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Abstract. The configuration of four-button beaposition monitors (BPMsemployed in
small-gap beam chambers is optimized from 2-D electrostatic calculatinodusedcharges on

the buttonelectrodesThe calculation shows that forrarrow chamber ofvidth/height (w/h)

>> 1, over 90% of the induced charges are distribuiitin a distance of 2Hrom the charged
beamposition in thedirection ofthe chamberwidth. The mostefficient configuration for a
four-button BPM is to have a button diameter of (2—2.5)h with no button offset from the beam.
The button sensitivities in this case aneximizedandhave goodinearity with respect to the
beampositions in the horizontahnd vertical directions. Théutton sensitivitiesand beam
coefficients arealso calculatedfor the 8 mmand 5 mmchamberaused inthe insertiondevice
straight sections of the 7 GeV Advanced Photon Source.

INTRODUCTION

Circular button electrodes are commonly used as hzsition monitors (BPMs) in
a variety of particle accelerato(d, 2). Forhighly relativistic filamentary beams of
electrons ompositrons,the Lorentz contractiocompresseshe electromagnetic field of
the charged beam into the 2t@ansverse plane. This resultstie inducecturrents on
the beam chamber wall having the same longitudinal intensity modulation as the charged
beam.When the wavelength of the beam intensity modulation is large compared to the
button diameters, the calculation of the induced charges on the buttons may be simplified
as a 2-D electrostatic problem. In the insertion device (ID) straight sections of the 7 GeV
positron storage ring for the Advanced Photon Source (APS), beam chambers 8 mm and
5 mm in height araised tooptimize the ID magnetiparameters. In this paper the
configuration of four-button BPMs in a small-gap beam chamber is optimized, and BPM
sensitivities and coefficients acalculatedassuminghat thebutton electrodes ariush
with the chamber wall.
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FIGURE 1. Cross section of lleam chambewith a height of 2handwidth of 2w. Thediameter of
the four button electrodes for the BPM systenxjs-(x), andb =h +y,, a=h —y.

IMAGE CHARGES

Assumingthat thewidth of the beam chamber figure 1 is much larger than the
height (w >> h), the induced charges are calculatettiddynethod of imageharge. The
beam chamber ialso assumed to have a higlectric conductivityand isgrounded.
Then the verticapositions ofthe positive and negativenagecharges of a chargeat

(%, y,) are given by
+A aty = 2m(a+b) +y, = 4dmh+y,, (M = -0, 0, )

and-A aty = 2a + 2m(a + b) +y, = 2a + 4mh+ y_(for integerm, —o<m<e) (1)

with a = h-y, andb = h+y_. For ease of calculation the verticabsition for ¢A) is
shifted by & so thaty'= y—2h= 4mh-y,. (In the 3-D geometry the charges a line-
charge density along tiedirection.) Therthe electrostatic potential distributid(x,y)
within the chamber may be calculated from

oy lz=zl[lE-z)z- 2, 4 Nlz=z,
In =P(x,y) = [nm=== (2)

2TE, |Z2-2 |n|(z -2, )(2-2_,)| 218, N|2-2,|

m=-co

whereg, is the permittivity in freespace,z =x + iy, 2 =x +iy', z =X, + i
(—4mh+yo) andz'_ =x,+iy' =X, +i (-4mh-~y,). Equation (2) may be S|mpI|f|ed to a
closed form



I
P(xy) = ReHn '|y 0
o O smn( —=0)[J
4h|
3 Y=Y
=——-In 2 2 (3)
47750 cosh 7t y2hyo

wherey' is shifted back tg + 2h in the final expression.
The induced charge densities gérin the top and bottoraurfaces othe chamber,

o, ando,, are calculated fromg; dd/dy],_,

o = A cospy,
‘" 4coshp(x-x)-sinpy,’
g, =2 coSPYe (4)
4 cosh p(x —x,) +sinpy,

Herep = 172 and by settindy = 1 the coordinatsystem isnormalized to the half
height of the chamber. By adding up the induced chargée itop and bottorsurfaces
in Equation (4), the total induced chargdnich should be proportional to the sgignal
for a typical four-button BPM system of Figure 1, is given by

Q.= Q%) = Q) = [ (0, +ay)dx+ [ (0, +,)d

1 “ coipyocoshp(x_—ﬁo) N coszpyocoshp(xjhﬁo) L. 5)
2Jx "cosh® p(x = x,) —sin® py,  cosh® p(x + X,) —sin’ py,

The induced charges proportional to tkignals forthe verticaland horizontal
positions of the charged bea@),andQ,, may be calculated from Equation (4):

Q, =Q (%) —Q,(x) = J’:(Ut -0, )dx + I__szl(at -g,)dx, (6)

Q= Q%) Q%) = [ (0, +0,)dx ~ [ (0, +0,)dx. @)

Here Q, and Q_ _are the differences in the induced charges between the top and
bottom, andright andleft buttons, respectively. Asne expects fronbeam position
measurement, is an odd function iry, and even irx,, andQ, is theopposite After
Taylor expansions up to the third ordertie charged beamposition &, y,), indefinite
integrals of Equations (5—7) are given by



s . .
Q(x) L tan[sinh o] + (.2 - x2) psmthx ryx 2 P smthx _GSnT pxy
p 2cosh” px 4 “cosh” px cosh” px (8)
Q(x) _ [tanh px + .2 p? —smr; pX]+y03[p2 smh3px
-A cosh® px 3cosh” px
2sinhpx  2sinh px
+x 2p? _
%P (BCOShS px cosh® px)]’ 9)

BB — s [-sech(p) + y,2p*( sech(py) ~ seoh (P + x, 12 {ZSechS(rw

—sech(px)} +,”p*{2sech®(px) - SieCh3(px)+-——SECh(pX)}] (10)

To the first order ity /h andxolh calculations of the induced charges frajr= 0 to
X, =00 in Equations (8-10) giv®, =- Ay,/h, Q = - Ax/h, and thetotal induced charge
Q=-Aas expected The derlvatlveSQJ(x) Q,), andQ (x) with respect to/h may
be called “the effectivanduced charge densitidsr the sum, vertical, and horizontal
signals.” The first terms ofthe charge densities and Equatlcéﬁslo) are plotted in
Figure 2.
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FIGURE 2. (a) Induced charge densities andr{)icedcharges integrateiilom 0 to x/h. Theinduced
charges and densities correspondin@{dQ,, andQ, in Equation (8)are denoted asum, vert,and horz
in the legends, respectively, with units-of, - Ay/h, and- Ax/h.
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FIGURE 3. 3-D plots ofthe inducedcharges foQ,, Q,, andQ, as functions ofnormalizedbutton
offset x,/h and button diameterd/h on the left sideand their contour plots on the right side. The

respective units foQ,, Q,, andQ, are- A, - Ay,/h, and- Ax/h.



For small buttons(e.g., x’h < 0.5), whenthe beam is located near th&gin, the
horizontal beam displacement is not as sensitive to changes in the distances between the
beamand the buttons asthe vertical beandisplacement. This makethe density
distribution forQ, broad with the peak neath = 0.6. The densityfor Q,, on the other
hand, hadts peak atx/h = 0. This impliesthat, whenthe measurements ofertical
dlsplacements are critical for a beam chamber of small height, the locationboittties
shouldinclude the range of smailh. For buttondocated in the range of = 0 - 2h
with button diameter of B, for example, oveB4%, 99%,and 91% ofthe available
sensitivities for sum, vertical, and horizontal can be registered on the buttons. Therefore,
any buttondocated more than2(one chamber height) frotine beamposition in the
horizontal direction would be very inefficient.

Shown in Figure 3 are 3-D plots and their contoursforQ,, andQ,. The negative
position of x is possible by rotating the four-button system with respettta(yertlcally
symmetrical axis. Fox, = 0 and a button diameter d larger thaniRis seen tha®,, Q
andQ, do saturate as already expected from Figure 2. Whesbuttonsare extendecf to
both sides of the x-axis by rotating the four-button system and the diameter is larger than
4h, the values of), andQ, increase by a factor of 2 because most partbentputtons
are still located withix/n < 2 where the charge densities are high. On the bdret,Q,
decreases because the charge densit, fisrasymmetric with respect xo Therefore, a
four-button system with a button diameter of approximatet &h and a button offset
of x,= 0 would collect nearly all the induced charges and be the most efficient.

BUTTON SENSITIVITIES

With x, = 0 andd = 2h, wherethe buttondiameterd is (x,—x,)h, Q. , and
their normallzed values tQ, are calculatedrom Equations(5-7). The resurts g|ve an
optimized BPM conflguratlon and are plotted in Figure 4 as functiotiseafiormalized
beam positiony(/h, x/h). The button sensitivities arabefficientsfor y /h andx /h for
the optimized configuration are calculated from Equations (8-10).

Optimized configuration:

Q. = 0.945[1.0 + 0.07143 Y{/h)* - (x,/h)?+ 0.0842 & /h)X(y,/h),

Q, = 0.9963[{1.0 - 0.01836x(/h)3}(y,/h) + {0.00612 + 0.0295x/h)3(y,/h)’,
Q, = 0.9137[{1.0 + 1.4649y(/h)?}(x/h) - {0.4883 + 2.7354y(/h)?}(x/h)’,
Q/Q, = 1.0542[{1 + 0.0531x/h)3}(y,/h) - {0.0653 + 0.0631%/h)?}(y,/h)’],

Q/Q, = 0.9669[{1 + 1.3935y(/h)2}(x/h) - {0.4169 + 2.6159y(/n)2}(x,/h)%. (11)
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FIGURE 4. For the optimized BPM configuration, normalized button positions/bf= Oandx,/h =

2 (normalized diametet/h = 2), variations (a3, Q,, andQ/Q; areplotted as a function afiormalized
vertical beam positiog,/h for x, = 0, and(b) Q,, Q,, andQ,/Q, as a function ohormalized horizontal
beam positiorx,/h for y, = 0. HereQ,, Q,, andQ, are denoted asum, verticalandhorizontalandtheir

respective units areA, - Ay,/h, and- Ax/h.

Figure 4(a) and Equatio(il) showthat the verticakignalsQ, and Q/Q, within
—-0.7y./h have excellent linearity iy /h andx/h. This is partlcularly important since
vertical measurements are generallyical in a small chambehneight. The horizontal
signalsQ, andQ,/Q,, on the other hand, are less linear compared to thoseefeertical
as seen from Figure 4(b) and the coefficientg fandx /h in Equation (11).

In the APS storageing, beamchambers withrelatively small chambeheights are
used forthe IDs in the straighsections(3). Several four-buttorBPMs with button
diameters of 4 mm and button-center separation3.€5 mmhave been installed for
chamber heights of 8 mrh € 4 mm,x,= 0.707%, x,= 1.707%, diameter = 1.0) and
Smm =25 mmx, = 1.13h, x, = 2.73%h, diameter = 1.6). One cansee from
Figure 2 that these buttoase located at relatively inefficiepbsitionscompared to the
optimized case of, = 0 andx, = 2h. The button sensitivities and andx, coefficients
for the two chambers are:



APS ID chamber (2h = 8 mm):

Q. = 0.3178[1.0 + 0.0529%2 - y 2+ 0.00778x %2,

Q, = 0.0465[{1.0 + 0.219% 3} y, + {-0.0733 + 0.0022&3}y,,

Q, = 0.1144[{1.0 - 0.0073§,%} x, + {0.00246 + 0.0082¥.%} x 7],

Q/Q,= 0.1464 [{1 + 0.166%.7} Y, + {- 0.2033 + 0.0050% %} y,7,

Q,/Q. = 0.360 [{1 + 0.0456,%} x, + {-0.5049 + 0.00229.%} 7. (12)

The smallest aperture APS chamber (2h =5 mm):

Q. = 0.1957[1.0 + 0.1817x* - y.%} - 0.0104x.%y,7],

Q, = 0.02205[{1.0 + 0.7248,%} Y, - {0.2415 + 0.1285%7}y,’,

Q, = 0.1205[{1.0 - 0.1509.% x, + {0.0503 + 0.0136/.%} x.7],

Q/Q, = 0.1127 [{1 + 0.542% %} y, - {0.0598 + 0.0085&,%} y,,

Q/Q,= 0.6156 [{1 + 0.0308,%} x.- {0.1314 + 0.0146/.%} x°]. (13)

As seen from Equations (12) afiB), the most critical signals Q for 8 mm and
S mm chambers ar@nly 0.046 and 0.022 ofthe unit- Ay /h. Compared t@Q,, the
horizontal signal€), areover0.11 ofthe unit- Ax/h for both chambersEvenif the
normalizedsignalsare not too small (because of the small valueQgf one should
expect that thenoise/signal ratios fof/Q, and Q/Q, in Equations (12) and (13) are
relatively large compared to those in Equation (11).
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