
Studies and plans for reaching lower ultimate pressure in photoguns

Vacuum is Important at Accelerators!

…and it is especially

important for

polarized electron

sources
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Always Tweaking the Design
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1990 Thermionic gun

1994  First vent-bake vertical 
photogun [1]

1998  Two vent-bake 
horizontal guns [2]

1999  One vent-bake + first 
load-lock large bore [3]

2007  First load-lock  with 
inverted insulator + one vent-
bake horizontal both large 
bore [4]

2011  Upgrade load-lock [5]

CEBAF 100-130 kV

Endless (?) 

quest for 

perfection
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Next ?

DBR GaAs



CEBAF polarized electron source
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Gun2 Photocathode (Fall 2016 – Spring 2017)
• Lifetime ~200 C (s4D ~ 1mm, Anode not biased) with intensity @ 200 mA

P. Adderley et al., Phys. Rev. Accel. Beams 13, 010101 (2010)
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Gun vacuum ~ 1x10-12 Torr
Biased anode to +1 kV increased the lifetime by  ~50%
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Why improve photogun vacuum beyond what we have today?
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JLab Polarized Positron Source (see Sami’s talk on Positron collection design for CEBAF )

• JLab envisions ~ 120 MeV polarized e- driven PEPPo Injector, for generating e+ beams with polarization 
>60% and current >100 nA

• Because conversion efficiency is small (10-4 to 10-5), the polarized electron source must provide 1 to 10 mA 
(continuous wave, RF frequency of 1497 MHz)

• And to satisfy experimental program, we need polarized electron source to operate without interruption for at 
least 1 week

• Coulombs delivered ≈ 0.6 to 6 kC (for 1-10 mA/wk)

• New gun must be better than today’s gun by factor 15 – 1500 (i.e., factor of current increase multiplied by 
factor of lifetime increase) 

• Better vacuum would benefit CEBAF too: e.g., parity violation experiments easier to perform when QE is stable

A GaAs source source providing 1 mA for a week ≈ 600 Coulombs (~4x CEBAF)
We would like to have a charge lifetime >1000 C (have 200 C @ 0.2 mA now) 

At CEBAF, when high current experiments are scheduled, we deliver ~ 70 C/wk.

• The important message: the photoguns that 

operate at JLab today do not fulfill our polarized 

positron source requirements.

• We need 5 to 10 times better charge lifetime at 

1-10 mA beam current

• Going with >3 mA opens potential to operate at 

lower energy, less cryomodules, less costly.



Imperfect Vacuum = Ion Bombardment
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“Tricks” used to improve lifetime, to “get around” ion bombardment…
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• No short focal length elements near the 
photogun – these introduce beam loss and 
even small amounts are bad

• Reduce the active area of photocathode

• Off-axis illumination with laser

• Large laser beam 

• Biased anode

• Operate at higher bias voltage?

• Black interior surface to minimize scattered 
light and unwanted photoemission?

• Sadly, we’re running out of tricks

• Further vacuum improvement merits our focus

J. Grames, R. Suleiman, P. A. Adderley, J. Clark, J. Hansknecht, D. Machie, M. Poelker, and M. L. Stutzman, "Charge and 
fluence lifetime measurements of a DC high voltage GaAs photogun at high average current", Phys. Rev. ST Accel. 
Beams 14, 043501 (2011)

e-beam

Ions
Ions

Cathode
-130 kV

Anode
+1 kV

but milliampere applications 

require kiloCoulomb charge 

lifetime to provide uninterrupted 

operation of reasonable duration 

http://journals.aps.org/prstab/pdf/10.1103/PhysRevSTAB.14.043501


Improve Vacuum and Improve Lifetime
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Q= gas load, q= outgassing rate, A = surface area, S = pump speed

Strategy: Reduce Gas Load, Increase the Pump Speed

• Baked gun and beamline, no leaks

• Perform vacuum “dirty work” inside the preparation load-
lock chamber, i.e., heat and activate the photocathode

• Degas all vacuum components at 400 °C to reduce 
outgassing rate

• Minimize the surface area of our chamber by adopting 
inverted insulator geometry

• Lots of H2 pumping - non-evaporable getter pumps.  Plus 
a small ion pump for other gas (methane, argon, helium)

NEG pumps

C. Hernandez-Garcia et al., Phys. Rev. Accel. Beams 22, 113401 (2019)



Outgassing rates vs. heat processing and coatings
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Identical 304L chambers

• Bare steel

• TiN coating (9 µm)

• a-Si (SilcoGuard-1000®~900 nm)

Outgassing rates

－ Spinning Rotor Gauge

－ Accumulation technique

－ Multiple bakes

－ Q(Troom) after each bake

• Verified outgassing reduction for 

304 stainless steel at 400 °C*

• Measured outgassing as a function 

of room temperature 

• Tested a-Si and TiN coatings 

– TiN coating pumping yields 

artificially low outgassing 

– a-Si outgassing similar to 

underlying steel

Factor of 20 reduction in outgassing 
of SS304L after 400°C heat treatment 

M.A. Mamun, A.A. Elmustafa, M.L. Stutzman, 
P.Adderley, and M.Poelker JVSTA,32, 021604 
(2014)

*C. D. Park, S. M. Chung, Xianghong Liu, and Yulin Li JVST A 26, 1166 (2008) 



No alternative, we must improve vacuum…
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• Original gun used only an ion pump: 1x10-10 Torr

• NEG pumps (a CERN invention): 1x10-11 Torr

• 400 °C bakeout (LIGO/VIRGO): 1x10-12 Torr

• Low carbon steel (Park*, CERN, LIGO):  1x10-14 Torr - 1x10-15 Torr

Recently growing interest about low-carbon steel….

• It’s magnetic, that’s ok, we think (could actually be a good thing)

• We’ve learned there’s likely a surface transformation that happens, ferrite transforming to 
magnetite, which could be good…faster pump down, lower temps and shorter bakeout time, 
black surface to reduce scattered light which reduces operating lifetime 

• We meet regularly with Ranier Wiess (MIT Nobel prize winner for LIGO) and his Caltech team, 
CERN Vacuum Group headed by Paulo Chiggiato (mentored by Benvenuti), Fred Dylla 
(Former Associate Director for the JLab Free-Electron Laser (FEL) program) and Dennis 
Manos of W&M

*C. D. Park, T. Ha, and B. Cho, JVST A 34, 021601 (2016)

Scope of gun performance improvement by factors of 

(compared to what we had in 2016):

• Anode bias : 1.25 - 1.50 improvement

• 2-3mm laser spot size: 4.00 - 9.00 improvement

• Vacuum : 100 - 1000 improvement

This yields gun improvement by factor of:

• what we could claim today : 5 - 13

• what we could claim with vacuum : 500 - 13,000



JLab’s first measurements of hydrogen outgassing rate, AISI 1020 steel
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Two year long data taking during the COVID-19

1020 as received

1020 high pressure rinsed

1020 acid etched
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• Studies performed at JLab and W&M with baked vacuum chambers made of low carbon steel show very low H2 outgassing, ~ 1000 times 
lower than stainless steel, ~ consistent with measurements made at CERN and reported by Park et al.*

• The remarkably small outgassing rate of low-carbon steel represents the next major breakthrough in spin-polarized photogun 
development. 

• The idea of a photogun with black internal surface is appealing to us – could prolong operating lifetime of gun by eliminating scattered 
light

• A recent study at CERN suggested that a low temperature heat treatment results in magnetite conversion in low carbon steel. Can this 
magnetite layer further reduce the pump down time? 

*C. D. Park, T. Ha, and B. Cho, JVST A 34, 021601 (2016)



Pumpdown study on air-exposed AISI 1020 steel for different heat treatment
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Vacuum bake IP and 
NEG at 200 C for 8 h and 

NEG activation

Bring the test pipe at 
temp under vacuum

Vent the pipe to Lab 
atmospheric air at temp 
and keep it open for 1 h

Pump down of pipe at 
temperature with turbo 

for 24 h

Pump down of pipe at 
room temperature with 
ion pump and NEG for 

100+ h, Extractor Gauge 
for pressure reading

Run Temp
1) 25, 
2) 75, 
3) 110,
4) 150,
5) 25 °C

It’s interesting to see lower pressure at 25 °C following this modest heat treatment

Heating discontinued after 24 h 

of pumpdown



Just getting serious…….
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Grad student Aiman’s thesis project: 

• Extensive evaluation of H2 and water outgassing rate, multiple 

samples of low carbon steel

• Induction heater tests

• Other materials, can foundry techniques of low carbon steel be 

applied to stainless steels?

• Interior black coatings: AlTiN, DLC films

• Build a setup for thermal desorption spectroscopy.  Small samples 

(coupons), faster testing for binding energy……will save a lot of time 

to assess outgassing nature of materials. Use induction heater…

• Low carbon steel coupons heated in air, various humidity levels, 

temperature and duration, look for microscopic and macroscopic 

surface transformation

• Build a “gun-sized” chamber made of 1020 low carbon steel, filled 

with NEGs, hoping to “bottom-out” the extractor gauge (extractor 

gauge pressure limit mid 10-13 Torr)

• Measure the magnetic field inside gun chamber versus applied fields

……. Vacuum improvements ALWAYS enable new science

• This work seems so important….. I am proposing an ECA

Aiman is learning fitting our pumpdown data with isotherm 
models to evaluate binding energy of water on the surface



ECA proposal:  Spin Polarized Electron Source with 90% Polarization and with 
Charge Lifetime > 1kC at 10 mA Average Current

• This proposal is focused on the electron gun and high current operation with long photocathode lifetime. 
NOT the other positron source “things”.

• The proposal will NOT focus on pressure measurements using commercial vacuum gauges, which at best 
operate at 1x10-12 Torr pressure. We expect our photogun to operate at much lower pressure. We will 
determine how much we have improved vacuum by making photocathode lifetime measurements.

The proposal would fund the following main tasks:

－Construction of gun chamber made of low carbon steel, degassed via bakeout and filled with NEGs

－Implement one of the methods for photocathode cooling

－Drive laser based on existing CEBAF fiber laser technology, to scale CEBAF 780 nm fiber based laser power 
from 500 mW to ~ 3 W

－Preparation chamber for GaAs but also alkali-antimonide photocathodes for unpolarized positron beam 
production

－Simulations: both electrostatic, particle tracking, and vacuum 

－Coating studies: to provide a black interior vacuum surface to minimize stray light and production of 
unwanted electrons

－Extensive lifetime studies at mA current
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ECA proposal:  Year wise deliverables

Years 1 & 2 (at CIS vacuum Lab)

• Vacuum demonstration via ultimate pressure 
and hydrogen outgassing measurements on 
gun sized vacuum chambers (material: low 
carbon steel s.a., AISI1020, uncoated chamber 
and chambers with DLC and AlTiN internal 
black coating). Fall back option chamber: 
SS304 chamber with the optimum black 
coating.

• Build the TDS system and characterize the  
binding energy for gas desorption

• Study magnetic property of low carbon steel 
chamber

• Electrode design with heat removal technique, 
CST modeling and simulation

• Gun design,  GPT simulation,

• Photocathode chamber upgrade work
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Year 3 (at CIS vacuum Lab)

• Build the gun with photocathode cooling and HV 
condition the gun

• Scale CEBAF 780 nm fiber based laser power from 500 
mW to ~ 3 W

• Commission the upgraded photocathode chamber

Year 4 (at LERF vault)

• Commission the gun and charge lifetime study @ mA 
beam current from photogun

Year 5 (at LERF vault)

• Charge lifetime study @ mA beam current: Gun + 
buncher + 1/4 CM

• Demonstrate kC charge lifetime at currents up to 10 mA



Q&A

Thank You
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Backup Slides
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Longer lifetime – reducing ion energy density by increasing laser spot size
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Charge lifetime increased by four for CEBAF parity-

violating QWeak Experiment when doubling the laser 

spot size from 0.5 mm to 1.0 mm (FWHM)
• “Good polarized 

gun” means long 

operating lifetime 

with good vacuum

and no field 

emission.

• Ionized residual gas 

bombards the 

photocathode, 

lowers quantum 

efficiency, limits 

charge lifetime.

• Photocathode QE starts high ~1%, but deteriorates via ionized gas bombardment

• Distributing ion damage over large area reduces rate of deterioration

J. Grames, et al., Phys. Rev. ST Accel. Beams 14 043501 (2011)

but milliampere applications require kiloCoulomb

charge lifetime to provide uninterrupted operation 

of reasonable duration 
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Imperfect Vacuum = Finite Lifetime
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• Ion bombardment – notice 
characteristic “trench” from laser spot 
to electrostatic center of photocathode

Active area = 5mm
Laser spot = 0.5mm dia.

Ionization cross section for H2

Most ions created at low 

energy

100kV

Ways to minimize the ion bombardment:

• Eliminate beam loss near the photogun, even small amounts are bad

• Reduce the active area of photocathode

• Operate at higher bias voltage 

• Off-axis illumination with laser

• Large laser beam 

• Biased anode

•

•

• Lower the gun vacuum pressure



Higher voltage – longer lifetime

Courtsey: J. Grames, Snowmass 2021 Electron Source Workshop
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Motivations for high gun (beam) voltage
• Meet requirement for facility peak current (Child’s law – in real 3D space)
• Being closer to “c” – minimize space charge (long beam lines)
• Improve charge lifetime ?

Low energy ion 
column for 100 kV gun

Low energy ion 
column for 200 kV gun

Io
n
 e

n
e
rg

y

Most ions created close 

to GaAs surface

Number of ions 

decreases with 

gun voltage

Work of R. Suleiman
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Longer lifetime – biased anode
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Theory: Electron beam ionizes residual gas molecules, which accelerate 
towards and strike the photocathode, leading to reduced quantum 
efficiency (QE) and lower charge lifetime.

Solution: Bias the anode with a positive voltage to repel ions downstream of 
the anode and increase the charge lifetime.

Intensity x Time (Q)
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%
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Lifetime = 161-181 C Lifetime = 346-424 C

e-beam

Ions
Ions

Cathode
-130 kV

Anode
+1 kV

PhD work of J. Yoskowitz

J. Yoskowtiz, J. Grames, J. Hansknecht, C. Hernandez-Garcia, G.A. Krafft, M. Poelker, R. Suleiman, G. Palacios-Seranno, S. Wijenthunga, S. B. Van Der Geer, 
“New Simulations for Ion-Production and Backbombardment in GaAs Photo-guns”, in Proc. of Polarized Sources, Targets and Polarimetry Workshop (2019)

Courtsey: J. Grames, Snowmass 2021 Electron Source Workshop
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Being realistic… : 123 MeV polarized e- driven PEPPo Injector
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Jefferson Lab Users are asking for e+ beams with polarization >60% and current >100 nA

>5 x 10-5

>60%

e+/e- production

e+/e- separation

e+ chirp

e+ bunch compression

adiabatic focusing

e+ acceleration

• Collimation defines normalized emittance
• Dipoles separate particle species
• Dispersion selects final dp/p
• Bunching achieve with R56 chirper/chicane

A GaAs source source providing 1 mA for a week 
= 600 Coulombs (4x CEBAF)

We would like to have a charge lifetime >1000 C

Courtesy: 2022 JLUO Annual Meeting – Positron Beams at CEBAF (Poelker, 15 Jun 2022)
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Operating >1 mA for weeks
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• By increasing laser size we set our new lifetime record for mA operation (>400 C)

• Eventually size became “too big” for CEBAF gun

• Designing a new photogun to “straighten the curve”

4.6 1/e life @ 1 mA

X-ray detectors identify ppm-level beam loss
correlation when laser spot is “too big”

J. Grames, P. Adderley, J. Hansknecht, R. Kazimi, M. Poelker, D. Moser, M. Stutzman, S. Zhang, “Milliampere beam studies using high 

polarization photocathodes at the CEBAF Photoinjector” Polarized Sources, Targets and Polarimeters Workshop, Dajeon South Korea (2017)
Electron gun

(-130kV, 0-1.5mA, 0-3pC)
Deliver beam here

(Faraday cup)

Vary the laser beam size
(f=499 MHz, st ~ 50 ps)

Monitor vacuum and radiation 
levels along beam line

Days
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Cleaning recipe

Old recipe: acid etch

• Soak in 19% HCl and DI water ~ 1 min

• Rinse with DI water

• Acetone

• Dry with GN2

• Bagged with GN2

New recipe: pressure wash

• Micro-clean with abrasive 

outside

• Micro-clean on wipe, pushed 

through inside of pipe

• Pressure wash, 80 psi DI 

water for 15 min (standard 

SRF technique) 
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Opportunities to improve performance

• There remains opportunities to improve performance and extend capability for 
future guns
• Lower outgassing rate of vacuum chambers
• Higher QE photocathodes with extended lifetime 
• Cooled photocathodes
• Managing or reducing reflected laser power
• Reducing FE or ion bombardment and robust photocathodes
• Higher average current
• Higher operating lifetime
• Higher operating voltage


