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Abstract 
With a large difference between the work function 

(3.66 eV) and photon energy (4.66 eV), Magnesium (Mg) 
cathode is a good candidate for thermal emittance studies. 
Mg cathode has been in operation at the NSLS Source 
Development Lab (SDL) since 2004, and we have been 
routinely operating the Mg cathode with quantum 
efficiency (QE) better than 1x10-4, while the best QE we 
observed is about 2x10-3. We have carried out systematic 
experimental studies of transverse emittance of the Mg 
cathode in a photocathode RF gun, and the measured 
thermal emittance of the Mg cathode is better than that of 
Copper (Cu) cathode reported in the literature [1]. We 
also observed almost no thermal emittance change as the 
QE of the Mg cathode varied from 10-4 to 10-3. Our 
experimental results could not be explained by the 3-step 
volume photoemission model, and they contradict the 
popular thermal emittance formula prediction. 

INTRODUCTION 
Electron beam brightness, especially emittance, is 

critical for the hard X-ray free electron laser (XFEL) 
sources, and its power has been witnessed through the 
revolutionary success of LCLS [2]. With more demands 
for the XFEL sources from the science community, 
continuous efforts have been spent to improve the beam 
brightness to make XFEL facility more compact and cost 
efficient. In state of the art photoinjectors, thermal 
emittance has become the ultimate limit of beam 
brightness [3], thus thermal emittance optimization is 
important for beam brightness improvement. An ideal 
photocathode for the purpose of XFEL is expected to have 
a low thermal emittance, high QE, and long life time, and 
current photocathodes employed in XFEL photoinjectors 
still need optimizations, which require both experimental 
and theory investigations of thermal emittance. This paper 
reports an experimental characterization of thermal 
emittance and its QE dependence for Mg cathode at 
NSLS Source Development Laboratory (SDL). 

 

 
Figure 1: The NSLS SDL schematic layout.  

The NSLS SDL is a laser linac facility dedicated to the 

high-brightness electron and photon beam R&D and 
applications [4]. SDL consists of a BNL type 
photocathode RF gun, a 300 MeV linac, a four-magnet 
chicane bunch compressor and a FEL system (fig.1). 
Inside the RF gun is an Mg cathode which is embedded in 
the center of a Cu substrate by frictional welding 
technique, as shown in Figure 2. Besides, a frequency 
tripled Ti:sapphire laser system based on chirped pulse 
amplification (CPA) sends a 266 nm UV laser to the gun 
to generate photoelectrons, and a 800 nm IR laser to the 
undulator for seeded FEL. 

According to the theoretical study of metal cathode 
photoemission based on the three step model [5], QE and 
thermal emittance are predicted to have a quadratic and an 
evolution relationship with photoelectron excess kinetic 
energies respectively, and formulized as in Eq. (1) and (2). 

QE ∝ (hν −φeff )2                             (1) 

ε th ∝σ t hν − φeff                           (2) 

In which, hν is the photon energy, φeff is the effective 
work function, and σt is the rms transverse laser spot size. 
The above theory predicts “both the QE and emittance 
decrease with increasing effective work function 
suggesting the disappointing result that to reduce the 
emittance one has to accept a lower QE” for a metal 
cathode [5]. Under this guideline, thermal emittance 
reduction of Cu cathode has been demonstrated by tuning 
photon energy while sacrificing QE [6]. Nevertheless, 
most experimental thermal emittance results are 
consistently much larger than theory predictions [7], thus 
Schottky effect, surface roughness and non-uniform QE 
have been investigated to explain such a difference [8, 9, 
10]. In this paper, it is shown that, the experimental Mg 
thermal emittance is not only much smaller than theory 
prediction, but also almost independent of QE variation as 
much as a factor of 10. 

In the following, the performance of an Mg cathode at 
SDL is presented first; we then introduce our experiment 
strategy; at last, we will present the experiment results. 

MG CATHODE 
Due to a large difference between the work function of 

Mg (~3.6 eV) and UV laser photon energy (4.66 eV) used 
in most photoinjectors, Mg cathode is known for its high 
QE among metal cathodes, but is expected to have a much 
higher thermal emittance than Cu, whose work function 
(~4.6 eV) is much closer to the photon energy, according 
to equation (2). Besides, due to its active chemical 
properties, Mg cathode fabrication and its high QE 
maintaining is also very challenging, so Mg cathode is not 
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as widely used in photoinjectors as Cu cathode. At BNL, 
a set of technologies for Mg cathode fabrication, 
operation and high QE restoration have been developed 
[11, 12]. Typically, Mg cathode operation requires a 
vacuum on the order of 10-10 Torr in order to keep a QE 
above 10-4 for months. When Mg QE drops to 1x10-4 
gradually, vacuum based laser cathode cleaning technique 
will be used to restore the high QE in situ by usually one 
order of magnitude [12]. Figure 2 plots the QE 
measurements of the Mg cathode one day after a cathode 
cleaning, and QE of 2x10-3, outside the space charge 
region, is the highest reported for a metal cathode. QE 
higher than 1x10-3 usually lasts about 1~2 weeks, and 
then stabilized around 6x10-4 for months before it drops to 
1x10-4. With a good vacuum and laser cathode cleaning 
technique, the same Mg cathode has been used since 2004, 
demonstrating its robustness. 

 
Figure 2: QE measurement of the Mg cathode at RF gun 
phases 30 and 90 degree for a 100 MV/m field. 

EXPERIMENT STRATEGY 
The beam emittance is measured by quadruple scan 

technique at tank2 exit (Figure 1). QE is calculated by 
measuring the charge with a Farady cup just after the gun 
and the laser energy in the laser room.  

Conceptually speaking, the total emittance of the 
electron beam generated by a photocathode RF gun can 
be divided into three parts, which are thermal emittance, 
RF emittance and space charge emittance [13]. To explore 
the thermal emittance, we have to minimize the other 
emittance degrading factors. To lower the nonlinear space 
charge effect, we shaped the transverse laser profile into a 
quasi-uniform distribution, and beam charge was also 
lowered to 10~20 pC, which is almost the limit of SDL 
imaging instrumentation. To lower the linear space charge 
effect, we optimized the emittance compensation by 
solenoid focusing and booster gradient scanning. Besides, 
we also varied the electron beam bunch length by 
scanning gun phase and laser pulse length, and it is found 
that emittance gets reduced with a shorter bunch length. 

After all the optimizations, the emittance measurement 
conditions are listed in Table 1. It is found by PARMELA 
simulation that the measured projected emittance is still 

bigger than thermal emittance, i.e. other factors still 
contribute to the emittance growth, especially in the head 
and tail part, where the nonlinear space charge effect is 
most severe. In order to correct those factors, PARMELA 
simulations are done to find the thermal emittance by 
fitting the measurement results and simulation results, 
while thermal emittance calculation by direct linear fitting 
of measured projected emittance against laser spot size is 
not proper here. 

Parameter Value Unit 
UV transverse distribution uniform  
UV longitudinal distribution Gaussian  
UV pulse duration (FWHM) 10 ps 
Charge 10~20 pC 
rf gun gradient 100 MV/m
gun phase (sin(θ1)) 10 deg 
tank1 gradient 11 MV/m
tank1 phase (cos(θ2)) -40 deg 
tank2 gradient 11 MV/m
tank2 phase (cos(θ3)) 40 deg 
cathode to tank1 entrance 90 cm 

Table 1: Optimized beamline parameters. 

Quad-scan is the main tool in our emittance 
measurement, and emittance is calculated by least square 
fitting. To improve the resolution and stability of the 
quad-scan technique, we have studied the sensitivity of 
the emittance fitting result on minimum beam size during 
quad-scan, beam size fluctuation, beam size measurement 
error, and so on. It is found that to make emittance fitting 
result more accurate and stable, beam size fluctuation 
should be much smaller than minimum beam size during 
quad-scan, and the beam size scan range should be around 
a factor of 2. So, during the emittance study experiment, 
we always stabilize our machine as much as we can, the 
typical laser intensity stability is ~5% (RMS), and laser to 
RF sync stability is ~0.5 ps (RMS). Besides, the drift 
space in the quad-scan is maximized to be ~7.3 m, and 
beam line lattice is tuned to make sure the minimum RMS 
beam size during the quad-scan is always above 100 um. 
After all these efforts, fluctuation error bar of our 
emittance fitting result is always below 10%. 

In order to study the QE dependence of thermal 
emittance for Mg cathode, emittance need to be measured 
before and after the cathode cleaning, corresponding to 
low QE and high QE. If cathode cleaning is not properly 
implemented, it will cause QE non-uniformities, which 
will cause emittance growth due to nonlinear space charge 
effect. In this case, solenoid imaging of the beam 
distribution from cathode to a YAG screen downstream 
the gun solenoid is used to check the QE uniformity. For 
example, QE non-uniformity was accidently created 
during one cathode cleaning, as shown in Figure 3, and 
emittance growth was observed. After the QE modulation 
was removed by a second cathode cleaning, the emittance 
growth disappeared. This not only demonstrates that QE 



non-uniformity will cause emittance growth, but also the 
validity and resolution of our quad-scan technique. 

 
Figure 3: Emittance of a 20 pC electron beam with QE 
modulation (a) and without QE modulation (b). 

EXPERIMENT RESULTS 
During the thermal emittance study experiment, we 

varied the UV radius on the cathode between 1 mm and 
0.4 mm, and the projected emittance is measured for each 
UV spot size. PARMELA fitting of the measurement 
results indicates the thermal emittance of Mg in the lower 
QE (10-4 torr) case is 0.5 mm-mrad per mm of the rms 
laser size, as shown in Figure 4. Assuming a work 
function of 3.66 eV for Mg and the field enhancement 
factor to be 1, the thermal emittance calculated by 
equation (2) is 0.9 mm-mrad/mm, which is much higher 
than the experiment result. Besides, emittance measured 
in the higher QE (10-3 torr) case is almost the same with 
that in the lower QE case (Figure. 4), while equation (1) 
and (2) predicts an thermal emittance increase of 80% 
(101/4-1) compared with the lower QE case (10-4 torr). 
Both the thermal emittance value itself and its 
dependence on QE contradict the theory prediction. 
 

 

Figure 4: Emittance as a function of laser spot size for a 
QE of 0.15% and 0.015%; a theoretical prediction based 
on reference 5 is also included. 

CONCLUSION 
Thermal emittance is systematically studied for a Mg 

cathode in a photocathode RF gun for the first time, and 
the measurement result of 0.5 mm-mrad/mm is much 
lower than theory prediction (0.9 um/mm). Besides, when 
the Mg cathode QE is varied by a factor of 10 with laser 
cathode cleaning technique, almost no change of 
emittance is observed in the experiment, while the theory 
predicts an increase of thermal emittance by 80%. Both 
experiment results cannot be explained by the 3-step 
model volume photoemission theory, and are still under 
investigation. Our experiment breaks the current thermal 
emittance theory prediction for metal cathode, and has 
demonstrated the feasibility of the coexistence of low 
thermal emittance (0.5 mm-mrad/mm) and high QE (10-3) 
on the Mg cathode. 

ACKNOWLEDGEMENTS  
We would like to acknowledge technical support   from 

M. Fulkerson. We are grateful for support from the NSLS.  
This work is supported in part by U.S. Department of 
Energy (DOE) under contract No. DE-AC02-98CH1-886 
and BNL Laboratory Directed Research and Development 
(LDRD) 08-037.  

REFERENCES 
[1] Y. Ding et al., Phys. Rev. Lett. 102, 254801 (2009). 
[2] P. Emma for the LCLS team, Proc. Of PAC 2009, 

H3PBI01 (2009). 
[3] I.V. Bazarov et al., Phys. Rev. Lett. 102, 104801 

(2009). 
[4] J.B. Murphy & X.J. Wang, “Laser-Seeded Free-

Electron Lasers at the NSLS”, SRN, 21, 41(2008). 
[5] D. H. Dowell and J. F. Schmerge, Phys. Rev. ST-AB 

12, 074201 (2009). 
[6] C.P. Hauri et al., Phys. Rev. Lett. 104, 234802 

(2010). 
[7] D. H. Dowell et al., Nucl. Instrum. Methods Phys. 

Res.,Sect.A(2010), doi:10.1016/j.nima.2010.03.104. 
[8]  Z.M. Yusof et al., Phys. Rev. Lett. 93, 114801 (2004). 
[9]  M. Krasilnikov, FEL06, 583-586 (2006). 
[10] F. Zhou et al., Phys. Rev. ST-AB 5, 094203 (2002). 
[11] X.J. Wang et al, Nucl. Instrum. Methods Phys. Res., 

Sect. A356, 159 – 166 (1995).  
[12] X.J. Wang et al, LINAC 2002, 142-144 (2002). 
[13] K.J. Kim, NIM A, 275, 201 (1989). 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /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 false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /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 true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


