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Abstract respectively[1,2]. The term "g" includes th#fects of the
A cylindrical beam-position monitor (BPM) used in manyelative beam velocity 3, and is calculated to be
acceleratofacilities has fourelectrodes orwhich beam-

image currentsinduce bunched-bearsignals. These ¢= 21R, /By 4
probe-electrodesignals are geometrically configured to

provide beam-position information about two orthogonal . -2

axes. An electronic processor performs a mathematid4iere v is the Lorentz factory =(1-5°) .
transferfunction (TF) on these BP#lectrodesignals to References 3, 4and 5show that Eqg. (1) may be
produceoutput signals whose time-varying amplitude iglescribedwith the less complicated 2-D polynomial
proportional to the beam's verticahnd horizontal equation

position. This paper wiltcomparevarious beam-position

TFs using both pencil beams and will further discuss hoW®, =Y, + Sy +S.¥° +S_.yx* ®)
diffuse beams interact with some of these TFs.

where y, and S, is the manufacturedprobe offset and

_ . sensitivity, S, and S, are third-order nonlinear
BPMs typlcallyl have fourelectrodes c_)nwh|ch beam coefficients,and X and y is the horizontaland vertical
image currents induce bunched-beam signals. Tihede o . o .
signalsare initially processed onaturally configured to P€am position[3,4,5]. ‘While the originauationdoes
provide information about the horizontahd vertical axes not have an analyt!cally expressible nverse functlon, Eq.
that describesthe beam's position. BPMs mdyave a (9) does byperforming aleast-squaresverse fit to the
variety of cross-sectional shapes, such @sular, ©riginal equation orset of measured BPM data. The
rectangularglliptical, etc. For thecircular-cross-section esultingequationfrom this inverse fitprocedure may be
BPM detectingthin beams, sufficient beanposition Written as a function oR; and R;.
information is contained withirR . Specifically,

1 BPM SENSITIVITY

2 PROCESSOR TRANSFER FUNCTIONS

R =[1|/]1| (1) The electronic BPM processor performs a mathematical
TF using the four BPM signals faroduceoutput signals
where |, and I, arethe top and bottom BPMelectrode WhOSe time-varying valueare proportional to the beam's
signal amplitudes. I and |, are defined as horl_z_ontal and vertical position. Math_ematlcally, a
T B position-processor's TF accept®, as an inputand its

0 output signal must be proportional to the begamsition.

R EBJOS'JL“E i 4|mD F:—"E O However, in practice, the two output signals from the
| =_to % P +Z p Sin@“ﬂogcoimq,)g probe’s oppositeclectrodes are cabled two processor-
TR, g 1(e) & mi(9) 2 '8 input connectors.

H H To be an effectiveposition measurementF, the

(20 mathematical functions describing the combined BPM and
and processor TF have several characteristicsFirst, the
OO0 O r O 0 effective combined TFutput signal, V, ., must satisfy

: PhERE o YPRE oo & the odd symmetry equation of
Iy = R B Re) + mZ i (9) smgﬂ@m > %co#m@)g ) ) )

0 0 Vee(Y)= 1Y) =-1(-9) (6)
©)

wheref is a particular mathematical function. Note that
where i, is the Fourier component of the beamrrent, if the beam iscenteredi.e., y =0), then theprocessor's
8, is the electrode subtended angle, andnd ¢, are the output signal is zero. Eq. (5) may alsoexpressed as a
polar coordinates othe beam positionand R, is the function of R[dB] as
BPM-probe-electrode radius[1]The functions|, and |

are the zer8 and ni" order-modified-Bessefunctions, VHOC(R[dB]): f(&[dB]):—f(—R[dB]), @)
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where R/[dB]:ZOIog(R), therefore fulfilling the odd

symmetry criterion.

Second, it ispreferred,but not necessarythat the
combined BPM and processor TF be linear or vessrly
linear. If this combinedfunction is highly non-linear,
then the sensitivity or gain will vary with begmosition

and either the range or the precision of the overall positi

measurement will be adversely affected.
Third, it is preferred,but not necessarythat the

combined BPMand processor TF have a single-variabl
analytically expressible inverse function. The existence

an analytic inverse function allows anceleratorcontrol

system to easilyecalculatethe beam position from the

processors output signal amplitude. If the TF has

(?osition.

the A/~ and AT function andthe NPD's gain constant is
significantly smaller. However, having a lowain
constant is notadvantageous ithe function is highly
nonlinear.

As displayed in Fig. 2, thA/X processor TF is the
only function whose sensitivity is linear witheam
The AT function is the leaston-linear
{Inction and the only nonlinear function whose sensitivity
reduceswith increaseddisplacementfrom the BPM's
center. The NPD function is highly non-linear. This

Qﬁf)n—linearity either will limit theprocessor'dandwidth
0

m beam-position-dependegin switching, will have
too large of a digital word for control system digitizers, or
will provide inadequatebeam position resolution for

ntered-beam conditions.

inverse function that is not analytically expressible with™ __

specific variablege.g., R and R), the control system < 30 r T . T . T %
may still translate the processors output signal into a g 20 o NG X g
beam position by using look-up tablestored in the 3 10 —>—— LR 5 368
accelerator-contrabystem's memory.However, to meet 5 0 — NP% o8
the requiredneasurement resolution, these look-up tables § _1 a8 QO
are often very large. o) 2 8 2 Q *

There aremany hardware-realizablemathematical g Fo . | . | .
functions for a beam position processor. Some of the 333 ~10 0 10 20

more common functionsare the difference over sum
(A/%), arctan (AT), log ratio (LR)andnormalized power
difference (NPD) functions[6]. The forward and
analytically expressible inverse THer each of these
mathematical functiongare shown in Table 1. K,,,

K.+, Kis» and K., arethe processor TFsensitivity or

gain constants. Note that foenteredbeams, the AT
function reduces to th&/ function[7].

Table 1: Processor transfer functions

Forward TF Analytic Inverse TF
Voo [V] = R [dB] =
AlX -1 0K, +V. O
Kyz R—Jrl 20log 22—
Ry KA/Z _VProc
AT } N O Dv L
Kar aa” 1(PV) ~—gl| 20lognang—2x + I
45 B EKAT 4%
LR K.x Iog(&) 00 Ve
LR
NPD KNPD(R/ - Rfl) Does Not Exist

3 FUNCTION COMPARISON

Fig. 1 displays thecombined BPMand processor TFs
using a linear BPM response whosensitivity is 1.11
mm?® or 0.87 dB/mm. This linear BPMposition

Beam Position (mm)

Figure 1. Processor output signal versus beam position
for A/Z, AT, LR, andNPD transferfunctions. Alinear
0.87-dB/mm BPM response wased andall processors
were normalized to have the same centered beam response.
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Figure 2. Combined sensitivities versus beam position
for A/Z, AT, LR, and NPD processor transfer functions
using a linear 0.87-dB/mm-sensitivity BPM.

The cylindrical-geometry BPM changes the
combined BPMand processorTF. Fig. 3 shows the
processoiTFs' sensitivities for a 6.7-MeV protdoeam
drifting through a BPM described by Eq. (1) wifand R,

equal to 4% and 25mm, respectively. Thisparticular
BPM's sensitivity is 1.6 dB/mm. Thaddednonlinear
position sensitivity of the BPMhanges the shape of the
combinedposition-sensitivity response. All of the TFs
arenonlinearandthe LR function is the least nonlinear.
Both the AT andA/Z position sensitivitiesapproachzero

response allows for a truend directcomparison of the as the beam displacemefiom the BPM's center is
individual processor TFs. Under centered beam increased. Flnally note that the NPD function continues

conditions, the "K" sensitivity constanteere normalized, to be highly nonlinear.
resulting inprocessoiTFs sensitivitieX,,, K K
and K,,, equalingl7.4-, 17.4-, 20-, 4.3-wespectively.
The LR function has a slightliargergain constant than

AT LR?
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approximately 65 % of the BPMlectrode radiugor the

£ A'/Z A BPM's response to significantifiverge from a BPM's
£ Ar thin-beam response.
2 LR
> NPD * c
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Figure 3. Combined sensitivities versus beam position» ~'5Gao00 Q9 Q °r .
for A/Z, AT, LR, and NPD processor transfer functions 1 2 3 4 5
using a cylindrical 1.6-dB/mm-sensitive BPM. Beam Position (mm)

4 BPM RESPONSE TO DIFFUSE BEAMS  Figure 4. Diffuse- and thin-beam BPM sensitivitgrsus
. i eam displacement from a BPM center. The BPM's radius
The calculation of a BPM's sensitivity, Egs. (1), (2), an P

| 7. ively.
(3) assume the beam rms width is a significant portion opd subtended angle were 7.0 mm arfl &spectively

the BPM electrode radiusR . In most applicationghis 5 CONCLUSION

thin-beam assumption is adequate. However, in some |
energy linacs, it is necessary to keep the beamrpities
small. Becausethe particle beam has a finite size, th
resultant beam-pipe radius to rms beam width redio be
approximately 7:1. If the beam widtlase sufficiently

N of the conbined circular-cross-section BPM and
processoiTFs described inthis note have odd symmetry
and arenonlinear. The LR function is the least
nonlinear, and therefore, the optimum choice. All of the

wide and these pipe-to-beam-widthratios are sufficient processor functions have a single-value analytically

small, the BPM's position sensitivitgivergesfrom the ~EXPressible inverse function except for thermalized
nomiﬁal thin-beam position sensitivity.  Thidiffuse power-difference function. Finallgisplaced diffuse-beam

. P effects to BPM sensitivities were initially explored. It has

gee?é?:;ff:tlwas experimentaliyobserved inFig. 6 of been observedthat sum of the rms beam width and
To initially explore thesadiffuse-beam effects, the displacementrom BPM center must be >65% of the

BPM electrodecurrents, agdefined in Egs. (2) and (’3) BPM radius for the diffuse beam effects to be significant.
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