Record-level guantum efficiency from a high
polarization strained GaAs/GaAsP superlattice
photocathode with Distributed Bragg
Reflector
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Existing polarized photocathodes

Unstrained GaAs

Structure P (%) QE (%)
Bulk GaAs 35 ,l_Q
GaAs/GaAsP (strained well) 92 /1.2\
GaAs/GaAsP (strained compensated) 92 1.6
InGaAs/AlGaAs 77 0.7
AllnGaAs/GaAs 91 0.5 These QF
AllInGaAs/AlGaAs (with DBR) 92 0.85 values
AlinGaAs/GaAsP (with DBR) 92 \ 0.6 / | support
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High Current Electron Accelerators

Accelerator P Current
eRHIC 75% 10 to 50 mA
Polarized r sen talk b
positrons at 90% 1 mA+ Joele:me:
CEBAF

* Polarized electron beams at mA current will enable new physics
experiments and new capabilities

* Most of the incident drive laser light simply heats the photocathode —
photocathode cooling required, this is complicated at high voltage

* High polarization photocathodes with QE ~ 10% desired: simplify gun
design, reduce requirements on drive laser, prolong operating lifetime

* Bulk GaAs has very high QE but low polarization
e Solution: High polarization photocathode with Distributed Bragg Reflector



Benefits of DBR

» non-DBR Photocathode : absorption in the GaAs/GaAsP superlattice < 5%
» Most light passes into the substrate and leads to unwanted heat

» DBR photocathode : absorption in the GaAs/GaAsP superlattice >20%

» Less light is required to make required beam, less light means less heat
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Schematic structure of photocathodes

GaAs 5nm p=5E19 cm? GaAs 5nm p=5E19 cm>
GaAs/GaAsP (3.8/2.8 nm) | p=5E17 cm™ GaAs/GaAsP (3.8/2.8 nm) | p=5E17 cm3
SL x14 SL x14
GaAsP, 35 spacer 750 nm p=5E18 cm™
GaAsP, »-/ AlAsP (54/64 nm)
- 3 0.35 0.4 _ 3
GaAsP, 5 2750 nm p=5E18 cm DBR <12 p=5E18 cm
GaAsP, 5 2000 nm p=5E18 cm=
Graded GaAsP, Graded GaAsP

5000 nm =5E18 cm x 5000 nm =5E18 cm™

(x = 0~0.35) P (x = 0~0.35) P
GaAs buffer 200 nm p=2E18 cm3 GaAs buffer 200 nm p=2E18 cm-

p-GaAs substrate (p>1E18 cm3)

p-GaAs substrate (p>1E18 cm3)

fopinte.

Non-DBR Photocathode

DBR photocathode

Phosphorus content influences the refractive index of each layer, and

therefore the optical path length which is the key design consideration for

this type of photocathode
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Energy level of strained GaAs/GaAsP superlattice

Heavy hole-Light hole splitting: § =~ 0.24x — 0.02x°
High 6 - High initial polarization, wide high polarization range

Strained Strained
GaAs GaAsP, GaAs GaAsP,

B —/1 . i ......... t ............ E

x = 0.35,6 = 81.6 meV

This part of the photocathode design was set in 2004, reported at PESP2004 (part of SPIN2004)
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Design of the DBR photocathode

To get high reflectivity for DBR:

ApBr
4

ny(Apprl)dy = = ny(Appr)dy

To get high absorption for photocathode:
2 z n;d; = mAp (m:integer)
i

Precise control the optical path length of each layer!!!
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Calculation for absorption of photocathode

Transfer matrix method:

_ l\/[11 M12 _
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Reflectivity, Transmission and absorption:
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Surface reflection of GaAsP/AIAsP DBR

[EEN

X\ -4 More pair layers,
N ™ —r= higher reflection.
0.7 //#—ﬁh\‘ \ :;;0
o ~)\
t0e /| N
% 04 /// \\\ For 12 pair layers:
0.3 1 H\\\ X h|ghe5t reflection is
[\l T 93.2%
| ] |\
700 720 740 Wavele?:goth (nm) 780 800 820

Surface reflection of DBR at different numbers of pair layers(n)
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Calculation results for DBR photocathode

1.0 10
QE— Enhancement factor
o L Reflectivity i
' —— Absorption

Transmission

0.6

0.4
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QE (%) and Enhancement factor

0.0 - T 0
700 720 740 760 780 800

Wavelength (nm)

Calculated absorption, reflectivity and transmittance
of the DBR photocathode, QE for the DBR
photocathode, the absorption and QE enhancement
factors compared to the photocathode without the
DBR.
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At 776 nm:

» Absorption: 21.03%
» QE: 6.4%

» Enhancement: 7.4

QE(A)
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Experiment results

12 100
(a) —=— QE for nonDBR ! .
* QE for DBR o Ny L
10 - ¢ = Pol for nonDBR g ™M E RN R 3
i e Pol for DBR

At 776 nm:

> For non-DBR: QE - 0.89%
and Polarization - 92%

i
§ready Med® K o > For DBR: QF - 6.4% and

-1 60

140

Quantum efficiency (%)
Polarization (%)

s Polarization - 84%
» QE Enhancement: 7.2,

100

Reflectivity
—e— QE enhancement

80

_ 7 g very close to predicted
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207 .// ™ \ ] 2 (a) The QE and polarization for the strained GaAs/GaAsP
= e, superlattice photocathodes with and without DBR as a
0% = o 5o =45 i function of the wavelength; (b) Reflectivity and QE
Wavelength (nm) enhancement factor of photocathode with DBR as a

function of the wavelength.
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Figure of merit of polarized electron sources

fopinte.

Figures of Merit
Cathode Ref. P(% E (%
( 0) Q ( 0) (PZQE)
GaAs/GaAsP, ;¢ (no DBR) SLAC/SVT 86 1.2 0.89
GaAs/GaAsP, ;5 (no DBR) Nagoya 92 1.6 1.35
Al ,5ln, ,GaAs/Al, ,GaAs
0.19770.2" /Al St. Peterburg 92 0.85 0.72
(with DBR)
GaAs/GaAsP, ¢
(with DBR) JLab/SVT 84 6.4 4.52

The good result comes from precise control of many layers - the biggest

challenge!

Accurate modeling is necessary and very helpful.
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Conclusions

» Strained GaAs/GaAsP superlattice photocathodes
with DBR show dramatic QE enhancement of 7x,
polarization over 84%.

* Further work to tune the wavelength and increase
the value of QE peak is going on. Expect higher
values at SPIN2018!

 DBR photocathodes will be used to produce high
current polarized electron beams soon in CEBAF
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Thanks for your attention
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apparatus

g.—;il-'f’ 50 Lab

(ATURE DF TATIER



Schematic of the experiment apparatus

Load-lock bellows
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Incident laser

16
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Results shown in IPAC 2015
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