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Abstract

We have measured the photoemission yields from metallic surfaces using picosecond
laser pulses. We plan to use photoemission as an electron source in a compact super-
conducting laser-driven electron gun. By backscattering the laser pulse from the electron

beam, a time resolved, quasi-coherent X-ray beam is produced.
1. Motivation

In many recent applications it is desirable to have short, intense electron pulses with
good emittance. Such beams can be effectively produced with “r.f. guns”. In these
devices an electron source is placed in an accelerating microwave (r.f.) cavity and the
emitted electrons are accelerated directly by the r.f. field without preacceleration by a
D.C. voltage and subsequent bunching. Furthermore, in an r.f. gun, electron emission can
be conveniently achieved by a short laser pulse. Laser r.f. guns result in smaller transverse
momenta of the electron beam because of the cold cathode, and produce large electron
current densities at the cathode. Laser excitation is also important in producing polarized
electron beams.

Because the electrons must be accelerated from rest to relativistic velocities within
one half r.f. cycle, laser r.f. guns require high electric fields and thus high power input.
This is achieved by pulsed operation at the megawatt level. An alternative is the use of a
superconducting r.f. cavity where the same field can be established at much lower power
levels, and the cavity can operate continuously.

In this application it seems desirable — at least in the initial stages — to photoemit
the electrons directly from the Niobium surface of the cavity. The laser power must be

restricted so as not to drive the cavity normal. We have therefore studied photoemission
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from Nb, Cu and Au surfaces using a UV laser pulse of ~20 ps duration with total energy
in the pulse between 10-100 pJ.

2. Experimental Arrangement

The laser pulses were obtained from a “chirped” laser amplification system consisting
of a YLF oscillator and glass regenerative amplifier(}), operating at 1 Hz. The wavelength
was A = 1054 nm, and we used the entire pulse train from the amplifier rather than selecting
a single pulse; the pulses were compressed in time to approximately 20 ps duration. The IR
pulses were then frequency doubled to green and doubled again to UV using BBO crystals,
to produce a final wavelength of A = 264 nm. The energy in the IR pulse train was of order
of few mJ resulting in 10-100 J in the UV. Typically the UV pulse train contained about
8 pulses as shown in Fig.1. The UV energy was monitored for every pulse by sending a
fraction of the pulse to a power meter.

The metallic cathodes were flat discs, 1-inch in diameter mounted on an electrically iso-
lated holder which was connected to ground through a charge-sensitive amplifier (Amptek
A-225). The anode, a metallic disc with a 2 mm diameter hole to let the laser pulse pass
through it to the cathode, was biased to a variable positive voltage up to 3 kV; in pre-
vious experiments the anode was a metallic mesh. We also took data with the cathode
illuminated at almost tangential incidence. In this case the polarization of the light pulse
was varied with respect to the plane of incidence. The experimental arrangement is shown
schematically in Fig.2. A turbo pump was used to maintain a vacuum in the 1072 torr
range.

The integrated charge as measured by the amplifier and the laser pulse intensity were
digitized on a Tektronix, TDS-620 scope for each pulse. These data were accumulated and
displayed on a Macintosh Ilci using National Instruments Labview. Typically 100 pulses
were averaged at each setting and their error was calculated from the dispersion of the
results. The principal cause for such dispersion are the fluctuations in the laser intensity.
The integrator was calibrated by injecting a known charge, and its dynamic range could

be adjusted from 0.1 to 40 pC.

The cleanliness and preparation of the cathodes appears to be of crucial importance in
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determining the quantum efficiency. The Nb and Cu cathodes were mechanically polished
and then cleaned with an acid solution. The gold cathode was made by evaporating an
88:12 mixture of Au and Ge on a Cu substrate to an estimated thickness of 100 nm. It
gave the highest efficiency so far (see Fig.6(b)) We also tried other cathodes, such as LaBg

deposited on a sapphire disc but the results were inconclusive.

3. Results

The data are presented as the ratio of charge collected (in pC) to UV incident on the
cathode (in puJ). Corrections for light losses at windows and other optics have been made.
The quantum efficiency (electrons/photon) can be obtained by multiplying the pC/uJ ratio
by the photon energy in eV x107¢. Thus

€= (%) x 4.70 x 107° (1)

I

We first present the Nb data in some detail. We obtained normal incidence data at
two different spacings of the anode from the cathode. The laser pulse was of circular cross
section with a 2 mm diameter, and the pulse length is estimated at 7 = 20 ps per pulse in
the train. The data are shown as a function of bias voltage and for different UV energies
in Fig.3(a) for the 5 mm spacing and in Fig.3(b) for the 1.1 mm spacing. In both cases
the increase in yield is much more gradual than the space-charge limited V3/2 dependence.
Furthermore the yield for the five-fold higher field of the 1.1 mm spacing is not significantly
larger than for the 5 mm gap. We conclude that we are emission limited and not space
charge limited.

The best efficiency observed from these data is of order ¢ = 107%. The corresponding
peak current density (at 100 pJ) is

_A_Q 1

— — = 2
J = = 2 1.5 A/cm (2)

where we approximated AQ = @/8 to account for the multiple pulses in the train. For a
planar diode with 5 mm gap and at 2.5 kV bias the space-charge limited current density
is
2.34 x 107%[V(Volts)]3/2
J =
[d(cm)]?

(A/em®) =12 A/em’ (3)



The corresponding intensity of the laser pulse is estimated to be

I:ﬁifwﬁ) MW /cm’

r

where AE = E/8 is the average energy in each pulse.

In Figs.4(a) and 4(b) the same data are presented as a function of UV energy for the
different applied biases for the two gaps, 1.1 mm and 5.1 mm. The apparent small drop
in efficiency is not strongly dependent on the bias, and is attributed to saturation of the
charge integrator.

Data from the Nb cathode were also obtained with the beam incident at 80° with
respect to the normal. The data are shown in Fig.5(a) as a function of a laser beam
polarization for different UV energies; the gap was 5.1 mm and the bias 3 kV. The yield
depends on the polarization and is maximum for p-polarization (E-field in the plane of
incidence). The data for all UV energies are fitted with the same cos?(2¢) curve where ¢
is the angle of the half-wave plate. The combined data are shown in Fig.5(b) indicating
a 14% modulation which we interpret as field-assisted emission. We performed control
experiments to ascertain that the peaks correspond (within +10°) to p-polarization and
that such polarization effects are absent at normal incidence. The average efficiency in this
case was € = 0.6 x 107%. In contrast, in the same geometry but for a 1.1 mm gap spacing
efficiencies as high as 1.6 x 10° were obtained. The effective beam size for “grazing”

incidence was of order 18 mm?

as compared to 3 mm? for normal incidence; the current
density was therefore correspondingly lower.

Results from Cu, Au and Nb cathodes were obtained at normal incidence in a series
of previous measurements. As for the data discussed above, the cathode was connected
to ground through the charge integrating amplifier. The anode was a metallic mesh with
43% transmission and biased to positive voltage; the gap between cathode and anode was
2.7 mm. Fig.6 gives the efliciency as a function of biasing field for the three cathodes.
The Nb results are consistent with our present measurements but lower than those given
in Figs. 3-5. No significant dependence on the bias voltage is observed. The residual

pressure for the measurements shown in Fig.6(a) was as follows




Au cathode P =6x10"° torr
Cu 3 x 1078 torr

Nb 5 x 1078 torr

How much the residual pressure affects the surface cleanliness and efliciency has not been
determined at this point. Furthermore during a recent run the efficiency of another Cu
cathode at grazing incidence (gap 5.1 mm) reached only € = 0.7 x 10~%, nearly a factor of
three below the data of Fig.6(a). Recent results from a Au cathode at normal incidence

are shown in Fig.6(b) as a function of applied field, for different incident UV energy.
4. Discussion

There is a significant variation in the literature for the reported values of the work
functions of metals. For the cathode materials we have tested, we list a range of reported

work functions below:
Au  43-547eV
Cu 44-494eV
Nb 4.0-4.63 eV

to be compared to the UV photon energy hv = 4.7 eV. The upper limit is the highest
of several values compiled by Michaelson(?), and the lower limit is that recommended by
Fomenko from his earlier compilation(®). For each material we tested, Fomenko’s recom-
mended value is lower than the lowest Michaelson values.

For low incident light intensities the photoelectron yield should vanish when the pho-
ton energy of the light is below the work function ¢ of the metal, i.e. for hv < ¢. In
the work functions for Cu and Nb are consistently reported as being below 4.7 eV, par-
ticularly when measured by photoelectric emission. In every photoelectric emission study
from the above references, however, the work function of Au is measured above 4.72 eV.
That we consistently measure a significant photoelectric yield from Au may be attributed
to a combination of 2-photon absorption and barrier lowering by the Schottky effect. For
a 13 MW /cm? pulse the electric field in the laser reaches E = 10° V/cm; the Schottky
barrier suppression is given by A¢ = [(e/4mey)E]!/? which corresponds to A¢ = 0.12 V

for the above field. We have not observed any photoelectric yield from Au when exposed
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to green light (2.35 eV) of similarly high intensity, which limits the possible contribution
of multiphoton absorption.
Studies of photoemission by short laser pulses have been carried out by Fischer and

Srinivasan-Rao(*)| who give the quantum efficiency as
€=2x10"*(hv — ¢)? (4)

They used a quadrupled YAG laser (hv = 4.65 eV) and studied Au, Mg, Y, Te and Sa
cathodes. Our results for Au are in agreement within a factor of two of theirs. These
authors mention that their cathodes were specially prepared and their residual vacuum
was in the 107° torr range.

Charpak et al.(®) report on photoemission from Cu and Al cathodes using c.w. UV.
Their data for Cu can be fitted by

e=2x107%(hv — ¢)? (5)

where the light source frequency is varied and ¢q is taken as 4.15 eV. The efficiency in-
creased by two orders of magnitude when the cathodes were coated with organic substances
such as TMAE. Cesiated surfaces are known to have efficiencies up to 0.1 and they pho-
toemit with visible light. However such surfaces must be prepared in situ and introduced
into the gun through a vacuum lock; LaBg is a good material for thermionic cathodes
and can be used in a laser gun if warmed slightly. Neither condition is well suited for our
proposed application.

In our work so far we have difficulty with the reproducibility of our results. For
instance in earlier work(!) we reported efficiencies for Au at normal incidence ¢ = 3 x 1077
whereas for grazing incidence we gave e = 5 x 107%. These do not agree with our present
findings. Similar discrepancies were observed with a Cu cathode. In the case of a cathode
coated with BaO the efficiency deteriorated rapidly (within 10 laser shots), most probably
because, the coating was ablated by the laser pulse. We believe that these problems are

related to surface contamination and would be less pronounced at higher fields in the gun.



5. Application to a Superconducting r.f. Gun and

Piocosecond X-ray Source

Choosing a high microwave frequency allows for a compact structure and cryostat but
requires higher fields and better alignment tolerances. So far we have experimented with
a 1-1/2 cell copper S-band structure of the Brookhaven design(®) even though an L-band
superconducting cavity is contemplated for the actual device.

To accelerate sufficient charge, the electrons, emitted at rest, must reach in the first
half cell B3 = 0.8 which corresponds to a K.E. gain of 340 keV over a distance of A\/4. For
L-band this requires an average field of only 7 MV /m; this is not difficult to achieve. The
Brookhaven S-band cavity is designed for an average field of 66 MV /cm, in which case for

a Q-value of 10® the power requirement remains modest

>\3€0E2 _

P =TW (6)

One can therefore expect higher gradients in the cavity, and we will assume a capture
efficiency of 50%.

The electrons will be produced directly at the surface of the cavity at grazing incidence
by a 10 ps pulse; this corresponds to a 6° phase angle for the r.f.; synchronization between
the laser and r.f. has been achieved. The UV pulse energy will be between 10-100 pJ, and
assuming a quantum efficiency ¢ = 10> we obtain ~100 pC/pulse in the electron beam.
Even though we are presently operating our laser system at 1 Hz, operation at 120 Hz and
even at 1 kHz is possible.

For 100 W of input power the gradient in the accelerating structure is 26 MV /m (for
Q@ = 10°%, v = 3 GHz), and the expected energy of the electrons exiting the 1-1/2 cell is
2 MeV. By the addition of two more cells we can reach K.E. = 4.5 MeV. The emittance

of the beam is estimated at (o-0_) ~ 107% m-rad so that one could focus the beam to an
area A = 1 mm?.
Finally, we consider the backscattering of the main part of the laser pulse from the
electron beam. The energy of the backscattered photons is given by (4ywo/m < 1)
42w
- 7
® 1+292(1 —cosb) (M)
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where ¥ = E/m for the electron beam, wy is the incident photon energy and 8 is the

scattering angle measured from the electron beam direction. Thus for § = 0
w = dy’wo (8)
Using v = 10 and wg = 1.16 eV (A = 1054 nm) the backscattered X-rays have a peak
energy of 0.46 keV () = 26.4 A). The energy changes with angle according to Eq. (7), the
majority of the spectrum being contained in a forward cone of opening angle § = 1/ ~ 6°.
Thus, by suitable angular collimation a quasi-monochromatic beam can be obtained.
A possible arrangement of the cavity, UV and IR laser ports and X-ray beam line is

shown in Fig.7. The yield of X-rays is given by

Nyor
N, =N,——
N, 1 (9)

where A is the beam area at the interaction point assuming perfect overlap. The total

scattering cross section can be approximated by the Thompson value

_ 8n

3 r2 = 6.6 x 107%% cm? (10)

oT

We use
N. =6 x10° (100 pC)

N, =5 x10* (10 mJ)
A=10"% ¢cm?

Therefore N, = 2000/pulse. One can expect an increase in the X-ray yield as the electron
beam intensity improves and as the interaction area is further decreased. With existing
solid state laser amplifiers a repetition rate of 120 Hz can be reached.

The question arises as to whether the X-rays are coherent. To the extent that the
IR laser pulse is coherent one can consider that the X-ray pulse retains this coherence
within a particular narrow energy band, primarily in the forward direction. Selecting
these forward X-rays one can expect N,(6) = 200/pulse. However the principal advantage
of the proposed X-ray source is its time resolution and energy tunability, which are achieved
by adjusting the laser pulse width and the electron energy, respectively.

Alternately one can let the electron beam traverse a radiator and use the
bremsstrahlung as a wide-spectrum, time-resolved v-ray source, avoiding the complica-

tions of the laser backscattering.
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Figure Captions

Fig.1 The laser pulse train used in these experiments.

Fig.2 Schematic of the experimental set-up.

Fig.3 Yield of photoelectrons from a Nb surface in pC/uJ as a function of bias voltage for
normal incidence (a) 5mm gap, (b) 1.1 mm gap.

Fig.4 The same data as in Fig.3 as a function of UV energy in the pulse train (a) 5 mm gap
(b) 1 mm gap.

Fig.5 Yield of photoelectrons from a Nb surface at grazing incidence for 5.1 mm gap and
3 kV bias a function of laser beam polarization (a) For different UV pulse energies
(b) Combined for all energies.

Fig.6 (a) Data from previous experiments for Au, Cu and Nb cathodes (b) Recent data from
gold at normal incidence as a function of applied field.

Fig.7 Experimental set-up for proposed X-ray source.

10




IR intensity [arb units]

green intensity [arb units]

UV intensity [arb units]

IR (1053 nm) pulse train

S

N SN SRR N ESWEWE N

i :
0§ . TIVWWhaan,
0 100 200 300 400 500
time [ns)
Green (527 nm) pulse train
B ]
20 L ]
15 .
10 [ ]
5 — “ ]
0 100 200 300 400 500
time [ns]
UV (263 nm) pulse train
S ]
25 | -
2 F ]
15 — :
1E
05 [
0 ‘All N L‘Nh
L ! T PRI B Sl SRS S T Y
0 100 200 300 400 500
time [ns]
Figure 1



chriped
oscillator

Mode Locked Oscilator

Q-switch
Pockels
Cell

v
. single de==
pulse train pulse

=

S

Brewster
Plate

Regenerative Amplifier

Laser
Head

80% R

Compression Gratings

peak pulse

[

»“.

pulse train

pulse

Y

compressed

BBO #1
A =1053 nm

BBO #2

UV laser pulse

57
J

wire mesh
43% T

Al
T
L
A

photocathode

y4

Cu cathode

holder

charge amplifier

<

Figure 2
12

digital scope

A = 527 nm Z 4 k=263n%




[AY] ebejjon deb ww g
S€ € Sz 2 S L S0 0

ey 0

_.__
- -4
- $ ] so0

L * ¢ M S0
L Jzo

o 4 sz0

L ad a0 alaaaal Fan

NP B 1}

mmm._gm qioh.cw .wmm:g *SA Aouajonjo
‘@ouapiou] jewJou ‘deb ww 'S ‘WnNIqoiN

[Ad] abeyoa deb ww g
S€ € ge r4 Sl } S0 0

e e e 1 O

- § soo
F 1o
* {sre
Jzo

20

FERPEr A

1 Laasada e} ad 1 " €0

abesoae ?5@.3 .ams_g *SA >o:u_u_=m
‘aouapjou) jewlou ‘deb wiw |°G ‘WN)qoIN

[rmiyod] Aousioyye wnjuenb uesw

[rrir0d} Aouaioye wmuenb uesw

‘eg ainbi4

{A%] e6ejjon deb ww g
SeE € ST 2 S } S0 o

e 0

- ®  Jsoo

- * ¢ * 1 S0
- 120

o 1820

FUFEET YRR IS

FUNAS SR | 1 n m O
abeiane prigg-gs ‘ebeljoA "sA >o:m_o_tm
‘aouapioul jewsou ‘deb ww |G ‘wNIqOIN

[A¥] e6eyon deb ww g
Se € 4 4 S’ 3 S0 0

S b T o e e e e W 1}

- 00
s ¢ 1o
L + $ 1 S10
o

1 s¢0

1 1 aa bl 1 1 £0

obeioae _iom-ou .omu:g "SA >u:o_o_to
‘gouap|ou| jewsou ‘deb ww )°G ‘wWNjqoiN

[riy0d] Aousioyje wnuenbd usaw

[rriy0d] Aousioye wnjuenb uesw

{A¥] obejjon deb ww |'g
S¢ € §¢ 2 St 1 S0 0
ey 0

T T T T T T

- ¢ 1 s00

L 4 szo

1 1 1aaaal 1 It “mc

abeiane prigg-02 ‘abejjoA "SA >o:0_o_=o
‘asuapioul jewsou ‘deb wiw |G ‘WNIQOIN

[Ax] ebejjon deb ww |-G

St € §2 e S’} I S0 0
T Ty r ey ey errr) 0
a $ Jsoo
- .m 140
3 ; $ ¢ 1s1o
o
r lmmN.o
STV WA SVUFUrri WSl AU WIS Wi | “nc

abeiane prigg-op ‘abeljon “sA Adusjoiye
‘aguapiou] jeusou ‘deb ww |°s ‘wniqoIN

[Ax] ebejjon deb ww |'g
Se € se e S’ l S0 0

L e s w1

[ 4 s00

- * 4510

- ¢ 120

- 1820

L 1 1 1 1 H m 0
omu..gw ﬂiou.o .omS OA °SA >o=m_u_tm
‘aouapiou) jeunsou ‘deb ww |°g ‘wn|qoiN

[p1i/od] Asusioye wnjuenb uesw

[ri/0d] Aoueroye wnjuenb uesw

[rTiyod] Asusioye wnuenb ueew

13



[AY] ebejjon deb ww g
Se € §T 2 S L s§so0 o
e 0

LB S o L I S B B N N R |

s 3 so0
- 1o

a ¢ 1svo

- 4 2o
a 4 szo

1
FETEE e mo

cmm‘_m;a q.zoN_. -00] ‘9be)|OA ‘sA Aosudioyd
‘@auapioul jeursou ‘deb ww L'} ‘wnjqoiN

oo aoalanagd e d s sl

[Ax] ebeyoa deb ww g
S€ g s¢ 2 S L S0 0
_.._._.._....__..WQ

DARLAN S B e B e e

- S0°0

wti i

o 1 820

M WY Wi et

T e £0

abeiaae piipg9-op ‘@beljoa “sA Aouapoyye
‘agouapioul jewdou ‘deb ww |-} ‘wniqoiN

NP WS e

[ry0d] Aoueroyye wnjuenb uesw

{rriyod] Aousroiye wnjuenb uesw

‘qe @1nbi4

[AY] @beyoa deb ww g
S'€ € se c Sl 3 S0 0
ML RS B AL A RS R w i

- § 1510
- ] zo

- 1 620

N Pt »A mo
abesaae prigol-08 .omﬂ_o> *SA Aouaoe
‘aguapioul jewsou ‘deb wuw |°| ‘wnjqoiN

s Lt lassa by P

[AY] ebejjon deb wiw |
S€ € se [N L S0 0
..._...._..._.o

0 S B B B B B

. 4 so0

1¢0

IR

- -1 §2°0

FEFIVOrS WS SPITE SPUPAPEPE B | .:.....:ﬂmo

abeiane prigy-0Z omﬂ_o> ‘SA Aoualoiyye
‘aouapiou; jewdou ‘deb ww §°| ‘wniqoIiN

[eriyod] Aousioye wnjuenb uesw

[rriy0d] Aouaioyje wnjuenb uesw

[AY] ebejjon deb ww }°g
S'e € se 4 - 8 S0 0

e 0

F 4 so0

F ¢ 1 510

[ Jzo

- 4 sz0

S W N L _..___.....no

abeiane prigyL-021 .omm«_o> *SA Aduaioyje
‘aouapiou; jeunsou ‘deb ww | ‘wniqoIN

{A] ebejjon deb ww §°g
St € se 2 St i S0 0
A e w‘o

- ] $ : S0'0

- ® Jsto
- Jzo

q 4 szo

3

2 ool s by g ba g aal | 1 £0

abesaae r1igg-09 .omu._o> "SA >u:0_o_=c
‘aouapjou) jeunou ‘deb ww |- ‘wniqoIN

[Ax] eBeyoa deb ww |'g
S'€ € Sz 2 S 3 S0 0
.......:_...__..I_...J...._._q.o

- 4 s00

- * - 2o

- i szo

i et | AT Y il al PN Ay -Hmo
mmﬂgw -.icu-o .omﬂ_g *SA >ucu.o£¢
‘aguapjoul jeuniou ‘deb wuw |-} ‘wniqoIN

[Priyod] Aousioe wnjuenb uesw [rri/od) Asusidiye wnuenb uesw

[P/0d] Aousioye wnjuenb ueew

14



Niobium, 1.1 mm gap, normal incidence, quantum
efficiency vs. UV energy (20 puJ bin average)
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Figure 4a

Niobium, 5.1 mm gap, normal incidence, quantum
efficiency vs. UV energy (10 uJ bin average)
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Niobium efficiency vs. A/2 plate setting,
all UV energies, 3 kV @ 5.1 mm gap (3.2)
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Figure 5b
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Qeff [e-/phot]

Quantum Efficiency [e-/photon]
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Quantum Efficiencies of

Au, Cu, and Nb vs. Field
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Figure 6a

Quantum efficiency of Au vs. Field,

averaged at different UV energies
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Figure 6b
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Figure 7
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