.1-m-|on'g sections |0cated_ Symmetrica'"y in th_e €askigure 1: Custom vacuum chamber with shielded button eléegoThe SBES,
and west arc regions of the CESR ring were equipped with custerived from beam-position monitor designs, are arrangeairspone pair
along the beam axis, the other pair transverse.
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'Work supported by the US National Scier(lce Foun dation)(Pmi?(4867 38 Figure 2 shows schematically a cross-section of the SBE, the
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Preprint submitted to Nuclear Instruments and Methods in Physics Research A March 6, 2014



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

@ 0.76 mm
169 holes total

0.76 mm
Bias K 1MQ diameter gl @ 2.54 mm (6 holes)
2mm @ 5.08 mm (12 holes)

Detail

0 7.62 mm (20 holes)

2N \Va! O
Q.0 9:.
200Q o
oY "ft" 3
lmmm, b

Y

0 10.16 mm (24 holes)
0 12.70 mm (30 holes)
@ 15.24 mm (36 holes)

3

117

| A

=L
e
[ Al b
O TR
s

@ 17.78 mm (40 holes)

———
R, o e
)

Accelerator Vacuum and Electron Cloud

Figure 3: Hole pattern in the top of the vacuum chamber pengitsignal

Figure 2: SBE detector design, biasing and readout. Thea®id of depthto  electrons to reach the SBE. The 169 holes are centered on seweentric
diameter of the holes in the top of the beam-pifiectively shields the collector  circles of diameters ranging from 2.54 mm to 17.78 mm.
electrode from the direct beam signal. A 50-V positive biawes to prevent
secondary electrons produced on the electrode from egrapin

7 trons. Very few of these secondaries have kinetic enerffi+ su

s cient to escape a 50 V bias. This choice of bias also provides
The distance from the beam-pipe surface to the electrode isensitivity to cloud electrons which enter the holes in the-v
3 mm. A DC bias relative to the grounded vacuum champeuum chamber with low kinetic energy.
is applied to the electrode through a 1Q kesistor. The sig-
nal is AC coupled to the 5@ coaxial cable through a 04F
blocking capacitor which provides high pass filtering. A D 3. Measurement of Electron Cloud Buildup Dynamics
bleeder resistor provides a local ground path to preverelte
trode from charging up when the bias circuit is disconnected Figure 4 shows an example of a digitized SBE signal pro-
The front-end readout electronics comprise two Mini-Citget  duced by two 5.3 GeV beam bunches each consisting of
ZFL-500 broadband amplifiers with 50 input impedance for 4-8x10" positrons spaced 24 ns apart. The rms bunch length is
a total gain of 40 dB. Their bandwidth of 0.05-500 MHz is

approximately matched to the digitizing oscilloscope used Direct Beam Signal

record their output signals. Oscilloscope traces are dexbr 0.00 w\,\‘ N PNV
with 0.1 ns step size to 8-bit accuracy with auto-scalingrav V’J\ Mmr“’"”"

aging over 8000 triggers. The fastest risetime recorde @r -0.01 4 i

signals has been less than 1 ns (see Sec. 3). In contrast to the 0.02 \ /

measurements provided by commonly used retarding-field ana ‘T: ’ _ i \ /

lyzers [6, 7], which integrate the incident charge flux tovide § -0.03 — Signal from

a steady-state signal current, our readout method protiides 2 First Bunch \

resolved information on the cloud buildup, averaged ov@080 = -0-04

beam revolutions in order to reduce sensitivity to asyncbus z 0.05 T Signal from |
high-frequency noise. The trigger rate is limited by theilesc ’ Second Bunch
loscope averaging algorithm to about 1 kHz. Since the beam ¢ | | |
revolution time is 2.5, the cloud is sampled about once every 0 10 20 30 40 50 60 70 80 50 100
400 turns. Time (HS) 15E Carbon

The h0|e_ pattern, shown m_ Fig. 3, CODSIS,tS of 169 holes 0f=igure 4: The SBE signal produced by two beam bunches spgctiits, each
0.76 mm diameter arranged in concentric circles up to @ maXsomprising 48x10° positrons.

imum diameter of 18 mm. The hole axes are vertical. The

approximate 3:1 depth-to-diameter factor is chosen tddsele,, 18 mm. Synchrotron radiation of critical energy 3.8 keV from
fectively the detectors from the signal induced directlythg, the upstream dipole magnet is absorbed on the vacuum cham-
beam [8]. The transparency for vertical electron trajge®is,, per wall (amorphous-carbon-coated aluminum) nearly sanul
27%. Together with the % 103 m” area of the hole patter, neously with the arrival of the positrons. The arrival tinfe o
the 50Q impedance and the 40 dB gain, this transparency, rethe 60-ps-long bunch is indicated by the small directly et
sults in a signal of 1.35 V for a perpendicular current dgnsit,  signal which penetrated the shielding holes, shown at a time
1AmM=2 o of 10 ns in Fig. 4. This small direct beam signal serves as a
A 50 V positive bias on the button electrode serves to elim-useful fiducial for determining the time interval betweeméiu
inate contributions to the signal from escaping secondieg-e passage and cloud electron arrival times at the buttonretit
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The time characteristics of such signals carry much dekaile nal with a positron beam, must be produced by synchrotron ra-
information on EC development. The leading bunch seeds thdiation which has undergonefigient reflection to be absorbed
cloud and produces photoelectrons which can eventuallsgispa®n the bottom of the beam pipe.
into the SBE detector. The signal from this first bunch is pro-
duced by the photoelectrons produced on the bottom of the vac
uum chamber, since they are the first to arrive at the top ¢fthé Measurement of Cloud Lifetime
chamber, accelerated by the positron bunch toward thetdetec ) _ )
above. The arrival times of the signal electrons are detexdtt ~ Such time-resolving measurements of the cloud evolution
by the combination of production energy, beam acceleratiorProvide sensitivity to its kinematic phase space distitut
and the distance between the top and bottom of the vaeuurhhe beam kicks, which can be controlled by varying the bunch
chamber. The second signal peak induced by the trailing%vi Population, accelerate cloud electrons to energies ateyuhl
ness”) bunch is larger, since it carries a contribution friiey the peak energy of the secondary emission curve [10]. Sub-
cloud present below the horizontal plane containing therbea Sequent collisions with the vacuum chamber wall reduce the
when the bunch arrives. Since these cloud electrons haverbegloud kinetic energy. Eventually the secondary emissian pr
produced by wall interactions during the preceding 24 nes2th C€SS is dominated by elastic reflection of the remaining low-
size and shape of this second signal peak depend directhesn tENergy electrons. The cloud lifetime is then determinechigy t
secondary yield characteristics of the vacuum chambeacewf Material-specific elastic yield value of the surface.

Figure 5 ShOWS the Signa's obtained from two e|eetp0n Figure 6 illustrates a method of determining cloud I|fetlme
bunches of similar |ength and popu|ati0n as the posji{q"orﬁnd therefore the elastic y|e|d Value, for an amorphoubm’&r
bunches considered above. The primary source of synchrotr¢0ating. Overlaying the two-bunch signals obtained by iveyy

0.00 0.00 I I | ] | |
M ’!\!‘\_H.‘_,nr"u"r i } W
A "
/ W K_HV 0.01 ‘m \'ﬂ‘ ;J’\ e —4ns |
20.05 - d’ it — 8ns
_ _ \ 12ns
S 2 -0.02 o —16ns |
. £ 24ns
7 Signal from .80.0.03 I
%) First Bunch n \ —28ns
5 -0.15 E —32ns
(Q;) N -0.04 ‘ x/ —36ns |
~—_ ! X 40ns
020 ———_ Signal from — 60ns
: Second Bunch -0.05 \/ —80ns |
‘ ‘ ‘ — 100ns
-0.25 -0.06 :
0 10 20 30 40 50 60 70 80 90 100 0 20 40 60 80 100 120 140 160 180 200
Time (ns) 15E Carbon Time (ns) 15E Carbon

Figure 5: A pair of bunches consisting oB%10'° electrons spaced by 24 ns  Figure 6: Overlay of thirteen two-bunch signals with delagsying from 4 to

show a dramatic dierence in the first and second bunch signals similar to that100 ns, including the case of 24-ns delay shown in Fig. 4. iFhe tlependence

observed for the positron bunches. The second bunch sigsa much faster  of EC buildup and decay are manifest. They result from the midgrce of

rising edge than the corresponding signal for a positromt&zgown in Fig. 4. the various secondary emission processes on the energidsudf @ectrons
colliding with the vacuum chamber surface.

radiation is of higher critical energy, 5.6 keV, since therse,,

pointis in a dipole magnet of 3 kG field, rather than 2 kG. Inad-the delay in the arrival of the trailing bunch in 4-ns steg=ady
dition, the incident photon rate is about a factor of threghbi..e shows both the buildup and decay of the cloud density. The
since the distance to the upstream dipole is 1 m rather thane3 naarious secondary emission processes contributing taluguil
The more dramatic éierence between the signals from the firstand decay [10] determine the delay which results in the maxi-
and second bunches results from the fact that the witnesshieu mum witness-bunch signal [11]. For the8410'° bunch popu-
signal arises from cloud electrons located above the hot@te lation shown here, the elastic yield property of the surfima-
plane containing the beam at the bunch arrival time, giviag dnates the signal decay rate at delays greater than abowg.60 n
much steeper risetime and a peak signal about five timesthighd-or smaller values of the delay, the delay dependence of the
This opposite beam kick also results in a signal of much shart witness-bunch amplitudes is governed by the relationskip b
duration. The amplitude and time dependence of the leadintyveen bunch spacing, cloud kinematics and the size of the vac
bunch signal are sensitive to the production kinetic endigyss uum chamber. Numerical simulations have shown the elastic
tribution of the photoelectrons, since they must overcohge.t yield value for such a carbon coating to be less than 20%; simi
beam kick in order to reach the detector. Time-sliced nuraés lar to that found for a titanium-nitride coating [11]. In cpar-
simulations have shown that such electrons must be produceésbon, a similar study for an uncoated aluminum chamber found
with hundreds of electron-volts of kinetic energy [4, 9].€BRk:. optimal agreement with the measured witness-bunch sifprals
photoelectrons, like the photoelectrons producing thd &g-s an elastic yield value of 40%.
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A similar witness-bunch study for an electron beam is shown 0.05 ‘ ‘ ‘

in Fig. 7. While the signals from each witness bundfiedifrom 0
those obtained with a positron beam as discussed in See 3, th 0.05 B na A s
dependence on their delay times shows that detailed informa \ /”"’r
tion on cloud buildup and decay, with the attendant infoiarat s 0l \ //
on vacuum chamber surface properties, can be obtained with a s 015
electron beam as well. 2 00 /
m =VU.
2 \
\ \ | \ -0.25
/ -0.3 R
0.05 —d4ns || L0357 04/07/2011: 1.40x10% y/m \,/
s r —8ns 7 — 06/18/2011: 1.95x10%5 y/m :
\>_/ 12ns 04 I
= -0.10 —léns | 0 10 20 30
£ —20ns Time (ns) TiN
) 24ns
> -0.15 —28ns — Figure 8: Comparison of SBE signals in April and June of 201faioled
% —32ns from a pair of 5.3 GeV positron bunches of populatiod@ 0 separated by
40ns 14 ns. The change in the EC production properties of this Toltiog was
-0.20 11 —80ns | negligible as the synchrotron radiation dose increaseah figlx10?5y/m to
— 100ns 1.95x10%y/m.
020 20 40 60 80 100 120 140 1(‘)0 12‘30 200 | | | | | |
. 0.000 M\W
Time (ns) 15E Carbon T
Figure 7: Overlay of eleven two-bunch signals with delaysyivey from 4 to -0.010 ;
80 ns, including the case of 24-ns delay shown in Fig. 5. = ] \ /'"'
= -0.020 /
= H H
7 ' H
5 -0.030 : 3
5. Determination of Beam Conditioning Effects 5 ]
-0.040 = Lo
The assessment of electron-cloud mitigation techniques ne ?;gzgg}gf ?-g?}gzs Y;m
essarily includes their variation with beam dose. The seéann 20.050 — ——— ey
emission yields of copper and aluminum surfaces are known to 0 10 20 30 40 50 60
decrease dramatically with beam dose, while suchfeceis Time (ns) a-Carbon

known to be smaller for TiN_ coatings [12]. The time-resolved Figure 9: Comparison of two-bunch signals in May and Decemb20®0 in
measurements of the SBE in the custom vacuum chambers gf amorphous-carbon-coated aluminum vacuum chamber shovstrsial
CesrTA provide accurate determinations of beam conditioningreduction in cloud buildup. SBE signals from positron buegshf population
effects owing to their reproducibility [13]. Figure 8 shows a 4.2x10'% spaced by 28 ns were used for this purpose of comparison. The sy
) f bunch sianals obtained in a TiN d al chrotron radiation photon dose increased fraB681073y/m to 1.82x10?%y/m

comparison of two-bunch signals obtained in a TiN-coated al ;q; hese seven months.
minum chamber in April and June of 2011. During the in-
tervening time period, CESR had operated as a high-current _ S _
light source, so the beam dose was high. Using the caleuldnformation on the nature of the conditioningext. The sig-
tion of Synchrotron radiation power at this position in thOO nal from the second bunch is much more sensitive to the sec-
we convert from amp-hours to linear photon density to obtairPndary emission properties of the surface. Since the sigihal
an increase in dose fr0m4b<1025»y/m to 195x1025f)//m ovepo? the Ieading bunch was reduced in similar proportion, S@din
this intervening period. The TiN-coating shows no change inmuch less dense cloud, we can deduce that the secondary yield
its secondary yield over this time and the measured twotsencProperties did not change appreciably. Indeed, full nucagri
Signa|s are reproducib|e at the level of a percent_ 205 Simulations were consistent with a factor of two Change @ th

In contrast, the cloud-producing properties of an amorgiouPhotoelectron production rate and with no change in seagnda

carbon coated chamber showed a strong dependence off’ rayield [11, 13].

ation dose between May and December of 2010, as shown in

Fig. 9. The SBE signals were reduced by about a factgr o, symmary

two for two 5.3 GeV bunches carrying210'° positrons each,

28 ns apart. The integrated linear photon density increased Time-resolved measurements of electron fluxes incident on
from 8.05x1073y/m to 182x10?%y/m over this period, since the the vacuum chamber wall in electron and positron storaggsrin
chamber had not been previously subjected to high-curoentr have been shown to be provide sensitivity to each of the wario
ning. The time dependence of the signals provides additienghysical processes contributing to electron cloud buildag

4



213

214

215

216

217

218

219

220

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238
239
240
241
242
243
244
245
246
247
248
249
250

252
253
254
255
256
257
258
259
260
261
262
263
264

266
267
268
269
270

decay. We have employed a simple technique of placing a#a in-

vacuum BPM-style button electrode behind a pattern of hates
the beam-pipe and digitizing the current signals obtainad’d

(10]

ing and following the passage of a train of beam bunchesiZZThgl]

method provides information on the scattering of syncloretr

radiation within the pipe, the photoelectron productionétic™
energy distribution, and the individual contributions loétvar:”
ious physical process contributing to secondary electrois-g,

sion. Accurate determinations of cloud lifetime have beesso

tained, as have quantitative characterizations of phettrelri®

(12]

. . . . .284
production and secondary emission properties of alumipum,

amorphous carbon, diamond-like carbon and titaniumeteti

coatings. The excellent reproducibility of the measuretsierns

a time scale of months has permitted the determination &F thES]
. 289
beam-dose dependence of the surface properties of thesg ele

tron cloud buildup mitigation techniques. 201
292
293
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