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Thomas Jefferson National Accelerator Facility

» Recirculating linear accelerator
= Up to 5 passes through 2 LINACs

= Polarized Electron Beam / Hall D

Source
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Extensive, engaged user community

JLab User Counts FY06-22

CEBAF: a world-unique user facility for Nuclear Physics

Delivers a vibrant research program

- operating more than 30 weeks per year
- supporting ~1,900 users annually : _ US University Users

Foregn Usess

el Other Users

TotalUsers

JEFFERSON LAB
USER INSTITUTIONS 2 JEFFERSOM LAB
USER INSTITUTIONS
1,86% Users in
324 Institutions
from 39 countries
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Jefferson Lab and CEBAF

B Nature Journals

J MW Phys Rev. Lett./Phys. Lett.

CWe-: .Elma).u =12 GeV, Pol.~ 90% r 2018 2019 2020 2021 2022 2023
N X Y
Exps up to 10%? e-n cm-2s-' - ear
* Probe the structure of matter Hadron Spectra
Complex non-pQCD problem which demands different 1D-3D Nucleon Structure

approaches and measurements to access multiple observables _
Hadrons & Cold Nuclear Matter

* Discover evidence for physics beyond the standard model
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High profile experiments require highly polarized electrons

MOLLER- Measurement Of a Lepton-Lepton Electroweak Reaction

c tracking
5~ detector

integrating
detector
array

downstream
toroid

upstream jiquid
toroid hydrogen
\) target
._N‘oo

* All systems passed Final Design Review in
12/ 2022

* Nearly all of the needed funding has been
appropriated

* Achieved CD-3A, Approve Long Lead Procurements, in March
2023

* On track for CD-2/3, Start of Construction, in late CY2023
* On track to be ready for installation by Q1FY25
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Polarized Electron Sources

Polarized electron sources in - SLAC (Stanford) - MIT-Bates
- NIKHEF — Amsterdam - Nagoya
1996 - Mainz - HERA

- Jefferson Lab (in development)

« Operational polarized sources today
- Jefferson Lab
- MAMI-C at Mainz, Germany

- Electron lon Collider at Brookhaven National Lab (in development)

 Future polarized sources
- Polarized Positrons at Jefferson Lab
- Belle Il SuperKEKB Polarization Upgrade
- International Linear Collider

- CERN LHeC polarized electron upgrade Higher current polarized

electronsources required

Non-acceleratorapplications for future projects

e Atomic physics
* Surface analysis: P-LEED, P-LEEM JLab Polarized Positrons

B
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Polarized Electron Emission

Bulk GaAs

M.L. Stutzman, CCM-PV 2023
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Crystalline (bulk) GaAs
Direct band gap semiconductor

780 nm laser light

Circular laser polarization

 Flip helicity of laser light ~1kHz
to change beam polarization

p=2S"% =321 = 50y

" eT+el  3+1

Maximum theoretical
polarization: 50%
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Strained Superlattice GaAs structures

o Grow strained GaAs structure

« Split degeneracy between heavy
hole and light hole bands

GaAs QWs
A
m; =-1/2 +1/2
le S1/2
S(iEdzc G+
Eg P
}hrg%h B m; =-3/2 ol
A2 #2550 e
meV

Max 100% theoretical polarization
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GaAsP(x)

Graded GaAsP(x)

zaAs buffer

p-GaAs substrate

To scale

gl  GaAs heavily doped

Graded GaAsP(x)

GaAs buffer
p=-(zahAs substrate
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Strained Superlattice GaAs:GaAsP yield and polarization

/GaAs A /Dipole layers of Cs + NF; or Oxygen
* Direct Bandgap Semiconductor e Reduces Work Function
 Large Work Function e Negative Electron Affinity (NEA)
* Positive Electron Affinity (PEA
L y (PEA) ) N Y
PEA=4.07 eV :f'}?ctl‘;fi;h&i‘; Quantum
____________________________ '{\
Conduction B $ YNEA~ (.2 eV N,
E,..=1.4eV Band QE = —clectron
sap Nphoton
""" Valence .
Band T _ 124 -1(p4)
P(mW) - A(nm)
GaAs Vacuum GaAs |Vacuum
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GaAs Spin Polarized Electron Source, D.T. Pierce et al.,
Review of Scientific Instruments 51(4), 478 (1980).
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Strained Superlattice QE and Polarization
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* Highest polarization at wavelength just
over the band gap
* Higher QE with shorter wavelengths

J.L. McCarter, ... M.L. Stutzman et al., NIMA 618 (2010) 30.
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* Continuous improvement
* Distributed Bragg Reflector->
* Higher QE, maintain polarization
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Wei Liu, ...M.L. Stutzman et al., Appl. Phys. Lett. 109, 252104 (2016)
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Photocathode lifetime limitations

% Surface chemistry reaction with residual gas

- Excess oxygen, CO, CO, disrupt
surface Cs-O or Cs-F balance

% lon acceleration into photocathode
- Residual gas in chamber ionized by electron beam
- lons accelerated into photocathode

« Laser Heating
- Surface chemistry disrupted at T>50C
- Must limit laser power and/or cool cathode

Y Stage

800 1100

o QE vs. position across photocathode after
« Surface charge limit beam operation at several locations

- More laser power # more photoemission
% Will benefit from vacuum improvements

M.L. Stutzman, CCM-PV 2023 13 J)gf_fer:son Lab



JLab Polarized Electron Source

130kV gun

« (Gas in cathode-anode gap ionized by
electron beam

* |lons accelerate into cathode and limit
lifetime

« Damage evident through decreasing QE
with beam delivery

- Lifetime: Coulombs until Qe=1/e:(QE),

0.8
lightin

N
> electrons out 0.7
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Effect of Vacuum on Photocathode Lifetime

19 * Daily measurement of
" o y photocathode yield during
1 p D g | beam operation
SR q
i N N N
X 08 SR
E‘; * Around Nov 2021, power
>~ 06 _ supply for ion pump
6] . ¥ . .
|5 S supplies malfunctioned
(S} . ¥
& 04 | );.4
= .~
2 oo |3l e Pressureincreased (with
c : e on
S sy no alarms)
o] 0 e Lifetime fell by factor of 2
0 100 200 300 400 500

Charge Delivered, Coulombs * Bep.a”' system, recover
A B C lifetime
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lon generation

Hydrogen ionization cross sections
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lon generation in cathode anode gap
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Photocathode damage analysis: Liftout FIB / TEM

Unused sample

F.A.Steve et al., Surf. Interface
Anal. 31, 345, (2001).

 Focused lon Beam Milling
» cross sectional depth profile for TEM

* Au/Pd evaporated, Pt sputtered to protect
surface (misalignment = shadows)

* Uniform layers, no darkening

M.L. Stutzman, CCM-PV 2023 .ggf_ggon Lab



Photocathode damage imaging

Implantation damage evident

\ Crystal dislocations visible
Relaxation during heating?

M.L. Stutzman, CCM-PV 2023 .ggf_ggon Lab



Electrostatic center implantation: SIMS

Hydrogen Carbon
10°%
1.E+05 H
becoos * Analysis shows
1.E+04 5 0 "%,
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V. Shutthanandan, ..., M.L. Stutzman, et al., Surface science
analysis of GaAs photocathodes following sustained electron )
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Next generation JLab electron gun
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Next Generation JLab High Voltage Chamber Design and Installation

Vacuum system changes
* Improvement: ZAO NEG modules
* Larger diameter for high voltage

* Potential Issues
- 304L instead of 316L stainless steel
- Thick walls at top and front

Processing and Installation

* Heat treated at 400°C, heat treat electrode 950°C
* NEG coating
* In-situ bake, 48 hours at 250°C, activate NEGs fully

* Electrode optimization & cleanroom assembly

* Biased anode: repel beamline ions

M.L. Stutzman, CCM-PV 2023
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Accel. Beams 22, 113401 (2019) 2 Jefferson Lab



Outline

* Motivation for Polarized Electron Sources
- Jefferson Lab Physics & Future facilities
- Polarized Electrons
- Polarized Source Lifetime

 JLab Vacuum research and characterization
- Efforts to achieve XHV
- Efforts to measure XHV

e Conclusions

fferson Lab

\CD

M.L. Stutzman, CCM-PV 2023 23 J



Routes to Improved Vacuum: Heat treatment and coatings

Identical 304L chambers
- Bare steel
- TiN coating (9 pum): coating provides pump speed
- a-Si (SilcoGuard-1000®~900 nm): no better
Outgassing rates
- Accumulation with Spinning Rotor Gauge

- Multiple bakes
- Q(T,oom) after each bake

1.E-11

“Effectof heat
treatmentsand
coatingsonthe
outgassingrate of
stainless steel
chambers”, J. Vac.
Sci. Technol. A 32,
L 021604 (2014);

 Adopt heat treatments at 400°C
* Internal componentswithout knife edges: 950°C 2 hours
* No benefitto base pressure with TiN, Silco

1.E-12

Bare 304L Stainless Stee
* 9

@
1.E-13 < <

Next: Mild Steel outgassing and base pressure with
gravitational wave observatory collaborations

~mbar-L-s1-cm2
Outgassing Rate (Torr L s-1 cm-2)

1.E-14

—— . , ,
Third  Fourth  Fifth  Sixth Seventh Eighth Wish list: Aluminum? What else?

Bake Bake Bake Bake Bake Bake —
250°C, 400°C, 150°C, 250°C, 150°C, 360°C, 24 .cl,gf_f,e-rson Lab



Routes to Improved Vacuum: NEG coating

JLab NEG coating gun tubes and chambers since ~2000
- DC sputtering, no magnetron, Ar or Kr gas
- Use “basket” of Ti, Zr and V wires twisted to reduce distance
- Dense columnar structure, flaking evident on test

A —h
AWEY Vi e\
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VaViiRw::: ;-
T — i s MWL H
m——— — - WY
-

k%)

\J b

M.L. Stutzman, CCM-PV 2023

25

| 1
.

Jefferson Lab



Potential drawbacks to NEG coating?

2 years at CEBAF with poor lifetime

High voltage electrode removed

Hazy spot — evidence of field emission
Correlated with flaky NEG coating?

M.L. Stutzman, CCM-PV 2023 26 Jeff,e-r:son Lab



Does NEG Coating leads to Argon desorption during HV processing?

1.E-08 1.E-09

8.E-09 8.E-10 ‘

—— After HV process

E . E —— Before HV process
~, 6.E-09 -, 6.E-10
(] (]
S S
= -
v v
3 3 |
S S
;:u 4.8-03 —— After HV process ;:U 4.t-10
E ——Before HV process Fu
a. a.

2.E-09 2.E-10

N o mw&wm

20 30 40 50

0 10 20 30 40 50 0 10
AMU AMU
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Pressure in NEG coated chamber: coating + 45 L/s ion pump

1.E-10

» Heat treat 400°C

» NEG coat

» install gauge, ion pump
> Bake

1.E-11

Pressure (Torr = mbar)

» Measure pressure

» Approaching XHV with
coating + lon Pump

1.E-12 |

M.L. Stutzman, CCM-PV 2023

M.L. Stutzman et al., Journal of Vacuum Science &
Technology A Vacuum Surfaces and Films 36 2018.
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Pressure measurement on system similarto electron gun

* 304L steel heat treated 400C ~10 days
- Outgassing measured 1x1013 TorrLsicm
e =1.33x10-13 mbarLsicm-2

* NEG pumps
- 4x WP950 + GP500 = 2200 L/s

« XHV Gamma ion pump (45s) :_/:}/ .:“-uu"i i

——
/,

Volume= 40L and area = 8000 cm?2

Antipated pressure

-4 x 1013 Torr =5.3 x 1011 pP3

M.L. Stutzman, CCM-PV 2023 .ggf_ggon Lab



Chamber with NEG/lon pumps

o 1000 :
Anticipated pressure *

5x 101 pa

100

Lowest Measured Pressures (Pa)
Extractor 3x1010

Pressure (Torr x 10-12) = Pa x 1010

10
Axtran 2x 1010
3BG 8x 1010
1 |

What Limits Pressure 12

* Qutgassing

* Pumping

* Gauges

Extractor on, degas AxTran on 3BG on (first bake)

M.L. Stutzman, CCM-PV 2023 .})gf_@gon Lab



Approaching Gauge x-ray limit

x-ray background Extractor

50

X-ray limit measurements

T.

e First data

B 4 days later

« Add jumpers to each extractor gauge pin
 Electrometer for current measurement
« Control repeller with variable voltage supply

« Measure gauge current/pressure vs. reflector
voltage

E-rj,

l

- When V =325V, all signal from background
- Background ~ 50% of signal

Extractor current (fA)
2
O

=
o

~1.4e-10 Pa

50 150

M.L. Stutzman, CCM-PV 2023

250
Bias voltage

450

550

31 .ggf_ggon Lab



Next Generation XHV gauges: x-ray background eliminated

« AxXTran gauge (Axial Transmission) ULVac AxTran {gl;is:tion 1100y
- Bessel box energy discrimination . 20 s
- electron multiplier to assistin low current 2 iwaull
measurements 3 = 10 Fy a1 \iv.
T = Y % |’—’| =
° 0 [ ppetion (|| |
« Watanabe 3BG (Bent Belt Beam Gauge) 3 0 100 200 gL |5 V=
; o - -10 ",
230° deflector BeCu housing Lens bias (V) =
- JVSTA 28, 486 (2010) UL
>
Watanabe 3BG
. 50 .
g 40 o 3BG x-ray lim |
= =Y
g 30 )
5 20 o .
= 10 .
o
© 0 e oo ° e .
< [
Extractor & Shield E -10
0 100 200 300 400

M.L. Stutzman, CCM-PV 2023 Deflector Voltage (V)



Explorations of pumping improvements: XHV cryopump

« 10" all metal gate valve
 Bellows (12" to 10” adapter)
e Cryopump
- Overboard bake ion pump
- Compressor

- ColdHead

- LN, chill line/ chill line
XHV Cryopump evacuation system

M.L. Stutzman, CCM-PV 2023 Jefferson Lab



Recorded pressure opening valve to cryopump

Open cryopump valve

18 l /
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1.6

All gauges sensitive to pressure change
Cryopump reduces pressure
* Cryopump infrastructure & vibration
incompatible with electron gun
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Additional Background characterized: gauge heating

3BG off as seen on extractor Extractor on as seen by 3BG
T 1.0E-13 5E-10 4.E-14
=
£ 7.5E-14 -
- & =
= 5.0E-14 2.5E-10 5 =
o i nmauae aane SFUPORS 2 o 2.E-14
2 o =
o 2.5E-14 3 - BBB
s o 1E-14
X 0
W 0.0E+00 AEEE—— 0 = . + ext
0 50 100 O 0.E+00 wwsvemadonttutlintonios

Time {hours) ’ * Time5(0 hours)75 0

Measure pressure rise turning on gauge using second gauge
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Marcy Stutzman

Conclusions marcy@jlab.org

« Polarized electrons enable high-impact
physics programs

* High-P Photocathodes require XHV
« Gauge effects significant for XHV

» Lifetime depends strongly on vacuum

- Next generation -> longer lifetimes 08
0.7
0.6
] ] 0.5
« Measuring XHV accurately required for % o4 159
advances o > 164
0.1 313 162
0
—> 0 200 400 600
Charge Delivered, Coulombs _
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