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Abstract

High-brightness and low-emittance beams generated in
RF gun based accelerators are essential for a number of ap-
plications, such as Free-Electron Lasers (FELs), Ultrafast
Electron Diffraction (UED) facilities and THz radiation
sources. In these accelerators, the final beam characteris-
tics are determined both, by the properties of the electron
gun and by the influence of the electromagnetic system
along the beamline. To meet the requirements imposed on
the beam characteristics, it is essential to identify the opti-
mal parameters of the RF gun and the magnetic system. In
this paper, beam dynamics studies of a modified RF gun
for the AREAL and the REGAE accelerators are presented,
with emphasis on transverse emittance compensation. Sim-
ulations were conducted by adjusting the parameters of the
focusing and RF systems to identify the optimal configura-
tion of the modified RF gun geometry.

INTRODUCTION

Advanced accelerator-based light sources such as»Free
Electron Lasers (FEL), THz radiation/ources, and Ultra-
fast Electron Diffraction (UED) systéms requireselectron
beams with high brightness and low|emittance([1-3]. The
most effective way to generat€such high-quality electron
beams is by using RF-based photocathode guns [4]. In this
type of electron seutce, athigh current density beam is.gén-
erated at thefcathode by:means of photoemission, which is
then imndediately accelerated in a high gradient accelerat-
ing RF field. The high'acceleratingyfield, reachable in an
REdcavity allows, on the one hand, to extract a beam with
a high phase space dénsity from the cathode, because it
compensates the space charge induce retraction field dur-
ing emission. Theé rapid acceleration to near relativistic en-
ergies, on the other hand, reduces space charge induced
emittance growth in the acceleration process and the fol-
lowing beam transport.

In addition, the use ofilaser pulses allows better control
of beam parameters such as charge, transverse and longitu-
dinal bunch sizes, and their distributions. All these factors
strongly influence the desired final beam parameters.

Therefore, the development and optimization of pho-
toinjectors is one of the key directions for producing elec-
tron beams with improved characteristics in linear acceler-
ators. Efficient operation of an RF gun requires optimiza-
tion from both the technical and beam dynamics perspec-
tives. From the technical side, this includes an efficient
cavity cooling, general RF parameters and the adaptation

to geometrical constrains, e.g. for thefintegration of the so-
lenoid magnet. Concerning the beam dynamicsjaspects the
optimization of the focusing parameters andthe length of
the half-cell in dependencefon the targeted beam parame#
ters are of relevance. Optimization of all\parameters within
the technical constraishenables an efficient, emittance
compensation and a precise beam envelope control,

Currently, the AREAL linean, accelerator at CANDLE
and the REGAE\linear acceleratonat DESY are operated
with the same S-band RF gun design:, However, for elec-
tron diffraction used in pump-probe_experiments and im-
aging applications at REGAE, and for'low energy applica-
tions as the planned THz EEL at AREAL, an improved
beam quality is required, particularly in terms of emittance
compensation, and beam envelope control. To overcome
these challenges)and to extend the application range, an up-
graded RE gun s being developed for both facilities. In this
design, the focusing solenoid magnet is integrated directly
with the 'gun, and the RF cavity half-cell length is opti-
mized. In addition, the cavity cooling will be upgraded.
The aim.s to achieve lower emittance beams and increase
thewepetition rate to the kHz range [5], thereby enhancing
the average beam current.

This)paper concentrates on the optimization of the half-
cell length, and studies emittance compensation for ~250
pC electron beams generated at AREAL, with an RF gun
half-cell length reduced from 0.57 to 0.45 times half the RF
wavelength Agg.

RF GUN DESIGN OF AREAL AND REGAE

Currently, the RF guns of the AREAL and REGAE ac-
celerators consist of a 1.57 cell resonator operating at 3
GHz (S-band) (Fig. 1). The maximum accelerating gradi-
ent reaches 110 MV/m, and electron beams with energies
up to 5 MeV [6, 7] are generated.
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Figure 1: The S-band RF gun installed at the AREAL ac-
celerator. A polished copper cathode is installed in the half-
cell of the gun. Left of the copper body an in-vacuum
spring mechanism to hold the cathode in place is visible,
while on the right side the coaxial RF coupler can be seen.



The gun is a based on the L-band guns (1.3 GHz) devel-
oped for the European XFEL and the FLASH FEL. During
the design of the S-band guns, the inner geometry of the
cavities has been scaled with the wavelength, but no at-
tempt to optimize the half-cell length for new working
points has been made back then.

OPTIMIZATION OF THE HALF-CELL
LENGTH

Since the emission phase in an RF resonator is variable,
the proper choice of the emission phase is crucial. The op-
timal emittance is typically reached, when the emission
phase is close to the phase of maximal energy gain of the
gun.

However, the phase of maximum energy gain depends
on the half-cell length of the gun cavity [8], as displayed in

(Fig. 2).
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Figure 2: Energy gain as function of the emission phase
for an accelerating gradient of 100 MV/mi'in gun cavities

with elongated (0.57 ARF/ 2, red) and shortened (0.45 }‘RF/Z,
black) half-cell.

When the half-cell length ofithe cavity is(reduced, the
optimal RF phase shifts toward higher values, here from
36.7° for a half-cell length of 0.57 to 55 foiya half-céll
length of 0.45. At the same time the maximum exit energy
is reduced from 4.6 MeV to'4.1 MeV.

Fora short-pulse electron beam at the cathode surface,
thedmaximum charge density defining the space charge
limit, is,determined by/the available accelerating field [9].

d%q
dxdy

4 EOEcath (1)

where € 1S thewacuum permittivity, E 4y, is the accel-
. . d?q .
erating gradient on the,cathode and ﬁ is the local charge

density. To achieve the minimum emittance, the maximum
charge density must remain close to, but below the limit
given by Eq. (1). Thus, the emittance depends on the trans-
verse pulse shape of the laser and its duration, the trans-
verse size, as well as the electric field at the cathode surface
during emission.

For a uniform distribution of photoelectrons emitted
from the photocathode, the space charge limit is reached
when

q

——=F sin
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where E.;:n max 18 the extraction field, R is the radius of
the charge distribution and ¢ is the emission phase.

For a given charge the radius at the cathode can thus be
reduced, leading to a smaller initial emittance, when the
emission phase is increased. For the example displayed in
(Fig. 2) the initial emittance can thus potentially be reduced
by a factor

sin (36.7)

G5 0.85.

However, also the exit energy is reduced, which influ-
ences the following dynamics.

Characteristic for the beam dynamics downstream of the
cathode is the build-up of correlated emittance contribu-
tions, especially when higher bunch charges are generated.
The origin of these corgelations is found m the,variation of
the defocusing space charge field over the longitudinal ex-
tension of the bunch. Thus, when considering longitudinal
slices of the bumnch, these slices rotate differently in phase
space, so that'the projected emittanee is increased. Apply-
ing a proper focusing allows to ‘correct these correlated
emittance contributionsy so that the“emittance decreases
agaithin the drift space behind the gun [10, 11].

This so-called emittance compensation process can be
described by.a superpositionof longitudinal slices with dif-
ferent, space charge terms in the envelope equation given
by
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Here, o] 1s the rms beam size, with primes representing
derivative w.r.t the longitudinal coordinate, y is the ratio of

!
total beam energy to the rest energy, and the term y;a’ ac-

counts for the reduction of the angular spread due to the

increase in longitudinal momentum, i.e., the so-called adi-
12

2
abatic damping. The termyﬁza with K = ( €8z ) 4 Y

2mec 8sin2¢p
describes the combined contribution of the focusing sole-
noid magnetic field B, and the RF ponderomotive force
due to the energy gain y' and the last two terms represent
the linear defocusing space charge term and the emittance
term, represented by the normalized emittance &,, respec-
tively. The parameter K is energy independent, varies with
the longitudinal position in the bunch, and depends on the
total bunch charge. The geometric emittance is defined as
the ratio of the normalized emittance &,to the relativistic

&
factor as € = 7"

Equation 2 assumes relativistic particle energies and dis-
plays a strong energy dependence; especially the y% de-

pendence of the space charge term is noteworthy. Of
course, also the beam size is energy and emittance depend-
ent.

The described build-up of emittance correlations and the
following emittance compensation process are pronounced
when high bunch charges in the nC range are extracted, as
in case of FEL applications, while in UED applications —
which operate with very low bunch charges in the sub pC



range — it is basically absent. The higher energy gain of
elongated half-cell lengths appears to be preferably when
higher bunch charges are required [12, 13], while for UED
applications, a shorter half-cell length and the correspond-
ingly higher emission phase have been favored [14,15].

The AREAL accelerator, on the other hand, requests
bunch charges in an intermediate range of about 250 pC.
Here emittance compensation remains relevant, but it is not
as well expressed as in the case of higher charges. Thus,
the question of the optimized half-cell length for this
charge range needs to be addressed.

At present, in the AREAL accelerator, the focusing sole-
noid magnet is positioned downstream of the RF gun,
which limits the achievable beam parameters. A focusing
solenoid magnet directly at the gun can significantly im-
prove the accelerator performance and, thus, it is included
in the upgraded gun design. The technical layout of this so-
lenoid is not in the scope of this paper, but it is assumed
that a suitable solenoid is installed directly at the exit of the
gun cavity.

The following optimization has been performed with the
tracking program ASTRA. A 250 pC bunch with trans-
versely uniform and longitudinally gaussian distribution
has been launched. The initial thermal emittance was mod-
eled through a radius independent transverse momentum
distribution of the emitted electrons at the cathode. Thé
pulse length is 0.45 ps and the accelerating gradient inthe
RF gun cavity is 100 MV/m. The emission phase, the ra-
dius of the beam on the cathode and the maximalfocusing
field of the solenoid have been optimized, all otherparam-
eters remain constant. The development of'the transverse
beam emittance, from the cathode up to'2 m downstream,
is compared for two gun cavities with different half-cell
lengths in (Fig. 3). No further accelerating structure is in-
cluded at this point, so the gunds followed byfa drift.
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Figure 3: Transverse emittance evolution for two RF gun
cavities with different length of the half-cell. The emittance
minimum is shifted upward when the half-cell length is re-
duced.

In both cases a clear oscillation of the emittance is
achieved when all parameters are optimized, indicating
that the emittance compensation process works as ex-
pected. The Table 1 shows the optimized parameters and
the main results of the optimization.

Table 1: Optimized Parameters for Gun Cavities With

Elongated (0.57 Arr / o) and Shortened (0.45 ARF/Z) Half-
Cell.

Length of half-cell 0.57 ArF [y 045 Arr /,
Maximum solenoid 0403T 0.367T
field strength

Radius of the beam on 0.4 mm 0.34 mm
cathode

Phase of the RF field 35 52
Beam energy 4.65 MeV 4.05 MeV
Minimum transverse 0.58 0.51
emittance 7 mrad mm», 7 mradmm
Position of emittance 1.14m 096 m

minimum

While the initial spot size 1sreduced by the expected fac-
tor of 0.85, the emittance is reduced only by a factor of
0.88, indicating ‘a somewhat increasedyemittance growth
due to the space charge at the lower beam energy. Still the
emittance is improved for the shortened half-cell length at
the specified charge of 250 p€. An interesting side effect
is, that'the position of the emittance minimum shifts up-
ward for the shorter half-cell length.

CONCLUSION

In summary, the study shows that optimizing the length
of the RE gun half-cells is relevant for generating low-
emittancg electron beams in the intermediate charge region
generated in the AREAL accelerator. While extended half-
cellhgeometries provide higher output energy and, there-
fore, stronger suppression of space charge effects, short-
ened halfscell geometries enable operation at significantly
higher emission phase, increasing the extraction field at the
cathode and allowing the use of a smaller laser spot size.
As a result, the thermal emittance during the emission time
is decreased.

ASTRA simulations show that despite the lower output
energy of the cavity with shortened half-cell length, the
emittance compensation remains quite effective for the
250 pC beam, when the focusing solenoid is placed di-
rectly on the gun. Under optimized conditions, the

0.45 Arr / o half-cell cavity achieves a minimum normal-
ized transverse emittance of 0.51 7 mm mrad, compared to

0.58 T mm mrad for the 0.57 Arr / o configuration. In ad-

dition, the minimum of the emittance along the beamline is
observed earlier when the half-cell length is reduced.

Thus, the study highlights the importance of the emis-
sion phase, extraction field strength, space charge effects,
and emittance compensation when optimizing the pho-
toinjector geometries. The results obtained provide a basis
for the development of the RF gun in the AREAL upgrade
project and confirm that optimizing the gun geometry can
significantly improve the beam quality.



REFERENCES

[1] P. Emma ef al., “First lasing and operation of an angstrom-
wavelength free-electron laser,” Nat. Photonics, vol. 4, no.
9, pp. 641-647, Aug. 2010. doi:10.1038/nphoton.2010.176

[2] D. Filippetto et al., “Ultrafast electron diffraction: Visualiz-
ing dynamic states of matter,” Rev. Mod. Phys., vol. 94, no.
4, Dec. 2022. doi:10.1103/revmodphys.94.045004

[3] G. L. Carr, M. C. Martin, W. R. McKinney, K. Jordan, G.
R. Neil, and G. P. Williams, “High-power terahertz radia-
tion from relativistic electrons,” Ann. Sci. Nat. Zool. Biol.
Anim., vol. 420, no. 6912, pp. 153-156, Nov. 2002.
doi:10.1038/nature01175

[4] K.-J. Kim, “Rf and space-charge effects in laser-driven rf
electron guns,” Nucl. Instrum. Methods Phys. Res., Sect. A,
vol. 275, mno. 2, pp. 201-218, Feb. 1989.
doi:10.1016/0168-9002(89)90688-8

[5] J.-H. Han, M. Cox, H. Huang, and S. Pande, “Design of a
high repetition rate S-band photocathode gun,” Nucl. In-
strum. Methods Phys. Res., Sect. A, vol. 647, no. 1, pp. 17—
24, Aug. 2011. doi:10.1016/j.nima.2011.05.032

[6] B. Grigoryan et al., “Status of AREAL RF Photogun Test
Facility”, in Proc. IPAC'14, Dresden, Germany, Jun. 2014,
pp- 620-623. doi:10.18429/JACoW-IPAC2014-MOPRIO17

[7]1 A. Vardanyan, H. Avdishyan, H. Davtyan, B. Grigoryan, L.
H. Hakobyan, and H. Poladyan, “Design and Commission-
ing of S-Band RF Station for AREAL Test Facility”, in
Proc. IPAC'14, Dresden, Germany, Jun. 2014, pp. 38
3836. doi:10.18429/JACoW-IPAC2014-THPRIO31

[8] K. Floettmann, “rf-induced beam dynamics in r
accelerating cavities,” Phys. Rev. Spec. Top. Ac
vol. 18, no. 6, Jun. 2015.
doi:10.1103/physrevstab.18.064801

[9] L. V. Bazarov, B. M. Dunham, and C. K. Sinclair, “Maximum
Achievable Beam Brightness from Photoinjectors,” Phys.
Rev. Lett., vol. 102, no. 10, Mar. 2009.
doi:10.1103/physrevlett.102.104801

[10] K. Floettmann, “Emittance compensation in split pho-
toinjectors,” Phys. Rev. Accel. Beams, vol. 20, no. 1, Jan.
2017. doi:10.1103/physrevaccelbeams.20.013401

[11] B. E. Carlsten, “New photoelectric injector design for the
Los Alamos National Laboratory XUV FEL accelerator,”
Nucl. Instrum. Methods Phys. Re.
2, pp. 313-319, Dec. 1989.
doi:10.1016/0168-9002(89)90472-

Res., Sect. A, vol.
doi:10.1016/j.nima.201

[13] Z.-Y. Dai et al., “D.

bun€h, charge and
ge algorithm,”

2023. doi:

nd D. Alesini, “S-band
ightness beam gen-
. Res., Sect. A, vol.

ect. ol.

. 1031, p.
16/j.nima.2022

166602

166602, May 2022.



http://doi.org/10.1038/nphoton.2010.176
http://doi.org/10.1103/revmodphys.94.045004
http://doi.org/10.1038/nature01175
http://doi.org/10.1016/0168-9002(89)90688-8
http://doi.org/10.1016/j.nima.2011.05.032
http://doi.org/10.18429/JACoW-IPAC2014-MOPRI017
http://doi.org/10.18429/JACoW-IPAC2014-THPRI031
http://doi.org/10.1103/physrevstab.18.064801
http://doi.org/10.1103/physrevlett.102.104801
http://doi.org/10.1103/physrevaccelbeams.20.013401
http://doi.org/10.1016/0168-9002(89)90472-5
http://doi.org/10.1016/j.nima.2014.04.077
http://doi.org/10.1007/s41365-023-01183-6
http://doi.org/10.1016/j.nima.2016.08.063
http://doi.org/10.1016/j.nima.2022.166602

	Introduction
	RF gun Design of AREAL and REGAE
	Optimization of the Half-Cell Length
	Conclusion
	References


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /All

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType true

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo false

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 1.30

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 1.30

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 40

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects true

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /ENG ()

    /ENU (Setup for JACoW - paper size, embed all fonts, compression, Acrobat 7 compatibility.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToRGB

      /DestinationProfileName (sRGB IEC61966-2.1)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PreserveEditing false

      /UntaggedCMYKHandling /UseDocumentProfile

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.000 792.000]

>> setpagedevice



