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Abstract

The transformationof a round, angularmomentum-
dominatecelectronbeamproducedn a photoinjectorinto
a flat beamusing a transformercomposedf three skew-
guadrupole$l] hasbeendevelopedtheoretically[2, 3] and
experimentally{4]. In this paperwe presennhumericaland
analyticalstudiesof space-chaye forces,andevaluatethe
correspondindimits on the ratio of vertical-to-horizontal
emittances. We also investigate the sensitvities of flat-
beamemittance®n the quadrupolemisalignmentsn each
of the six degreesof freedom.

SPACE-CHARGE EFFECTS

We will first presentthe space-chaye effectsin flat-
beam generationas seenin simulations. An analytical
approachthen follows, wherewe estimatethe emittance
growth causedy the nonlinearspace-chaye force andthe
resultinglimitation on flat-beamproduction.

Smulations

Modeling the beamlineof the Fermilab/NICADD' Pho-
toinjector Laboratory(FNPL) (seeFigure 1) with the pa-
rameterslisted in Table 1, ASTRA [5] simulationswere
performedwith the space-chaye force on andoff, andthe
guadrupolestrengthareadjustedaccordinglyin eachcase.
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Figurel: Schematidrawing of FNPL beamline.

An emittanceratio largerthan1200 is obtainedwith the
space-chae off, comparedto ~ 300 with space-chaye
on; seeFigure2.

Apart from space-chaye on/off from startto end, an-
otherinterestingcaseis having the space-chaye on only
prior to the round-to-flattransformer as shavn with the
dash-dotline in Figure2. We seeit is closerto the case
where spacechage is on all the way. It is thusreason-
ableto concludethatspace-chaye effectsaremoreimpor-
tantprior to thanduring and/orafterthe transformer This
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Tablel: FNPL machineparametersisedin simulation.

parameter value units
rmslaserpulse(Gaussian)ength 3 ps
thermalenepy at cathode 0.75 eV
magnetidield on cathodeB, ~935 Gauss
rmsbeamsizeon cathoder,. 0.80 mm
bunchchage @ 0.50 nC
gunrf phase 25 degree
gunpeakgradient 35 MV/m
boostercavity peakgradient 25 MV/m
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Figure?2: Effect of spacechageontheemittanceatio.

correlatego the space-chae force being proportionalto
1/~2, sinceduring/afterthe transformerthe beamenegy
alreadyreachedts maximumin thebeamling(~ 17 MeV).
Spacechage is especiallyimportantin the rf gun, where
kineticenegy increase$rom almostzeroatthe photocath-
odeto about4 MeV atthe gunexit.

Analytics

In this Sectionwe will discussspace-chare induced

emittancegrowth in therf gunandits correspondingnflu-
enceon flat-beamgeneration.Take, asa model,the space
chageforceto be

F, o ar + br®, Q)

or in Cartesiarcoordinates,

F, < az + bz (2? + y?),

(2)
F, o< ay + by(z? + y?).



The changeto the dimensionlessmomentump, =
v, /c causeddy F, is

1 1 F,
Ap, = — | Fpdtx — | =
Pz = e / »df mc2 / 3 dz,

wherem is electronrestmass,c is the speedof light in
vacuum,3 = v/c and~ is the Lorentzfactor Sincethe
space-chaeforceis mostsignificantduring a shortinter
val from the cathodesurface,we canassumehatthe elec-
tron’s trans\ersecoordinatesemainconstanin therf gun,
andAp, andAp, canbewrittenas

©)

Ap, = ax + bx® + bry?, Apy = ay+ by 4+ bx’y. (4)

The initial phase-spacecoordinatesof the angular
momentum-dominatedeamaregivenby [3]
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wherex = By/(2mc), By is the axial magneticfield on
the cathode.Adding Eq. (4) to the secondrows of Eq. (5)
respectiely, andassuminghat (zp,) = (zpy) = --- =0
(“( )" meaningto take the averageover the beamdistribu-
tion), the beammatrix is
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where

g2 2+ 2N, A=oclo¢+0tos—0%— Ui.
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Hereo? = (22) = (y?), L = ko?, & = o+/p.? + (ko)?,

on = (2™, Ty IS a2 x 2 matrixwhosedeterminants one,
and.J isthe2 x 2 unit symplecticmatrix givenby:
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Immediatelywe seefrom Eq. (6) that the uncorrelated
emittancencreaseslueto thenonlinearspace-chaeforce
throughparameteb; howeverthe parameteil whichis re-
latedto the beamangularmomentumremainsunafected.
This canbe understoodsincethe space-chaye force, lin-
earor not, is in the radial direction, hencepreseres the
cylindrical symmetryandthus conseresthe angularmo-
mentum.

The normalized flat-beam emittanceschange corre-
spondinglyfrom e+ to £ :

ef=ve+ L2+ L=t =2 4+ L2+L (9)

Next, we work outthe casefor alongbeanmwhosetrans-
verseprofileis GaussianWrite the chagedensityas:

(8)
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wherepy = @Q/(2m02l,) is the normalizationfactor with
@ andl, beingthe bunchchage andlength. Only thefirst

two termsof the expansionareconsideredn thefollowing
discussionln reality, thetrans\erseprofile is takento bea
truncatedGaussianandwe canwrite the chage density
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p(r) = po(l —b" =), (11)
wherethefactorb* canbe determinedrom the beamdis-
tribution. In Figure3, the dotspertainto theobsered p(r)
for atypical beamusedin flat-beamexperiments,andthe
solid line is afit in theform of Eq. (11); b* is foundto be
0.3 in this case.
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Figure3: A typicalbeamdensityprofile alongradialdirec-
tion asobsenredexperimentally(dots)at the photocathode.
Thesolidline is afit in theform of Eq. (11) for thecircled
dots.

FromGausss law, we have theradialelectricfield given
by
2
_ P e
Br = a1 =¥ 55) (12)
From Ampereslaw, we have the magneticfield By =
(novrp)/(2) = E.B/c. The Lorentzforceis thengiven

by:

ek,
Upon substitutingEgs. (12) and (13) into Eq. (4), we
have:

F. = (13)
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Iy crfx( 402 ) (14)

whereZ = [dz/(8+?) and I, is the Alfvén currentfor
electrons.To calculatethe integral Z [6], let's assumehe
enegy gainis linear, i.e.,dvy/dz = (ys — 1)/zy whereyy
andz; the Lorentzfactorandz coordinateat the gun exit;
we have

Ap,

Zf / 1 Zf ™

—dy = Z_
vr—1J) B2 “/f—1(2
In the caseof a (n + %)-cell rf gun,we have z; = (n +
1)A/2, where is therf wavelength.

Eqg.(14)is of theform Eq. (4) with thefollowing identi-
fications:

T =

sin™! i) (15)
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wherewe usedo? = 202 for a cylindrically symmetric
beam.
Fromthedistribution givenby Eq. (10), we obtain

A = 80°. (17)

Finally, substitutingEq. (16) andEq. (17) into Eq. (9),
2
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we get
sc — b
c \/( Iy 4\/5

Take the following typical parametersat FNPL: b* =
03,1 = 35A, vy =9, zz = 0.17 m for a 1.5-cell
1.3 GHz rf gun, normalizedthermalemittances = 1 pym.
FromEq. (18), we obtaine,. = 3.53 pm. If £ = 20 um,
dueto the nonlinearspace-chaye force, the smallerof the
two trans\erseflat-beamemittancesncrease$rom 0.02 to
0.30 pm, andthecorrespondingmittanceatio dropsfrom
2000to 130.

In reality, particletrans\ersepositionschangeunderthe
space-chaye and externalelectromagnetidéorces,andthe
enegy gainis notlinearalongz-axis,sothatthe beamdy-
namicsis much more complicated. Neverthelesghe dis-
cussionhere shavs that the emittancegrowth causedby
nonlinearspacechage in the rf gunis the major limiting
factoron achiezing a flat beamwith very small emittance
andhigh emittanceratio.

(18)

BEAMLINE ERRORS

We numerically studiedthe effects on flat beamratio
causedby the quadrupolealignmenterror. This includes
the rotationalerrorsaroundz, y and z axes,andthe dis-
placementslz, dy anddz of eachquadrupole;seeFig-
urel.

The rotation anglearoundthe longitudinal axis should
be 45° for a skew quadrupole. In Figure 4 (a), we scan
the tilt angle of eachquadrupoleby +2° in simulation.
The emittanceratio is more sensitve to the first and sec-
ond quadrupoldilt angles,and muchlesssensitve to the
third one.
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Figure4: Effectsof the quadrupoleotationanglesaround
longitudinalandhorizontalaxis on the emittanceratio.

In Figure4 (b), we scanthe anglearoundthe horizontal
axis (pitch) by +2° using ASTRA . The maximumemit-
tanceratio dropis lessthan4%. Similar resultsarefound
for therotationanglearoundvertical axis (yaw).

Finally we scanquadrupolecenterocationsin eachaxis
by a coupleof millimeters. Theeffecton emittanceatiois
comparableo the misalignmentin pitch andyaw angles.
Usually the quadrupolecentersare alignedwithin 1 mm
mechanically

From simulationsshavn above, we seethat the emit-
tanceratio is neithervery sensitve to pitch andyaw ro-
tation, nor to the quadrupolecenterdisplacementsSome
misalignmentssuchas centerlocationin z-axis, can be
compensatethy adjustingthe quadrupolestrengths. Fur
thermore experimentallywe do beam-basedlignmentby
usinga coupleof steeringmagnetdo centerthe beamon
the electromagneti@xes of the quadrupoles. Therefore,
the mechanicamisalignmenbf the quadrupoleenterspr
pitch andyaw anglescouldbe compensated.

However, the emittanceratio is sensitve to errorsin the
tilt angleof the first two skew quadrupoles.Experimen-
tally, the precisionof the alignmentof the quadrupolean-
glesis betterthan+0.25°.

CONCLUSIONS

We have investicated analytically the space-chaye ef-
fectsin therf gunarea. An uncorrelatedrans\erseemit-
tancegrowth is estimatedrom thenon-linearspace-chaye
force,giventheinitial drive laserspotprofiles. Theachies-
able flat-emittanceratio decreasedrom ordersof thou-
sandgo hundredssaresultof theun-correlateémittance
growth in rf gun. Therefore the spacechage in the gun
is the dominantlimiting factor for flat-beamproduction.
Themostimportantdirectionof futureR&D is thesuppres-
sion/compensatioaf spacechagewhenanaxial magnetic
field is presenbnthecathode.

The influencesof the skew quadrupolealignmentson
flat-beamemittanceratio arealsostudied. Among the six
degreesof freedomfor eachquadrupoleyotationsaround
thelongitudinalaxis of thefirst two quadrupolesrefound
to be the more influential on the flat-beamemittances.
It is importantto have the high precisioncontrol of the
quadrupoletilt angles. This might be improved using
motorizedrotatablemountsfor the quadrupolesn orderto
optimizetherotationonlinein future experiments.

We would like to thank Court Bohn from Northernllli-
nois Universityfor valuablediscussions.
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