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Abstract the particle experiencing Lorentz forces time rf cavity
. . environment moves parallel to the axis at constant
A general multipole-based formalism to study #itects velocity. The approximation of constant velocity is as
of RF asymmetries on the production of ultra- hlgtBadly violated as can be close to the photocathmalein
brightness beam ispresented, which - employs  both this regionthere are fewtransverse forcesThus the

analytical .and computational teqhnlques Thegmld application of the theorem is still reasonable in this case.
asymmetriexan causehe degradation obeam emittance Our version of the Panofsky-Wenzel theorem gives

due to time dependent and nonlinear focusing effects. Two, integrated transversand longitudinal momentum
cases ofinterest are examined: the dipole asymmetry“klcks,, in terms of the components of the vector
produced by aoupling slot in astandarchigh gradient rf potential A

gun, andthe higher multipole conteribtroduced by the
support/cooling rods in a PWT structure. Practical

implications of our results, as well as comparisorcdiol

test and beam-based experimental tests, are discussed.

Zg

z+ j DDAzdz% and (1)

: §
1 RF FORCE-DERIVED EMITTANCE ;I oA, dzu with Z=z-ct.  (2)
In a highgradient rfphotoinjector, the necessity of using
violent longitudinal acceleration also implies #vdstence
of large transverse forces. These foraes time-dependent, . . . -
and may be nonlinear or non-axisymmetric as well. All o _he f'rSt_ term in Eq. 1 vanishdsecause it is gerfect
these attributescan give rise to transverse emittance 'ﬁeref‘“a"ar?d the transversecompone_nts of the/ectqr
growth. Time dependent monopolefid dipole[2] fields potential vanish at thegthode,and outside of the cauvity.
can cause correlations between the beam’s transverse Hﬁﬁs we have the relation
longitudinal phase spaces, which, while not contributing
to the so-called slice emittance (the transverse emittance of d(ApD) = ED(AP ) ©)
a narrow longitudinal slice of the beama@n increase the 74 ‘
total projected transversemittance. We shall discuss the
relationship between these emittance contributnwsthe We consider amultipole standing wave fieldwith a
Panofsky-Wenzel theorem, as well as observatioa#usoidal dependence thfe phase omlistance away from
verifying the conclusions we reach from this analysis.  the power coupler,

Nonlinear fields have typically beennsidered in the
context of the axisymmetric, non-synchronous spatial g
harmonics of the rf field. In this paper, we examine the Eosm(ax K y+90)cos(kz) anr "cos(ng) (4)
contribution to synchronous rf multipoléelds to the
emittance, and analytically estimate the amplitudéhe$e The asymmetry term inside of the sine function is the
multipoles for rf structure types of interest. \&mpare phase asymmetrgue to power flow (finite Q effect), and
the analytical estimates with experimen&lidence and the series expansion is the multipole content ofntioee
computer simulations. fields. The vector potential associated with Eq. 4 is

2 PANOFSKY-WENZEL THEOREM

As cavities are designed firahdforemost toaccelerate, it
is of interest torelatethe longitudinalacceleration which
is imparted to aiven particle. This isaccomplished by 3 POWER FLOW EFFECTS

an updated version ¢he Panofsky-Wenzel theorem[3], inTo isolate the transienpower flow component of the
which we take intoaccountthe fact that the electrons acceleration, we use only the lowest multipole component
which are acceleratetom rest starting from a point (afield, to arrrive atlongitudinal momentum gain in a gun
photocathode) wherthe field is not zero. The Panofsky- of length L, of approximately

Wenzeltheorem explicitly assumes in itberivation that

A, = % cos(wt —Kyy+ 90) cos(kz)ngoanr" cosng).  (5)
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L
Ap, = %cos(k{ —Kyy) p,(y)c OeEyLy(1+ay/K). (10)
O 2 20 If thi try, th determi
eE, L A K.y one measures this asymmetry, then cae determine
O % . %‘( ;0) —( y2) % Ap=KkAJ.  (6) 4, and the expected emittance growitie todipole kicks
0 can be estimated. This watone on al.5 cell gun

obtainedfrom BNL at UCLA[4], with a view of the
The transient power flowave numbercan be estimated momentum spectrometershown in Fig. 1. Here the
as k, Ok/Q, whereQ is the unloadedquality factor, particles atargery (actually at largecin the gun, as the
which is of order 10*. Thus for reasonable beasize focusing solenoid provides a nearly 88greerotation) are
parameters, the effect of the power flow can be neglectedeen to have a smaller momentum in the spectrometer.

4 MULTIPOLE FIELDS

4.1 Monopole effects

For the monopole component of the field, with
normalization a, =1, the acceleration is independent of
transverse offsete(g. y), and the transverse emittance
growth for a beam with a uniform density distribution
propagating near the peak acceleration phase is

Eny = VJ<y2><y’2> - (yy')?

- /B ;izz e (AT

This is the rf emittance contribution firgnalyzed by
Kim[1], andcan be mitigated by keeping the beam siz
small.

Figure 1. Electron bearfgreen)image in focal plane of
e’s%ectrometer, with smaller energy electrons at larger

From this imageandknowledge ofthe bunchsize
4.2 Dipole effects and length, it wasleducedthat the gun dipole asymmetry
contributed 3.5 mm-mrad to the normalized rms
The lowest significanbrder asymmetry has traditionally emittance. The lowchargevertical emittance inthis gun
arisen from the existence of a coupling slot on eide \yas measured to be 5 mm-mrad, most of wigizime not
(iny)of the cavity. In the first 1.5 ceBNL designed S- from the more familiar monopole effectbut from rf
band gun, the Coupling was in both celigdthus initial d|p0|e components. This is partia")due to the
condition on the transverse vectpotential is A, =0, overcoupling of thedevice (3=16); the couplingslots
giving a transverse momentum kick of were anomalously largendthe dipole component of the
rf field was larger than necessary.|

ek, a, .
Ap, =3, [Ap,d] = 2_Ec0?1 Ly sin(k?)

=0a1 ¢ ®
2c In the next-generation rf guns[Palmer,Colliydyond the

_ _ _ _ _ _ 1.5 cell BNL style model, several design innovatiovese
This phase dependent dlpole kick gives rise teeféactive imp|emented, inc|uding the Coup"ng of exterrrmwer

4.3 Higher multipole effects.

projected emittance only through the full cellandthe use of a dummglot
opposite to the coupling slot for dipole symmetrization.
=_0_ These schemeworked well, and have additionallybeen
ny aly0,0,. 9)
7 2me supplemented by the use of race-track outer wall

geometry[5] to eliminate thguadrupolecomponents of
According to the Panofsky-Wenzel theorem, titamsverse the field left after dipole symmetrization.
momentum kick isaccompanied by an acceleration which In the new PWT photoinjector structurejnder
is dependent on the offset of the electrog,in development by a UCLA/DULY Researdollaboration,
the structure is based on disks whark not connected to
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the outer wall, butresupported by four rodéhe cross-  the emittance ise,,, 02.3x10® m-rad,which is almost

sections of twoare shown in Fig. 2). The cellteell tyo orders of magnitude smaller than thexpected
coupling in thisdevice is obtainedthrough theannular emittance due to monopole rf and space-charge effects.
region betweenthe disksand the outer wall,and can be On the other hand, for thproposedX-band PWT

very strong, leading to excellent modseparation. The photoinjector[6] under study by a DULY/UCLA/LLNL
externalcoupling is through the outer waknd is so far collaboration, theods must expand by a factor of 50%
from the axis that itdoesnot give rise to significant relative to the disk size irorder to provide adequate
dipole components of the field. In fact, the rods, which af®oling water flow. In this case Eq. 11 gives
relatively close the axis, give rise to a dominant octupoR /3 00.15 cm™, while the beam, for 1 n@peration
field perturbation. (as in S-band), is smaller by a factor af3 in all
We have examined this perturbation both analyticaljimensions. In this case, thexpected octupole
and through field simulations. The rods effect lasts for tlwntribution to the normalized emittance s
entire structure, just as thpole componentand so the Eny 02.1x10~" m-rad.This is now significant, as it is
normalized emittance in such a longlevice may be qughly 20% of thedesign monopole emittance. In
impacted more severetpan in a short gun. All of the addition, itimplies that itwould be unwise to raise the
higher multipole components whidtave astrong effect chargeQ significantly in thisdevice, aghis would result
on the beam will have a speed-of-light phase velocity, aggupole-induced emittance scaling[8]@¥ 3.
thus have a transverse fielgrofile which obeys the
equation O5E, =0 with solutions as in Eq. 4. The
boundary conditions for the situation with the rods may be
approximated athe field being constant at thed offset v
radius p, butdropping to zero irthe region of therods
(which have radiub). Fourier analysis of thisectangular
profile in ¢ gives the ratio of the octupole to monopole
components of the field,

0ol
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Figure 3.Calculatedcontours of constanE, in S-band
PWT at mid-cell, from GdfidL simulation.

Figure 2. S-band PWT photoinjector cross-section, with 2
support/cooling rods showing. "Work supported by US DoE Contracts DE-FG03-92ER40693 and
DE-FG03-98ER45693.

For the S-band PWT linac, Eq. 11 givag/a, (01072 ¥ Email: rosenzweig@physics.ucla.edu

.
cm™, while theGdfidL 3-D field simulations shown in DPuly Research.

Fig. 3 give a,/a, J1.3x10™ cm™, which is good 5 REFERENCES
agreement for so rough of a model.
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where we havewritten it as proportional to the final & f'A?pRcoosﬁfr_‘zp"‘r’g(':‘%’ and %8'5%}" Advanced Accel. Conceptg24

energyyfmec2 to emphasize that the emittance is linearly

dependent on the length of the structure. For the 20 MeV
S-band PWT photoinjector at UCLA, o0, =0.7 mm,

o, 1.5 mm, andthe expectedoctupole contribution to

_V

‘En,y 14 yf a40'302, (12)
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