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GaAs-based photocathodes are considered state-of-the-art for producing

highly spin-polarized electron beams for accelerator and microscopy applica-

tions. Negative Electron Affinity (NEA) activated surfaces are required to ex-

tract highly spin-polarized electron beams from GaAs-based photocathodes,

but they suffer extreme sensitivity to poor vacuum conditions that result in

rapid degradation of quantum efficiency (QE). This thesis investigates uncon-

ventional activation recipes of GaAs using Te and Sb elements in addition to

conventional Cs and O2. Photocathode parameters, such as spectral response,

spin polarization, and lifetime, are characterized for various growth recipes.

To conclude the thesis, GaAs photocathodes with an optimal activation recipe

(Cs-Sb-O) were characterized in a high voltage environment for a high current

extraction.
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1
Introduction

1.1 Photocathode

Photocathodes are photoemissive materials that are used in electron injectors

to generate electron beams for various applications. A photocathode is oper-

ated under an electric field in the range of 10’s of MV/m [12] while a pulsed or

continuous wave (CW) laser (200 nm ∼ 800 nm) photoexcites electrons that get

extracted and accelerated in the electric field.

High brightness electron source applications run the gamut in fields from

high-energy nuclear physics to condensed matter physics: electron colliders [13,

14], free electron lasers (FEL) [15], beam cooling [16], and electron microscopy

[17]. Electron beam brightness is the critical figure of merit for many of these

applications. The brightness at the photocathode (B4D) is essentially the upper

limit of the beam brightness in a photoinjector:

B4D ∝
Q
ϵxϵy
=

Q mec2

σxσy MTE
(1.1)

where Q is the bunch charge from the cathode, ϵxy is the normalized emittance of

the beam, σx,y is the rms laser spot size, mec2 is the electron rest energy, and MTE
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is the mean transverse energy of the photoelectrons at the photocathode [18, 19].

The laser spot size is primarily determined by the space charge beam dynamics

under the electric field after photoemission. The bunch charge Q is determined

by the strength of the electric field, the laser power, and the quantum efficiency

of the photocathode. Quantum efficiency (QE) is a material property defined

as the number of electrons emitted by the photocathode divided by the number

of photons incident on the photocathode surface. QE tends to degrade over

time during beam operation, and the speed of degradation is referred as an

operational lifetime of the photocathode. The importance of the photocathode

lifetime started gaining attention recently, especially for high average current

applications.

The MTE is determined by material properties that affect the photoemission

process inside the photocathode, the cathode surface, and the photoemission

drive laser properties. Dowell and Schmerge demonstrated that Spicer’s three-

step photoemission model [20] can be utilized to derive expressions for the pho-

toemission QE and MTE of metal photocathodes [7]. While this was originally

derived under the assumption of a free electron Fermi gas and a flat density

of states at zero temperature, recent studies have extended this approach to

account for a realistic density of states and non-zero (but constant) electronic

temperature (Te) [9, 8]. These models predict that as the photon energy (hν)

approaches the work function (ϕ), MTE converges to the thermal energy of elec-

trons (MTE ≈ kBTe). For a photon energy well above the threshold (hν − ϕ ≫ 0),

the MTE is linear in the photon excess energy, MTE ≈ (hν− ϕ)/3. Both behaviors

have been demonstrated experimentally [8]. These studies predict that MTE is

minimized by operating with very low photon excess energy, but do not account

for dynamic or intensity dependent effects, such as multiphoton excitation or
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laser-induced ultrafast electron heating.

For certain applications, such as FEL and electron microscopy, response

time is also an important property of a photocathode [12]. Femtosecond scale

electron pulses generated from photocathode sources (this process typically in-

volves additional compression stages downstream) play a critical role in prob-

ing time-resolved ultrafast dynamics. In particular, this property differentiates

photoemission sources from thermionic and field emission sources. Thermionic

sources are robust and low-cost but suffer from a high MTE and lack on/off con-

trol of the flux [21]. Field emission can provide very low MTE electron beams,

but the amount of bunch charge tends to be in the order of a single electron, and

the response time is slower compared to photoemission sources [22].

1.2 Photocathode materials

Photocathode materials can be classified into two groups: metals and semi-

conductors. Metallic photocathodes, and in particularly copper photocathodes,

are popular choices for ultrafast electron sources due to their prompt response

time (< 50 fs) and low vacuum requirements [23, 24]. However, compared to

semiconducting emitters, they suffer from several orders of magnitude less QE

(10−5 ∼ 10−6) due to frequent electron-electron scattering during the transport of

the excited population from the bulk to the surface. Thus, metallic photocath-

odes can demand a very high laser intensity (10s of GW/cm2) for femtosecond

emission cases, for example, in the blowout regime[25] of high charge photoin-

jectors. Despite higher QE’s (1 ∼ 10%), semiconductor photocathodes suffer

from extreme vacuum sensitivity that results in a short operational lifetime.
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Among popular semiconductor photocathodes, Cs2Te is considered the most

robust but requires a UV light for photoemission, while cesiated GaAs offer the

highest QE at the cost of a short operational lifetime. Alkali antimonides (Cs3Sb,

K2CsSb, NaK2Sb) can operate in a moderate vacuum requirement with a high

QE in the visible wavelengths.

Various attempts have been made in the past few decades to produce a ro-

bust photocathode with a high QE. In this paragraph, a few studies are dis-

cussed. A recent work took a data-driven approach to screen for high bright-

ness photocathode materials. Machine learning and Density Functional Theory

(DFT) were used to screen over 74,000 semiconducting materials. The study

claims the family of M2O (M=Na, K, Rb) can be potentially air-stable with de-

sired photocathode properties, such as a low intrinsic emittance and high QE

[26]. Growing an oxidized layer (MgO) on metal (Ag) has been proposed to

lower the work function of the metal photocathode [27]. Later an experimental

study demonstrated lowering 2 eV of work function by growing BaO2 on Ag

[28]. Perovskite materials are among the most actively studied materials in the

solar cell community. However, the high work function is the main drawback

for high brightness applications. Recent theoretical works predicted that some

Perovskite materials could have a low work function (1 ∼ 2 eV) [29, 30]. Various

types of diamond photocathodes have photocathode properties similar to that

of metal photocathodes. The cathodes tend to be very robust, but they can only

operate in the UV range [31, 32]. Bi-Ag-O-Cs photocathode was reported to

have a very high QE (∼10%) near the photoemission threshold (480 nm) [33, 34].

Another data-driven study using DFT screened over 4,000 2D materials to find

desired coating layer materials that can protect photocathodes from ion back

bombardment and chemical poisoning [35, 36].
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1.3 Spin polarization Photocathode

1.3.1 Applications

In 1922, Otto Stern and Walter Gerlach showed that the spatial orientation of an-

gular momentum is quantized by splitting an atomic Ag beam depending on the

spin of orbiting electrons under a nonuniform magnetic field. Since then, quan-

tum mechanical intrinsic property spin has played an important role in under-

standing various phenomena in the field of physics. Recent developments on

spin-polarized electrons sources have allowed broad and diverse spin-related

experiments that run the gamut in fields from high-energy nuclear physics to

condensed matter physics.

Future nuclear physics facility Electron Ion Collider (EIC) allows investiga-

tion of hadronic structures and exploration of new regimes of strongly inter-

acting matter that will help to understand the fundamental quantum theory of

the quark and gluon fields that constitute most visible matter in the universe

[37, 38]. Since electrons do not manifest any internal structure, they are con-

sidered an optimal probe for the more complicated nucleons and nuclei. When

electrons are scattered off a nucleon, a virtual photon is created that can see

inside the nucleon. Since the virtual photon energy determines the resolution

power, EIC is required to accelerate electrons to sufficiently high energy so that

it can destroy the proton target into partons [39]. This process is called deep-

inelastic scattering (DIS), and it allows the investigation of various issues that

the nuclear physics community is interested in [37]. One of the issues is gluons’

contribution to the total spin of a proton (1/2). Experiments at CERN demon-

strated quarks and antiquarks could explain only 30% of the total spin of a pro-
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ton [40]. Only an EIC with a highly spin-polarized electron beam can explore

the overall spin contribution of quarks, antiquarks, and gluons combined. In

a sense, EIC can be referred as the most powerful (in terms of resolution and

intensity) spin-polarized electron microscope for nuclei and nucleons [39].

As opposed to EIC, if electrons have low energy (≲ 30 eV) during the scatter-

ing, it can probe the surface structure (≲ 0.5 nm) of single-crystals and epitaxial

thin films. This technique is called Low-energy electron microscopy (LEEM),

and it is one of the most commonly used routines in the condensed matter

physics community. When spin-polarized electrons are used for the technique

(SPLEEM), it allows a real space imaging of the magnetic domain structure on

surfaces by exchange interaction [41]. Transmission electron microscopy (TEM)

exploits electron scattering at the keV range (10s - 100s keV) where an electron

beam is transmitted through a thin specimen (≲100 nm) which allows high-

resolution imaging (∼0.05 nm) in 3D space. Coherent spin-polarized electron

beam at this regime enables investigation of spin properties such as interfer-

ence of spinor waves, spin-flip effects in an exchange interaction, and spin-orbit

interactions. Furthermore, the Pauli exclusion principle of spin-polarized beam

offers a possibility to achieve a higher contrast in TEM due to the enhanced an-

tibunching effect [42]. Remarkably, spin-polarized electron sources in modern

SPLEEM, SPTEM, and EIC are all based on GaAs technology. In the next few

paragraphs, the history of state-of-art GaAs photocathode is reviewed in the

light of its application in EIC particularly.
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Figure 1.1: Negative electron affinity (NEA) activation process on GaAs
[1]. Electron affinity (EA) is defined as the energy difference
between vacuum level E∞ and the bottom of the conduction
band ECB. NEA is achieved when the vacuum level is lower
than the bottom of the conduction band.

1.3.2 GaAs photocathode

In 1965, GaAs was first highlighted as an attractive photocathode with the dis-

covery of negative electron affinity (NEA) activation on the surface of p-type

semiconductors [43]. It was demonstrated that by exposing the GaAs surface to

electropositive metal, atomic cesium, a strong dipole layer can be formed that

lowers the vacuum level. If the cesiated GaAs is p-doped, the vacuum level can

be even lower than the conduction band minimum due to the downward band

bending, achieving NEA (see Fig. 1.1). When the surface is NEA activated, ex-

cited electrons that have relaxed down to the bottom of the conduction band

can still escape into the vacuum once they arrive at the surface, resulting in a

high QE, even near the photoemission threshold.

An electron beam is considered spin-polarized when there are an uneven

number of spin ‘up’ state electrons versus spin ‘down’ state electrons. The spin

polarization of an ensemble of electrons can be expressed with the number of
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Figure 1.2: Spin dependent selection rule in GaAs [1]. The numbers next
to each transition are relative ratio of transition rates. Solid line
transitions require +ℏ circularly polarized light while dashed
line transitions require −ℏ circularly polarized light.

spin-up state electrons N↑ and the number of spin-down state electrons N↓ as

P =
N↑ − N↓
N↑ + N↓

. (1.2)

Spin-polarized photoemission from III-V semiconductor GaAs can be under-

stood with spin-dependent selection rule in Fig. 1.2 [1]. In the energy diagram,

the valence band is split into P3/2 and P1/2 energy levels due to the spin-orbit

coupling. If photons have appropriate energy to selectively excite electrons

from P3/2 band to the conduction band with circular polarization that has ±ℏ

spin angular momentum, spin asymmetry can be induced among the excited

electrons. The number next to each transition is the ratio between the transi-

tion rates calculated by Fermi’s golden rule [44]. Then, the spin polarization of

excited electrons is

P =
N↑ − N↓
N↑ + N↓

=
3 − 1
3 + 1

= 50%. (1.3)

When the excited electrons are transported to the surface, the spin polarization

decreases due to spin-dependent scatterings, and only ∼35% of polarization is
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achieved for photoelectrons at room temperature [1]. Note NEA is required

to extract spin-polarized photoelectrons since the spin-dependent selection rule

only allows the photoexcitation from the top of the valence band to the bottom

of the conduction band.

To overcome the theoretical maximum spin polarization of 50% due to the

degeneracy of light-hole and heavy-hole bands, Matsuyama et al. suggested us-

ing two-photon absorption so that the spin angular momentum of ±2ℏ can be

transferred to the excited electrons [45]. This would allow transition into only

one of spin up or down state in Fig. 1.2. Later, it has been shown theoretically

[46] and experimentally [47] that the angular momentum is only conserved un-

der a spherically symmetric system for two-photon absorption, and measured

polarization is 50% identical to the one-photon absorption case. Another at-

tempt was to utilize the orbital angular momentum of photons in addition to

the spin angular momentum [48]. However, experimentally measured spin po-

larization was nearly 0%. A theoretical study explains the spatial distribution of

polarization pattern is concentric, and the total spin polarization averaged over

the beam position would be zero [49].

The most reliable method to achieve a high spin polarization from GaAs is

to exert a lattice strain aimed at breaking the valence band degeneracy between

heavy-hole and light-hole bands. Both In1−yGayAs layer grown on GaAs sub-

strate and GaAs epitaxially grown on a GaAs1−xPx buffer successfully showed

a high polarization of nearly 90% at a cost of decreased photoelectron yield, or

quantum efficiency (QE) [50]. The major disadvantage of exerting lattice strain

is that the QE can drop by more than 2 orders of magnitude due to decreased

sample thickness (∼ 0.1µm) along with isolation of the heavy hole band.
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According to a recent report [39], a spin-polarized electron source should

emit ∼50 mA of photocurrent to achieve satisfactory performance for EIC.

Quantum Efficiency (QE), or photoelectron yield, is an important property of

GaAs photocathodes because increasing laser power to achieve such a high cur-

rent is expensive and can damage the cathode due to heating [51]. However, as

mentioned earlier, the major drawback of exerting strain on GaAs for high spin

polarization is a reduced QE. Recently, a superlattice structure with distributed

Bragg reflector (DBR) stack has been proposed and showed a high QE of 6.4%

with a high polarization of 84% [52]. In this work, the GaAs/GaAsP superlat-

tice structure was constructed to compensate for the decreased thickness of the

strained sample. Additionally, a DBR stack (GaAsP/AlAsP) is installed under

a buffer layer that serves as a Fabry-Perot cavity that reflects light back to the

sample repeatedly at each layer [52].

Although excited electrons have initial spin polarization of 50% in a bulk

GaAs, the measured polarization of photoelectrons is ∼35% due to spin relax-

ation during the transport of excited electrons to the surface. In continuous

wave (CW) mode, electrons in the conduction band will arrive at an equilib-

rium polarization P that follows

dP
dt
=

P0

τ
−

P
τ
−

P
τs
= 0, (1.4)

where P0 is the initial polarization of excited electrons (50%), τ is the conduction

band lifetime (∼ 10−9s), and τs is the spin relaxation time. The terms represent

polarization creation, polarization loss due to electron recombination, and spin

relaxation, respectively. Then, the equilibrium polarization is given by [1]

P = P0
1

1 + τ
τs

. (1.5)

In the case of p-type GaAs, the spin relaxation mechanism is dominated by spin
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exchange interaction between electrons and holes. Then, the spin relaxation

time is proportional to the temperature [1, 53]. Therefore, an operation of the

electron source at a cryogenic temperature is preferred to minimize spin relax-

ation. In fact, it has been experimentally demonstrated that the polarization can

be as high as 43% at 110 K [54].

Another approach to increase QE is via the use of the Mie resonance effect. It

has been recently demonstrated that cylindrical nanopillar arrays on GaAs can

induce Mie resonance, which drastically increases the scattering cross-section

of light and, hence, absorption. The Mie resonances in GaAs nanopillar-array

reduce light reflectivity to less than 6% from a typical value >35% [51].

The major drawback of NEA GaAs photocathode is that the activated sur-

face suffers from extreme vacuum sensitivity because the activation layer typi-

cally forms a monolayer weakly bound to the bulk and, therefore, is chemically

vulnerable. The vacuum sensitivity results in degrading of the photocathode

quality, mainly quantum efficiency, which can limit the photocathode lifetime

to mere hours following the cathode activation [55]. The degradation can be ex-

plained by three main mechanisms: (1) ion-back bombardment [4], (2) chemical

poisoning [56], (3) and thermal desorption of the activation layer [57]. Ion-back

bombardment occurs as extracted electrons ionize residual gas in the vacuum

chamber, and the ionized molecules are attracted to the cathode surface and con-

taminate the activation layer. It has been demonstrated that extracting electrons

a few mm off the electron gun center by deflecting the beam can significantly

reduce ion-back bombardment by separating the contamination spot from the

extraction spot [4]. For a better performance against chemical poisoning, the

lifetime showed a factor of ∼2 improvement when both Cs and Li are used for
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electropositive metal atoms with NF3 oxidant. If the charge extraction lifetime

of a photocathode is defined as the amount of charge extracted from the cathode

until QE drops by a factor of 1/e, the current state-of-art GaAs electron gun has

the charge extraction lifetime in the order of 1000 C [4]. To satisfy the current

requirement mentioned earlier (50 mA) [39], one can expect the operational life-

time is only in the order of 10 hours (1000 C/50 mA) in the best case scenario.

Therefore, research on improving the operational lifetime of NEA GaAs is the

utmost issue for applications in future nuclear physics facilities.

Although n-type Cs3Sb, Cs2Te, and CsI were suggested [58, 59] and demon-

strated [60, 61, 62] as alternative activation layers nearly five decades ago, there

have been very few studies done on the performance of GaAs photocathodes

activated with such layers and other alternative activation materials. Recently,

Cs2Te received attention as an alternative activation layer because Cs2Te itself

is a popular solar blind photocathode known for its robustness under harsh

vacuum conditions [63]. Cs2Te coated GaAs showed successful NEA activation

[64, 65, 2] and a factor of 5 improvement in charge extraction lifetime at 532

nm without negative effects on spin polarization [55]. Furthermore, Cs-Sb-O

activated bulk and superlattice GaAs were demonstrated to have an improved

lifetime by a factor of 7 at 780 nm [66, 5].

In summary, the development of state-of-art spin-polarized electron source

NEA GaAs photocathode is reviewed, along with a brief overview of its appli-

cations. It was reported that exerting a strain on GaAs can overcome the limit of

achievable maximum spin polarization from bulk GaAs by splitting the heavy-

hole and light-hole bands at the cost of significantly decreased QE. Superlattice

structures with distributed Bragg reflector and nanopillar array were proposed
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to compensate for the decreased QE. The major disadvantage of GaAs photo-

cathode is the lifetime issue. Recent works have shown alternative activation

methods can significantly reduce the vacuum sensitivity.

1.3.3 Measuring Spin polarization: Mott polarimeter

An electron beam is spin polarized when there are unequal number of spin ‘up’

state electrons and ‘down’ state electrons with respect to a spatial direction.

Based on the spin angular momentum commutation relations, one can express

the spin operator S with Pauli matrices σ as follows [67]

S =
ℏ

2
σ, (1.6)

where

σz =

1 0

0 −1

 , σx =

0 1

1 0

 , σy =

0 −i

i 0

 . (1.7)

When an electron is in a spin state χ =

ab
, the polarization in z direction can be

represented by

P =
⟨χ|σz|χ⟩

⟨χ|χ⟩
=
|a|2 − |b|2

|a|2 + |b|2
. (1.8)

Over multiple spin measurements, P can be also expressed as

P =
N↑ − N↓
N↑ + N↓

, (1.9)

where N↑ and N↓ are the number of observed spin up electrons and spin down

electrons during the measurements, respectively. Similarly, spin polarization of

an ensemble of electrons is also expressed by Eq. 1.9 [67]. For example, if there is

an ensemble of 10 electrons where 8 of them are in spin up state and the others
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are in spin down state, 4 out of 10 electrons can be considered as unpolarized

portion of the ensemble, and the rest 60% is completely polarized.

The Stern-Gerlach experiment is a historical landmark experiment that

demonstrated the spatial orientation of angular momentum is quantized by

splitting an atomic Ag beam depending on the spin of orbiting electrons. Al-

though it may be intuitive to consider the Stern-Gerlach experiment set up as a

method to measure the spin polarization of an electron beam, it turned out elec-

trically charged particles experience additional Lorentz force during the split-

ting in a magnetic field, unlike electrically neutral Ag atoms. As a result, the

beam spreading due to the Lorentz force overcomes the splitting effect from the

spin orientation [68]. Such difficulties limit spin polarization to be measured

indirectly based on spin-dependent interactions. The spin polarimeter based on

Mott scattering is reviewed in the next few paragraphs.

Currently, the most commonly used spin polarimeters at low energies are

based on Mott scattering, which is also referred as spin-orbit interaction. The

coupling between electron spin and orbital angular momentum can be derived

from the Dirac equation as [67]

HS O = −µ · B ∝ s · L, (1.10)

where µ is the electron’s spin magnetic moment, B is effective magnetic field, L

is the orbital angular momentum, and s is the spin angular momentum. If we

assume the wave function of a Mott scattered electron to be the asymptotic form

of a plane wave:

ψ −−−→
r→∞

aeikz + a′(θ, ϕ)
eikr

r
, (1.11)

the differential cross section can be derived in terms of spin polarization [67]:

σ(θ, ϕ) = σ0(θ)[1 + S (θ)P · n̂], (1.12)
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Figure 1.3: Schematic of a Mott polarimeter.

where θ and ϕ are scattering angles, and n̂ is the normal unit vector to the plane

defined by initial and final momentum. σ0 is the cross-section without spin-

orbit coupling, and coefficient S (θ) is called the Sherman function. The spin de-

pendence of cross-section allows spin polarization measurements by comparing

signal intensities at two different detector positions.

Based on Eq. 1.12, a Mott polarimeter can be designed as in Fig. 1.3. Dur-

ing the measurements, transversely spin-polarized electron beam enters the po-

larimeter from electron lens assembly and gets scattered at high spin-orbit cou-

pling target with high energy (typically ∼20 keV). Heavy nuclei atoms such as

gold or tungsten are common choices for the target material because the first

term of perturbation expansion of Eq. 1.10 is proportional to Z4 where Z is the

atomic number [68]. Then, the scattered electrons are detected by channeltrons

which work as an electron multiplier to amplify signal intensity.

When the two electron detectors are placed symmetrically, the asymmetry of
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the signal intensities (NL,NR) due to the spin-orbit coupling can be calculated as

AS O =
NL − NR

NL + NR

=
[1 + S (θ)P · n̂] − [1 − S (θ)P · n̂]
[1 + S (θ)P · n̂] + [1 − S (θ)P · n̂]

= S (θ)P · n̂.

(1.13)

This equation implies that spin polarization is directly proportional to the asym-

metry by the Sherman function coefficient. Although the Sherman function can

be calculated theoretically based on the Mott scattering off a single atom, it is

often calibrated experimentally due to multiple and inelastic scatterings using

electron sources with known spin polarization such as GaAs.

Assuming the number of detected electrons Ni follows the Poisson statistics

(∆Ni →
√

Ni), the statistical uncertainty of a spin polarimeter can be calculated

as [68]

∆P =
1

S (θ)
∆AS O ≈

√
1

(NL + NR)S (θ)2

=

√
1

N0( NL+NR
N0

S (θ)2)
=

√
1

N0( I
I0

S (θ)2)
,

(1.14)

where N0 and I0 are the number of electrons and current entering the polarime-

ter, and I is the total current detected. Then, a unitless figure of merit can be

defined as

η =
I
I0

S (θ)2. (1.15)

When S (θ) is substituted with a calibrated effective Sherman function S e f f , a

state-of-art Mott polarimeter typically achieves η around 10−4 [69].

Designing a Mott polarimeter involves maximizing two parameters I/I0 and

S (θ)2, which depends on the energy of electrons at the moment of scattering and

the scattering angle. Unfortunately, the two parameters are usually in a nega-
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tive correlation [69]. As the target bias, which determines the energy of scat-

tering electrons, increases, the effective Sherman function also increases while

the detected current decreases. For the scattering angle, typically ∼ 120◦ is used

to maximize the effective Sherman function that prevents domination of sys-

tematic uncertainty from the Sherman function itself. Retarding potential Mott

polarimeter has been recently developed: a retarding potential is applied near

the detectors to screen inelastically scattered electrons that lower the effective

Sherman function. Although this type of Mott polarimeter has become the most

popular option due to the compact design, the figure of merit could not be im-

proved significantly (η ∼ 10−4) [68]. Despite such a low figure of merit, a Mott

polarimeter is the most popular option because target materials are robust and

do not require maintenance.

1.4 Thesis outline

The first and last chapters of this thesis provide an introduction and summary,

respectively. In chapter 2 to 4, we outline our srudies of semiconductor activa-

tion of GaAs photocathodes to improve lifetime performance for high current

applications [55, 66, 70]. Chapter 5 presents a theoretical work on photoemis-

sion dynamics of Cu photocathodes under high fluence femtosecond scale laser

pulses [19].

In chapter 2, we report a successful NEA activation of GaAs with Cs2Te

and confirmed it by measuring spectral response near the bandgap energy of

GaAs. Auger electron spectroscopy was used to characterize the NEA surface

elements. The lifetime performance of Cs2Te activated GaAs was compared to

17



that of the standard Cs-O activated GaAs. Lastly, the spin polarization of each

photocathode was measured with a commissioned Mott polarimeter. A similar

set of measurements were performed in chapter 3 to characterize Cs-Sb-O acti-

vated GaAs photocathodes. We optimized the growth recipe using Cs, Sb, O2

by comparing photocathode parameters of various cathodes. In chapter 4, the

performance of Cs-Sb-O activated GaAs photocathode was further character-

ized in a high voltage DC gun for a high current extraction –the ultimate test to

characterize the performance of any photocathode candidate for high average

current beam applications.

Chapter 5 showcases a theoretical work where we studied the nonequi-

librium thermodynamics of Cu cathode irradiated by high laser fluence. We

calculated the time-dependent electron occupation function by the Boltzmann

equation and estimated photocathode parameters based on Spicer’s three-step

model [20]. While this chapter is not related to spin-polarized beam produc-

tion, the general question tackled is potentially significant for any low-emittance

photocathode irradiated with a very high intensity laser pulse, including III-V

semiconductor photocathodes such as GaAs.
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2
Rugged spin-polarized electron sources based

on negative electron affinity GaAs photocathode

with robust Cs2Te coating

This chapter was originally published as Ref. [55].

2.1 Abstract

Photocathodes capable of providing high intensity and highly spin-polarized

electron beams with long operational lifetimes are of great interest for the next

generation nuclear physics facilities like Electron Ion Colliders. We report on

GaAs photocathodes activated by Cs2Te, a material well known for its robust-

ness. GaAs activated by Cs2Te form Negative Electron Affinity, and the life-

time for the extracted charge is improved by a factor of 5 compared to that of

GaAs activated by Cs and O2. The spin polarization of photoelectrons was mea-

sured using a Mott polarimeter and found to be independent of the activation

method, thereby shifting the paradigm on spin-polarized electron sources em-
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ploying photocathodes with robust coatings.

2.2 Introduction

As of today, the operational lifetime of GaAs-based photocathodes remains a

primary limit to the production of highly spin-polarized electron beams with

high average currents. Such beams are essential to reach design luminosity for

future facilities, such as the Electron Ion Collider [71], aimed at studying a wide

range of phenomena from strong and electro-weak interactions to physics be-

yond the Standard Model [40, 72, 47].

Almost all electron sources for highly spin-polarized electron beams in ac-

celerator physics rely on photocathode materials based on GaAs technology. By

exposing the GaAs surface to a small quantity of cesium and an oxidant (oxy-

gen or NF3 gases are commonly used) [73], a strong dipole moment is formed at

the surface that decreases the potential barrier of the electron emission into the

vacuum. If the GaAs is also p-doped, due to downward pinning of the bands

near the surface, the vacuum level can be lowered below the GaAs conduc-

tion band minimum (CBM) achieving the so called Negative Electron Affinity

(NEA). When the NEA condition is reached, electrons that have relaxed to the

bottom of the conduction band can still escape into the vacuum when they reach

the surface. Such condition of GaAs results in a high Quantum Efficiency (QE)

even for electrons that are excited with photon energies slightly larger than the

bandgap [54].

The generation of spin-polarized photoelectrons from GaAs takes advantage

of the selection rule, which conserves the total angular momentum during tran-

20



sitions from the valence band to the conduction band. Due to the degeneracy of

the heavy-hole and light-hole band in the P3/2 valence band state, a bulk GaAs

can provide up to 50% degree of polarization depending on the doping density

[1]. Several approaches have been considered to increase the degree of electron

spin polarization, the most effective being implementation of a lattice strain in

GaAs aimed at breaking the energy degeneracy of the light and the heavy hole

bands. Indeed, strained GaAs layers grown on GaAsP produce high polariza-

tion up to 90% by splitting the degenerate energy levels at a cost of decreased

QE (0.07%) using a photon energy of 1.48 eV [50]. Very recently, GaAs/GaAsP

multi-layer super-lattices with a distributed Bragg reflector structure success-

fully showed an enhanced QE of 6.4% with a high polarization of 84% [52].

NEA GaAs photocathodes are notorious for their exceptional vacuum sensi-

tivity. Because activation layers are extremely vulnerable to chemical reactions

and weakly bound to the bulk, they require extreme high vacuum (XHV) con-

ditions to survive a long enough time to be of any practical use. Mainly three

mechanisms are responsible for the surface degradation of GaAs activated to

NEA: ion back-bombardment [4], chemical poisoning [56], and thermal desorp-

tion of the activation layer [57]. The degradation of photocathode lifetime due

to ion back-bombardment is proportional to the overall charge extracted from

the cathode. It can be mitigated by extracting electrons from a spot several mm

off the electrostatic center of the electron gun [4]. The advantages of operat-

ing under such experimental conditions have been demonstrated in the case of

GaAs as well as alkali antimonides [74, 75]. When NF3 is used as an oxidant,

it was reported that activation performed using Cs and Li simultaneously can

lead to improved lifetimes [76, 77]. These studies suggest that chemically stable

activation layers can enhance the operational lifetime and improve the photo-
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Figure 2.1: Energy band diagram of GaAs with Cs2Te activation layer. If
near IR light (∼ 1.43 eV) is illuminating the sample, the photo-
electrons are excited from the GaAs valence band because elec-
trons in Cs2Te require 3.5 eV to reach the vacuum level. NEA is
formed on the surface because the vacuum level (Evac) is below
the GaAs conduction band minimum.

cathode’s ability to better withstand both ion back-bombardment and chemical

poisoning.

Cs2Te is a well known solar-blind photocathode material. Its resistance to

chemical poisoning and poor vacuum conditions is much larger than that of

GaAs. Therefore, it is the most commonly used high-QE photocathode in nor-

mal conducting RF guns known for their poorer vacuum [63]. Recent studies

showed that Cs2Te could also form NEA on GaAs due to a peculiar alignment

of the electronic bands of the two materials, as shown in Figure 2.1 [2, 64, 65].

In this work, we report a NEA condition produced on bulk GaAs using a

Cs2Te activation layer, the polarization measurements, and the charge lifetime

obtained for these photocathodes. Our results demonstrate a more stable NEA

surface as compared to the traditional activation using Cs and O2 without neg-

atively affecting the spin polarization of photoemitted electrons.
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2.3 Growth

Several different specimens were prepared from the same highly p-doped (Zn

5 × 1018 cm−3) GaAs (100) wafer. In order to remove the native oxide layer, a

wet etch was performed in a 4% HCl solution for 5 minutes under the hood in

the air. Then, samples were rinsed in deionized water, dried using pure nitro-

gen, connected to the sample holder, and loaded under vacuum in less than 1

hour. A mild sample heating at about 400 ◦C for 12 hours was deemed sufficient

to yield a surface clean enough to perform our experiments. This was inferred

from observing that after the heating, the samples could be activated to NEA

using only Cs (photoemission observed with ∼1.43 eV photons). The growth of

Cs2Te was performed in an ultra-high vacuum (UHV) chamber equipped with

effusion cells hosting BN crucibles loaded with Cs (99.5% from Strem Chem-

icals) and Te (99.999% from Sigma-Aldrich). Each source is equipped with a

shutter that allows to trigger on and off the flux towards the substrate surface.

After the heat cleaning, the temperature of the samples was lowered to approxi-

mately 130 ◦C, and the light of a small diode laser operating at 532 nm was used

to illuminate the negatively biased photocathode surface. The Cs2Te growth

on GaAs was performed while continuously cooling down the sample from the

initial temperature of about 130 ◦C (see Figure 2.2 (c)). Initially, (see Figure 2.2

(a) and (b)) only a small flux of Cs was evaporated until the photocurrent is

saturated for an equivalent QE of about 0.5%, which demonstrates sufficient

cleanliness of the GaAs surface. At this point, the shutter for Cs was closed, and

the one for Te was opened. A sharp decrease of the photocurrent was observed,

followed by deposition of 0.5 nm thick Te layer as estimated from the quartz mi-

crobalance frequency shift (Figure 2.2 (b)). Another Cs deposition followed. The
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Figure 2.2: (a) Photocurrent measured over time with a 532 nm laser illu-
minating GaAs during alternating exposure to Cs and Te evap-
oration; (b) Estimated thicknesses of Cs and Te from the quartz
microbalance frequency shift; (c) GaAs substrate temperature
during the growth of Cs2Te.

photocurrent increased again until an equivalent QE of about 1% was reached.

Subsequent simultaneous evaporation of Cs and Te (which adds the equivalent

of another 0.5 nm of Te) did not improve QE much further (Figure 2.2 (a) and

(b)). Upon final cooling down, the samples were exposed to a very small flux of

Cs, reaching a typical final QE of about 1.5% at 532 nm.
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Figure 2.3: Auger electron spectra of GaAs with Cs2Te activation layer.

2.4 Results and Discussion

One of the samples was moved under UHV into our surface analysis chamber

to analyze the surface by collecting the Auger spectrum (Figure 2.3). The Auger

spectra clearly show the distinctive peaks of Te and Cs confirming the presence

of the two elements over the GaAs surface. Detection of Auger electrons from

Ga and As also confirms that the Cs and Te layers are only a few nm thick.

The NEA condition was experimentally verified from the spectral response

measurements of QE using a broadband lamp and a monochromator. Figure

2.4 shows a typical spectral response from one of our GaAs samples activated

with Cs2Te, comparing it with a similar result reported in the literature [2]. The

photoemission at the photon energy of 1.43 eV (the bandgap of GaAs) supports

the conclusion that the NEA condition is achieved at the surface.

Two different metrics are often used for the lifetime of a photocathode: op-

erational lifetime, defined as the amount of time a photocathode can satisfy the
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QE requirement for a particular purpose, and charge lifetime, defined as the

amount of charges extracted until QE drops to 1/e of the initial value [4]. The

latter has been suggested as a more appropriate figure of merit when compar-

ing the performance of different photocathodes. In Figure 2.5, all lifetime mea-

surements were performed under very similar vacuum conditions (better than

1× 10−10 Torr) using a 532 nm laser light excitation (∼ 50µW) with identical spot

size for all illuminations. After each Cs2Te growth, the photocurrent of each

sample was constantly measured until the QE went to the 1 × 10−3 level or be-

low. Once such level was reached, the samples were exposed to a Cs flux using

alkali-chromate-based dispensers to restore the initial efficiency. QEs were mon-

itored also for the recesiated samples, and all the results are reported in Figure

2.5.

The sample coated with an activation layer grown with a 1.2-nm thin film

of Te showed the largest charge lifetime value of 9.4 × 10−3 Coulomb. At the
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same time, the QE at 532 nm was measured to be a factor of 2 larger than the

one obtained when a 1.0-nm Te thin film was used. Compared to the lifetime of

1.9 × 10−3 Coulomb measured for a GaAs activated with Cs and O2, the Cs2Te

layer enhanced the lifetime by a factor of 5 in our experimental conditions.

While the exposure to Cs vapors was effective in restoring QEs to even higher

levels than the original ones, the charge lifetimes of the recesiated samples are

considerably shorter than the original ones. The recesiated samples had charge

lifetimes comparable to those of the Cs and O2 activated ones. This suggests

that Cs atoms did not penetrate deeply and/or react with the Cs2Te layer but

rather deposited on the surface after the recesiation.

Despite the fact that our experiments were performed under UHV condi-

tions, all the charge lifetimes that were measured appear orders of magnitude

lower than those reported for GaAs activated to NEA that operated in one of the

CEBAF electron guns with a beam energy of 100 keV [78]. A simple explanation

to this experimental result is related to the vastly different experimental con-

ditions we had in our case. Indeed, unlike the CEBAF gun where the electron

beam is accelerated to 100 keV, photoelectrons in our setup are accelerated to

mere ∼40 eV. At such low kinetic energies, the electron impact ionization cross-

section for molecular hydrogen (which is considered to be the dominant chemi-

cal species in the residual gas of the vacuum chamber) is 3 orders of magnitude

greater than that at 100 keV [4, 78]. Also, due to the lack of any deflecting fields,

electrons and ions trajectories are co-linear, so that the flux of back-streaming

ions is likely to impact at the exact location where the laser spot is illuminat-

ing the photocathode. Finally, the positive ions are accelerated at relatively low

energies, and hence they will mostly damage a very shallow region near the

surface rather than penetrating deeper into the bulk, i.e. affecting the layers
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responsible for the NEA more effectively.

The photocathode laboratory UHV installation has been upgraded with a

low energy reflection mode Mott polarimeter that was originally part of SLAC

photocathode test-stand [79]. This Mott analyzer’s Sherman function was char-

acterized to be S eff = 0.15 at 20 kV operating voltage with a 5% accuracy when

electrons within a 1 keV energy loss window are allowed to be detected [80].

Monochromatic light was circularly polarized using a linear polarizer (Thorlabs

LPVIS050) and a liquid crystal variable wave plate (Thorlabs LC1113B), and it

was directed unto the sample surface at normal incidence. The helicity of cir-

cular polarization was switched by alternating retardance of the liquid crystal

wave plate between 1
4λ and 3

4λ.
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One of GaAs samples was first activated to NEA using Cs and O2, and then

moved into the UHV chamber equipped with the Mott polarimeter. Photoelec-

trons were transported to the Mott detector, and from the measured asymme-

tries in the scattering process and the known value of the S eff , the electron beam

polarization was obtained for different wavelengths. See Figure 2.6. The mea-

sured values agree quite well with those recently reported for similar bulk GaAs

by another group [1]. The same sample was then moved back to the Cs2Te

growth chamber. There it was first heated for 12 hours at 400 ◦C to remove

the Cs and O2 from its surface, and then Cs2Te thin film was deposited on it.

Once the GaAs sample was activated with Cs2Te, it was moved back to the

Mott chamber to measure the spin polarization of photoelectrons. Results are

reported in Figure 2.6 as well. We found that the Cs2Te thin film did not affect

the polarization of the photoelectrons from GaAs.

Although the maximum theoretical electron spin polarization achievable for

bulk GaAs is 50%, due to spin relaxation mechanisms happening before the

emission into vacuum, 30-40% degree of polarization is usually attained from

NEA GaAs. For GaAs, electron spin relaxation mechanisms have been exten-

sively studied and are dominated by the lack of inversion symmetry and the

exchange interaction between electrons and holes, leading to a characteristic re-

laxation time τs of ∼100 ps at room temperature [81, 82, 53]. Additional depolar-

ization mechanisms at activation layers are relatively unknown and have been

considered negligible because the Cs and O2 activation is on the order of less

than a monolayer. In case of Cs2Te activation layer, the thickness might be no

longer negligible, and the activation layer can become an additional source of

spin depolarization. Based on Refs. [82, 53], we estimate τs to be similar to that

of GaAs but dominated by the lack of inversion symmetry and the spin-orbit
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coupling due to a heavier electron effective mass. The conduction band electron

effective mass of 1.1me at Γ point was used based on calculations [83]. From this

estimate, we expect that electrons can travel several tens of nm in Cs2Te with-

out experiencing significant depolarization. Our results reported in Figure 2.6

support this conclusion.

An electron mean free path of 3 nm and mean energy losses of 5 meV have

been used to accurately reproduce the spectral response of Cs2Te using Monte

Carlo techniques [84]. Assuming 0.15 eV as the maximum energy of electrons

excited in GaAs with 780 nm light and injected into the Cs2Te layer (see Figure

2.1): electrons should still be able to escape even after having experienced on

the order of 30 (= 0.15 eV/5 meV) scattering events. Making the assumption of

small scattering angles [85], a few tens of nm of Cs2Te should also not drastically

affect the efficiency of electron emission.

30



2.5 Conclusion

In conclusion, we activated GaAs with Cs2Te to study their effect on NEA for-

mation, lifetime, and spin-polarization of the photocathode. NEA condition

was confirmed by the spectral response. The lifetime showed a factor of 5

improvements while the spin polarization remained the same as the one ob-

tained with the Cs and O2 standard activation. Based on our presented results

and simplified estimates predicting negligible losses of quantum efficiency and

spin polarization, we plan to experiment with a thicker Cs2Te to further im-

prove the photocathode lifetime. We believe that our work triggers a paradigm

shift in activating GaAs photocathodes with other materials that can both form

more robust NEA activation layers and enable applications requiring high spin-

polarized photoelectrons.
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3
Improved lifetime of a high spin polarization

superlattice photocathode

This chapter was originally published as Ref. [66].

3.1 Abstract

Negative Electron Affinity (NEA) activated surfaces are required to extract

highly spin polarized electron beams from GaAs-based photocathodes, but they

suffer extreme sensitivity to poor vacuum conditions that results in rapid degra-

dation of quantum efficiency. We report on series of unconventional NEA acti-

vations on surfaces of bulk GaAs with Cs, Sb, and O2 using different methods of

oxygen exposure for optimizing photocathode performance. One order of mag-

nitude improvement in lifetime with respect to the standard Cs-O2 activation

is achieved without significant loss of electron spin polarization and quantum

efficiency by codepositing Cs, Sb, and O2. A strained GaAs/GaAsP superlattice

sample activated with the codeposition method demonstrated similar enhance-

ment in lifetime near the photoemission threshold while maintaining 90% spin
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polarization.

3.2 Introduction

Highly spin polarized electron beams with high currents are required by future

nuclear physics facilities such as the Electron Ion Collider and the International

Linear Collider [71, 40, 72]. Photocathode sources capable of providing spin po-

larized electron beams at high currents (∼ 50 mA) [39] for extended period of

time which are robust against less than ideal vacuum conditions are required in

order to reduce the cost and complexity of operating these new facilities. Long

lifetime polarized electron sources are also of interest for electron microscopy

technologies that exploits spin polarization to probe magnetization in materials

and nanostructures at the nanoscale level. Additionally, bright spin polarized

sources driven with a short pulse laser can enable time studies of magnetization

dynamics [86, 17, 87]. GaAs-based photocathodes are the present state of the art

for the spin polarized electron sources because they can provide highly spin

polarized electron beams with high efficiency [52]. However, their short opera-

tional lifetime poses limits particularly for applications requiring high average

current [88].

GaAs was first shown to be an attractive electron photoemitter five decades

ago via the discovery of negative electron affinity (NEA) activation on p-type

samples [43]. When the GaAs surface is exposed to cesium vapor (electroposi-

tive metal atoms), a strong dipole layer is formed on the surface that lowers the

electron affinity, which is defined as the energy difference between the vacuum

level and conduction band minimum [1]. If the GaAs is p-doped, the effective
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electron affinity can become negative because of the downward band bending

near the surface. Thus, in NEA conditions, electrons that have relaxed to the

bottom of the conduction band after photoexcitation can still escape into vac-

uum when they reach the vacuum interface. The combination of NEA and other

characteristics of GaAs-based photocathodes, such as high electron mobility, re-

sults in a high quantum efficiency (QE) at the band gap photon energy of about

1.4 eV [44]. Additionally, it was demonstrated that the introduction of an oxi-

dant, such as oxygen or NF3, during cesiation can yield an even stronger dipole

moment layer and achieve larger NEA and hence larger QE [89, 73].

Spin polarized electron photoemission from GaAs is achieved by exploiting

the quantum mechanical selection rule that conserves the total angular momen-

tum during photoexcitation with circularly polarized light [44]. Since electrons

need to be excited only from the top of the valence band for a high spin polar-

ization, NEA is required. Due to the degenerate light-hole and heavy-hole band

states in the P3/2 valence band, the theoretical limit of spin polarization of NEA

bulk GaAs is 50%. Additionally, various spin relaxation mechanisms limit spin

polarization from bulk GaAs to ∼ 35 % at room temperature [1]. A number of

approaches have been proposed to overcome this limit [48, 47]. where exerting

lattice strain on GaAs aimed at breaking the valence band degeneracy has been

the most successful [50]. This method exhibits a high spin polarization of 90%

but suffers from significantly decreased QE of 0.07%. In an extension of this

approach, GaAs/GaAsP multi-layer superlattices structures with a distributed

Bragg reflector were shown to improve the QE up to 6.4% with a spin polariza-

tion of 84% [52].

NEA surfaces of GaAs suffer from extreme vacuum sensitivity because tradi-
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tional activation layer materials such as Cs-O2 and Cs-NF3 form about a mono-

layer that is weakly bound to the surface and is chemically reactive [57, 56].

Enhancement of activation layer chemical stability has been shown by using

two alkali species, Cs and Li, during activation [77, 76, 90]. While the chemical

reactivity is responsible for QE degradation when no photoemission is occur-

ring (dark lifetime), the ion back-bombardment effect also limits the lifetime of

the GaAs-based photocathodes during beam extraction. Deflecting the electron

beam near the emission site was proposed to counteract this mechanism and

showed an improvement in lifetime of both GaAs and alkali antimonide photo-

cathodes [4, 75, 91, 74].

Although n-type Cs3Sb and CsI were demonstrated to be alternative activa-

tion materials at the time of the discovery of NEA activation [58, 59, 61, 62, 60],

they have generally been avoided in the photocathode community because the

semiconductor activation layer is thicker, and can potentially decrease spin po-

larization. Recent studies reported successful NEA activation on bulk GaAs

using Cs2Te [64, 65, 2], a semiconductor known for being a robust solar blind

photocathode material itself [63]. It was demonstrated that a Cs2Te activation

layer can improve the charge extraction lifetime by a factor of 5 without nega-

tively affecting the spin polarization [55]. Yet, all experiments were done with

bulk GaAs, which only has up to 40% spin polarization at room temperature.

Activation of high spin polarization photocathodes (like GaAs/GaAsP super-

lattices) and its effect on the degree of polarization have not been demonstrated.

Based on the heterojunction model, a semiconductor layer capable of NEA

activation on p-type GaAs should satisfy two conditions (see Fig. 3.1): (i) the

energy difference between the Fermi level and vacuum level should be smaller
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than the band gap of GaAs (1.42 eV) to achieve NEA, and (ii) the band gap

of activation layer should be greater than that of GaAs to ensure transparency

to photons with the GaAs band gap energy. Cs3Sb has a band gap of 1.6 eV

and small electron affinity of 0.45 eV. Such a small electron affinity hints at the

possibility of NEA activation on GaAs using Cs3Sb: as shown in Fig. 3.1, Cs3Sb

satisfies the two conditions mentioned above without any doping control.

Recently, Ref. [5] reported NEA activation of GaAs surfaces with Cs, Sb, and

O2 codeposited layers and changes in photocathode parameters as the thickness

was varied. In this work, we demonstrate NEA conditions achieved on bulk p-

type GaAs with Cs-Sb using various methods of oxygen exposure and its effect

on photocathode parameters such as the lifetime, QE, and the degree of spin

polarization. Then, a GaAs/GaAsP superlattice sample was activated with one

of the methods (codeposition of Cs, Sb, and O2) and compared with typical Cs-

O2 activation. We find a significant improvement in the lifetime at 780 nm while

preserving 90% spin polarization.

3.3 Growth

Samples of 10 × 10 mm2 dimension are prepared by cutting highly p-doped (Zn

5 × 1018 cm−3) GaAs (100) wafers in air with a diamond scriber. Samples are

then solvent cleaned with isopropanol and rinsed in de-ionized water. Wet-

etching was later performed for each sample with 1% HF for 30 s to remove the

native oxide layer with minimal surface damage [92, 93]. Samples were finally

rinsed again in de-ionized water and then moved into vacuum. The growth

chamber has Cs and Sb single filament effusion cells [94] installed under ultra-
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Figure 3.1: Energy band diagram of GaAs activated with Cs3Sb coating.
An alternative activation layer needs to satisfy two conditions
to achieve NEA. (i) The energy difference between the vacuum
level Evac and Fermi level EF should be smaller than the GaAs
band gap. (ii) The band gap of activation layer should be larger
than the GaAs band gap so that the activation layer is transpar-
ent for photon energy near the GaAs band gap.

high vacuum (UHV) of ∼ 10−9 Torr. Shutters in front of each effusion cell act

as on/off switches of the flux to the sample surface. A leak valve connected to

an oxygen bottle was used to leak oxygen into the chamber during the growths.

Total pressure is monitored with a cold cathode gauge. GaAs samples were

heat cleaned at ∼ 500 ◦C for about 12 hours. Then temperature was lowered to

about 130 ◦C for the growth. The same heat cleaning procedure was employed

to prepare the reference sample, which was later activated with Cs and O2 at

room temperature.

A 780 nm diode laser (∼ 10µW) in continuous wave mode was used to excite

the samples [95] that were biased at -18 V during the growth. This wavelength

is at the NEA GaAs threshold. The drain current was measured via a lock-in

amplifier locked to the frequency of an optical chopper used to modulate the
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Figure 3.2: Deposition order of different oxygen exposure methods used
in Cs-Sb semiconductor activation. (a)-(d) represents methods
(a)-(d) in the text.

laser light. Samples were grown with five different methods:

(a) Cs and Sb was codeposited on GaAs without oxygen exposure. This

method corresponds to Cs-Sb (purple lines) in Fig. 3.4-3.6.

(b) Cs-O2 codeposition was additionally performed after Cs-Sb codeposition

to study the effect of Cs-O2 dipole layer on the surface. This method cor-

responds to Cs-Sb + Cs-O2 (blue lines) in Fig. 3.4-3.6.

(c) Cs and O2 was codeposited before the growth Cs-Sb to study the effect of

Cs-O2 dipole layer at the interface between GaAs and Cs-Sb layer. This

method corresponds to Cs-O2 + Cs-Sb (orange lines) in Fig. 3.3-3.6.

(d) Cs and Sb was codeposited under O2 exposure throughout the growth

procedure. This method corresponds to Cs-Sb-O2 (green lines) in Fig. 3.3-

3.7.
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Oxygen leak valve was closed at (iii).
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(e) Conventional codeposition of Cs and O2 was performed for a control sam-

ple. This method corresponds to Cs-O2 (red lines) in Fig. 3.4-3.7.

Figure 3.2 illustrates the layer order for samples grown with Sb.

In Fig. 3.3, the QEs estimated during the different growth procedures of Cs-

Sb on bulk GaAs with and without the oxygen exposure are plotted. At the

beginning of the growth procedures, we found the samples already photoemit-

ting at 780 nm. We attribute this to the Cs vapors already present in the UHV

chamber from previous growth experiments. As the Cs furnace temperature is

raised with the shutter closed, the QE increases further, likely because Cs vapors

can make it through the gap between the shutter and furnace. In Fig. 3.3, (i) indi-

cates the opening of the Cs shutter and (ii) is when the Sb shutter is opened. For

all methods, the Sb shutter was left opened for 1000 seconds to deposit 0.25 nm

with a flux of 8.3×1011 atoms/cm2/s, estimated from frequency shifts of a quartz

crystal microbalance. Assuming Cs3Sb single crystal structure, this amount of

Sb corresponds to the total film thickness of 1.7 nm [96]. The Cs shutter was left

open during the Sb layer deposition and the final cooling of the sample down to

50◦C. The photocurrent showed a sudden increase as the Cs shutter is opened

and rapid decrease when Sb shutter is opened. For the samples of Fig. 3.3 (a), no

oxygen was leaked into the growth chamber (methods (a) and (b)). Oxygen was

supplied with a partial pressure of ∼ 5× 10−9 Torr in Fig. 3.3 (b) and (c); the leak

valve was closed just before opening the Sb shutter in (b) (method (c)) and dur-

ing cooling down (iii) in (c) (method (d)). The sample activated with method (b)

was moved under UHV into another chamber (with a base pressure of ∼ 5×10−11

Torr) to be further activated by exposing simultaneously to Cs and O2 at room

temperature. For the superlattice sample, Cs, Sb, and O2 are codeposited for
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Figure 3.4: Spectral response of GaAs samples activated by Cs, Sb, and O2

using different methods. All samples indicate NEA activation
on the surface by photoemission at GaAs band gap energy (1.42
eV).

activation as in Fig. 3.3 (c). Half the amount of Sb was deposited compared to

the bulk samples (0.125 nm Sb and 0.85 nm total thickness) to maintain the spin

polarization [5].

3.4 Results

The spectral response of samples with different growth methods are reported in

Fig. 3.4. Photoemission at the GaAs band gap photon energy (1.42 eV) confirms

NEA achievement on the surface for all of the investigated activation methods.

The reference sample, activated with Cs and O2, has the highest QE across the

measured spectral range. The sample activated with only Cs-Sb has the lowest
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QE in the infrared region (about 2 orders of magnitude lower than the Cs-O2

activated sample at 780 nm). Exposing to Cs-O2 after or before the growth of

the Cs-Sb layer (methods (b) and (c)) increases the QE near the GaAs bandgap

energy: in particular for the sample prepared with method (c), we observed

an increase of QE by about an order of magnitude with respect to the bare Cs-

Sb activated sample. Finally, the Cs-Sb-O2 codeposited sample (method (d))

showed the highest QE near the photoemission threshold among Sb-containing

samples. These results illustrate the significance of the Cs-O2 dipole layer in

enhancing the NEA at the GaAs interface.

The robustness of the activating layers was compared by measuring the QE

degradation over time. The lifetime of a photocathode is defined as the time QE

takes to drop by a factor of e, the base of the natural logarithm [55, 4]. Photocur-

rent was measured continuously in the range of 1 - 100 nA with a 505 nm diode

laser (∼ 20µW) in Fig. 3.5. The lifetimes extracted from these measurements rep-

resent a convolution of the QE degradation from chemical poisoning (known as

dark lifetime) and ion back-bombardment (known as charge lifetime). A de-

tailed study of dark lifetime and charge extraction lifetime of codeposited sam-

ples is reported in Ref. [5].

From the data reported in Fig. 3.5, it can be seen that Sb deposited samples

have at least a factor of 2.6 improvement in lifetime compared to the sample

activated with Cs and O2. The longest lifetime (770 h) was observed when bare

Cs-Sb is used for activation, but this method yielded the lowest efficiency near

the threshold (Fig. 3.4). One order of magnitude increase in lifetime (∼ 300 h)

was observed when the samples are exposed to oxygen either after or during

Cs-Sb growths. Table 3.1 reports estimated lifetimes at 780 nm. Spectral re-
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sponse at 780 nm was measured before and after the QE degradation measure-

ment in Fig. 3.5, and the lifetime is calculated assuming an exponential decrease

as a function of time between the two measured points. The Cs-Sb-O2 activa-

tion showed the greatest improvement from Cs-O2 activation by a factor of 6.8.

As opposed to Cs2Te activation, which showed a rapid increase of the work

function as a function of time [64], the Cs-Sb-O2 layer achieves significant en-

hancement in lifetime near the photoemission threshold.

Spin polarization of photoemitted electrons was measured by the Mott po-

larimeter described in Refs. [80, 55]. Monochromatic light was used to produce

circularly polarized light directed at normal incidence to the sample surface.

Longitudinally spin-polarized electrons were bent 90◦ by electrostatic lenses

and Mott scattered with 20 keV at a tungsten target, which was calibrated to

43



Activation
method

Initial QE
at 780 nm

Final QE at
780 nm

Lifetime
estimate (hour)

Improvement
factor

Cs-O2 3.3 × 10−2 1.4 × 10−3 15 ×1
Cs-O2 + Cs-Sb 9.5 × 10−3 2.9 × 10−3 41 ×2.7
Cs-Sb + Cs-O2 3.8 × 10−3 1.1 × 10−3 70 ×4.6
Cs-Sb-O2 1.0 × 10−2 7.0 × 10−3 104 ×6.8

Table 3.1: Lifetimes at 780 nm estimated by comparing initial QE and final
QE after the QE degradation measurement in Fig. 3.5.
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have a Sherman function of 0.18 [80, 55]. Photoelectron spin polarization was

measured as a function of wavelength for each sample (Fig. 3.6). The maximum

spin polarization varied up to 5%, which corresponds to about 3 standard devia-

tions. The detailed study [5] on the samples activated with the Cs-Sb-O2 method

reveals a significant spin depolarization as thickness of the Sb layer grows.
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Since the Cs-Sb-O2 codeposited sample showed both the highest QE at the

photoemission threshold among Sb deposited samples and a significantly im-

proved lifetime, we chose the codeposition method to activate a GaAs/GaAsP

superlattice sample [97] (Fig. 3.7). Compared to the bulk samples, a half the

amount of Sb is deposited (0.125 nm) to minimize depolarization at the activa-

tion layer [5]. Both samples showed ∼ 90 % maximum spin polarization with

agreement within one standard deviation. The QE at 780 nm was a factor of

3 smaller for the semiconductor activated sample. QE was continuously mea-

sured in Fig. 3.7 (b) for lifetime estimation at 780 nm, the wavelength commonly

used for a highly spin polarized photoemission. The lifetime showed a factor

of 7 improvement, which is similar to the bulk results in Table. 3.1 that were

activated with twice the amount of Sb.

3.5 Discussion

The sample prepared with method (c) (where the Cs-O2 is deposited on the sur-

face of GaAs under the Cs-Sb layer) has a higher QE than the sample prepared

with method (b), where the Cs-O2 is deposited above the Cs-Sb layer. This

suggests that despite the small thickness of the activating layers, segregation

can take place such that the intermediate Cs-O2 layer retains the strong electric

dipole enhancing the transmission from GaAs into the Cs-Sb layer. Addition-

ally, the QE near threshold of the sample exposed to Cs-O2 after depositing Cs-

Sb is larger than the one activated only with Cs-Sb. Studies on the nature of the

GaAs/Cs-O activation layer indicate that the dipole layer consists of a Cs+-O2−-

Cs+ sandwich on a O-GaAs layer, and the strong double dipole layer results in

a higher QE compared to Cs-only activation [89]. On the other hand, studies
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on the oxidation of alkali antimonide photocathodes show that, during oxida-

tion, the films segregate in a alkali-oxide rich surface layer on top of the alkali

antimonide layer [98]. In particular, at low oxygen exposures (less than 10 L for

Cs2.5K0.5Sb) [98], the top surface is mainly composed of a Cs suboxide (Cs11O3)

[99] that is known to promote photoemission, in particular at long wavelengths

[100].

The above discussion suggests that the sample activated with Cs-Sb-O2

should indeed have the the largest QE among the alternative methods. In this

case, the continuous oxygen exposure can result in the formation of a strong

electric dipole at both the interface with GaAs and at the surface of Cs-Sb that

can favor both electron tunneling from GaAs to Cs-Sb and electron emission

from Cs-Sb to vacuum. The oxygen dosed on the samples during codeposition

can be estimated to be of the order of 50 L - 75 L; since Cs is provided during the

oxygen exposure and after the closure of the oxygen leak valve, it is reasonable

to expect the formation of Cs-rich suboxides on the sample surface.

Photoexcited electrons experience a potential barrier at the GaAs surface in

the process of emission into the vacuum. Although various models of the poten-

tial barrier were proposed, fundamental understanding of the nature of the bar-

rier is lacking [101, 102]. Rectangular [103], triangular [3], and double triangular

[102] shapes have been proposed in previous studies to reproduce various ex-

perimental observations. In Fig. 3.8, a simple potential barrier was constructed

to numerically investigate how different methods of oxygen exposure during

Cs-Sb growths can affect the shape of the potential barrier and QE as a result.

The transmission probabilities and corresponding quantum efficiencies of var-

ious modeled potential barriers were calculated using the propagation matrix
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Figure 3.8: Numerical simulation of quantum efficiency under various po-
tential barrier shapes. (a) Potential barriers were constructed
for 1.7 nm thick semiconductor activation layer to calculate
transmission probabilities. Red, yellow, blue regions corre-
spond to GaAs, activation layer, and vacuum, respectively. An
enlarged view of the barrier near the surface is shown in the in-
set. (b) Width and EA are varied to compute threshold QE. The
black mark corresponds to the standard Cs-O2 activation sam-
ple. Potential barrier parameters in Ref. [3] were used. White
contour lines are sets of parameters that reproduce experimen-
tally measured QEs.
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approach [101, 104, 105].

In the bulk of GaAs, we implement quadratic band-bending near the surface

with a 10 nm band bending region and 0.4 eV band bending magnitude [101].

A simple triangular potential barrier was placed at the interface between GaAs

and the activation layer. The height of the triangle was fixed at 4 eV above

the conduction band minimum (CBM) of GaAs [3] while the width was varied

throughout the simulations. The variation of the width can be interpreted as a

change in dipole moment strength at the interface. The bottom of the potential

well between the triangular barrier and the vacuum interface was fixed at 0.35

eV below the conduction band minimum [106, 102, 107]. The vacuum interface

is positioned at 1.7 nm from the GaAs surface, which is the estimated thickness

of the activation layer.

Based on the transmission probabilities (P) calculated by the propagation

matrix approach [104, 105], corresponding quantum efficiencies (QE) are com-

puted numerically with the following equation:

QE = (1 − R)F

∫ ∞
0

dE f (E)
∫ 1

0
d(cos θ)P(E cos2 θ)∫ ∞

0
dE f (E)

∫ 1

−1
d(cos θ)

. (3.1)

Here, R is the optical reflectance of GaAs, F is a scattering contribution (from

holes, impurities, and phonons) [101] which can be approximated to be inde-

pendent of energy near the photoemission threshold [7], θ is the angle between

the electron velocity and the surface normal, and f (E) is a Fermi-Dirac distribu-

tion of photoexcited electrons:

f (E) =
1

1 + e[E−(hν−Eg)]/kT , (3.2)

where hν is the photon energy, Eg is the GaAs band gap, k is the Boltzmann

constant, and T is the room temperature. Additional scatterings at the semicon-
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ductor activation layer can be considered to be mostly elastic electron-electron

collisions, so they have been ignored [5].

In Fig. 3.8 (b), QEs are calculated for various sets of the triangle width and

electron affinity. The photoemission threshold wavelength 870 nm was used,

and the scattering term F was set to be 0.21 to match the experimentally mea-

sured value of Cs-O2 activated sample to the calculated one. The width of trian-

gular potential barrier of Cs-O2 activation layer is reported to be 0.15 nm [3] with

0.35 eV NEA [102, 107, 106]. The white contour line for each growth method rep-

resent the set of parameters that reproduce the experimentally measured QE at

870 nm. The contour lines suggest that when NEA is greater than 0.1 eV, the

efficiency is roughly independent of NEA while the barrier width plays a criti-

cal role in determining QE. Considering that a small width represents a strong

dipole moment at the surface, activation with oxygen at the interface between

bulk GaAs and the activation layer is essential to achieve a high QE. Thus, this

simple model can explain why samples activated with oxygen before and dur-

ing the Cs-Sb growth showed greater improvement in QE compared to the sam-

ple exposed to oxygen after Sb deposition, which is related to greater NEA at

the vacuum interface.

3.6 Conclusion

We have investigated the NEA activation of GaAs samples with Cs, Sb and O2

in various recipes. Of the recipes attempted, we found that the codeposition

method can achieve the highest QE (∼ 1% at 780 nm) with a factor of 10 and 7

improvement in lifetime at 505 nm and 780 nm, respectively, compared to the
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conventional Cs-O2 activation. Similar results were obtained for the high po-

larization GaAs/GaAsP superlattice sample. This sample showed a factor of

7 improvement in lifetime at 780 nm without any depolarization at a cost of

a factor of 3 smaller QE. A simple numerical model was proposed to estimate

QE for various shapes of the potential barrier at the relatively thick semicon-

ductor activation layer. According to the model, the dipole moment strength at

the GaAs interface with the activation layer is critical to achieve a high QE at

the photoemission threshold. This explains the significant improvement in QE

we observed when the samples were exposed to oxygen before activation layer

growths.

Future work will involve surface characterization of the activation layer to

understand the chemical and structural composition. This information can be

used to properly model the heterojunction band structures with density func-

tional theory. Monte Carlo techniques can be considered to model the electron

spin transport and to study the depolarization mechanisms. Furthermore (and

perhaps most critically), we plan to test the performance of these unconven-

tional activation layers in a real high voltage, high current DC gun environment

in the future. In this environment, one can perform lifetime studies in broader

ranges of laser power and extraction current.

3.7 Acknowledgments

This work was supported by the Department of Energy under Grant No. DE-

SC0019122 and National Science Foundation under Grant No. PHY-1549132, the

Center for Bright Beams. Authors would like to acknowledge Marcy Stutzman,

51



Matt Poelker, Joe Grames, and William DeBenedetti for valuable discussions,

help in preparing GaAs samples, and providing GaAs/GaAsP superlattice sam-

ples.

52



4
Operation of Cs-Sb-O activated GaAs in a high

voltage DC electron gun at high average current

This chapter is planned to be submitted for publication in the Journal of Applied

Physics.

4.1 Abstract

Negative Electron Affinity (NEA) activated GaAs photocathodes are the most

popular option for generating a high current (> 1 mA) spin-polarized electron

beam. Despite its popularity, a short operational lifetime is the main drawback

of this material. Recent works have shown that the lifetime can be improved by

using a robust Cs-Sb-O NEA layer with minimal adverse effects. In this work,

we operate GaAs photocathodes with this new activation method in a high volt-

age environment to extract a high current. We observed spectral dependence on

the lifetime improvement. In particular, we saw a 45% increase in the lifetime

at 780 nm for Cs-Sb-O activated GaAs compared to Cs-O activated GaAs.
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4.2 Introduction

An electron source capable of sustaining high-intensity production of spin-

polarized electrons is highly desired for nuclear and high energy physics ap-

plications [88, 108]. Furthermore, electron microscopy technologies can utilize

spin-polarized electrons to study magnetization in materials and nanostructures

[86, 17, 87]. A Negative Electron Affinity (NEA) activated GaAs in a high volt-

age electron gun is the only viable option to produce a highly spin-polarized

electron beam at a high current. However, the extreme vacuum sensitivity of

the NEA layer is the main drawback that results in rapid Quantum Efficiency

(QE) degradation over time; hence it has a short operational lifetime compared

to other types of photocathodes [4, 55, 66, 5].

Quantum mechanical selection rules in optically stimulated electronic transi-

tion must be leveraged to achieve the photoemission of spin-polarized electrons

from bulk GaAs [44, 1]. Using circularly polarized light with photon energy

slightly larger than the bandgap, electrons can be excited from the top of the

valence band to the bottom of the conduction band with polarization up to a

theoretical limit of 50% [44]. Extracting these electrons from the photocathode

requires a vacuum interface with NEA condition. As in bulk GaAs, most lay-

ered GaAs-based photocathodes can be designed to achieve a sufficiently large

QE and high electron spin polarization when excited with wavelengths close to

780 nm [52]. Therefore, the operational lifetime at 780 nm is crucial for large

accelerator facilities applications.

Three main mechanisms are responsible for the rapid degradation of QE:

ion back-bombardment [4, 74, 109], chemical poisoning [56], and thermal des-
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orption of the activation layer [57]. Ion back-bombardment occurs when the

electron beam ionizes the residual gases in the vacuum. The positively charged

ions are accelerated towards the cathode and degrade the cathode performance

[4, 74]. Chemical poisoning of the cathode happens as the NEA activation layer

chemically reacts with the residual gases in the vacuum [56]. As ion back-

bombardment and chemical poisoning degrade the QE during beam opera-

tion, a higher laser intensity is required to maintain the beam current at the

same level, and the increased laser power might further accelerate the ther-

mal desorption of the NEA layer. Among the three mechanisms, the ion back-

bombardment is considered the most significant contributor to performance

degradation during high current operations. It has been shown that such a

process can be minimized by extracting electrons a few mm off from the elec-

trostatic center, limiting the photocathode active area, increasing the laser spot

size, and applying a positive bias to the anode [4, 110].

Ion back bombardment can degrade QE by three different processes. High

energy ions (≳ 5 keV) can interact with lattice atoms and create vacancies, di-

rectly damaging the GaAs structure [111, 109]. Lower energy ions (≲ 500 eV)

can penetrate the cathode surface and create interstitial defects near the vac-

uum interface. These defects will affect the diffusion length of electrons and

hence lower the escape probability of photoelectrons [109]. The last possibility

is that ions between 500 eV and 5 keV can interact with atoms on the surface

and remove the NEA activation layer via sputtering [111]. The QE degradation

is expected to be a convolution of these three processes, but the relative contri-

bution of each is not well understood and left to be explored. Understanding

the convolution would be critical to potential mitigation.
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Traditional NEA activation layers such as Cs-O2 and Cs-NF3 form a sub-

monolayer that is chemically reactive and weakly bound to the surface [57, 56].

A study found that using two alkali species, Cs and Li, for NEA activation

could improve the chemical stability of GaAs photocathode under CO2 expo-

sure [77, 76, 90]. Recently, multiple research groups reported significantly im-

proved lifetime using a few nm thick semiconductor activation layer with ele-

ments that form more robust photocathodes, such as Cs, Sb, Te, O [112, 113, 114].

We reported a factor of 5 improvements in charge lifetime at 532 nm wavelength

with Cs-Te activation layer [55] and a factor of 7 improvements at 780 nm with

Cs-Sb-O layer [66]. Moreover, these layers showed a minimal adverse effect

on spin-polarization [55, 66, 5]. However, these photoemission measurements

were done with a 10’s of eV bias and 100’s of nA beam current, which is sig-

nificantly different from the harsh environment of an electron gun that operates

on the scale of 100’s of keV. Specifically, the amount of current extracted and

the energy-dependent residual gas ionization cross-sections are orders of mag-

nitude different [4]. Furthermore, the primary QE degradation mechanism was

chemical poisoning in our previous works as opposed to ion back bombardment

[5]. In this work, we operated Cs-Sb-O and Cs-O activated GaAs photocathodes

in the High ElectRon Average Current for Lifetime ExperimentS (HERACLES)

beamline at Cornell University in order to make a direct comparison of their

performance at 200 keV beam energy at 1 mA average current.

4.3 Growth

Highly p-doped (Zn 5 × 1018 cm−3) GaAs (100) wafers were cleaved in air with a

diamond scribe. Cleaved samples were rinsed in de-ionized water and solvent
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cleaned with isopropanol. We performed wet-etching with 1% HF acid for 30 s,

and then the samples were loaded into the vacuum for heat cleaning at ∼ 500 C◦

for ∼ 48 hours. Cs-O activation was performed in a vacuum chamber directly

connected to the back of the electron gun that has a pressure of ∼ 10−10 Torr.

Resistively heated dispensers from SAES Getters were used for the Cs source,

and O2 was injected with a mechanical leak valve. We activated GaAs samples

with the Cs-O2 codeposition method at room temperature.

For Cs-Sb-O activation, the growth was performed in a separate vacuum

system located in another laboratory, and the cathodes were subsequently trans-

ported with a vacuum suitcase. The growth chamber has a pressure of ∼ 10−9

Torr, and single filament effusion cells were installed as Cs and Sb sources. Shut-

ters in front of each source act as an on/off control of the flux. We leaked O2 into

the chamber with a mechanical leak valve similar to the Cs-O activation cham-

ber. The temperature of the samples was kept at ∼ 130 C◦ during the growth.

QE at 780 nm was monitored during the growth with a diode laser (∼ 10 µW)

under 18 V negative bias.[95] Fig. 4.1 demonstrates the QE at 780 nm during

the growth process. (i) Samples were initially activated with just Cs until QE

peaks and started decreasing. (ii) As soon as the QE decrease was observed, O2

was leaked into the chamber. (iii) the Sb shutter was opened when QE satu-

rated to a percent level. Cs, Sb, and O2 are all being deposited simultaneously

during Sb deposition. (iv) Sb shutter was closed after depositing 0.2 nm. The

heater was turned off, the O2 leak valve was closed, and the Cs shutter was

closed soon after. The Sb deposition amount and flux (5 × 1011 atoms/cm2/s)

were estimated using a quartz crystal microbalance. The decreased QE dur-

ing Sb deposition recovered while cooling down of the sample. The activated

cathodes were transported to the gun using a custom ultrahigh vacuum suit-
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Figure 4.1: Quantum Efficiency at 780 nm of GaAs photocathode during
Cs-Sb-O activation. Cs shutter was opened at (i), and the O2

leak valve was opened at (ii). Sb shutter was opened at (iii)
and closed at (iv).

case that has a base pressure of < 10−10 Torr [115]. The suitcase was constantly

pumped by a compact 400 l/s non-evaporative getter during the transport, and

an 8 l/s ion pump was turned on once it was attached to the load-lock chamber

of HERACLES. We typically pumped the load-lock chamber overnight before

transporting the cathodes into the gun.

4.4 Instrument

The HERACLES beamline consists of a 400 keV electron gun and a 75 kW beam

dump (See Fig. 4.2). The gun was originally fabricated for the Cornell Electron

Recovery Linac (ERL) program. It was used to demonstrate the record highest

average current obtained from a photocathode [116]. Recently, the gun, beam

dump, and some of the beamline components were moved to the same build-

58



Figure 4.2: HERACLES beamline. Eletron beam travels from right to left.
The beamline is consisted of two solenoids, three horizon-
tal/vertical corrector pairs, three view screens, a faraday cup,
and a quadrant detector.

ing as the Cornell Photocathode laboratory to enable an experimental program

for producing and testing long-lived photocathodes at high average beam cur-

rents. In the current configuration, beyond the gun, the HERACLES beamline

comprises two solenoids, three horizontal/vertical corrector pairs, three BeO

pneumatically mounted view screens, a faraday cup for low current (∼100 nA)

measurements, an emittance measuring system, and a quadrant detector for

beam position monitoring at high currents. The beam dump is composed of 16

chilled water lines that are independently monitored with thermocouples that

serve as a further diagnostic during high-current running. The beamline also

includes two sets of clearing electrodes to reduce ion-back bombardment.

During the high current runs presented in this work, we used Sabre Innova

Argon gas laser by Coherent operated in the visible at 488 nm. A 1-to-1 imaging
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system consisting of a single 750 mm lens is used to image a 1.2 mm diameter

pinhole onto the cathode active area. A small portion of the laser light is split

off into a diagnostics optics path to allow the power to be monitored during

the run. The laser spot was positioned on the 7 mm off-centered active area

on the cathode that has 4 mm diameter (see Fig. 4.3 (a)). Our control system is

EPICS-based [117]. For running at 100 µA or more, the beam current is inferred

from the current drawn by the gun power supply. During a charge lifetime

measurement, the laser power is adjusted to maintain a constant current via a

proportional-integral feedback loop implemented in Python with PYEPICS.

Two vacuum chambers are connected behind the HERACLES gun. The first

chamber has a mechanical arm for placing and removing cathodes in the gun,

a vacuum attachment port for accepting cathodes via a vacuum suitcase, and

has the capacity to store up to three cathodes. The second chamber, dubbed

the QE-mapping chamber, has a cesium source and oxygen leak valve to enable

Cs-O activation of GaAs. In this chamber, the saddle is electrically isolated and

can be negatively biased to allow for photocurrent to be monitored during an

activation. Outside this chamber, a diode laser is mounted to a 2D motorized

stage to obtain transverse maps of the cathode’s QE (Fig. 4.5). Such a diagnostic

is critical for an examination of the cathode after a high-current run to identify

the main driver(s) of the cathode’s performance degradation.

4.5 Results and Discussion

Charge lifetime is defined as the amount of charge extracted until QE drops to

1/e of the initial value [4, 55]. In Fig. 4.4, QE at 488 nm was monitored during

60



7 mm
4 mm

(a)

5 mm

(b)

Figure 4.3: Active area (blue shaded area) geometry relative to the elec-
trostatic center of the gun (yellow cross). (a) At Cornell DC
electron gun, the active area is 7 mm off from the center. (b)
At Jefferson Lab DC gun, the active area is closer to the electro-
static center [4].
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Figure 4.4: Quantum Efficiency degradation during 200 kV DC electron
gun operation. 488 nm Laser was used to extract 1 mA of cur-
rent. The solid lines represent measured data, while the dashed
lines are exponential fits to the solid lines. The numbers next to
each curve are estimated charge lifetimes from the exponential
fit functions.
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200 keV operation at 1 mA. We obtained charge lifetimes around 15 C for the ref-

erence Cs-O activated GaAs photocathodes. It must be noted that this value is

two orders of magnitude lower than the ones achieved at the Thomas-Jefferson

lab [4]. We believe there are two main reasons. First, the pressure of the DC

gun at Cornell is typically around ∼ 2 × 10−11 Torr in a standby mode, and it

can rise up to 10−10 Torr during an operation. On the other hand, the electron

gun in the Jefferson Lab is operated under mid 10−12 Torr pressure [4]. Sec-

ondly, it has been found that a high voltage photogun can produce unwanted

photoelectrons from the edge of an active area that is not properly transported

away [4, 78]. These electrons follow extreme trajectories and strike the anode

or beam pipe wall, resulting in vacuum degradation and, consequently, QE loss

due to increased rates of vacuum poisoning and ion-bombardment. Jefferson

lab showed improvements in charge lifetime by limiting the size of the active

area to 5 mm and positioning the active area near the electrostatic center [4].

They achieved the largest charge lifetime when the laser spot was positioned

at the furthest spot of the active area (5 mm). A comparison of the active area

geometry is demonstrated in Fig. 4.3. Although our active area has a similar

size to that of the Jefferson Lab, the active area is far off from the center and

can cause vacuum and QE degradation. When the active area has a 12.8 mm

diameter size positioned near the electrostatic center, the Jefferson Lab was able

to achieve only 10’s of C for charge lifetime [4]. Considering the geometry, 15

C of charge lifetime agrees with measurements from the Jefferson Lab within

an order of magnitude. This agreement suggests that the HERACLES beamline

is appropriate to perform comparison studies between the standard activated

GaAs and Cs-Sb-O activated GaAs.

In Fig. 4.4, we report the QE at 488 nm as a function of extracted charge mea-
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Figure 4.5: Quantum Efficiency map of active areas. 780 nm diode laser
was used. The left images are Cs-O activated GaAs, while the
right images are Cs-Sb-O activated GaAs. The top images were
taken before the gun operation, and the bottom images were
taken after.

surements for two Cs-Sb-O activated samples and two Cs-O activated samples.

The initial QE of Cs-Sb-O activated samples are smaller compared to the stan-

dard Cs-O activated samples for two reasons. First, in our previous works, we

observed roughly a factor 2-3 smaller QE when Sb was used during the acti-

vation procedure [5]. Secondly, the growths of Cs-Sb-O activated GaAs were

done in a separate chamber, and the transport was done with a vacuum suit-

case. This transport process takes about 24 hours, and we observed that the QE

decreased by a factor of 3 after the transport was completed. On the other hand,

the standard Cs-O activations are done in an attached chamber to the electron

gun, and the samples were operated soon after the growths. Regardless of the

initial QE, the charge lifetimes of both activation methods agreed within a factor

of 2. Because of the smaller QE, the average laser intensity during the Cs-Sb-O
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runs was necessarily higher, and, consequently, the rate of thermal desorption

was faster. Based on the thermal analysis found in reference [57], the tempera-

ture of the GaAs would have increased by a few Kelvin at most during the run.

This same paper reports a few degree temperature rise has a negligible impact

on the dark lifetime of GaAs activated with Cs-O. If we assume Cs-Sb-O to be

equally robust to temperature, it is unlikely the lower QE impacted our lifetime

measurements.

In the photocathode community, the stability of the NEA layer has been

thought to be the main reason for the short operational lifetime of GaAs pho-

tocathodes [109, 111]. Therefore, one might expect that an enhancement of the

chemical robustness of the NEA layer would translate into an improved charge

lifetime at high-current operation. However, we were unable to directly observe

an improvement in charge lifetime in our measurements at 488 nm despite a

more robust NEA layer. In particular, the charge lifetime at 488 nm for Cs-Sb-O

activated sample #2 was worse by 30 % (9.1 C) compared to that of the Cs-O

activated sample #1 (13 C). Postmortem QE maps were obtained with 780 nm

light for these two samples in Fig. 4.5. The QE map demonstrates non-uniform

damage on the surface, indicating that high current beam extraction caused the

damage as opposed to vacuum poisoning, which we would expect to be uni-

form. Unlike the 488 nm wavelength case, we measured a higher final QE at

780 nm for Cs-Sb-O activated sample at the damaged area (3.8×10−6) compared

to that of the Cs-O activated sample (7.1 × 10−7) despite one order of magnitude

lower initial QE. This suggests that the Cs-Sb-O layer formed a more robust

NEA layer in terms of chemical stability. Although the charge lifetime at 780

nm was not measured directly, based on the amount of charge extracted during

operation (Qtot) and the initial and final QE (QEi, f ), we can estimate the charge
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Activation
method

Initial QE
at 780 nm

Final QE at
780 nm

Extracted
charge (C)

Lifetime at
780 nm (C)

Cs-O2 #1 9.1 × 10−2 7.1 × 10−7 13 1.1
Cs-O2 #2 4.6 × 10−2 2.1 × 10−6 11 1.1
Cs-Sb-O #1 4.2 × 10−3 5.2 × 10−5 8.4 1.9
Cs-Sb-O #2 3.8 × 10−3 3.8 × 10−6 8.6 1.3

Table 4.1: Estimated lifetimes at 780 nm based on Eq. 4.1.

lifetime at 780 nm (τc) by assuming an exponential decay:

QE f = QEi e−Qtot/τc

∴ τc =
Qtot

log(QEi/QE f )
.

(4.1)

In Table 4.1, the charge lifetimes at 780 nm are estimated for the four samples.

The estimated charge lifetime at 780 nm is 1.6 ± 0.4 C for Cs-Sb-O activated

GaAs and 1.1 ± 0.1 C for Cs-O activated GaAs.

This paragraph attempts to qualitatively explain the spectral dependence of

lifetime improvement based on spectral response measurements we performed

in previous work [5, 66]. Assuming the QE degradation is mainly due to dam-

age done to the NEA layer, we can model the spectral response to simply shift

horizontally during beam operation because of the increased work function.

Based on this assumption, estimated shifts in spectral response (QE(λ)) are plot-

ted in Fig. 4.6. The solid lines are the spectral response curves of Cs-O activated

GaAs and Cs-Sb-O activated GaAs from our previous measurements [5, 66].

The dashed lines have been obtained by simply shifting the same curves along

the wavelength axis until the QE at 488 nm corresponds to the estimated QE

after a 5 C extraction. Note 5 C is about half of what we extracted in Fig. 4.4.

The charge lifetimes at 488 nm in Fig. 4.4 were used (15 C for Cs-O activated
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Figure 4.6: Estimated shifts in spectral response due to surface damage.
The solid lines are typical spectral responses of Cs-O activated
GaAs and Cs-Sb-O activated GaAs from our previous work [5].
The dashed lines are estimated spectral responses of damaged
cathodes. We assumed 5 C of charge is extracted for both sam-
ples. The spectral response shifts were 120 nm for Cs-O acti-
vated GaAs and 80 nm for Cs-Sb-O activated GaAs. The verti-
cal black arrows indicate QE differences of damaged cathodes
at 488 nm and 780 nm.

GaAs and 12 C for Cs-Sb-O activated GaAs). It is estimated that the spectral

response would shift 120 nm for Cs-O activated GaAs and 80 nm for Cs-Sb-O

activated GaAs. Despite a shorter lifetime at 488 nm for the Cs-Sb-O layer, the

horizontal shift, or the work function increase, was smaller. This is because the

log slope of spectral response (d log(QE)/dλ) at 488 nm was steeper for Cs-Sb-O

activated sample (6.4 × 10−3/nm) compared to that of Cs-O activated sample

(2.8 × 10−3/nm). In other words, the sensitivity of the work function is the cul-

prit for the shorter lifetime at 488 nm of the Cs-Sb-O activated sample, but the

work function increase itself was smaller. Since the work function increased less

due to the robust NEA layer, the final QE at 780 nm was greater than that of the
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standard activated GaAs.

4.6 Conclusion

In this work, we operated Cs-O and Cs-Sb-O activated GaAs photocathodes

at 200 keV with 1 mA average beam current to observe if a more chemically

robust activation layer translated into an improvement in the charge lifetime

under a high voltage environment. We observed a 45% improvement in charge

lifetime at 780 nm for the Cs-Sb-O activated GaAs. This improvement at in-

frared wavelength does not correspond to an improvement at 488 nm, where

instead, the lifetime was shorter. These results are interpreted in terms of work

function increase induced by ion-back-bombardment. The larger lifetime at 780

nm suggests a smaller work function increase for the Cs-Sb-O case. Our results

show that lifetime measurements at a single wavelength are not sufficient to

fully characterize the robustness of NEA layers in operational conditions.

For future works, characterizing spectral response during the beam oper-

ation can help understand the nature of spectral dependence of lifetime im-

provements. The effect of thermal desorption also needs to be identified. Lastly,

Cs-Sb-O activated GaAs can have a high initial QE by activating in a chamber

connected to the beamline.
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5
Brightness of femtosecond nonequilibrium

photoemission in metallic photocathodes at

wavelengths near the photoemission threshold

This chapter was originally published as Ref. [19].

5.1 Abstract

The operation of photoemission electron sources with wavelengths near the

photoemission threshold has been shown to dramatically decrease the mini-

mum achievable photocathode emittance, but at the cost of significantly re-

duced quantum efficiency (QE). In this work, we show that for femtosecond

laser and electron pulses, the increase in required laser intensities due to the low

QE drives the photocathode electronic distribution far from static equilibrium.

We adapt an existing dynamic model of the electron occupation under high in-

tensity laser illumination to predict the time-dependent effects of the nonequi-

librium electron distribution on the QE, mean transverse energy (MTE), and
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emission brightness of metal phtocathodes. We find that multiphoton photoe-

mission dramatically alters the MTE as compared to thermal equilibrium mod-

els, causing the MTE to no longer be a monotonic function of photon excess

energy.

5.2 Introduction

Ultrafast electron pulses generated from photocathode sources play a critical

role in probing time-resolved ultrafast dynamics, in applications ranging from

free electron lasers [118] to ultrafast electron diffraction [119] and microscopy

[120]. For each of these cases, the critical figure of merit is the 5D beam bright-

ness. In a linear accelerator, the beam brightness is never larger than it is at the

photoemission source, and is thus given by [121, 23, 10]:

B5D,max ≡
1

16π2

I
ϵxϵy
=

1
16π2

Imec2

σxσyMTE
(5.1)

where I is the peak current from the cathode, ϵx,y is the normalized emittance of

the beam, σx,y is the rms laser spot size, mec2 is the electron rest energy, and MTE

is the mean transverse energy of the photoelectrons at the photocathode [18].

The laser spot size is primarily determined by the space charge beam dynamics

after photoemission. The MTE is determined by material properties that affect

the photoemission process inside the photocathode, the cathode surface, and

the photoemission drive laser properties.

Dowell and Schmerge demonstrated that Spicer’s three-step photoemission

model [20] can be utilized to derive expressions for the photoemission quantum

efficiency (QE) and MTE of metal photocathodes [7]. While this was originally

derived under the assumption of a free electron Fermi gas and a flat density
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of states at zero temperature, recent studies have extended this approach to

account for a realistic density of states and non-zero (but constant) electronic

temperature (Te) [9, 8]. These models predict that as the photon energy (hν)

approaches the work function (ϕ), MTE converges to the thermal energy of elec-

trons (MTE ≈ kBTe). For a photon energy well above the threshold (hν − ϕ ≫ 0),

the MTE is linear in the photon excess energy, MTE ≈ (hν− ϕ)/3. Both behaviors

have been demonstrated experimentally [8]. These studies predict that MTE is

minimized by operating with very low photon excess energy, but do not account

for dynamic or intensity dependent effects, such as multiphoton excitation or

laser-induced ultrafast electron heating.

Metallic photocathodes, and in particularly copper photocathodes, are pop-

ular choices for ultrafast electron sources due to their prompt response time

(< 50 fs) and moderate vacuum requirements [23, 24]. However, compared to

semiconducting emitters, they suffer from several orders of magnitude less QE,

due to frequent electron-electron scattering during the transport of the excited

population from the bulk to the surface. Thus, metallic photocathodes can de-

mand a very high laser intensity (10s of GW/cm2) for femtosecond emission

cases, for example in the blowout regime [25] of high charge photoinjectors.

It has long been known that under high fluence, short pulse laser irradia-

tion, the electronic temperature of the illuminated material can reach several

thousand Kelvin for several picoseconds, while the lattice remains relatively

cold [122, 123, 124]. It was recently pointed out that this effect can drive up the

minimum achievable photoemission MTE, and was calculated by using the tra-

ditional two temperature model coupled with the extended Dowell-Schmerge

photoemission relations [23]. Two temperature models naturally assume the
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underlying electronic distribution remains approximately thermalized, which

may not be the case for femtosecond duration illumination. Furthermore, there

have been experimental efforts which highlight the importance of multiphoton

and heating effects on intense femtosecond photoemission [125, 126, 127].

Femtosecond dynamics of photoexcited electrons in copper has been studied

experimentally by time-resolved photoemission spectroscopy [128, 129, 130].

For theoretical understanding and predictions, Rethfeld et al. suggested using

the Boltzmann equation for nonequilibrium thermodynamics of metals irradi-

ated by high laser fluence [131, 132, 133]. It was shown that this approach also

allows simulating dynamic effects of photoemission, such as the image-charge

driven reduction of the work function via a time dependent space charge field

[11]. In this paper, we extend the Rethfeld approach to calculate key brightness

parameters (QE and MTE) of a photocathode under high fluence (∼ 1 mJ/cm2)

laser irradiation for femtosecond electron pulse applications. The model has the

capability to account for femtosecond nonequilibrium thermodynamics, multi-

photon absorption, and a realistic density of states.

5.3 Boltzmann equation

Before photons arrive at the cathode, the initial electronic occupation function,

f (⃗k), is in thermal equilibrium, and thus follows the Fermi-Dirac distribution.

As photons begin to interact with electrons, the electronic occupation changes as

a function of time, and we can calculate this change for each time step according

to the Boltzmann equation:

d f (⃗k, t)
dt

=
∂ f (⃗k, t)
∂t

∣∣∣∣∣
el−el
+
∂ f (⃗k, t)
∂t

∣∣∣∣∣
photon absorb

(5.2)
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where the first and second terms represent the occupation function change due

to electron-electron collisions and photon absorption respectively. Here and

throughout we have neglected the effects of electron-phonon interactions due to

the very short timescale (≤ 100 fs) of the laser pulses considered. Furthermore,

thermal conductivity and all spatial variation of the laser intensity is ignored,

which is valid only for the case of homogeneous thin film photocathodes [132].

Whereas the photon absorption term in Eq. 5.2 drives the distribution away

from thermal equilibrium, the electron-electron scattering term regulates the

thermalization timescale. As in Ref. [132], the electron-electron scattering term

is calculated based on the Coulomb interaction of two electrons that obey en-

ergy conservation (∆E = E2 − E1 = E3 − E) and momentum conservation

(∆k⃗ = k⃗2 − k⃗1 = k⃗3 − k⃗).[131, 132] Here, k⃗, k⃗2 are initial wave vectors, and k⃗1, k⃗3 are

final wave vectors of the two interacting electrons. Assuming an isotropic sys-

tem, the Fourier transform of the screened Coulomb potential Vee(r) = e2

4πϵ0

1
r e−κr

yields [134, 131]:

|Mee(∆k, κ)|2 =
( e2

ϵ0Ω

1
|∆k|2 + κ2

)2
(5.3)

where Ω is the unit cell volume, and

κ2(t) =
e2

ϵ0

∫ ∞

0
dED(E)

d f (E, t)
dE

(5.4)

is the screening parameter with D(E) as the density of state per volume for

copper.[135] The density of states is assumed to be flat for energy 6 eV above

the Fermi level. Then, due to Fermi’s golden rule, the change in the occupation

due to electron-electron collision processes is given by [132, 131]:

∂ f (⃗k)
∂t

∣∣∣∣∣
el−el
=

2π
ℏ

∑
k⃗1

∑
k⃗3

|Mee|
2F δ(Ei − E f ). (5.5)

Here, δ(Ei−E f ) ensures the energy conservation between the initial (Ei = E+E2)

and final energy (E f = E1 + E3), and F is the Pauli exclusion principle term
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expressed with occupation functions, fi ≡ f (ki) [131, 132, 133]:

F = f1 f3(1 − f )(1 − f2) − f f2(1 − f1)(1 − f3). (5.6)

In this work, we further assume the system to be described by an isotropic single

band model, which in analogy with the free electron case yields:

|k(E)|3 = 3π2
∫ E

0
dϵD(ϵ). (5.7)

Consequently, Eq. 5.5 can be further simplified as in Ref. [132].

The effective one band assumption requires a mediating body to conserve

momentum upon photon absorption. Here the inverse bremsstrahlung model is

used: quasifree electrons absorb photons mediated by Coulomb potential from

an ion [136, 131]. Here, the electron mass is negligible compared to the ion mass.

Therefore, the momentum conservation holds for an arbitrary final momentum

(⃗k + ∆k⃗ = k⃗ f ) while there is no energy transfer to the ion (E = E f ). The Coulomb

interaction between an electron and ion has mathematically identical expres-

sion to Eq. 5.3. Additionally, the interaction between the electron and photon

introduces a Bessel function term, J2
ℓ (eE⃗L · ∆k⃗/meω

2
L), multiplied to the Coulomb

potential term where ℓ is the number of photons absorbed, ωL is the angular

frequency of the laser light, and E⃗L is the electric field from the photons [137].

Hence, the Fermi’s golden rule is given by:

∂ f (⃗k)
∂t

∣∣∣∣∣
photon absorb

=
2π
ℏ

∑
∆k⃗

∑
ℓ

|Mee|
2J2

ℓF δ(E − E f ) (5.8)

where F is again the Pauli exclusion principle term [131, 132]:

F = f (k f )(1 − f (k)) − f (k)(1 − f (k f )). (5.9)

Analogous to Eq. 5.5, the simplified expression of Eq. 5.8 from Ref. [132] is used

throughout in our work. It is important to note that this model allows for both

74



the simultaneous (via the power series in ℓ) and subsequent (time delayed) ab-

sorption/emission of multiple photons. However, the simultaneous (or coher-

ent) multiphoton absorptions are suppressed in this model due to single band

assumption.

Based on Eq. 5.2, 5.5, and 5.8, one can calculate the electronic distribution

f (E, t) as a function of energy and time. To investigate the dynamics of elec-

tron energy distribution of copper during and after 50 fs laser irradiation, we

perform a quasilogarithmic transformation of the occupation function f (E, t) as

proposed in Ref. [133]:

Φ[ f (E, t)] ≡ − ln[1/ f (E, t) − 1]. (5.10)

Under this transformation, a Fermi-Dirac distribution has a linear relation with

energy where its slope is inversely proportional to the temperature. Note

that nonlinearity in energy indicates nonequilibrium behavior. In Fig. 5.1, a

quasilogarithmic transformation of the occupation functions of copper under 50

fs laser irradiation is plotted for two different absorbed fluences at four different

time positions (0 fs, 10 fs, 50 fs, and 100 fs from the beginning of the laser irradi-

ation). The initial distribution demonstrates a perfect linear relation in thermal

equilibrium of 300 K whereas the occupation functions during the laser irradia-

tion (0 < t ≤ 50 fs) show strong nonlinearity due to nonequilibrium dynamics.

At 100 fs, the high fluence irradiated electrons approach another thermal equi-

librium of ∼3500 K while the low fluence irradiated electrons are still far from

thermalization. It was reported that a smaller fluence irradiation tends to have

a longer thermalization timescale up to several hundred femtoseconds [132].
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Figure 5.1: Quasilogarithmic transformation of electron energy distribu-
tion Φ[ f (E, t)] of copper over time (Eq. 5.10). Under 50 fs
laser irradiation, the work function photon energy of 4.31 eV
was used with two different laser intensities that results in 1
mJ/cm2 (blue) and 10−5 mJ/cm2 (red) absorbed fluences. The
transient distributions are plotted at t = 0 fs (black solid line),
10 fs (dotted lines), 50 fs (dashed lines), and 100 fs (colored
solid lines).

5.4 Calculation of QE and MTE in nonequilibrium conditions

The QE and MTE can be simulated by determining the number and energy dis-

tribution of electrons promoted above the vacuum level based on numerically

calculated time dependent occupation function f (E, t) from the previous sec-

tion. The energy distribution of electrons above the vacuum level parameters is

dynamic, meaning that the efficiency, MTE, and photoemitted pulse shape are

nontrivial functions of time.

QE is defined as the number of electrons emitted by the photocathode di-

vided by the number of photons incident on the photocathode surface. To cal-
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culate the number of emitted electrons, we express the partial current density of

electrons per energy E in the direction θ away from the normal direction as:

j(E, t, θ) ≡ e f (E, t)D(E)v(E) cos θ (5.11)

where e is the electron charge, and v(E) is the speed of electrons (ℏk(E)/me).

Then, the total number of escaped electrons per unit area can be derived by

integrating this flux over time (t), energy above the vacuum level (E > EF + ϕ),

and allowed directions of the escape velocity (cos θ > cos θE ≡
√

(EF + ϕ)/E):[7]

Ne =

∫ t

0
dt′
∫ ∞

EF+ϕ

dE
∫ 1

cos θE

d(cos θ)
j(E, t′, θ)

e∫ 1

−1
d(cos θ)

. (5.12)

Although it may be intuitive to calculate the number of photons in each

pulse based on the input parameters from Eq. 5.8, it was shown that inverse

bremsstrahlung process, which accounts only intraband absorption, does not

produce the correct optical skin depth of the material [133]. The discrepancy can

be up to a factor of 2 for the range of photon energy used in our work. There-

fore, instead of using the input parameters, the number of absorbed photons is

calculated post-facto based on the change of internal energy for unit volume, ∆E:

Nph =
ds∆E
ℏωL

=
ds

ℏωL

∫ ∞

0
dE D(E)[ f (E, t) − f (E, 0)]E. (5.13)

Here, the optical skin depth, ds = 13 nm,[138] is multiplied to calculate the

number of absorbed photons for unit area. Finally, the QE is expressed as:

QE = Ne(1 − R)/Nph (5.14)

where R is the reflectivity of copper [138].
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MTE is the averaged transverse energy ((p sin θ)2/2me) of electrons above the

vacuum level. As in the Dowell-Schmerge model, we assume no effects of the

electron effective mass on the MTE, and thus set p2/2me = E. Similar to Eq. 5.12,

we get MTE by integrating over time, energy, and allowed angle:

MTE =

∫ t

0
dt′
∫ ∞

EF+ϕ

dE
∫ 1

cos θE

d(cos θ) j(E, t′, θ)E sin2 θ∫ t

0
dt′
∫ ∞

EF+ϕ

dE
∫ 1

cos θE

d(cos θ) j(E, t′, θ)
. (5.15)

Due to discretization of the energy distribution, the uncertainty of calculated

MTE is ∼ 5 meV.

5.5 Results: QE and MTE

We first set the absorbed laser fluence down to single-photon absorption dom-

inant regime (10−5 mJ/cm2) to compare with experimentally measured QE [6]

and earlier predictions on MTE [7, 8, 9]. For a pulse length of 50 fs, the QE and

MTE for a copper photocathode with a realistic density of states are plotted in

Fig. 5.2 based on Eq. 5.14 and Eq. 5.15. Throughout the calculations, 4.31 eV

was used for the work function (ϕ) [6]. The quantum efficiency demonstrates

very good agreement with experimentally measured values from a copper pho-

tocathode cleaned by a hydrogen ion beam in situ [6]. Furthermore, the asymp-

totic properties of MTE is consistent with earlier predictions [7, 8, 9].

A generalized Fowler-DuBridge analysis [139, 140] was performed to inves-

tiagte the contribution of multiphoton effects in the QE and MTE. Bechtel ex-

tended Fowler-DuBridge theory for multiphoton photoemission suggests that
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Figure 5.2: (a) QE calculated based on Eq. 5.14 in single photon absorp-
tion dominant regime (10−5 mJ/cm2 absorbed fluence), com-
pared to experimentally measured values [6]. (b) MTE com-
puted by Eq. 5.15 as a function of excess photon energy (hν−ϕ)
for 10−5 mJ/cm2 absorbed fluence. The dashed line represents
the thermal energy. The dash-dotted line is a linear relation
predicted and confirmed in earlier works [7, 8, 9].

the total photocurrent density J can be expressed as a sum of partial current

densities due to n-photon absorption Jn [141, 142, 143]:

J =
∞∑

n=0

Jn =

∞∑
n=0

σnIn (5.16)

where Jn is proportional to the n-th power of the intensity of incident laser I,

and σn is the series coefficient. Hence, the fraction of singly excited electrons
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among all emitted electrons can be calculated as [126]:

J1

J
=

σ1I∑∞
n=0 σnIn . (5.17)

In Fig. 5.3, the total number of emitted electrons Ne (Eq. 5.12) is fitted to a fourth

degree polynomial function of absorbed fluence (Eq. 5.13), to plot the fraction

of singly excited electrons above the vacuum level. For the 10−5 mJ/cm2 ab-

sorbed fluence used in Fig. 5.2, single photon absorbed electrons dominate the

emission spectrum for all photon energies greater than the work function (See

Fig. 5.3 (b)). Thus, the calculated photoemission parameters are essentially de-

termined by singly excited electrons and agree well with conventional, static

models that only consider single photon absorption. However, as the absorbed

fluence increases, the fraction of electrons that absorbs a single photon drops

rapidly near the threshold (hν − ϕ ≈ 0), and multiphoton absorbed electrons are

no longer negligible in calculation of QE and MTE.

To demonstrate the effect of using high fluence laser, QE and MTE are re-

calculated in Fig. 5.4 with 1 mJ/cm2 absorbed fluence. For photon energies

well above the threshold, it is noteworthy that both QE and MTE values are

near those in the low fluence simulation. This is consistent with Fig. 5.3, as

singly excited electrons account for the majority of electrons that have escaped

even at high fluence with high photon excess energy. On the other hand, as

the photon energy approaches to the work function (hν − ϕ ≈ 0), the fraction

of singly-excited emitted electrons rapidly decreases (See Fig. 5.3(b)). This ten-

dency is also enhanced by the fact that the allowed direction of the escape veloc-

ity (cos θ >
√

(EF + ϕ)/E) is substantially suppressed near the threshold energy

(EF+ϕ) of electrons. Hence, doubly excited electrons occupy non-negligible por-

tion of the total emitted charge for photon energies that are 100s of meV above

the work function, and they yield a non-monotonic behavior of MTE as a func-
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Figure 5.3: (a) The total number of extracted electrons in each pulse for
unit area fitted to a fourth degree polynomial function of ab-
sorbed fluence. (b) Fraction of singly excited electrons cal-
culated based on generalized Fowler-DuBridge theory using
Eq. 5.17.

tion of the photon excess energy (hν − ϕ) in Fig. 5.4. If the photon energy falls

below the work function, single photon absorption can no longer contribute

electrons above the vacuum level, so the photoemission parameters are essen-

tially dominated by two-photon absorption alone. Thus, once photoemission

is entirely dominated by two photon effects, a further reduction of the photon

excess energy once again yields a reduction of the MTE, but the thermal value

is never achieved.
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Figure 5.4: (a) QE computed by Eq. 5.14 for a high fluence of 1 mJ/cm2,
compared to the low fluence (10−5 mJ/cm2) simulation over
extended photon energy range. (b) MTE calculated based
on Eq. 5.15 for 1 mJ/cm2 and 10−5 mJ/cm2 absorbed fluences.
Two-photon absorbed electrons cause the non-monotonic be-
havior of MTE.

Recently, increase of intrinsic emittance induced by multiphoton photoe-

mission from copper photocathodes under femtosecond laser illumination was

experimentally verified [126], and showed qualitative agreement with our re-

sults. In that work, the growth of MTE was observed at the absorbed fluence of

7 × 10−6 mJ/cm2 with the photon energy 0.2 eV below the effective work func-

tion. According to our simulation in Fig. 5.3, the fraction of singly excited elec-

trons is ∼ 76% for a similar laser profile. When the photon energy range was
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Figure 5.5: Maximum achievable brightness calculated by Eq. 5.1 as a
function of the number of extracted electrons from Eq. 5.12
and the required extraction electric field under the pancake as-
pect ratio approximation [10, 11]. The color scale represent the
input photon energy to obtain the corresponding maximum
achievable brightness. The dotted line and dashed line illus-
trate brightness calculated using fixed MTE. One thousand sets
of photon energy and laser fluence were simulated to acquire
maximum achievable brightness.

extended below the threshold for the low fluence simulation in Fig. 5.4, we also

observe the MTE growth. Note the non-monotonic behavior of MTE can be

captured theoretically only when multiphoton absorption is considered.

5.6 Brightness

One of notable aspects of the high fluence laser irradiation simulation in Fig. 5.4

is that the laser photon energy can be tuned to minimize MTE, thereby maximiz-

ing brightness for a fixed laser fluence. Therefore, by iterating over numerous
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input laser fluences and photon energies, one can plot the maximum achievable

brightness for a given number of extracted electrons per pulse and the corre-

sponding required extraction field Ec as in Fig. 5.5. In the pancake aspect ratio

regime, the charge density is directly proportional to the required extraction

electric field, eNe = ϵ0Ec [10, 11]. Here, the brightness and the number of elec-

trons for a 50 fs flat top pulse are calculated by Eq. 5.1 and Eq. 5.12, respectively.

The color scale shows the optimal photon energy above the threshold used to

obtain the maximum brightness for corresponding charge extraction per pulse.

Two features are of note. First, the optimal photon energy can be well above the

threshold depending on desired amount of charge extraction for specific appli-

cations. Second, the maximum brightness as a function of the extracted areal

charge density is no longer linear, but rather at 100 MV/m equivalent space

charge fields the maximum brightness is reduced below the room temperature

limit by a factor of ∼ 12.

5.7 Conclusion

We have presented photoemission simulations using a Boltzmann equation

method that has capability to account nonequilibrium thermodynamics and

multiphoton photoemission. Using a low absorbed fluence (10−5 mJ/cm2), the

calculated photoemission parameters reproduced the experimentally measured

QE and demonstrated good agreement of MTE with earlier, static equilibrium

predictions due to the abundance of singly excited electrons. In contrast, for

a high absorbed fluence (1 mJ/cm2), multiphoton absorbed electrons are no

longer negligible especially near the threshold photon energy, thereby causing

the growth of MTE. Since the minimum MTE is no longer the thermal energy
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and not achieved by the work function photon energy, a series of laser fluences

were simulated to plot the maximum achievable brightness for a given number

of extracted electrons in a 50 fs pulse. Our results illustrate the importance of

multiphoton effects on beam brightness of photocathodes for femtosecond ap-

plications. A dynamic photoemission calculation like the one presented here

could be self-consistently coupled to a space charge dynamics tracking code for

precision photoinjector modeling.
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6
Conclusion

An electron source capable of sustaining high-intensity production of spin-

polarized electrons is highly sought after for both current and future nuclear

and high energy physics facilities, such as the Electron Ion Collider and the In-

ternational Linear Collider [13, 144, 14]. Furthermore, electron microscopy tech-

niques can utilize spin-polarized electrons to study magnetization in materials

and nanostructures [86, 17, 87]. A Negative Electron Affinity (NEA) activated

GaAs in a high voltage electron gun is the best option to date to produce a highly

spin-polarized electron beam at a high current. However, extreme vaccum sen-

sitivity of NEA layer is the main drawback that results in rapid Quantum Ef-

ficiency (QE) degradation over time; hence it has a short operational lifetime

[4, 55, 66, 5]. Traditional NEA activation layers such as Cs-O2 and Cs-NF3 form a

monolayer that is chemically reactive and weakly bound to the surface [57, 56].

Recent studies showed that robust solar-blind material Cs2Te could also form

NEA on GaAs due to a peculiar alignment of the electronic bands [2, 64, 65].

In this thesis, we first activated GaAs with Cs2Te to characterize various pho-

tocathode parameters. We obtained a similar spectral response to Ref. [2] and

confirmed NEA activation on GaAs. Auger electron spectroscopy was used to
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study the NEA surface elements. QE at 532 nm was monitored while extracting

current to characterize the lifetime. We achieved a factor of 5 improvements in

the lifetime at 532 nm compared to the standard Cs-O activated GaAs. A Mott

polarimeter was used to characterize the degree of spin polarization. Despite a

thicker NEA layer of Cs2Te, the spin polarization was not affected.

Based on the heterojunction model between GaAs and Cs3Sb, we were mo-

tivated to study activation of GaAs using Cs3Sb. It was discovered that code-

positing oxygen during the growth can increase the QE at 780 nm without a

significant decrease in the photocathode lifetime. We obtained one order of

magnitude improvement in a lifetime at 505 nm and a factor of 7 improvements

in a lifetime at 780 nm. Similar to the previous study, spin polarization was

minimally affected. Furthermore, a superlattice sample was activated with Cs-

Sb-O and compared to the standard activated sample. 90% spin polarization

was preserved with a factor of 7 improvements in a lifetime at 780 nm.

Although lifetime improvements were demonstrated in the previous works,

these photoemission measurements were done with a 10’s of eV bias and 100’s

of nA beam current, which is significantly different from the harsh environment

of an electron gun that operates on the scale of 100’s of keV. Specifically, the

amount of current extracted and the energy-dependent residual gas ionization

cross-sections are orders of magnitude different [4]. Furthermore, the primary

QE degradation mechanism was chemical poisoning in our previous works as

opposed to ion back bombardment [5]. We recommissioned a high voltage DC

gun and operated Cs-Sb-O and Cs-O activated GaAs photocathodes in order

to make a direct comparison of their performance at 200 keV beam energy at

1 mA average current –the ultimate test required to establish the photocathode
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performance under “real life” conditions. We observed spectral dependence on

the lifetime improvement. In particular, we saw a 45% increase in the lifetime

at 780 nm for Cs-Sb-O activated GaAs compared to Cs-O activated GaAs.

Chapter 5 presents photoemission simulations of Cu photocathode using

a Boltzmann equation method that has capability to account nonequilibrium

thermodynamics and multiphoton photoemission. Using a low absorbed flu-

ence (10−5 mJ/cm2), the calculated photoemission parameters reproduced the

experimentally measured QE and demonstrated good agreement of MTE with

earlier, static equilibrium predictions due to the abundance of singly excited

electrons. In contrast, for a high absorbed fluence (1 mJ/cm2), multiphoton ab-

sorbed electrons are no longer negligible especially near the threshold photon

energy, thereby causing the growth of MTE. Since the minimum MTE is no

longer the thermal energy and not achieved by the work function photon en-

ergy, a series of laser fluences were simulated to plot the maximum achievable

brightness for a given number of extracted electrons in a 50 fs pulse. Our results

illustrate the importance of multiphoton effects on beam brightness of photo-

cathodes irradiated by high intensity laser. This work implies that such multi-

photon effects are significant for other photocathodes as well for femtosecond

applications, including GaAs-based photocathodes.
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