
LBL-22U85 

OCT 2 3 W6 

[HI Lawrence Berkeley Laboratory 
E 3 UNIVERSITY OF CALIFORNIA 

Accelerator & Fusion 
Research Division 

Presented at the 5th U.S. Summer School on 
High Energy Particle Accelerators, Stanford, CA, 
July 15-26, 1985; and to be published in 
Proceedings 

DYNAMIC DEVICES: PICKUPS AND KICKERS 

G.'Lambertson 

lv 

August 1986 

L 
A 

V ... .• *•' , , ' ^ W ^ ' ' $ f e l | 1 • ... •X'vH^vSlkv; 1 1 
.• • ' " ^ 1 ; ' 7 ^ ; ^ ^ ^ ' 1 

^ * & * t e ^ : • • " • ^ ^ v ' I 
"v" - • '?IW|̂ r \§f'Sfa0&''-• I 

1 
' - . " 1 

jt^Ofi*? £^Mm Ml 1 
. . ' . 

/ • 
' " - • . ' • " ' ' . * \ . . . . 1 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 

DIGTniLJTijji L!F TKIii VGC-UmTT K5 UOflTED 



LBL--22085 

DE87 000930 

DYNAMIC DEVICES - PICKUPS AND KICKERS* 

Glen Lambertson 

Lawrence Berkeley Laboratory 
U n i v e r s i t y of C a l i f o r n i a 

B e r k e l e y , CA 94720, USA 

August, 1986 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency or the United States 
Government. Neither the United States Government nor any agency thereof, nor any or their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

*This work was supported by the Director, Office of Energy Research, 
Office of High Energy and Nuclear Physics, High Energy Physics Divi
sion, U.S. Dept. of Energy, under Contract No. DE-AC03-76SF00O98. 

•© 
# 

B'-STsisijTiL.!: 6\') <. ; v ' T - . •. '-..ria - - ^ 
} c 



DYNAMIC DEVICES - PICKUPS AND KICKERS* 

Glen Lambertson 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

TABLE OF CONTENTS 

Introduction 1 

1. Relation Between Transverse and Longitudinal Effects 2 

2. Application of Reciprocity Theorem 4 

3. Response Functions , 5 

4. Stripline Electrodes -. - 10 

5. Capacitive Pickup 14 

6. Resonant Cavity 17 

7. Traveling-Wave Electrode 20 

8. Strong Magnetic Kicker 22 

9. Transverse Variation of Coupling 26 

*This work was supported by the Director. Office of Energy Research, 
Office of High Energy and Nuclear Physics, High Energy Physics Divi
sion, U.S. Dept. of Energy, under Contract No. DE-AC03-76SF00O98. 



DYNAMIC DEVICES - PICKUPS AND KICKERS 

Glen Lambertson 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

INTRODUCTION 

A large proportion of the dynamic devices used to interact with 
the charged-particle beams in accelerators or storage tings can be 
classified as pickups or kickers. These devices1 act through time-
varying electromagnetic fields either to extract information about 
the particle's motion or to effect a change in that motion. A given 
configuration of electrodes may be used either as a pickup or as a 
kicker; that duality will be addressed in this paper. 

An example of a simple electrode is the loop antenna, which may 
be made in the shape of an electrical stripline at the side of a beam 
chamber. This electrode picks up a signal from the beam current by 
intercepting time-varying magnetic flux and image charges of the 
beam. One can also understand that the difference signal from two 
such striplines placed on opposite sides of the beam will give in
formation on the beam's transverse position. This same electrode, if 
externally excited as a kicker, can produce transverse forces through 
its magnetic field acting on moving charges; and its electric fields 
in the direction of the particle motion produce its effects as a 
longitudinal kicker. 

Electrodes for a particular application call for response over a 
particular range of frequencies. The stripline electrodes provide 
useful coupling over a range greater than one octave, centered about 
frequencies usually between 100 MHz and 10 GHz. In this same fre
quency region, a narrow-band device is the r.f. cavity which can be 
employed as either a sensitive pickup or a high-power accelerating or 
deflecting electrode; the rf accelerating system of a particle accel
erator is a specialized example of such a kicker. A particular wave 
form with short rise time, then long flat dwell, is called for in the 
pulsed magnet kicker used to inject beam onto a closed orbit. De
pending on the application, analysis, and description, an electrode's 
performance may be in either the time domain or the frequency domain. 

In the discussion which follows, we shall derive some general 
relations between longitudinal and transverse effects, and between 
the responses as pickup and as kicker. We shall see that dynamic 
effects are entirely determined by the longitudinal electric fields 
in the direction of the beam current when the electrode is excited as 
a kicker; and as a corollary, absence of longitudinal electric fields 



guarantees no coupling to beam particles. Response functions that 
serve as figures of merit will be defined. We shall then analyze 
the responses of specific examples of pickups and kickers. Finally, 
an approach to the calculation of the transverse variation of coupl
ing over the electrode aperture will be presented. 

1. RELATION BETWEEN TRANSVERSE AND LONGITUDINAL EFFECTS 

The transverse deflection received by a moving particle is 
produced by field components that are transverse to the particle's 
velocity. However, in this section we shall show that in a time-
varying electromagnetic field, the deflection can be expressed in 
terms of only the longitudinal component of electric fields in the 
kicker. 

-» 
The total momentum deflection &p produced in a particle of 

charge e and velocity v is 
., /*b -* •• •* 
Ap = el (6 + v x B)dt (1.1) 

•+ •+ 
where 8 and B are the electric and magnetic fields the particle 

•* •+ experiences in going from a to b along a trajectory ds = vdt. On 
that same path the particle will receive an energy change 

a ej 6 • ds 
b 

AE = el 6 • ds . (1.2) 

To the extent that we may treat the velocity v as a constant vector, 
a simple relation may be found between derivatives of Ap and AE. 
Examine 

Ap • el 
-* fctf-"/. H d t + d 3 X H (1-3) 

in which we may insert 

|| - - 7 x 6 (1.4) 

and use the identity 
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ds x 7 x 6 = V (ds • 6) - (ds • 7)6 

7 (ds • S) - || ds (1.5) 
to obtain 

"3_(&p) = e I -7 (ds • 6) + d6 1 (1.6) 

Separate this vector equation into components parallel to and 
transverse to trajectory s. The parallel component gives the 
identity 

f,- (Apo) = e ^ f 6„dt . (1.7) 
Ja 

^ va„ay = « ^ V 

The result of interest i s that, under the above assumption 
of a s tra ight - l ine trajectory, 

a 
3T 

(apx) * - e f I Vj, (6 • ds) - d6j_ J 

| ^ A?x = - 7 X (aE) + e I 6 x(b) - 6 x (a) J . (1.8) 

For many cases, the term containing entrance and exit fields is zero 
and the restriction to a straight-line trajectory is reasonable, 
therefore, this equation has many applications. For fields with 
sinusoidal variation eJ u^ i the equation becomes 

j«apx - - l^oE) . (1.8a) 

Several consequences of this relation come to mind: 
a. k sweeping transverse kicker will introduce an energy 

gradient across the beam width. But it is not necessary 
to have a static field to produce an acceleration that is 
uniform in space. 

b. The distribution of longitudinal electric fields 6i| 
completely defines the transverse (and longitudinal) kick 
except for an additive static deflection. 

c. An rf cavity with no longitudinal 6 fields (i.e., pure TE 
modes) cannot produce a deflection. 

This last conclusion is illustrated in Fig. 1 which shows the 
direction of fields encountered by a particle in passing through a 
resonating TE cavity. Eq. (1.8a) tells us that deflections from the 
6 and the B fields must cancel exactly. 

3 
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Fig. 1. TE-mode fields along beam trajectory through cavity. 

2. APPLICATION OF RECIPROCITY THEOREM 

The Lorentz reciprocity theorem concerns a volume, bounded by 
surface S, that contains electromagnetic fields from two sources 
designated by subscripts 1 and 2. The sources may be current densi
ties J within the volume or external sources that, in part, deter
mine fields at the surface S. The basic form of the theorem, in 
which fields and currents are expressed as complex phasor vectors 
with time dependence e3 w t, is a 

/ . 

(6X x H, - 6, x H x) • dS * j <6a • 
J vol 

J x - 6 X • J2)d vol (2.1) 

Apply this theorem3 to the schematic diagram of a pickup in 
Fig. 2, where Jg is the beam current density and subscript B is 
used in place of 2. The outgoing signal produced at the signal port 

m •l»T 

\ s, 
£> 

X S L a«e-ji63 
Fig. 2. Schematic pickup diagram for application 

of reciprocity theorem. 
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is VQ. The signal port may be a cable of characteristic impedance 
Z c. Also at this port, an inwardly-directed voltage V x is supplied 
to produce within S field 6\ and B x and currents J x in resistive 
media; we shall ignore any perturbation produced in Jg. The volume 
integral over resistive media vanishes, leaving only the term in 
6 X • JB containing free current. The portion of the surface integral 
covering the entrance and exit beam ports may be made zero if the 
beam pipes are mads small enough to prevent the propagation of 
traveling waves. At the signal port, entering and exiting TEN waves 
contribute two additive terms of V V /Z to the surface integral. 
Therefore, Eq. (2.1) becomes 

or V_ - - , £ - / 6 • J_ d vol . (2.2) 

In this equation, note that JQ is a sinusoidal wave of beam current 
and the integral is evaluated at one instant in time. The useful
ness of Eq. (2.2) stems from the observation that frequently it is 
simpler to calculate the fields in an electrode when excited by an 
external source V\ than to calculate directly the response when ex
cited by a beam current. Lat^r we shall also use this equation to 
find a relation between the responses of an electrode as a kicker 
and as a pickup. 

3. RESPONSE FUNCTIONS 

To describe the coupling between the terminals of an electrode 
and the beam, certain parameters are in common usage. These will be 
defined and then related using Eqs. (1.8) and (2.2). For this pur-
pone, the frequency domain and complex vector notation will again be 
used. 

For the longitudinal kicker, a convenient dimensionless 
parameter is the kicker constant K.., which is simply the complex 
ratio of the change in beam particle energy (in volts) to the kicker 
input voltage Vg. The energy change is found by integrating the 
kicker fields fig along the particle path as in Eq. (1.2): 

4i a f e j o t 6 V • ds . (3.1) 
* J3 K 

The particle, having velocity 9c, will be at position s when 
t 3 s/3c. Substitute this and k a u/pc to obtain the longitudi
nal kicker transfer function defined as 
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"\iBk"hf^s^'i: (3-2> 

As we have noted, the kicker constant Kn is dimensionless and 
contains information on phase shift, but it is not uniquely related 
to the efficiency of an electrode because its magnitude may be 
changed by introducing a transformer at the terminals of the kicker 
to change the input impedance Z . 

For a figure of merit more related to energy efficiency, we 
adopt the parameters used to describe an rf accelerating cavity, 
namely, shunt impedance, transit time factor, and cavity voltage. 
By analogy with cavity voltage, the instantaneous electrode voltage 
along the beam path is 

X h • * V Q = / 6„ • ds . (3.3) 

This differs from the voltage gain of a part-icle by the transit time 
factor defined as 

T M =» AE/eV = VJC../V . (3.4) 
II o K H o 

The shunt impedance R is defined in terms of the input power by the 
equation 

P = |V0|=/2R . (3.5) 

Noting that this kicker power is also given by Vg 3/2Z c, we can use 
Eq. (3.4) to show that 

RT' ~\ \\V - \¥\*/2P • (3-6) 

The quantity RT a may often be referred to as simply shunt 
impeJance, but it is desirable to retain the T 3 to indicate that it 
includes the transit time factor. R is directly related to the 
kicker electrode structure and T introduces the effect of the finite 
particle velocity. 

For the transverse kicker, proceed in a similar manner starting 
with Eq. (1.1) to obtain 

and R T a = z J K J a ( 3- 8 ) 
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As was shown in section 1, the transverse and longitudinal 
kicks are related through the spatial gradient of AE. Hence, using 
Eq. (1.8), we find that 

- J k *i - *x *|| • ( 3 - 9 ) 

Turning our attention now to pickups, one of the more obvious 
choices for a coupling parameter is the ratio of pickup output volt
age to beam current, which is defined as the longitudinal transfer 
impedance Z : 

Zp = V B/I B . (3.10) 

For a pickup intended to respond to the transverse posi t ion of the 
beam, the output signal i s proportional to the product of current 
and displacment x; such a pickup i s characterized by a transverse 
transfer impedance 

zp = ir35r = V V • < 3- n> 

The reciprocity result Eq. (2.2) can now be used to relate Z p to K. 
If we insert Eq. (2.2) in Eq. (3.10), we obtain 

Z . 
Z p = - yfa- I 6. • J n d vol . (3.12) c ^ f t x • J B d vol 

J vol (at fixed tii time) 

In this volume integral, values of 6 and J are taken at a fixed 
time. The beam, assumed to be moving in the positive s-direction 
with velocity Be, will have an s-dependence e-J^s. Furthermore, 
assuming S L does not vary greatly over the beam cross section, we 
may integrate over x and y giving 

L i • J_ dxdy 3 6 ._ 
1 B ' 1 B 

6 • J„ dxdy a 6 • I_ e " j k s (3.13) 

and Zp becomes 

Z„ = - _g_ / * e ~ j k s 6 • da (3.14) 
i Ja 

P 2V~ / " i 

This integral differs from that in Eq. (3.2) defining K x only in the 
sense of s. Therefore, it represents a kicker excited with Vx, but 
with the beam waves traveling in the reversed direction. The rela
tion between pickup and kicker responses for a given electrode is 
therefore 

7 



Z p = 1 Z c K | | (3.15) 

with the provision that the beam sense be reversed between the two 
applications. This technicality concerning the sense of the beam's 
motion takes into account the very real directional sensitivity of 
some beam electrode structures. 

The similar relation for transverse responses is obtained by 
differentiating Eq. (3.15) with respect to x, 

*P ' 1 Zc * ? < 3- 1 6 ) 

and use Eq. (3.9) giving 

Zp - - J J k z
c

K i (3.17) 

The power from the pickup signal into an impedance-matched 
load, Z c, is 

PP * 1 ( I B Z
P

) 2 / Z c ' ( 3" 1 8 ) 

We may rewrite this in terms of the electrode's (kicker) shunt impedance 
using Eq. (3.15) and Eq. (3.6) to obtain, for the longitudinal pickup, 

Pp - J ij <R,|Ta/4) . (3.19) 

Here we see that the shunt impedance (modified by the factor 1/4) 
serves also as a measure of efficiency of that electrode used as a 
pickup. Similarly, for the transverse pickup, we obtain the power 

P P - i a B x z p ) a / * c 

or PP a 7 ( I B * > a ^ V R J T ' M ) . (3.20) 

The appearance of k > u/$c = l/0\ in the transverse electrode 
responses has the consequence that a pickup configuration, if used 
as a kicker, will have a comparatively lower response at high fre
quency. With this qualification, we see that high shunt impedance 
relates to high efficiency for an electrode whether used as a pickup 
or a kicker. 

8 



Application of the reciprocity-derived relations assumes that 
voltage Vfc and V p are observed at an impedance-matched connection 
where no reflected waves are present. This is not always the case 
at convenient electrode terminals and mismatch introduces some 
modification in the relations so far derived. 

A resonant electrode without driver or amplifier input impedance 
connected is characterized by an unloaded Q-value, Q . With driver 
or load attached, the total circuit response is widened vo Ao/u = Q(_ 
which depends on the load and how it is coupled to the electrode. 
(In some applications the degree of loading may conveniently be used 
to adjust the response width.) At the terminals of a kicker, of 
course, the driver impedance has no effect on K or RT a, but the 
efficiency of the driver is affected by any impedance mismatch. On 
the other hand, at the terminals of a pickup the output voltage (Zp) 
and power at the unmatched load do depend on the loading. Maximum 
oower is delivered when a matched load lowers Qi to one-half On. 
"For other deerees of loading, the power delivered at resonance is 
multiplied by the factor imfm^aitiBmmm* 4Qi_(Qu ~ QO;%2-

Table I is a summary of useful relations for beam electrodes. 
These apply at any frequency other than zero. The special consider
ations for unmatched loading of resonant systems are not incorporat
ed here. 

Table I 

__ Longitudinal Transverse 

S F " K | | V K ^ - K ^ V K 

V l K | | = -J* KL 

v'- 2chr v a = 2 c K r 
Zp = K K „ ZP - - ^ " c ^ 

Vp 3 ZpI B Vp = Zp(I B x) 

.* 

o. 
3 i5 P p * } lJ(RuT a/4) P p = J ( I B X) 2 k a (R x T 2 /4) 

L : 
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4. STRIPLINE ELECTRODES 

In this section we shall calculate in some detail the responses 
of stripline electrodes to illustrate the application of the rela
tions in Table I. To do this we must first visualize the electro
magnetic waves in a structure such as the stripline pair diagrammed 
in Fig. 3. 

Each of the stripline plates with its adjacent ground plane 
(walls) forms a transmission line for TEH waves. In the center 
(away from the ends) of these short lines the fields are purely 
transverse and propagating at a line velocity V. . That velocity 
would be the velocity of light for smooth two-dimensional con
ductors, but may be reduced by the presence of magnetic or dielec
tric media or by longitudinal variations in the cross sections of 
the conductors. Each stripline has a characteristic impedance Z 
the value of which is modified somewhat by coupling to the other 
line. At the ends of the strips, longitudinal electric fields 
arise. It is the^jntggral,^Eg#,„(3-1), through these fields that 
determines the coupling of the beam electrode as a kicker, and using 
the mathematical relations of Table I, also the coupling as a pickup 
with beam velocity reversed. While this formalism will give the 
response of the pickup, it may be more satisfying to visualize the 
distributions of induced currents as the physical mechanism for 
coupling by the pickup. 

_ r 

~i if 

•MMBB^MJ 

^ V \ A - I 7 V 

v, -*-

1 

^J 'LyvJ Zu 

I B 

I C ^ S = 0 

XBL 868-3164 

Fig. 3. A pair of s tr ipl ine electrodes. 
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The configuration shown in Fig. 3 makes a simple broad-band 
electrcde. The sense of the beam velocity and the polarities of the 
exciting voltages shown are appropriate for its use as a longitudi
nal kicker powered by signals at the downstream end. In each strip-
line a wave propagates upstream and is terminated in its line imped
ance ZL- The voltage to drive the kicker, VxeJ w t will usually be 
supplied at RQ = 50 ohms impedance and must be transformed to Z|_ and 
divided to provide voltage VL for each line. The voltage needed is 
thus V K = V Ly2R 0/Z L. 

We want to calculate the kicker function using Eq. (3.2) 

K 's=vt 

which involves only the longitudinal components of field BR eJ*^ 
evaluated at the position of the beam particle, i.e., at s = vt.The 
fields are concentrated at the ends s = -I and s = 0. The integral 
through one end field is less than the line voltage by a geometric 
factor g,|(w,h) which reflects the fraction of the angular space 
around the beam subtended by the electrodes and it is also reduced 
by a transit-time factor which we shall assume is near unity for a 
short gap and high velocity particle. (These factors will be dis
cussed more in Section 9.) For a beam on the centerline of this 
configuration, the geometric factor may be shown to be 

\ 
= 1 tan 1 (sinhSS ) , (4.2) 
* 2h 

an expression whose value exceeds 0.95 for w/2h > 1. Therefore, 
for the s-component in Eq.. (4.1), we take 

V J W t 3 8 H V L [ 4 ( 8 ) " Ha+l) ] e J W ( t + S / V L ) ( 4- 3 ) 

and insert for t the particle arrival time t = s/v to obtain 

f> 0 

0 J< -J. 
giving the kicker function 

2g„ e j ( a " 9 ) s i n 0 ( 4 . 4 ) 

11 



with © = (i + 1. ) St . This is shown in Fig. 4 which may be regard-
v VL ed as the response to either frequency, length, or velocity. If 

both beam and line velocities equal c, then K|| is maximum and real 
for I = X/4; for this reason, the electrode is often called the 

\ 
\ \ 2 \v K/ 

Fig. 4. 
XBL 868-3165 

The longitudinal kicker function for striplines. 

"quarter-wave loop". Note that at this maximum a passing particle 
receives a voltage kick 2V|_g||, about twice the line voltage. It is 
a broad-band device that provides a bandwidth of an octave width at 
1.25 dB down or a 3-to-l range at 3 dB down. 

Power for broad-band, high frequency operation is expensive, 
motivating one to maximize the shunt impedance which is, using 
Eq. (3.6) 

R f" 2Z Lg j! sin* 0 (4.5) 

Note that as mentioned before, in this more fundamental figure of 
merit the source (or terminal) impedance R 0 does not appear. At 
frequencies below about 100 MHz, the use of ferrite is very effec
tive for increasing Z\_ and shortening the electrode length. At very 
high frequencies, a lower ratio w/h may reduce g||; also, waveguide 
modes may propagate in the gap h and modify the response. 

When the stripline is used as a pickup, the beam must pass in 
the opposite sense so that the output terminals are upstream, using 
Zp = I RgK.i, then we find the transfer impedance. 

j(S - 6) sin 8 (4.6) 

12 



Typical stripline electrodes'*»s have single-line impedance in 
the range 25-to-100 ohms and g a 1 %, giving at maximum response 

RnT a a 25 - 100 Q 
Zp» 18 - 35 fi 
K„ » 0.7 - 1.4 

A recent application of stripline electrodes in which weak signal 
and costly power were concerns was in the Fermilab antiproton 
accumulator.* Electrodes having a response range of l-to-2 GHz and 
2|_ s 100 ohms were used in 128 element arrays giving RIIT2 = (128) 
(130) = 16.6 kfl and Zp =» 40 V 128 = 450 Q. 

Examination of striplines used as transverse electrodes 
illustrates some additional points. We shall calculate the response 
first using longitudinal fields only, as above, then by the intui
tively more direct approach of integrating the transverse forces. 

We use the same configuration as in Fig. 3, but reverse the 
polarity of the upper stripline making the 6 S fields be zero at 
center (y»0) and vary approximately linearly as 2y/h. The change in 
polarity will also change the factor g; call this transverse geomet
ric factor g L, which at centerline is 

. . WW 
tanh- (4.7) 

The coupling between the two striplines also changes producing a 
lower value for Z{_. The longitudinal kicker function KJj for this 
so-modified case is thus, using Eq. (-.4) 

sin 6 (4.8) 

Apply Eq. (3 4) to find K x: 

i£ 
4*ifo e -J8 sin 6 (4.9) 

This result is very similar to the longitudinal K in Eq. (4.4), but 
the factor 1/hu further penalizes large aperture and shifts the 
frsquency for maximum response downward to u =» 0. This will be more 
recognizable as a typical sind/6 transit-time response if we re-

t1 I i u l 

arrange using 0 = <v + V|_; 2~ : 
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K = / L 2e a fl + v ) e ~ j 9 3in 9 . t * qjo 
v o L 

The other characterizing parameters for the transverse case are 
obtained from Eq. (3.8) and (3.17): 

R J 2 = "L^SJ, j^)" a"1* e (A. 10) 

2 ' -yvk S i 2 e j(f-e) s i n e ( 4 1 1 ) 

This transverse transfer function does not contain the 1/u factor 
and, except for the small difference between gn and gj_ (and numeri
cally different Z(_) is the same as the longitudinal case divided by 
the half-gap. 

The alternative approach using transverse fields starts from 
Bq. (3.7), using as the fields of the upstream TEM wave between the 
striplines: 

6y «** - «x VL I eJtt(t + V «'12> 
B e j w t = 1- g e j w t (4.13) 
x v, y 

to get 

S. • h far \ »*' *M '*> L ds (4.14) 

which gives the same result as Bq. (4.9) and (4.9a). This latter 
approach in this ease is simpler, but the object here has been to 
show the equivalence of the two. 

A curious feature of the stripline pickup is that, if the beam 
velocity v equals the line velocity v., no voltage appears at the 
downstream end. This allows that end to be electrically connected 
to any impedance, including a short or an open circuit, with no 
effect on the picked-up signal. However, the output line will then 
not be back-terminated to absorb reflections in the circuit. 

5. CAPACITIVB PICKUP 

A plate or button that i3 exposed to the electric field of a 
beam will, in developing an image charge, drive current into a 
grounding resistor R (Fig. 5). 

14 
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Fig. 5. Schematic diagram of capacitive pickup. 

A pair of electrodes connected in parallel will have a total image 
charge of 

- 8HB.'v (5.1) 

where the effective length I and the geometric factor g are 
determined by the electrode size and distance from the beam I_ of 
positive particles. If the electrode pair completely encircled the 
beam, the factor g would be near unity. 

First consider electrodes short compared to * = 1/k, each of 
the two having capacitance C to ground. The voltage developed 
across the two resistors in parallel is 

- jwq _££! 
1 + jwRC 

I 4 gifiL R 
B 2V 1 + juRC 

(5.2) 

If, perhaps at low frequency, R is the direct input impedance of an 
amplifier, then V is the available signal, but usually undesired 
added capacitance to a remote connection or a tranformer to R = 
50 Q will result in only a fraction a of the power being delivered 
to R 0. In that case we find 

2aR o V 
B 

(5.3) 
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Although with this unmatched load the equations of Table I are not 
strictly applicable, we can use them to find an effective RT 2 for 
this pickup case: 

RT a = 2( Sai) 2 25 . (5.4) 
v 1 + (wRC) 

At low frequencies, the signal is proportional to the rate of 
change of beam current, but above uRC » 1, the capacitance is said 
to "integrate" the signal and the resulting response is 

Z •* ̂ 2a gfi gl/2v C . (5.5) 

This region of flat response, although not the most sensitive 
becauss it calls for RC > 1/u, is often used for the observation of 
beam current versus time with a wide frequency range. 

A stronger response over a more narrow band is provided if an 
inductor is placed in parallel with each R of Fig. 5. The resulting 
resonant circuits have a loaded Q =» u RC, where R includes circuit 
losses and the output load. The pickea-up capacitive currents then 
drive the parallel impedances Q^/upC to produce at resonant fre
quency up the maximum pickup response 

a /2oR Q. 

and 

/ioi 

RT* - 2(g-E_) — L . (5.7) 
r 

These quantities give the dependence of the resonant maximum on u r 

and loaded Q. The band width is then flu a «T'QL a t 3 dB reduction. 
The upper limit on Q is determined by losses in circuit components; 
in the neighborhood of 10 MHz where ferrite is still effective, a 
Q of - 100 is available. 

Resonating the capacitive pickup provides a controllable 
response width in a compact electrode at low frequencies where the 
wavelength would make a quarter-wave stripline or a cavity prohibit
ively large. In the intermediate length where, to maximize signal, 
the capaeitive electrode length becomes comparable with -to, it may 
be analyzed as a center-connected open-ended strip transmission line. 
In that case, a characteristic line impedance of Z. and velocity v. 
are assumed and one can show that 

RT 2 - 4 Z g a "in2 M'2 • aQ (5.8) 
L cos k i sin k, £. u 

L 2 L 2 
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where ty_ = U^/VL- This becomes the same as Eq. (5.7) for small k|_!, 
using the relation ZLVLC = I for a TEM line. The cosine factor in 
the denominator approaches zero for a half-wave line, suggesting 
very high shunt impedance. Unfortunately, difficulties in coupling 
to a very low circuit impedance and other resonances enter to limit 
the open-ended electrode to less than a half wavelength long. 

An electrode with transverse response linear with beam displace
ment (or uniform in deflection if used as a kicker) is formed by 
separating halves of a section of beam tube by a diagonal cut 
"(Fig. 6)" it is reasonable that linearity will result for some 
geometry, but that this is true for any shape cylindrical tube with 
diagonal cut is discussed in section 9. 

I—L-
7 7^77 

^ ^ r r 

XBL 868-3167 

Fig. 6. Diagonally cut cylinder electrode. 

6. RESONANT CAVITY 
The cavity resonator is a very efficient beam coupler with, for 

simple shapes, predictable response within its resonant bandwidth. 
It is well suited for detecting or controlling by feedback particu
lar modes of beam instability. Pickup or kicker circuitry is coupl
ed to the cavity through a loop or stub antenna. That loading 
resulting from such coupling broadens the frequency response as 
noted in section 3; however, for characterizing the efficiency of a 
cavity, the unloaded shunt impedance RT a at resonance is used. 
In this section we shall show how to calculate that impedance for 
both longitudinal and transverse kickers. 

As an example of a sum pickup or kicker, consider the square 
cavity of Fig. 7. The shunt impedance is found from 
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using 

and 

W U 2 2 
P = _F_ = i M /R„T 

J fil = i e J " 6 dz 

U = 2 'of6' d v o 1 " J vol 

(6.1) 

(6.2) 

(6.3) 

XBL 868-3168 
Fig. 7. Fields in longitudinal cavity-electrode. 

The lowest cavity mode with maximum longitudinal electric field 
along the centerline is mode T M x x o for which the wavelength is 
X = yfz a and the electric field is 

S = S 0 cos f^os £* (6.4) 

uniform in the z-directlon. Application cf Eq. (6.2) at x = y = 0 
gives 

AE , g i sinjg = S61T 

with e - UP&/2V s k0l/2p. From Eq. (6.3) we find 

U - J « 6*laa 

«• O O 
Substitute in Eq. (6.1) to obtain 

R„Ta = i y c £. QT a = 480 % QT a ohm II w o X X 

(6.5) 

(6.6) 

(6.7) 
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As an example of another shape, for a circular cavity (pillbox), 
one can find that 

R„Ta = 2 _ yQc | QT 3 (6.8) 
r P J (p ) "j 
L 01 1 Ol J 

in which p 0 1 = 2.A05 giving 

R,.Ta = 484 | QT 2 (6.8a) 

A broad maximum value of the quantity lQT3/\ occurs for B=l at 
9 = 1.37 radian at which l/\ =0.37 and T a = 0.51. At that optimum 
length, the simple cavity then gives 

R„Ta * 108 Q ohm . (6.9) 

By modifying the cavity shape (e.g., reducing the longitudinal gap 
in the region immediately surrounding the beam tube), this figure 
may be increased about 25%. 

In these equations, the unloaded quality factor, Q„ is used. 
This may be in the region of 30,000 at 1 GHz, for example, and 
varies as vyT7w~. When coupled to an external circuit, the band
width is controlled by the loaded Q^ and then to calculate the power 
into an external load when used as a pickup, one must correct for 
any mismatch of impedance by changing RT 3 used in Bq. (3.19) accord
ing to 

RT 2 -* [4 QL(Qu - Q|_>/QuJ RT 2 • (6.10) 
i 

A cavity in which the magnetic field transverse to the beam is 
as shown in Fig. 8 can serve as a transverse electrode. For a 
cavity with square cross section excited in the TH „ A mode, the 
8- field is lao 

j x 2*y 
: 0 cos a sin a (6.11) 

and X 3 2 a / \ / 5 — . We find Rj_Ta using • 

P = *£ » 1|AEG£|*/R T3 (6.12) 

in which 

^ ^ i - i x ^ •* l - i 1 ^ • ( 6 - 1 3 > 
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Fig. 8. Field in transverse cavity-electrode. 

T and U are the same as in Eqs. (6.5) and (6.6), giving the result 

RxT* - ifc V p a ! « l J - 1 5 3-6 *2 £<*" (6.14) 

At maximum IQT2/X (and 3=1), we have 6 = 1.41 and R T 2 = 33.7 Q ohm. 

7. TRAVELING-WAVE ELECTRODE 

Because coupling to the energy of the beam is through the 
longitudinal electric field, it is appealing to think of an elec
trode in which the wave of 8 Z moves downstream in velocity synchro
nism with the beam. To the extent that is achievable, the power 
interchanged will Increase as I3, instead of I. In smooth con
ducting waveguides the phase velocity is always greater than c, 
especially in modes with strong axial electric field. But some 
modified, or ]jaded, guides have slow waves and can be used as beam 
electrodes.r 

On the axis of a helical line (Fig. 9), there is a longitudinal 
electric field with reduced velocity B^c.**' The shunt impedance of 
this electrode treated as a sheath helix is given by 

II \yL) 2*eL | _ y h a > V h b ) J \ e / 
(7.1) 

in which y 
i - u; 

—£-, and e = ( I - - 1-) _£L. The 
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modified Bessel functions I and K for small arguments, that is, for 
o o 

Fig. 9. Beam on axis of helical line. 

func 
3l_Yl^ > b, reduce to the form 

RuT 
( * ) ' 

V 
2*0, 

In fe 
a 

(S_in_Q)' 
6 

(7.1a) 

In this we recognize (ji0c/2ir)ln(b/a) as the impedance of a coaxial 
line of radii a and b. Also, we see sin 9/6 as the transit-time 
factor in which 6 is a measure of the phase slip between beam and 
traveling wave. To avoid large dispersion in the wave velocity in 
this periodic structure, 0 ^ roust D e larger than twice the pitch of 
the helix. In an example use, 1 0 this electrode was effective at 
f = 200 MHz, 3 = 0.5. However, the factor TL * n t h e denominator 
will make the device ineffective for very relativistic particles. 

The slotted-coax coupler shown in Fig. 10 communicates with the 
beam tube through a row of holes or slots in the outer wall of a 
coaxial line parallel to the beam. 1 1 There is a net energy transfer 
from a beam particle to the coaxial line until either an equilibrium 
is reached or a sufficient phase difference develops between beam 
and coax signal. The slots that provide the coupling also reduce 
the phase velocity in the coax and cause dispersion in that veloci
ty. Perturbation calculations 1 2 for the geometry of Fig. 10 show 
that the coupling and the velocity are so related that the pickup 
impedance becomes simply 

Z a -j J&- E /z.R e p J „ 2 5 \f L o 2T LC 
~^Q sin 0 

6 

where Z|_ is the impedance of the coax and y\_ and 9 are as in 
Eq. (7.1). The shunt impedance is then 

R..T a 
( * - « ) ' 

' \ ( ^ ' 

(7.2) 

(7.3) 
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This is very similar to the result for the helix, but here a very 
small velocity reduction introduces dispersion that limits the use 
of the slotted coupler as a broad-band device to (3 > ~0.95. Al
though it is a weak coupler, it is a good high-frequency structure 
and is useful where strong coupling is not demanded. 

Fig. 10. Slotted coax on beam tube. 

8. STRONG MAGNETIC KICKER 

A pulsed magnet with a field held steady during the passage of a 
burst of particles is usually tlie choice for injecting or ejecting 
beam from the orbit in a circular accelerator. The field in this 
device is commonly required to rise (or fall) rapidly during the gap 
between successive beam bunches or injection bursts (Fig. 11). 

0 

t 
XBL 8 6 8 - 3 1 7 2 

Fig. 11. Pulse shape for ejecting circulating beam. 

/ 
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The overall length of such a device may be limited by space 
available as well as other considerations. Hence the beam gap VT, 
overall length I, and, of course, the deflection Ap are primary 
design requirements. Minimum width and height, w and h, of the 
aperture are also predetermined. The values of most other parame
ters of the kicker are then narrowly constrained. 

If the allowed rise time is greater than about 10 nanoseconds, a 
yoke of ferrite or laminated iron or met-glass may be used in either 
the C or H configuration (Fig. 12). To permit excitation of the 
magnet by a fast pulse of current, the (one-turn) winding is made of 
a single conductor at each side of the aperture. This then consti
tutes a transmission line of characteristic impedance Z„ = V L ' / C * 
(Fig. 13). Equal and opposite currents flow into this line and 
propagate at velocity v L to the end of the magnet where they ter
minate without reflection in a resistor of matched impedance. The 
transverse fields B and 6 of the line deflect the particles of the 
beam. One way to power such a magnet is with a storage-line pulse 
generator which provides a step-function voltage pulse. For such a 
pulsed magnet circuit, the following relations apply 

v L = l/\ L'C L' = p0w/h 
(8.1) 

B = y0I/h V = Z KI = vLwB 

XBL 868-3174 

XBL 861-3173 

Fig. 12. Kicker magnet Fig. 13. Magnet shown in circuit 
with capacitance indi- as a lumped-element line, 
cated schematically. 
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A p a r t i c l e t ha t t raverses t o t a l length 1 in the magnet during 
the f l a t period of the pulse w i l l receive an impulse 

ApL = eSUB ± 6 x / v ) (8.2) 

The upper sign applies if the pulse is traveling upstream relative 
to the beau, in which case the transverse electric field will aid 
the magnetic force. The average of S x across the aperture must be V/w = v^B, but conductive pole tips might reduce that strength 
locally. The fill time of the magnet is 8./V|_, but the duration T 
of the beam gap will be greater or less depending on the pulse direc
tion according to 

T = i - ± | . (8.3) 

For a short beam gap, large V(_ would be desirable. However, V(_(and T) 
also determine the kicker line impedance through 

Z ¥ - w g v = u w / ( 2 T I ) . (8.4) 
K o h i a n / e T v o n I 

In such high-power pulsed circuits, there is a practical upper limit 
for 2K around 50 ohms which results in V|_/c a 0.1 [w/h assumed ~1 in 
Eq. (8.4)]. The free parameter to adjust Zjj is the distributed ca
pacitance per unit length, C . To add capacitance to the magnet 
conductor, fins are sometimes attached periodically between short 
sections of the kicker magnet yoke. 

In seeking a set of parameters that satisfy the relations in 
Eq. (8.4), we note that the kicker strength does not appear in that 
equation. This permits one to let 1 represent the length of one of 
several separately-powered short magnets. An additional argument 
for separate sections may come from the value of the total kicker 
voltage required: 

Ap 1 ± v. tv 
V » -1± S» I (8.5) 

6 T 1 ± 6 /vB 
To remain within practical limits on circuit voltage not exceeding 
about 100 KV, one may make several short sections, each supplied 
with a (suitably delayed) pulse of reasonable voltage. 

In the case that the rise time is as long as the microsecond 
range, it is practical to make the kicker of a series of short 
pulsed magnets that look electrically like inductors rather than 
transmission lines. To produce the required rise followed by a long 
flat dwell, the circuit may be as in Fig. 14 to produce an initial 
higher voltage. This scheme is less suiteo to a very fast pulse 
because of transients between unmatched components and the more 
complicated voltage source. 
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That the kicker specifications closely define the design of the 
single-turn kicker appears also in the power required. During the 
flat portion, the power is found to be, using Eqs. (8.3), (8.4), and 
(8.5) in P = V 2/Z K, 

*P, wh (1 + v /v) 
U I T (1 + 6 / v n ) : 

O J. O 

(8.6) 

•*-t 
XBL 868-3175 

Fig. 14. Circuit and charging pulses for kicker driven 
as an inductor. 

Finally, we point out that the single-turn magnet is a variant 
of the transverse stripline kicker and that the frequency-domain 
relations of section 4 apply, albeit with the following caveats: 
the symbols w and h have been interchanged, Zg replaces 2Z L, and no 
transformer to R 0 a 50 ohm is used. For example, from Eq. (8.6) we 
can find 

K g e V 

- Z K ( W V 7 ) 3 ( 1 ± V v B > a 

R 
(8.7) 

which is the same as the result of using Eq. (4.10) in the limit of 
small 8. 
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9. TRANSVERSE VARIATION OF COUPLING 

The problem of calculating the spatial variation of an 
electrode's effect across its aperture involves an integration over 
a three-dimensional distribution of field waves. In this section, 
we shall see that this can in many cases be reduced to the solution 
of a two-dimensional boundary-value problem. 

The energy increment, expressed as a voltage V, given by a 
kicker to a particle passing along a straight line with constant 
velocity in the z direction is given, as in Eq. (1.2), by 

cy.t) =1 
•/a 

•b ^ .» 
V(x,y,t) = | 6 • ds . (9.1) 

In the integration, the value of 6 = 6 Z must be taken at the time 
t a z/pc when the particle passes z. For simplicity, let us omit 
the subscript z, then note that this z-component must satisfy the 
wave equation 

2 
V 26 - I—i-i = 0 . (9.2) 

c a ata 

Let us now use the above to find a two-dimensional differential 
equation for V involving the quantity 

v> = ilv + ify. . ( 9 - 3 ) 
1 3 X 2 3y a 

Differentiate Eq. (9.1) and insert Eq. (9.2) 

b / .b 
J2M - [ (Va6) dz » f / k . _ 2 ! i - a f i \ 

X 1 X J a U a 3ta 3z aj dz (9.4) 
\ ca ata aza ) 

a The variables z and t are related through z =» pet, which we i'?e in 
the relation J l i d z - f - (*i£*t,dz + const , (9.5) 

dz J dt dz 
to integrate the second term of Eq. (9.4) to obtain 

P (i aa6 + i aa6 V 
J \ ca at2 P c d z a t / 

7aV - - M P + I ~ ( 2 ^ _ 0 + L_ i^-^dz . (9.6) 
J- 3z a 

Again apply Eq. (9.5) to integrate the mixed-derivative term. 
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7 2
v a ( _ 36 + 1_ 36_ -1- \ 3z 0c 3t 

-Ja 
Insert Eq. (9.1) and rearrange to 

b 
i aas 

( 3 y O a 3 t J 

dz . ( 9 . 7 ) 

72v + _ l afv = / _ _ae + i^a6_\ 1 ' ^~ . ( 9 # 8 ) 

•*• (pTc)a at2 V *z 0c at / J a t 

The solution of Eq. (9.8) is the desired function. In many 
applications involving kickers, accelerating electrodes, and pick
ups, the limits a and b may be chosen where the fields are zero or 
alike, making the right hand side zero; Eq. (9.8) then simplifies to 
the modified wave equation 

V aV + — 1 0 = 0. (9.8a) 
1 (flyc)2 at a 

Boundary values are determined by Eq. (9.1) using fields at the 
transverse perimeter of the region of interest. For example, the 
fields around eleetrodes and gaps at the edge of the aperture may be 
readily known or estimated. 

A familiar example of this problem is that of a narrow annular 
accelerating gap of length & in a circular beam tube of radius r . 
Assume the voltage across the gap as a function of azimuth <j> is 
V 0($)eJ u tWith some assumption about how 8(r 0) in the gap is distributed, Eq. (9.1) can be integrated to give a transit time factor. 
For example, if 6(r 0) is rather constant across the gap at each azimuth, the boundary value V(r Q), considered a phasor, is 

/•l/a 
».*) =• J 8 

J-l/a 

1 / 2 jk.z/8 V(b,<t>) » | 6(r0,4»)e ° dz « vo(+)21Bg£ (9.9) 

in which 6 * k08./2fl. If we Fourier analyse V0(4>), then for each azimuthal harmonic V o n , the solution of Eq. (9.8a) is found in terms of the modified Bessel functions In(k0r/PY>- A well known result 
for azimuthally uniform V 0 is 

V(r) • V -2 al—I 9in_® . (9.10) 

One notes here that although the rf fields in ah accelerating cavity 
may be related to J n(kr), that particular radial dependence does not 
appear in the voltage gain given to particles at various radii in 
the beam tube. 
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In the case of the stripline loop electrode, it is the 
application of Eq. (9.8a) that, with some restrictions, justifies 
the commonly employed procedure of using a 2-dimensional static 
electric potential distribution to calculate the spatial variation 
of kick V(x,y). To illustrate this, consider the recessed loop 
sketched in Fig. 15. Excited by voltage VLeJ u t fields, longitudi
nal electric fields in the y = 0 plane appear only in the gap near 

>-z 

^ 

XBL 868-3176 
©x,y 

V«0 V»V« V»Q • 

Fig. 15. Stripline geometry and corresponding 
boundary-value specifications. 

the ends of the stripline. If those gaps are small compared to the 
reduced wavelength B/k0, the voltage gain seen by a particle passing 
along y = 0 at the stripline is effectively equal to the sum of the 
gap voltages with appropriate phase factors. Evaluate Eq. (9.1). at 
the strip at y a 0: 

/

° jk z/p jk 1/p. -jk 1/p 
V = I 6, e~ ° dz = - V, e ° L e ° + V, o / Z L L 

j(I- 6) » 2V L e a sin 9 (9.11) 

where 6 - k & (i- + i) as in Eq. (4.4). For any trajectory at the o 2 p, p 
coordinates x,y, the particle will receive voltage V given by the 
solution of Eq. (9.8a) for the boundaries shown in the axial view 
with V 0 on the strip cross section. Note that only for highly re-
lativistic (pf » l) particles does Eq. (9.8a) reduce to Laplace's 
equation for which V may be a two-dimensional electrostatic distri
bution. The g-factors given in Bqs. (4.2) and (4.7) are found from 
the ratio of V to V 0 for the case of large By. 

If the grounded wall around the strip at y = 0 were moved back 
to make the plate a salient or protruding, the so-modified "gaps" at 
the ends may require the introduction of a transit-time factor and 
an increase in the effective length. Also, the effective width of 
the strip would be less simply defined. Still this method is useful 
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for simplifying the calculation of V and guiding the understanding 
of electrode geometries. 

Using Eq. (9.8a) we can now understand what are the restrictions 
in order that the diagonally-cut cylindrical difference electrode, 
described in section 5, will exhibit a response linear to displace
ment. The form of V at the boundary will contain sin (8. - L/2)k /B. 
With a diagonal cut, I varies linearly with transverse beam posi
tion. Thus, the requirements for a linear characteristic are that 
both k 0l and ky/0-y be small compared to unity. 
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