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The thermal emittance and temporal response of a photocathode set an upper limit on the maximum
achievable electron beam brightness from a photoemission electron source, or photoinjector. We
present measurements of these parameters over a broad range of laser wavelength for two different
negative electron affinity (NEA) photocathodes. The thermal emittance of NEA GaAs and GaAsP
has been measured by two techniques—a measurement of the beam size downstream from a
solenoid, whose strength was varied, and a double slit transmission measurement—for different
laser spot sizes and shapes. The effect of space charge on the beam spot size allows a good
estimation of the photoemission response time from these cathodes. Both cathodes show a
subpicosecond response for laser wavelengths shorter than 520 nm. © 2008 American Institute of

Physics. [DOI: 10.1063/1.2838209]

I. INTRODUCTION

Electron linear accelerators (linacs) are known for their
ability to preserve a small six-dimensional phase space dur-
ing acceleration of the beam. The key to a number of appli-
cations that utilize linacs is the production of a high bright-
ness, low emittance electron beam. Photoinjectors, which
house a photocathode in a high electric field environment,
are presently the technology of choice for the generation of
low emittance, short (~ps) duration electron bunches. The
brightness achievable from a photoinjector results from the
interplay of several phenomena: the photoemission process
itself, space charge effects in the vicinity of the photocath-
ode, and subsequent beam transport and bunch compression.
The emittance growth resulting from the space charge forces
acting within a bunch is strongly correlated with longitudinal
position in the bunch. This correlated emittance growth can
be largely reversed by properly chosen beam optics.1 By suit-
ably shaping the three-dimensional laser distribution incident
on the photocathode,z’3 the uncorrelated emittance growth
can be minimized. The limitations due to the photoemission
process itself cannot be removed with electron beam optics,
and both the transverse momentum spread and temporal re-
sponse of the emitted electrons, to the extent that the latter
limits the effectiveness of temporal shaping of the laser
pulse, are of fundamental importance for low emittance pho-
toinjectors. Recent computational optimizations have shown
that it is possible to construct an electron injector based on a
very high voltage direct current (dc) photoinjector, in which
the final beam emittance is dominated by the thermal emit-
tance from the photocathode.4 Assuming a very short dura-
tion pulse near the cathode, the lowest normalized root-mean
square (rms) emittance, €,,, for a flat-top transverse laser
shape illumination is given by
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where ¢ is the bunch charge, kzT', is the (transverse) beam
thermal energy, E ., is the electric field at the cathode, ¢,
and m,c? are the vacuum permittivity and the electron rest
energy, respectively.

In negative electron affinity (NEA) photocathodes, elec-
trons photoexcited into the conduction band of p-type semi-
conductors rapidly thermalize to the conduction band mini-
mum due to inelastic phonon collisions, and the NEA
condition allows these thermalized electrons to escape into
vacuum.’ As a result, the transverse momentum spread can
be very low, and the beam (transverse) temperature can ap-
proach that of the semiconductor lattice when excited with
the photons of near band gap energy. This ability to produce
cold beams makes NEA photocathodes appealing for low
emittance photoinjectors. The thermal emittance, however,
depends on the illuminating wavelength, the degree of nega-
tive affinity, and the band structure of the photocathode ma-
terial. It is also known that photoemission with photons of
near band gap energy results in a long temporal tail that
extends into the 100 ps range.6 Such a long response time
can render temporal shaping of the laser pulse illuminating
the cathode ineffective, increasing the uncorrelated space
charge forces acting on the beam and reducing the overall
performance of the electron source. The reason for this long
response time is that absorption of near band gap energy
photons in the semiconductor is relatively low, exciting elec-
trons to the conduction band over a considerable depth in the
material, and these electrons must diffuse to the semiconduc-
tor surface to be emitted. As the photon absorption in direct
band gap semiconductors is a strong function of photon en-
ergy, the response time should depend strongly on the wave-
length of illuminating light. Finding the optimum wave-
length of the laser thus depends on the detailed behavior of
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the thermal emittance and photoemission response time with
laser wavelength, and represents one of the motivations for
the present work.

Several authors have reported thermal emittance or mean
transverse energy measurements from NEA GaAs.” Most
of the measurements have been done with near band gap
energy photons, and some disagreement with earlier mea-
surements exists. In part, this can be attributed to different
NEA cathode preparation techniques, varying electron affin-
ity, and the more general challenge of characterizing beams
with very low transverse momentum spread. Likewise, the
published results of GaAs photoresponse times are either
limited to photon energies near the band gap6 or
inconclusive."”

Two different methods, measurement of the transverse
beam size downstream of a solenoid lens whose strength is
varied, and a direct transverse phase space mapping with
double slits, have been applied to measure the thermal emit-
tance of NEA GaAs and GaAsP cathodes in a high voltage dc
gun. These measurements have been carried out for a range
of wavelengths using multiple laser spot sizes, as well as
different transverse profiles. In addition, for the transverse
beam size measurements we used two different view screen
materials and a wire scanner. We detail our experimental
methods for measuring transverse emittance in Sec. II. A new
method for inferring photoemission response time from these
photocathodes is described in Sec. III. The strong space
charge of a bunch produced with a subpicosecond laser pulse
will preclude accurate measurements of intrinsic transverse
emittance. The same effect, if properly characterized, can be
used to infer the photoemission response time by fitting the
solenoid scan data with results of particle tracking simula-
tions that include the cathode response time as a fit variable.
A convenient analytical expression for the photocathode re-
sponse function in the context of a diffusion model is pro-
vided. Finally, we conclude with a discussion and outlook for
the future work.

Il. THERMAL EMITTANCE
A. Notations

The normalized rms emittance of the beam in one trans-
verse plane is defined as

)P = (p)’s 2)

1
en’x = \r
C

where x and p, are the transverse position and momentum of
an individual particle, and the angular brackets represent the
ensemble average of all particles in the beam. A similar defi-
nition describes the emittance in the other transverse plane.
Introducing the transverse thermal energy of the cathode
kT, and invoking the equipartition theorem, we write
%me<v§>: %kBT . for nonrelativistic photoelectrons, v,
=p,/m, being the transverse component of the velocity. The
correlation term in Eq. (2) is absent at the photocathode sur-
face, so we write the thermal emittance as
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FIG. 1. (Color online) Beam line used in photocathode studies. The beam
moves from right to left.
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Here o,= \/@ is the rms laser spot size on the cathode.

We use the definition of the cathode thermal energy as
given by Eq. (3) throughout this work. Occasionally, more
complex formulas have been introduced with the intention of
relating photon energy, band gap, and electron affinity to the
transverse thermal energy of the cathode assuming the ab-
sence of inelastic processes for electrons in the
photocathode.9 As such an assumption may not be satisfied
in the photocathodes under study, we chose the simpler defi-
nition here. Also, for comparison with other references, note
the absence of a factor of 2 next to kzT, in Eq. (3).

B. Experimental Setup

Cornell University is planning the construction of an ul-
trabright x-ray light source based on the Energy Recovery
Linac (ERL) concept.n’12 The key component of the ERL is
a high average current, low emittance electron injector. To
this end, Cornell has an ongoing program to develop a very
bright photoinjector system based on high voltage dc gun
technology. The measurements reported here were carried
out as a part of this program. The dc gun, designed for a
500-750 kV voltage, is equipped with a load-locked photo-
cathode preparation system and operates at a base pressure in
the 107! Torr range. Details on the dc gun can be found
elsewhere."® To commission the high-voltage dc gun and per-
form studies of the photocathode properties and space charge
dominated beams, a short diagnostics beam line capable of
transporting up to 100 mA dc beam current has been as-
sembled. The measurements reported here were mostly done
at a gun voltage of 250 kV.

The beam line section directly after the gun is used for
the photocathode studies, and is shown in Fig. 1. Two iden-
tical solenoids are located back-to-back after the gun. They
are wired so that the magnetic field integral is cancelled to
avoid rotation of the beam. The beam transverse profile mea-
surements were performed using two different methods: a
wire scanner and fluorescent view screens. The wire scanner
has a 20 wm gold-plated tungsten wire, which is scanned
across the beam by a stepper motor. The current signal from
the wire is connected to a trans-impedance amplifier and
sampled together with the stepper motor encoder reading at a
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500 Hz rate. Two types of view screens, BeO and chemical
vapor deposition diamond, were used to observe the beam
profile. The optical profiles are measured with a 12-bit
charge-coupled device (CCD) camera interfaced to a com-
puter. The beam line is equipped with a double slit emittance
measurement system designed for studies of heavily space
charge dominated beams. Each slit is 20 um wide. The first
slit is comprised of two parts: a water-cooled guard slit with
a200 wum wide opening, and the actual 20 um precision slit
brazed to it. The function of the guard slit is to intercept most
of the beam power, to reduce thermal deformation of the
precision slit. This design allows measurements with beam
power of up to 1 kW without degradation in performance.
Instead of the usual method of stepping the slits through the
beam to collect data, the electron beam is moved relative to
the slits using two beam scanners, each consisting of a pair
of identical air—core correctors of opposite sign. The design
and mounting of these correctors assured that quadrupole
and sextupole fields were negligible in the region traversed
by the beam, as was verified by the beam measurements. A
very weak solenoid was located between the two slits to
correct for any angular misalignment between them, but in
practice, this proved unnecessary. The beam current passing
the second slit is measured with an insertable Faraday cup
connected to a low-noise current preamplifier. Because of the
absence of any moving parts during the scan, a detailed
transverse phase space map of the beam may be obtained in
less than a minute. The experiment is controlled via EPICS
and MATLAB®.

Five different lasers have been used in the photocathode
studies. An argon-ion laser provided three different wave-
lengths: 458, 488, and 514.5 nm. A 5 mW solid-state and a
helium—neon laser provided 532 and 633 nm lines, respec-
tively. A Ti:sapphire laser (Mai Tai®, Spectra-Physics) oper-
ated below the threshold for pulsing covered the range of
710-870 nm. The same laser operated in the Kerr lens mode-
locking regime provided 100 fs full-width at half-maximum
(FWHM) pulses at an 80 MHz repetition rate, and was used
in the photoemission response studies. By frequency dou-
bling this laser we have also obtained short pulses in the
360-460 nm range. The pulse duration lengthening due to
group velocity dispersion in the second harmonic generation
crystal is estimated to be less than 300 fs. Finally, a fre-
quency doubled Yb-fiber laser operating at 50 MHz repeti-
tion frequency is used for the space charge studies. It has a
wavelength of 520 nm and the shortest pulse duration with-
out temporal shaping of 2.5 ps FWHM, as measured by
auto-correlation.'*

A circular aperture illuminated by a laser was 1:1 im-
aged onto the photocathode, and provided a convenient
means of changing the spot size for the thermal emittance
measurements. Alternatively, an adjustable telescope was
used to relay a Gaussian profile laser beam onto the cathode.
For each electron beam data set, the laser beam was diverted
after the last lens and the optical profile was viewed with a
10-bit CCD camera at the same distance from the lens as the
photocathode. Typical laser spot profiles are shown in Fig. 2
for an imaged circular aperture and the full Gaussian beam
after the telescope.
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FIG. 2. Typical transverse profile of a laser spot incident on the photocath-
ode (a) after a circular aperture and (b) for a Gaussian imaged beam.

Two cathodes have been used in these studies: GaAs and
GaAsP. GaAs wafers with Zn doping between 6.3 X 10'® and
1.9% 10" cm™ were activated in the preparation chamber
of the load-lock system connected to the gun. A yo-yo prepa-
ration with cesium and nitrogen trifluoride gave typical ini-
tial quantum efficiencies of 10% at 532 nm. GaAsP photo-
cathodes were activated in a similar fashion. The GaAsP was
epitaxially grown by molecular beam epitaxy (MBE) on
GaAs substrates to a thickness of 2 um. The phosphorus
concentration was ~45% with a p-doping level of 2-4
X 10"® cm™. A 2 um transition layer with graded phos-
phorus concentration separated the GaAs substrate and the
GaAsP active layer to eliminate the strain resulting from the
lattice mismatch between GaAs and GaAsP.

C. Method

In the case of decoupled motion and in the absence of
space charge and beam dispersion, the n measurements of
transverse rms beam sizes o-i') at location z; corresponding to
i=1,2,...,n different optics settings between positions z,
and z; are related to unknown o-matrix elements B,€,, a,€,,
and 7y,€, at location z; by the elements of a 2 X2 transfer

matrix R?(zy— z,) for the transverse position and angle as

E}C :BXSX M (4)

Here the n-component
=) (...
n X3 is given by

column vector PN
,(o-i"))z)T, the matrix B, of dimension

(RiY)) 2R{RY (R
(R 2RTRY (R

(R? 2R (R

and the column vector s, = (B,€,,—a,€,, ¥.€,) ], where B,, a,,
and vy, are Twiss parameters and €, is the geometric rms
emittance, which is related to the normalized emittance by
€,=¢€, . m.c/p,, where p, is the longitudinal momentum.

Introducing normalized quantities EAS)EES)/UEU), and

éx’ijEBx’ij/UE(i), where j=1, 2, 3 and o0 is the rms error of

E)(;)E(o')(f))z, the least-square solution to Eq. (4) is written
5
s

o
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FIG. 3. (a) Typical beam profile as measured by the wire scanner and the fit.
(b) Typical solenoid scan data and emittance fit (GaAs, 860 nm).

s, =TB'S | (6)

where nXn covariance matrix T,=(B!B,)™'. The error

propagation in the emittance measurement, o, is achieved
X

via

o7 = (Vs €)' T (V, €), (7)

e.g. Vi .=(v/2,a,,B,/2)T, where in terms of s, elements:
x e
szsx,l/ex’ axz_sx,z/ex’ ’yxzsx,ﬁﬁ/fx’ and €x=\’ysx,1sx,3_sx,2'

The transfer matrices were calculated for the actual mag-
netic field profile of the two back-to-back identical
solenoids.'® Figure 3 shows a typical beam profile as mea-
sured by the wire scanner, a solenoid scan data set, and the
fit. Most thermal emittance measurements were carried out at
250 kV gun voltage with a dc beam of ~1 uA, making
space charge effects inconsequential. A cross check for the
measured emittance was carried out at 200 and 250 kV,
yielding the same normalized emittance within 1%.

All beam profile data taken with the wire scanner or the
screen were fitted with a super-Gaussian y:Ae“x‘Wlm/ "+ B
with free parameters A, B, m, w, and x,. The rms beam size
is given by w\['(3/m)/I'(1/m). This family of curves pro-
vides a better fit than a simple Gaussian to the measured
electron beam profiles obtained for non-Gaussian laser spots
on the cathode. The largest measurement uncertainty in de-
termining the beam size is estimated to be 2%. The measure-
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ment uncertainty was propagated in a y? fit to the emittance
according to the Eq. (6). Typical errors on the emittance add
up to 4% for the wire scanner and 5% for the view screen
measurements. The thermal energy was determined from the
slope of a line passing through the origin and )? fitted to the
emittance versus the laser spot size.

The double slit measurement provides a full map of the
transverse phase space. Figure 4 shows typical transverse
phase space maps for both cathode types obtained by the
double slit measurements. Noise and background subtraction
are important when calculating the rms emittance using two-
dimensional intensity maps. We employ a self-consistent, un-
biased rms emittance analysis (SCUBEEx)."” In this method,
an ellipse that contains the data is varied in size. The regions
outside of the ellipse are treated as noise, and its average
value is subtracted from the whole data. The rms emittance is
calculated as a function of the encompassing ellipse area.
When the ellipse is large enough to include the full beam, the
calculated emittance should not depend on its size assuming
the noise is uncorrelated in nature, and the value so found
represents the 100% rms emittance. Figures 4(c) and 4(d)
show the output from SCUBEEX analysis of the data shown
in Figs. 4(a) and 4(b), respectively.

To establish confidence in the emittance measurement
procedure, we have performed a crosscheck of the different
measurement techniques: a solenoid scan using both a view
screen and the wire scanner, and the direct transverse phase
space mapping with double slits. Measurements taken with
different laser spot sizes and profiles are shown in Fig. 5.
Most of remaining thermal emittance measurements reported
here are made using the wire scanner and solenoid scan
method.

D. Results

Figure 6 shows the thermal emittance measurements for
GaAs. The typical quantum efficiency (QE) is approximately
5% at 532 nm for these measurements. We have observed
some changes in the cathode thermal energy due to varying

9 -1 0 1 2 FIG. 4. (Color online) Transverse phase space of the
offset (mm) offset (mm) beam with thermal emittance. Current signal in nA. (a)
GaAs and (b) GaAsP. Calculated emittances as a func-
tion of encompassing ellipse area after the noise sub-
0.2 0.25 . .
= R traction for (c) GaAs and (d) GaAsP data, respectively
g 0.15 E 0.2 (refer to the text).
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FIG. 5. (Color online) Comparison between different emittance measure-
ment techniques for GaAs at 532 nm. Filled squares correspond to a Gauss-
ian laser profile.

QE for GaAs and more noticeably for GaAsP. Figure 7
shows the thermal emittance measurements for GaAsP at dif-
ferent wavelengths and for 1% and 6% QE. The change in
the thermal energy is outside of the measurement error and is
thought to be due to varying surface conditions, and in par-
ticular, the value of NEA. Figure 8 summarizes the depen-
dence of the transverse thermal energy of GaAs for different
laser wavelengths. The data in the 710—865 nm range was
taken with a single aperture of 1.5 mm diameter using the
Ti:sapphire laser. Figure 9 shows the transverse thermal en-
ergy of GaAsP for laser wavelengths between 460 and 633
nm.

lll. PHOTOEMISSION RESPONSE

A. Diffusion model

Following the three-step model of photoemission,18 a
diffusion model has been used to explain the measured pho-
toemission temporal response curves from GaAs illuminated
by near band gap energy photons.6 Although the value for the
diffusion coefficient obtained from fitting the data differed
from published values for heavily p-doped material, this the-
oretical model was able to reproduce the measured temporal
response profiles extremely well. In this section we will pro-
vide a convenient analytical form of the photoemission re-
sponse function in the framework of this theory. Assuming
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FIG. 6. (Color online) Thermal emittance of GaAs as a function of rms laser
spot size for various illumination wavelengths.
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FIG. 7. (Color online) Thermal emittance of GaAsP as a function of rms
laser spot size. (a) QE=6% and (b) QE=1%.

that the temporal distribution of the photoemitted electrons is
dominated by electron diffusion over the full range of wave-
lengths available to us, we were able to infer the photocath-
ode response time from beam size measurements in our well-
characterized beam line by comparing them to simulations of
the space charge effect in case of a tightly focused laser spot
and electron bunches of about 100 fC charge.

Following Ref. 6, we solve the simplified diffusion equa-
tion for the electron concentration, c(%,1), in the bulk of the
photocathode after excitation from a delta-function laser
pulse arriving at t=0:

dc(h,t) FPelh,t)
=D——.
Jt oh

(8)

¢ multiple apertures

N +  single aperture scan
N

150 %

E kTl (meV) = 309.2 - 0.3617 2 (nm)
N

100 b
N
LN
N

E
50
LI

kT i (meV)

Pog

200 500 600 700 800 900
wavelength (nm)

FIG. 8. (Color online) Thermal energy of GaAs as a function laser
wavelength.
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FIG. 9. (Color online) Thermal energy of GaAsP as a function laser
wavelength.

The following initial and boundary conditions apply:
c(h,t=0)=cye™®" and c¢(h=0,t)=0. Here, D is the electron
diffusion constant and « is the optical absorption coefficient.
The problem is treated as a one-dimensional transport prob-
lem, with & being the spatial coordinate perpendicular to the
cathode surface. Additional approximations leading to Eq.
(8) include neglecting electron recombination due to its very
long time scale compared to the emission process, and ignor-
ing the time for the laser pulse to travel inside the photocath-
ode material (fs scale). The boundary condition c(h=0,¢)
=0 reflects the NEA nature of the surface, whereas the actual
photoemission current is proportional to

I(f) % f c(h,t)dh. 9)
0

Here we assume a crystal thickness that is very large com-
pared to o™,
The problem has an exact analytical solution for the pho-

toemission current, which is given by

I(k) = % — exp(k)erfe(Vx) (10)
Nk

with normalized time k=t/7, where 7=a 2D, and erfc(&)
being the complementary error function erfc(§)
=(2/ W:) I ge‘gzdg. The function is singular at =0, and the
actual temporal response profile is given by the convolution
of the laser pulse with the profile given by Eq. (10). The
fraction of the pulse P(«) emitted up to time 7= k7 from the
arrival of a delta-function laser pulse is given by

Plk)=1- exp(K)erfc(\s";). (11)

A plot of P(r) versus time in units of 7 is shown in Fig. 10.
The response is characterized by both a very fast component
as well as a relatively long tail. The characteristic time 7
corresponds to photoemission of 57% of the pulse, whereas
107 corresponds to 83%.

B. Method

Conventional measurements of the photoemission re-
sponse time typically require a transverse deflecting rf struc-
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Fraction (%)

t/t

FIG. 10. Fraction of the electron pulse emitted up to time ¢ upon arrival of
a delta-function laser pulse for the photoemission response function given
by Eq. (11).

ture to produce a streak-camera action relating arrival time to
transverse displacement, and a well-synchronized laser pro-
viding ultrashort pulses. Accurate temporal measurements
with picosecond resolution are not routine. Here we propose
and demonstrate a new technique which relies on using the
space charge effect. Figure 11 presents beam-tracking simu-
lations that illustrate the basic principle. A tightly focused
(0.12 mm rms) laser spot produces short electron bunches of
known charge. The beam size evolves under the influence of
the external electromagnetic fields, as well as the internal

25¢

0 1 2 3 4
solenoid current (A)

(b)

Ac_ (mm)
o
(2]

0 20 40 60 8 100
7 (ps)

FIG. 11. (Color online) Calculated dependence of the transverse beam size
of the beam at the location of the wire scanner for different values of pa-
rameter 7. Charge per bunch 100 fC, gun voltage 250 kV, k3T, 150 meV,
initial rms laser spot size 120 wum. (a) Solenoid scan and (b) change of the
spot size relative to the case of negligible space charge for unpowered so-
lenoid as a function of parameter 7.
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TABLE I. Results of data fitting for GaAs response time.

J. Appl. Phys. 103, 054901 (2008)

TABLE II. Results of data fitting for GaAsP response time.

Wavelength (nm) 7(ps) Comment Wavelength (nm) 7(ps) Comment

860 7626 Voun=200 kV 520 =1 Upper estimate placed
860 6922 V=250 kV 400 =0.14 Upper estimate placed
785 11512 Ven=200 kV

785 93+ 1.1 Ven=250 kV

710 58+05 Veun=200 kV good agreement between the two values strongly supports
710 5205 V=250 kV the validity of the method. The rather large uncertainty in 7
520 =1 Upper estimate placed

460 =0.14 Upper estimate placed

space charge forces. The transverse space charge force is
proportional to the peak current, which in turn is related to
the bunch duration. Figure 11(a) shows the space charge cal-
culations for a bunch emitted from the photocathode, and
transported through the gun and solenoid to the wire scanner
located 1.790 m from the cathode using the space charge
code ASTRA." The fields in the gun and solenoid were cal-
culated wusing the static field finite element solver
POISSON.? The magnetic field profile of the solenoids has
been measured and found to be in excellent agreement with
the calculations.'® Figure 11(b) shows the sensitivity of the
spot size at the wire scanner on the parameter 7 for a 100 fC
bunch and with the solenoids unpowered. As it is possible to
measure changes in the rms transverse beam size as small as
tens of um, the method is quite sensitive to the photoemis-
sion response time, especially for prompt emitters. A great
advantage of this technique is that the rf deflecting structure
and synchronized laser are not required. The disadvantage is
the required assumption of the initial temporal profile shape.

The measurements were carried out as follows. Solenoid
scans of the electron beam size were performed with short
laser pulses providing approximately 100 fC bunches at two
different voltages, 200 and 250 kV. The laser was operated
either continuous wave (giving a negligible space charge), or
with a very short duration, small bunch charge. The mea-
sured laser transverse profile was used to generate a quasi-
random initial electron distribution for the space charge
code. The data in the case of negligible space charge forces
were x°-fitted using the beam tracking code with space
charge forces turned off to find k3T, . The thermal cathode
energy so found was consistent with measurements reported
in the previous section. This value was then inserted into the
code for the ¥ fit to the data with 100 fC per bunch, where
the fit could then be made with only one free variable, 7. The
initial temporal distribution was found by convolution of the
known laser pulse duration with the photoemission response
as given by the Eq. (10). To resolve the fine features of the
photoemission temporal profile, the longitudinal space
charge mesh size was specified to be 200. The agreement in
the value of 7 obtained for different gun voltages indicates
the consistency of the method.

C. Results

The results are summarized in Tables I and II. Figure 12
shows a fit of the measured data in the case of GaAs excited
by 100 fs laser pulses for two different gun voltages. The

for GaAs at 860 nm is primarily due to the poor sensitivity of
the method for very long response times, as shown in Fig.
11(b). We note that the GaAs response time so determined is
in reasonable agreement with previous rf deflection measure-
ments with near band gap energy photons.6

In the case of 520 nm for both GaAs and GaAsP, and
460 nm for GaAs and 400 nm for GaAsP, the fitted response
could only be assigned an upper limit. In all these cases,
excellent fits to the data were possible by assigning the initial
temporal electron distribution to follow the known laser
pulse duration exactly, as shown in Fig. 13. For these cases
we estimate 7=0.14 ps for 400 and 460 nm, and 7=1 ps
for 520 nm.

IV. DISCUSSION

The measured thermal emittances for NEA GaAs are in a
good agreement with the previous measurements of Ref. 7,
whereas in noticeable disagreement with Ref. 9. In particular,
we find the rms normalized emittance from GaAs when
excited with 860 nm light is as small as
0.121 £0.004 mm mrad for a 1 mm radius uniform laser
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FIG. 12. (Color online) Fit of the measured solenoid scan when excited by
100 fs laser pulse at 710 nm. (a) 200 kV and (b) 250 kV.
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FIG. 13. (Color online) Example of fit to solenoid scan data for GaAs when
excited with 300 fs laser pulses at 460 nm. The bunch charge is 97 fC, the
initial electron distribution is assumed to be identical to the laser (prompt
response). All parameters except for the gun voltage are identical for the two
fitted curves.

spot illumination. We note the absence of emittance measure-
ments for different laser spot sizes, and the reliance on a
single measurement technique in Ref. 9.

The measured transverse thermal cathode energy for
GaAsP is consistently higher than that of the bulk GaAs
despite the fact that the band gap of GaAsP, which undergoes
a transition from direct to indirect gap for 45% phosphorus
concentration, is more closely matched to the shorter laser
wavelength than GaAs. The larger kzT, obtained from
GaAsP photocathodes is consistent with previous measure-
ments of the energy spectra of emitted electrons using a
parallel-plate geometry.21 The authors in that reference sug-
gest a larger amount of scattering before emission to be the
cause. Their speculation is that this is due to a wider band-
bending region, caused by increased NEA, as well as greatly
increased intervalley scattering due to the high-mass X and L
valleys being closer to the I' valley in comparison with
GaAs. Nevertheless, the detailed mechanism for the higher
energy spread is not understood.

The measured photoemission response from the two
NEA photocathodes displays a very strong dependence on
the laser wavelength. This is not surprising given that the
absorption in GaAs changes by more than an order of mag-
nitude over the range of wavelengths under study. Thus, the
expected and observed change in the response time is over
two orders of magnitude.

In the future, we plan to conduct detailed studies of the
temporal profile of emitted electrons from GaAs and GaAsP
at 520 nm wavelength using a deflecting rf cavity.

V. SUMMARY

By measuring one of the important parameters for ad-
vanced accelerator applications of the photocathodes,
namely, the thermal emittance, we have evaluated the poten-
tial of NEA photocathodes for very high brightness beam

J. Appl. Phys. 103, 054901 (2008)

production. The space charge effect in short bunches has
allowed us to deduce the temporal response time of these
photocathodes. Both GaAs and GaAsP are found to be
prompt emitters (<ps) for wavelengths less than 520 nm.
The information on the cathode thermal energy and the re-
sponse time will aid the optimal choice of laser wavelength
for various photoinjector designs utilizing low emittance
NEA photocathodes.
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