Development of Multialkali antimonides photocathodes
for high brightness photoinjectors

Event: FLS 2023, August 27 — September 1, 2023, Lucerne, Switzerland

Speaker:

Sandeep Kumar Mohanty Contents:

» Multi-alkali antimonides photocathodes development
» Why the Optical properties are important?

Co-authors: « Experimental results
M. Krasilnikov, A. Oppelt, F. Stephan . Photqcathode_ recipes
DESY, Zeuthen, Germany * Density Function Theory (DFT) study (K2CsSb , KsSb)

« Summary & Future plan
D. Sertore, L. Monaco, G. Guerini Rocco

INFN LASA, Segrate, Italy and Universita degli Studi di Milano

INFN

Istituto Nazionale di Fisica Nucleare H E L M HOLTZ

Laboratorio Acceleratori e Superconduttivita Applicata ~ RESEARCH FOR GRAND CHALLENGES FLS 2023, August 27 — September 1, 2023 1

European

XFEL




= Multi-alkali antimonides photocathodes development

= Alkali based Photocathodes (K,CsSb, Na,KSb, Cs;Sb,....) have shown great potential in low gradient guns
(<20 MV/m)
» Cornell DC gun, BNL SRF gun
- >1 % QE at green wavelengths, 0.5 - 0.6 mm.mrad/mm thermal emittance
+ High average current
+ Improves cathode laser efficiency and shaping

= DESY collaborates with INFN LASA to explore multi-alkali photocathode performance in high-gradient guns
« INFN LASA, ltaly, develops cathode recipe and production
+ Photoinjector test facility at DESY Zeuthen site (PITZ) tests cathodes in a high-gradient RF gun.

= |n the R&D stage (produced a total of 8 cathodes), a reproducible recipe has been achieved for the KCsSb
compound with a maximum QE of ~ 9% @ 515 nm [1].

= 3 KCsSb photocathodes were prepared at INFN LASA in July 2021 and successfully tested at PITZ RF gun [2].

v High QE ( 4-8 % at 515 nm) + Higher dark current than Cs,Te
v Thermal emittance (0.6 mm.mrad/mm) (lower than Cs:Te) . ghort operational lifetime (~48 hours)

v Response time (preliminary results show < 100 fs )

[1] Mohanty SK, Krasilnikov M, Oppelt A, Stephan F, Sertore D, Monaco L, Pagani C, Hillert W. Development and Characterizati
of Multi-Alkali Antimonide Photocathodes for High-Brightness RF Photoinjectors. Micromachines. 2023; 14(6):1182.
https://doi.org/10.3390/mi14061182 .

[2] S. Mohanty, "Development and Test Results of Multi-Alkali Antimonide Photocathodes in the High Gradient RF Gun at PITZ",

Proc. FEL2022, Trieste. doi:10.18429/jacow-fel2022-tup04 \ V
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Multi-alkali antimonides photocathodes development

= To improve + optimize cathode recipe :

v~ Two new cathodes grown in the new “production” system.
= One thick (Sb =10 nm) (#137.2)
= One thin (Sb =5 nm) (#137.3)

“Multi-wavelength” Optical Diagnostics
used during cathode deposition

Motorized filter wheel
(housing 8 optical filters with
different wavelengths)

» Real-time Spectral response
v~ Continuous tracking of the Eg+Ea value in real time.

+
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Sequential deposition method

Identify the formation of new compounds

(transition from Sb to KSb and then to KCsSb)

v'Reaction Kinetics

» Real-time Spectral reflectivity

revealing reaction rates and intermediate stages.

+

v Optical Characterization

provide insights into the energy band structure
and electronic transitions within the compound
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= Why the Optical properties are important?

» Determining the electronic structure of a material through optical measurements, such as spectral reflectivity and spectral response, is
considered an indirect method (because it relies on interpretations and correlations rather than direct measurement of electronic states).
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= Why the Optical properties are important?

» Determining the electronic structure of a material through optical measurements, such as spectral reflectivity and spectral response, is
considered an indirect method (because it relies on interpretations and correlations rather than direct measurement of electronic states).
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Experimental results
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= “Real-time” QE & Reflectivity curve 137.2 (KSb — Thick, Cathode-1)

= “Real-time” QE vs. evaporated thickness during Sb & K deposition » “Real-time” Reflectivity vs. evaporated thickness during Sb & K deposition
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= During Sb deposition, the reflectivity was increased (at 2 nm).
= After 70 nm of K evaporation (transition point) [1,2], there is a change in slope in real-time QE (at all the wavelengths)
= After 70 nm of K evaporation (transition point) [1,2], the behaviour of reflectivity for red wavelengths (632 & 690 nm) has changed compared

to other wavelengths.

= The rate of QE increase at 365 nm was higher compared to 297 nm only after 70 nm of K evaporation (e-e scattering!, if hv = 2EQ).

[1] Mohanty SK, Krasilnikov M, Oppelt A, Stephan F, Sertore D, Monaco L, Pagani C, Hillert W. Development and Characterization of Multi-Alkali Antimonide Photocathodes for High-Brightness RF Photoinjectors. Micromachines. 2023;
14(6):1182. https://doi.org/10.3390/mi14061182 .

C [2] Ruiz-Osés, M.; Schubert, S.; Attenkofer, K.; Ben-2vi, |.; Liang, X.; Muller, E.; Padmore, H.; Rao, T.; Vecchione, T.; Wong, J.; et al. Direct observation of bi-alkali antimonide photocathodes growth via in operando x-ray diffraction studies.
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= Real-time Reflectivity history during Sb+K deposition (137.2 KSb-Thick,Cathode-1

= “Real-time” Reflectivity vs. Photon energy (spectral reflectivity)
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= “Real-time” QE & Reflectivity curve 137.2 (KSb+Cs — Thick, Cathode-1)

» “Real-time” QE vs. evaporated thickness during Cs deposition » “Real-time” Reflectivity vs. evaporated thickness during Cs deposition
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= After 25 nm of Cs evaporation, a change in slope in the reflectivity curve for 488 nm has been noticed. At this point, the
reflectivity of red wavelengths (632 & 690 nm) starts to decrease.

= After 38 nm of Cs evaporation, the reflectivity for green wavelengths (515 & 540 nm) starts to increase.

= At the end of Cs evaporation, the QE of UV wavelengths (297 & 365 nm) stabilize initially and then start to increase, whereas

for the rest of the wavelengths, it starts to decrease (excess Cs evaporation!)
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Reflectivity (%6)

= Real-time Reflectivity history during KSb+Cs deposition (137.2 KCsSb-Thick, Cathode-1)

= “Real-time” Reflectivity vs. Photon energy (spectral reflectivity)
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“Real-time” QE & Reflectivity curve 137.3 (KSb — Thin, Cathode-2)

» “Real-time” QE vs. evaporated thickness during Sb & K deposition =
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During Sb deposition, the reflectivity was increased (at 1.5 nm).
There is a change in slope in real-time QE (at all the wavelength s

observed after 41 nm of K evaporation (transition point).
The rate of QE increase at 365 was higher compared to 297 nm,
(e-e scattering, if hv = 2Eg).

“‘Real-time” Reflectivity vs. evaporated thickness during Sb & K deposition
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= Real-time Reflectivity history during Sbh+K deposition (137.3 KSb-Thin, Cathode-2)

) » “Real-time” Reflectivitv vs. Photon energy (spectral reflectivity)
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= “Real-time” QE & Reflectivity curve 137.3 (KSb+Cs — Thin, Cathode-2)

» “Real-time” QE vs. evaporated thickness during Cs deposition » “Real-time” Reflectivity vs. evaporated thickness during Cs deposition
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= After 10 nm of Cs evaporation, there is a change in slope in the reflectivity curve for all the wavelengths (except 365 nm).

= At the end of Cs evaporation, a small jump appeared at the QE (at all the wavelengths), but afterward, the QE was getting
decreased except UV wavelengths (297 & 365 nm) (temperature-sensitive surface layer! [1]).

[1] Mohanty SK, Krasilnikov M, Oppelt A, Stephan F, Sertore D, Monaco L, Pagani C, Hillert W. Development and Characterization of Multi-Alkali Antimonide Photocathodes for High-Brightness RF Photoinjectors. Micromachines. 2023;

14(6):1182. https://doi.org/10.3390/mi14061182 .
1 6 IT % @ European
H XFEL




= Real-time Reflectivity history during KSb+Cs deposition (137.3 KCsSb-Thin, Cathode-2)

= “Real-time” Reflectivity vs. Photon energy (spectral reflectivity)
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= Comparison of R (%) between KCsSb Thick (137.2) and Thin (137.3) cathodes

KCsSb Thick (137.2) KCsSb Thin (137.3)
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Comparison between KCsSb Thick (137.2) and Thin (137.3) cathodes
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Simulation results

Density Function Theory (DFT) study
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= Electronic structure (DFT study)

» Band structure calculation by HSE method

KsSb
(Cubic)

KsSb

(Hexagonal)

[1] A. H. Sommer and W. H. McCarroll, “A New Modification of the Semiconducting
Compound K3Sb,” Journal of Applied Physics, vol. 37, no. 1, pp. 174-179, 062004.
[2] A. H. Sommer and W. H. McCarroll, “A New Modification of the Semiconducting

Compound K3Sb,” Journal of Applied Physics, vol. 37, no. 1, pp. 174-179, 06 2004.

[3] C. Ghosh and B. P. Varma, “Preparation and study of properties of a few alkali antimonide photocathodes,”

Journal of Applied Physics, vol. 49, no. 8, pp. 45494553, 08 2008
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Comparison between the DFT Simulation and Experimental Data for K;Sb
KsSb Ks;Sb
(Cubic) (Hexagonal)

Experimental Imaginary part of the dielectric function (€z) by A.H. Sommer
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Phys. Rev. B, vol. 7, pp. 4712-4719, May 1973.
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= K2CsSb (Cubic) Optical Properties
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= Extinction coefficient k(w) = Reflectivity R(w) = Absorption coefficient I(w)

= Ground-state calculations, are implemented in Quantum Espresso and the dielectric function is calculated in epsilon.x post-processing utility. .



= Reflectivity comparison of KCsSb compound

60 1.05-1.22eV 2.40eV 3.06-3.26eV 4.17 eV
—8—R KCsSb-3 (thick)
= Simulation Spectral Reflectivity K: 5 —e-RKGsomid) w Experimental Spectral Reflectivity KCsSb
—&—R 147.1 (thick)
e ——R 137.2 (thick)
‘ £ —o—R KCsSb-4 (thin)
£ ~e—R KCsSb-7 (thin)
3 .
- ~e—RKCsSb-8 (thin) 60 —@—R KCsSb 137.2 (Sb = 10 nm)
54 —=R 123.1 (thin) R KCsSb 137.3 (Sb=5
05- 2.93 . 1.05 eV s (Sb=5nm)
439 —4—R 112.1 (thin) 50 1.22eV
10 —&—R 137.3 (thin) . Thin
Thick a
—_ [}
. S 40 240  3.06
4 1 £ Photon energy eV) 6 g 1.44'eV
: = N1 (— .= 30 *
2 %4:::3;;53 <%47Z§$;i:i g
5 - QZ\% = 2
o | &
24 20
0 Ef
1 ~ 10
w L r X w K
0.0 High Symmetry Points 0
T o 1 2 3 4 1 2 3. 4 5
Energy (%) = Band structure 05
® R Cubic Simulation K;Sb J
0.5 * R Hexa simulation K3Sb :
.

Istituto Nazionale di Fisica Nuclea
Laboratorio Acceleratori ¢ Superconduttivita Applicata

Energy (eV)

—
= Simulation Reflectivity KsSb 24 mf

European

XFEL




Summary & Future plan

Two cathodes have been produced with sequential deposition with QE @514 nm recorded 4-6 %.

=  Anew “multi-wavelength” Optical Diagnostics setup has been used during the cathode deposition
v' It gives information about real-time spectral response and reflectivity during cathode growth.
v" The optical spectra of these semiconductors provide a rich source of information on their electronic properties.
= Comparing the spectral reflectivity between two cathodes shows that the intermediate phase, i.e., K+Sb (KSb compound),
and the final phase, i.e., KCsSb compound, potentially contain different crystal structures for thick (Sb = 10nm) and thin
(Sb = 5 nm) cathodes. (Further verification through photoemission spectroscopy results is required!)
= By comparing with DFT simulation data, it has been found that, potentially, both the cathodes (i.e., thin and thick) have a
different band gap.
= Analyzing these optical spectra, especially spectral reflectivity, and comparing them with the theoretical model (DFT

results) offers a valuable method to predict the electronic structure of the grown compound.

O Future Plans:

= The next batch of green cathodes is planned to be tested at PITZ at the end of this year.

» TRAnsverse Momentum Measurement (TRAMM) device is currently being developed and planned to be integrated into
the production system to measure thermal emittance.

= Photoemission spectroscopy study.

[<E) Thank You for your attention! = ff % =





<<
  /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 1.5
  /CompressObjects /All
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /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 /Remove
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /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 ()
  /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 false
      /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 [595.000 791.000]
>> setpagedevice




