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The beam dynamics of an integrated S-banghéto- followed by a three-dimensionalnalysis using MAFIA
injector based onthe planewave transformer (PWT) (see Ref.5). In the first stage, we make an initial
concept, proposed aspart of an SBIR collaboration specification of thdields to provide a baseline geometry
betweenUCLA and DULY Researchare studied. The and the nominally axisymmetricfields in the beam
design, which calls for an 11.5 cell structure run peéak channel, whichare used inPARMELA simulations.
accelerating field of 60 MV/mand uses acompact This exercise isubject to the following constraints: (1)
solenoid around the initial 2.5 cells, isbased on a high shuntimpedance(2) low higher spatialharmonic
recentlydevelopedheory of emittance compensation[l]content (3) cell humbeand gradientyielding 20 MeV
It calls for matching the beam onto generalized beam (4) gooctoupling, modeseparation (5) relatively
equilibrium envelope, whictproduces abeam which low Q, to allow fast structure (6) minimizing afuter
diminishes in transverse sizenonotonically Wwith  giameter to allow compact focusing solenoid.
acceleration. This condition minimizes the emittance, The first two constraintsan be partially satisfied by

which is 1 mm-rad Q=1 nC. This design iglsoscaled ging the diskandiris geometry of the present UCLA
to produce nearly identical performance at X-b@iing  p\wT |inac, which has, relative to 1.5-1.625 @lband

an injector appropriate to running an FEL at 8AC ¢ 5.y designs, a thinner disind smaller iris[4]. This
NLCTA. These designare insensitive to rfemittance arrally leads to a high shuimpedance, with wderate
increaseallowing awide choice ofinjection phase, and gpatial harmonic content. Thear-axis fields are in any
the option to compress the emitted pulse. case ofhigh enough quality toproduce a veryhigh
[. INTRODUCTION brightness beam, because the beam simesontrolled to

An integrated rfphotoinjector, in which the rf gun b& @ fraction of the iris size. All compact guns are
and post-acceleratiorlinac are joined, is attractive for coupled cell-to-cell on axis, but this is not possinéee
several reasons. Perhaps the primary motivatiorihier due to the small iris size. Fortunately, the PWfficture
geometry is to allow emittance compensation with @S very high coupling, allowing standing-waveyt
smaller acceleration gradient inthe cathode region, mode, multi-celldesign with excellent mode separation.
ameliorating powerdemand (alarger total energy is 1he reason for this high level of coupling is tagge
obtained forconstant power us@ndhandling problems, volume betweenthe_outer walland the disks. This
as well as dark current emission levels. Taisantage is Volume, because of its larg#oredenergy, also serves to
obtained in the integrated geometry because the beam daigs theQ, of the device. This high Q, makes it is
not encounter a largeexit kick after the final iris difficult to fill a PWT structure,and thus we choose a
(typically second) inthe gun structure. This exit kicksmaller outer wallradius than is presentemployed at
causes outwardnotion which must becontrolled by a UCLA. This choice isreinforced bythe need tohave a
powerful solenoid, and which interferes with the solenoidal focusing field, which must becalizedwithin
emittance compensation process. The usdowkr the first few cells of the photoinjector.

accelerating gradient in an integratedjector further Given all of these constraints, we have chosen an
admits use of a lower launch phase, which allows fagmer radius of the cavity wall to be 5.5 cm, and proceeded
pulse compression. to analyze the detailed performance ofthe device.

Theseadvantages have been obtained to salegtee According to the recent analytical theory of emittance
by the LANL injectors, typified by AFEL[2], which hascompensation[1] by Serafirind Rosenzweig(SR), the
producedthe lowest emittance tehargeratios of any solenoidal fieldmust begin to assert focusing within the
photoinjector. Theperformance othe PWT integrated first cells of the device for optimum performance. In
photoinjector at both S- and X-barate discussetlelow. addition, the somewhat anti-intuitive result isbtained
The S-band device is now being constructed by athat for an integrated photoinjector, eirttance
collaboration between UCLAandDULY Research. The compensation is not possible for high gradients, in that
X-band caseepresents simple scaling[3] of tf&band o parametera = eEO/kRFmecz (E, is the on-axisfield

device to delivefrEL quality beams to the NLCTA at )
SLAC. amplitude, and k, =2m/A_) must be lessthan

IIl. S-BAND PWT INJECTOR RF DESIGN approximately one. We haved, =1049 cm, and

The rf structure of the S-band PWTI4] injector ha§o =60 MV/m. With such a wdest gradient, wenust
been specified in a two-stage process: initial optimizati@mploy an 11+1/2 cell (60.3 cm) structure to obtain 20
of the field profile for acceleration by SUPERFISH, MeV electrons. Using the shuiimpedance calculated
from MAFIA[4] for the four-rod disk-support design we

Work supported by U.S. DOE grants DE-FG03 90ER4plan to use Z'T° =55MQ/m), for the maximum
0796 and DE-FG03-92ER40693, and Sloan Found. graavailable powerinput of 24 MW we obtain E; =90
BR-3225.*SLAC, *also INFN-Milan," DULY Research. pMv/m.
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While the shunimpedance inthe PWT is mainly
dictated by the iris geometry, the cell-to-cell coupling is
function of the distance from the innexdius ofthe outer
wall to the outside of the disks. Here we have chosen
wall radius to beés.5 cm, while the disk outenadius is
4.07 cm. For these parameters, the coupling
enormous — the width of the lowest pdsand is over
900 MHz. The modaeparation betweetme 7T and the
1171/12 is 16 MHz, which is many times theode
width due to finite Q,. This separationcompares

favorablywith the O-7T mode separation in theurrent
UCLA 1.5 cell 2856 MHz gun (<2 MHz)and is
comparable to the separation of the next generatiéRs
cell guns developed by the BNL-SLAC-UCLA
collaboration[6].

The 3-D modeling of structupgerformancehas been
studied with MAFIA, as the introduction of 4
support/coolingrods atthe nominal on-disc field null
significantly perturbs thenode profile[]. It has been

superimposed. In a long photoinjector structure, piiam
@t the beam size at higkenergy has the additional
advantage ofmitigating the emittancencreasearising
frem the timedependent rkick imparted atthe structure
exit. This allows forfreedom in the choice of launch
phaseandthe possibility to rurforward ofthe rf crest,
allowing for longitudinal pulse compression.

The analytical theorgeveloped by SRalso allows
the beanparametersvhich give emittance compensation
to be specifiedThis theorypredictsthat, in order to not
let the beam expand much in the initial few cells, that the
peak in the focusindield of the solenoid beplaced as
close to the cathode as possible. This has deee for
our design, as the POISSON flux map shown in Fig. 1.
The theory also gives <1, setting E, =60 MV/m and

the nominal launch phasg = 32°. The lowgradient can

be explained as follows: for higher gradients, the invariant
envelope is smaller, and thus taeinched beam ust be
radially smaller in order to match to the invariant

found, however, that this perturbation has a negligib¢elope well after the solenoid. In this case, the beam is

effect on the beam dynamics.
[1l. S-BAND BEAM OPTICS

The design of beam optics in an rf photoinjector
intimately related to the rf design of the injector structur
as well as thedesign of the focusing solenoid, in
sometimes subtle ways. Thiendamental mode for
obtaining the lowest emittancand highest beam
brightness igermedemittance compensationin which

too dense(the beam plasmé&equency istoo high) and
expands excessively in the first half-cell, thus denying the
possibility of invariant envelope matching.

In addition to these considerations, we work with the
?dllowing constraints: (1) The charge, set by the nominal
desiredfor FEL experiments, is 1 nCand (2) the laser
pulse length, set by the available PBPL/Neptuné262
nm) system, is 7.5psec FWHM. Given these

the emittanceincreasedue to space charge effects jsconstraints, We‘.'nd that the beam should blaunched
reversed, leaving a minimized emittance beam with an rmsraqllug of1.1 mm. The theory alspredicts
applications such as FELsyake-field accelerators andthat the solenoid field be a rather sm@|l=1.8 kG at the
precision test beams for advanced accelerators. peak, occurring aZ = 7 cm, or justbefore the second
Recent work by Serafirind Rosenzweig (SR) hasiris of the structure. Théeld is roughly 1/2 thatused
developed both a physical and an analytigatierstanding presently at the UCLA photoinjectorherethe solenoid
of the process[1]. The physical model for #raittance must overcome the exit kick of the gun's rf field. In the
growth and subsequent diminishing (oneycle of an case of a long photoinjector the beam is small at the gun
emittance oscillation) is that of transverse plasnmeit, and if the beam is directly on the invariant envelope,
oscillations about ageneralized equilibrium in an it exits the structure on a parallel trajectaffer the exit
accelerating system. Because the beam has a finite lerkithk.
andnon-uniform current profile, these oscillationiave

amplitudes whictare dependent othe longitudinal slice >0 ,

of the beamunder consideration. On the othdrand, 8 pf T i e
under proper conditions, the frequency of the slice = emittance
envelopeoscillation is not stronglydependent on the & 2.9

current, and the phase space, whafter the initial beam E

expansion has a fanned-out appearance, recoheres after one L9

envelope oscillation. When the proper conditions prevail —_

for emittance minimization (compensation), tleam € +9
envelope in the accelerating structumeist befocused, £
after its initial expansion, onto generalizecequilibrium o
trajectory designated as thevariant envelopewhich has 0.0
2m Cz | 0 50 100 150 200 250 300
the formo, (z) = —— |——, . . z (cm) _
E. \3l.y(2 Figure 1. Evolution of the rms beam envelogmijttance

for

wherefor a standing wave structure tlaserage gradien
E UOE/2, | is the rms current, and

I, =ec/r, O17KA.

This equation displays a diminishing beam size duri
acceleration which gives asecular damping of the
emittance upon which the emittance oscillations

tin S-band PWT; invariant envelope shown
comparison.

These phenomeraeillustrated by the PARMELA

.simulations of thebeam dynamics we havgerformed.
B&ure 7 displays the evolution of the rms besizes

along the photoinjector,
2 g p ]

along with the invariant
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envelope for these conditionsl € 120A), shown for the appropriate scaling of aftequencies(rf, focusing,
reference. It can sedhat the beam begins larger, buplasma) in the problem, and requires

ends focusing slightly smaller than the invariant 4

envelope. This behavior is in fact typical erittance Eo.By O A, 03 0Ay, and QU Ay,

compensate@hotoinjector designs, as omnds todrive g give ¢, O0A, and o, 022 (at constan@). Again the
the beam a bit smaller, tspeed upthe compensation

process, and make it more effective — the final emittanB"Ch dimension scaling is somewhat flexitdepecially
is roughly proportional to the beam size. There lgmat ~ Since we "lost" a factor of 4 ioharge inthe A, -scaling,
to how much onecan violate the invariantenvelope we must rescale with respect to charge ligctor of 4 to
condition, however, dictated by the need to avoid a "crogshtain a 1 nC design. As we must choose psdc
over" waist, in which the previously nearly laminarFfWHM laser pulse, we then mubkave o, =700 um.
space-charge dominatdseam comes 10 a nonlaminarpe peakaccelerating field E,=240 MV/m, which is

emittance dominated minimum, causing irreversible _ .
emittance growth. Our design comfortably avoitiss reasonable fothis rf frequency,and the peak solenoid

situation, and abeam waistand emittance minimum field B, =7.2 kG, which can be obtained by
occur roughly 1.5 mafter the end ofthe PWT. This straightforward water-cooleddesign. The results of
additional drift is needed becaute phaseadvance of the PARMELA simulation of thisdesign isshown inFigs.
emittance oscillation, should it adiccur inside othe f 2 and 3. It can be seen that the beam envelopes are nearly
structure, wouldmply acceleratinghe beam to roughly identical in form to theS-band casewith the desired

200 MeV in a structure 10 times as long. o,=120 pm. The emittanceerformance isalso better

This injector is alsalesigned to productw charge demanded bythe FEL application, which is not

(15 pC) ultra-low emittance beams for use in plasm@rprising - we expedt, to diminish by 1/4 in thex -
beatwave acceleration experiments[$caling thecharge '

in the device requires that the beam plagreauency, and SCaling, and grow by ~4 in the charge scaling.

thus the beam qdensity, be kept congtant[S]. Uy$h1'g It should be noted that it is unlikely to obtaigaod
guide, we have simulated a 16 pC case with thech 9€sign for thex-band photoinjector with a split photo-
length 1.9 psec FWHM corresponding to the é@laser injector because of.sev_eral reasons: (1) the scalmg of the
system now in use at UCLA. In thisase weobtain fields makethe design impractical (a¥-bandversion of
extremely small emittanceg, = 0.06mm-mrad. We the 1.625 cell guwould require E, = 480 MV/m), (2)

¢ beamdebunches irthe drift betweengun and linac.

have also performed simulations of pulse com ression%'i?] . i ; ,
P b P e PWT is a good candidate for this structbetause it

the beam using ehicane aftethe compensatiopoint. . ) . ) X .
We wereable to compress the beam byfaator of 3.5 IS straightforward to obtain a high shuntpmdancewith
good mode separation and ease of manufacture.

while running at the nominal injection phase. Thi

illustrates the flexibility of the long photoinjector with 5.0
respect to choice of,. =)
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Figure 3. Emittance evolution inscaled X-band
photoinjector Q=1 nC).
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