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Various issues in linear and nonlinear photoemission were studied using dif-
ferent harmonic wavelengths of a short pulse laser system. 1-, 2-, and 3-photon
emission from copper was observed using subpicosecond pulses of 217, 325, and
650 nm wavelengths, respectively. The electron yield for each n-photon process
was measured and found to be proportional to I as predicted by the generalized
Fowler-DuBridge theory with no heating effects. The quantum efficiency of cop-
per at 217 nm was 7jgy;7 = 1.2 x 1073, The first multicolor photoemission process
was discovered and characterized using overlapping 325 and 650 nm laser pulses.
Emission properties of copper and magnesium RF photoinjector gun cathodes
were studied using 50 ps, 266 nm pulses. At this wavelength the quantum effi-
ciency of copper was mags = 1.0 x 107°. The quantum efficiency of magnesium

was initially low but increased dramatically upon laser ablation of its surface to
XV



a higher value than copper, then quickly began to deteriorate as contamination
set in. The effect of the RF gun environment on copper photocathodes was in-
vestigated by creating quantum efficiency maps of the cathode surfaces. It was
found that short term exposure in the gun produced a smoothing of the surface
emission, while long term exposure led to contamination and laser damage which
caused large variations in emission across the surface. This led to an investigation
of alternate cathode materials: silicon, diamond, and fullerene. Boron-doped di-
amond showed the most promise as a photocathode material, having a quantum
efficiency and damage fluence product 1€y comparable to that of copper. Fi-
nally, electron dynamics of multiphoton emission were studied using thin copper
films. The majority of electrons were produced by bulk (volume) photoemission,
and the maximum electron escape depth was measured to be 250 A at 217 nm
and 350 A at 325 nm in the absence of space charge. From these escape depths
the maximum delay time between the incident laser pulse and the emitted elec-
trons was calculated to be 12 fs for 217 nm and 21 fs for 325 nm light. These

time delays will be negligible for laser pulses > 100 fs in duration.
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Chapter 1

Introduction

The success of Maxwell’s equations for electromagnetism had convinced late 19th
century scientists of the wave nature of light. However, when Hertz {1}, Thomson
12], Lenard {3], and others performed photoemission experiments by illuminating
metals with ultraviolet light and measuring the current of electrons that were
emitted, their results began to show inconsistencies with this wave model.

For example, the wave theory of light predicts that the energy absorbed by
an electron in an illuminated metal should be proportional to the intensity of the
incident light. Thus measuring the maximum kinetic energy of the emitted elec-
trons as a function of light intensity should demonstrate this relationship. The
results of these photoemission experiments, however, showed that the electron ki-
netic energy was not dependent on the light intensity, but rather was proportional
to the incident light frequency.

Einstein offered an explanation in 1905 [4] using the concept of quantization
developed by Max Planck five years earlier [5]. Einstein assumed that light was
composed of discreet particles called photons, each having an energy proportional
to the frequency of the light:

E = hv (1.1)




where v is frequency and h is Planck’s constant. The process of photoemission
occurs when individual electrons in the metal absorb individual photons and gain
this amount of energy. The maximum kinetic energy of the electrons ejected from

the metal would then be given by the equation
E e = hv —ed (1.2)

where ¢ is the magnitude of the electron charge and @ is the work function of the
metal. Because F,.., must have a positive value, there is a threshold condition
on the photon energy. If the photon energy hv is less than e® (the energy
required to overcome the work function) no emission will be observed because
the photoexcited electrons will have insufficient energy to escape the material.

These predictions were confirmed by subsequent photoemission experiments,
and thus Einstein’s theory became the standard model. Since then theoretical
modifications have been made to account for such processes as temperature effects
and multiphoton emission, and with the advent of lasers many experiments have
been designed to test these theories and to develop a wide range of photoemission
applications. In this paper we will investigate theoretical and experimental issues
of linear and nonlinear photoemission, and applications of the emission process
to studies of metal and semiconductor photocathodes.

Chapter 2 describes the modern theory of photoemission. This was first devel-
oped for single-photon (linear) emission from metals in 1931—not so modern—
but more recently has been generalized to include multiphoton (nonlinear) pho-
toemission. Multiphoton emission can be observed only with high intensity laser
systems and thus is a relatively new development. This chapter also surveys some
of the main findings in the photoemission field.

Utilizing amplified femtosecond dye laser pulses we performed photoemission
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experiments on copper using three different laser harmonics to produce 1-, 2-,
and 3-photon emission. This led to the first observation of a multicolor emission
process from electrons occupying the Fermi states of the metal. Electron yield
measurements were performed for all these processes—the details and results will
be described in Chapter 3.

Chapter 4 presents experimental results investigating single-photon emission
properties of copper and magnesium with respect to their use as photocath-
ode materials in electron accelerators. For these experiments we used frequency
quadrupled Nd:YAG laser pulses which are standard for many such accelerators.
We also studied the short and long term effects of an accelerator environment on
the emission performance of copper using actual cathodes from the UCLA RF
photoinjector gun.

The results of these copper and magnesium photocathode experiments led us
to search for alternative photocathode materials for accelerator applications. In
Chapter 5 we present results of photoemission studies on various types of semi-
conducting materials including silicon, diamond, and fullerene. One or more of
these chemically inert materials may provide a suitable replacement for a copper
photocathode if the product of its quantum efficiency and laser damage fluence
NE4am 18 comparable to that of copper.

Chapter 6 describes some of the electron dynamics of single and multiphoton
photoemission. Using thin copper films, we investigated electron emission from
both the front and the back side with respect to the incident laser pulse. From
this we could determine the depth from which the electrons are emitted in the
metal and estimate the “promptness” of the photoemission process. These re-

sults indicate the feasability of using a back illuminated photocathode in a linac



or other accelerator where laser access from the front side is limited. We also cal-
culated the minimum temporal width for a photoemitted electron bunch created
by an ultrashort laser pulse.

Finally, the findings of our various experiments are summarized in Chapter 7.



Chapter 2

Theory and Previous Work

To begin our photoemission study, we will develop a theory predicting the total
number of electrons emitted from a metal illuminated by a given laser pulse.
This number of electrons will depend on two factors: (1) the probability of each
electron absorbing the n photons necessary for emission and (2) the number of
electrons in the metal available for such an emission process. The first part
is described by simple probability theory in Sec. 2.1 while the second part is

calculated using the Fowler-DuBridge theory detailed in Sec. 2.2.

2.1 Absorption Probability for an Electron in a Metal

The probability of an electron in a metal absorbing a photon during a short time
interval dt is proportional to the number of photons incident on the electron

during that time:

pr(t)dt o N, (t)dt (2.1)

where N, is the number of incident photons per area per unit time. Because N,
is related to the intensity [ of the incident light by

1{t)

N’T(t) = R‘

(2.2)

(4]




we can write the single-photon absorption probability as
1 (t)dt o< I(t)dt (2.3)

The probability of an electron absorbing two photons in a time df is equal to the
product of two single-photon absorption probability densities multiplied by the

time interval dt:
po(t)dt = [p1{t) - p1(t)]dt = p(t)dt oc NZ(t)dt o< I*(t)dt (2.4)
For an electron absorbing n photons in a time di we have
pa(t)dt = py(t)dt oc NJ{(t)dt ox I™(t)dt {(2.5)

Let us now assume that the electron is illuminated by a laser pulse with a
gaussian intensity profile

I{t) = Ipe /™ (2.6)

The probability of the electron absorbing one photon from the laser pulse is then

proportional to the total energy per area £ of the pulse at the location of the

electron:

40
Py = / pi(t)dt o f t)dt = Io f e = rlyr = € (2.7)
- o

The two-photon absorption probability for an electron is then

00
Py = f dtcxf dt-—IO e~ M = ffgfm (28

and the n-photon absorption probability is

P, = / toc/ dtm\[-Ing (2.9)

Note that single-photon absorption depends only on the energy of the laser
pulse while multiphoton absorption depends on both the incident energy and

pulsewidth.




2.2 Fowler-DuBridge Theory

The number of electrons in a metal available for photoemission at a given fre-
quency of light was calculated by Robert Fowler [6] and experimentally verified
by Lee DuBridge [7] in their studies of the photoelectric effect in 1931. The
Fowler-DuBridge theory is based on the Sommerfeld model of electrons in a metal
(Fig. 2.1). The electrons are free but contained inside the metal by a potential
step of energy W, at the surface. The distribution of energy levels of this free

electron gas obeys Fermi-Dirac statistics.

‘electron sea |

zZ—=

metal surface (z =0)

Figure 2.1: Sommerfeld model of electrons in a metal for electron temperature
T =~ 0 K. Wy is the surface step height (as measured from the bottom of the
conduction band), e¢p is the Fermi energy, ¢ is the magnitude of the electron
* charge, and 9 is the metal work function.

For such a distribution the number of electrons per unit volume having an
z-component of velocity between v, and v, +dv,, a y-component between v, and

vy + dvy, and a z-component between v, and v, + dv, is [§]

3 dv,dvydv,
m) { veduydy (2.10)
e

(e, vy Uz ) dvpduydv; = 2 (H TG Bl FT 5 1

where m is the electron mass, & is the Boltzmann constant, T is the electron
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temperature, and the Fermi energy €5 is the energy of the highest occupied state
at T = 0 K.

Let us define Z as the direction perpendicular to the metal surface. The
number of electrons per unit volume with a z-component of velocity between v,

and v, + dv, is found by integrating Eq. 2.10 over v, and v,

47 kT

n(v,)dv, = — (EL—

h

3
) In[1 + elr=3med/KT) gy (2.11)

This brings us to the main hypothesis of the Fowler-DuBridge theory: the number
of electrons in the metal available for photoemission is equal to the number of
electrons having kinetic energy in the 2 direction large enough to overcome the

potential step at the surface after absorbing a photon:

%mv? + hv > W, (2.12)

This hypothesis ignores collisions and assumes that the direction of motion of
the electron is unchanged after the absorption of a photon. If we compare the
momentum of an ultraviolet photon p, to the momentum of a Fermi level electron

in copper p.- we see that

p, = beV/c

pe- &= 2700eV/c

The photon momentum is negligible compared to the electron momentum and
therefore the photon cannot change the electron’s direction of motion. The ve-
locities of the photoexcited electrons in the metal will then be isotropic because
the initial Fermi velocities are isotropic. The only electrons which have a chance

to be emitted, however, are those which satisfy Eq. 2.12. We can determine the




number of such available electrons N2, by integrating over the z-velocities of the

Fermi distribution:

Na,v = émvg=wo~hyn(Uz)dUz (213)
A7 kT /m 3 re . ,

N 0 (er—3med)/AT )y 2.14

m ( h ) /%m”2=wo——hy In[l+etr™z |dv, (2.14)

Making the substitution u = [fmwv? — (Wy — hv)}/kT and using the fact that

Wy — e = e® gives

Nt = du (2.15)

h

m m

2rkT —2—@ 1/2 (m>3/‘°° ln[l_;re—u-f-(hu—e@)/ki“]
o [u+ (Wy— hv)/kT}/?

For the typical case of a visible photon incident on a metal at room temperature
we will have (Wy — hv} /KT > u for all values of u while the integrand of Eq. 2.15
is finite (the numerator tends to zero as u becomes large). Thus we can neglect

the u in the denominator and write Eq. 2.15 as

e
Nav -

1/2 3 —u+{hv—ed)/kT
27kT (_2_@_.”_) (m) fw Infl+e ]du (2.16)
0

m \ m h [(Wo — hv) /T2
2v/2mrm3/2 k2T?

oo —ut (hy—e®) /KT
- 2= (Womhy)mfo In[l + e~wtw=e®/AT)q0,  (217)

To check the validity of this approximation, Fig. 2.2 shows a graph of the
integrands of Eq. 2.15 and Eq. 2.16 for two different photon energies incident on
copper. At hr = 5.0 eV the exact and approximate curves are virtually identical;
however, as we increase the photon energy to 8.0 eV the approximation introduces
an error of ~ 10% in the integral. For higher energies the error continues to get
worse, thus for copper we take 8 eV to be the upper limit of the regime in which
the Fowler approximation is valid.

The integral of Eq. 2.17 can be solved by integrating by parts, expanding the

natural logarithm, and then integrating term by term. Defining pp = (hv—e®)/kT

9




1 t } t
i —exact
081 ~N. | approximate
] !
§ 0.6 1 -
cn 3
o 5
= 04 T X
0.2 +
(@)
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u
12 ¢ : t + ; t
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T 8% 1
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u
Figure 2.2: Graph of the exact and approximate integrands of N¢, for photon

energies of (a) hv = 5.0 eV and (b) hv = 8.0 V. Sommerfeld quantities are those
of room temperature copper: Wy = 11.6 eV, e® = 4.6 ¢V, T = 300 K.
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we obtain

(2.18)

Vo = =T W ST E TR

. 2\/2.7rm3/2 k2T { “ e g }
for u < 0, and

N = 2¢/2mm®?  EATR 72 + [ P N e
o R (We—h)2 6 2 27 32

(2.19)
for o > 0. The infinite series in FEgs. 2.18 and 2.19 is known as the Fowler
function. It is continuous and is defined for any quantity p as

et | g3

et —Er + 5 — - for p <0
-2 -3
§+H§~(e-”~%ﬁ~ﬁ+%§f»w---) for p >0

The behavior of the Fowler function is shown in Fig. 2.3.
The number of available electrons can therefore be written as

2/ 27m3/? kT2 (hv — efl})

Now = =5 — W = )2 kT

(2.21)

To generalize to the case of multiphoton emission, we simply note that the ab-
sorbed energy will be nhv instead of hv. Thus the number of available electrons

for an n-photon emission process will be

_ 2/2rm3/? k2T? (nhv - e(I))

NE = 2.22
av W (Wo— nho)l/? kT (222)

2.3 Photocurrent

The number of electrons emitted per area per unit time Nf_ in an n-photon

process will be proportional to the probability per time of such a process occurring

11
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Figure 2.3: The Fowler function.

for each electron multiplied by the total number of electrons available for this

process. From Sections 2.1 and 2.2 we have

N&. o palNg, (2.23)

x NINg, (2.24)
This can be written in terms of an emitted current density J, as
Jn = eNg,, x eNINE, (2.25)

If the light which reaches the electrons in the metal has intensity I.- we can use
Eq. 2.2 to write

Jo € (;—;) NE (2.26)

12



Because of the reflection at the surface of the metal, the intensity of light which

reaches the electrons will be related to the incident intensity by
I-=(1-R)I (2.27)

where R is the reflection coefficient of the metal surface. Eq. 2.26 then becomes

(1 R)I

Jnoce[ ™

r NE, (2.28)

Using the expression for N, given in Eq. 2.22 we obtain

In

3/2 _ nynL2P2 —
o 2/2rm*?  e(1 — R\ I*ET (niw e@) (2.20)

RS (hv) (W — nhi)i/? kT
This can be simplified a bit by substituting the Richardson coefficient A =
drmek?/h? = 120 A/(cm?K?):

1/2 . n IR _

o A(l - Ry IT (nhz/ e@) (2.30)
V2(h\r (W ~ nh)/? kT

We now note that for copper, a change in nhr from the photoemission threshold

of 4.6 eV up to 8 eV (the upper limit for a valid Fowler approximation) results

in less than a 30% change in (W, —~ nhv)'/2

This term in general is weakly
dependent on frequency and as a first approximation can be absorbed into the
constant of proportionality. Thus we can write the nth order current density in

its conventional form [9]:

T = apA (i (2.31)

"oy v MW —e®
hv) (1 R)ITF(———-——-—-)

kKT

where a, is a material dependent coefficient having units of (cm?s/C)". This
coefficient contains all of the physical processes not taken into account by the
rest of Eq. 2.31: the electron cross-section, scattering events inside the metal,

probability of electron reflection at the surface barrier, etc. These processes
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are very difficult to quantify theoretically and thus a, must be experimentally
determined for each material. The a,’s may also depend on the metal surface
preparation.

In principle the total photocurrent will be the sum of the currents for all

possible processes:
Jf,ot = Z Jn (232)
n=0

although for room temperature metals the only measureable contribution will

come from the J, term having the lowest n which satisfies the condition

nhy > ed (2.33)

2.4 Photoemission Examples

In order to obtain a better picture of the Fowler-DuBridge theory, we will now

look at some examples of various orders of photoemission processes.

2.4.1 Thermionic Emission: n=0,T > 0

When electrons in a metal are heated, some will move to occupy excited energy
states above the Fermi level. If the electron temperatufe is large enough, electrons
in the high energy states may have sufficient thermal energy to overcome the
work function and escape the metal without requiring additional energy from
an incident photon (Fig. 2.4). This is the zeroth order photoemission process—
thermionic emission. For n = 0, Eq. 2.31 reduces to the following (assuming
ed > kT): |

Jo = ag AT e e®/*T (2.34)
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Thus for the case of no incident photons the Fowler-Dubridge theory produces the

familiar Richardson-Dushman equation for thermionic emission {10}, [11], [12].

Figure 2.4: Thermionic emission. The temperature is high enough that electrons
in the tail of the thermal distribution have sufficient energy to overcome the
potential barrier at the surface.

2.4.2 Linear Photoemission: n=1

For low temperatures (e.g., room temperature) the highest occupied energy state

wili be very close to the Fermi level, and thus the condition
hvy > ed (2.35)

must be met in order to observe photoemission (Fig 2.5). For n = 1, Eq. 2.31

becomes

hu T (2.36)

If the electron temperature does not change during the photoemission process

Si=ad (-e') (1- R)IT2F(M)

then we can absorb all the other terms into one constant coefficient ¢, and write
Jl = 61I (237)

Thus for n = 1 the photocurrent is linearly dependent on the incident light
intensity.
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electron sea

Figure 2.5: The linear photoelectric effect.

2.4.3 Thermally Assisted Photoemission: n=1, T > 0

If the electron temperature is very high but below the level required to produce
significant thermionic emission, then the dominant emission process may be a
thermally assisted photoelectric effect (Fig. 2.6). Because the high temperature.
electrons occupy states above the Fermi level, it is possible to produce photoe-

mission with photons having energies below threshold (hv < e®).

hv

electron sea ==

Figure 2.6: Thermally assisted photoemission.
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2.4.4 Nonlinear Photoemission: n > 2

For very large incident light intensities in which the photon energies are below
the work function, electron emission may occur by means of the multiphoton
photoelectric effect. For 2-photon photoemission, Eq. 2.31 becomes

€

fo=aA (hr/

(2.38)

2 2hy — ed
. p\2722
)(1 R)ITF(——kT )

If the electron temperature does not change during the emission process we can
simplify this expression as before:
Jo = coI? (2.39)
Generalizing to the case of a temperature constant n-photon effect, we obtain
To=ed® (2.40)

From Eq. 2.40 we see that for multiphoton processes (n > 1) the photocurrent is

a nonlinear function of the incident intensity.

2hv

electron sea |

l

Figure 2.7: Two-photon photoelectric effect.
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2.4.5 Thermally Assisted Multiphoton Emission: n > 2,
T'>0

Thermally assisted multiphoton emission is a combination of the last two cases
(Fig. 2.8). This process may be dominant for high electron temperatures and
high incident light intensities with low photon energies. In such a case an electron
requires a large thermal energy plus the energy of multiple photons in order to

overcome the work function and escape the metal.

. 2hv

electron sea |

Figure 2.8: Thermally assisted 2-photon photoemission.

2.4.6 Multicolor Emission

So far we have considered emission processes due to illumination by photons
of a single frequency. However, if a metal is illuminated by photons of differ-
ent frequencies then we may observe a multicolor emission process provided the
condition

Y nihy > e® (2.41)

is satisfied (we will assume room temperature electrons so that thermal effects

are negligible}. The sum is over all incident frequencies and n; is the number of
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electron sea ===

Figure 2.9: 2-color, 2-photon photoelectric effect.

photons of the ith frequency involved in the process.
For example, Fig. 2.9 shows an emission process due to the absorption of
two photons of different frequencies, 11 and vy. The condition for this emission

process is {from Eq. 2.41)
hvy + by > ed (2.42)

We can write an expression for the resulting photocurrent by modifying Eq. 2.31

to account for the two frequencies:

€ €
J!/1+=/2 = a’V}+V2A ('H;;) (E;;) (1 - va)(1 - R!/z) x

h(vy + v9) — ed
kT

IUIIU2T2F( (2.43)
As in Sec. 2.4 we can reduce this expression for the case of constant temperature:

']V1+U2 = CV1+U2L/1L/2 (2'44)

Finally, we can derive a general expression for the photocurrent resulting from
a process involving m different frequencies of light, each frequency v; contributing

n., photons:
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e Ty [ T
Tyttt = Oy ety A (h_vl) (ﬁ;;) 8
(1= Ry )™ e (L= Ry, Yrom D oo Iivm x

T2 F(h(nul Ak ) - e@) (2.45)

This can be simplified as before to give the general expression for a multicolor,

multiphoton emission current for constant temperature:

—_— n Tt
J’nvl ‘E“""{“ﬂum - C?’bv-i +"'+an ‘[.l/'ly:E e IU,-:m (2'46)

Thus the Fowler-DuBridge theory of photoemission can be generalized to include
not only multiphoton emission processes but also processes involving different

numbers of photons from different frequencies of incident light.

2.5 Previous Work

The Fowler-DuBridge theory provided a simple yet highly accurate description of
photoemission which remains the standard mode! today [13]. However, one issue
which is not addressed by this theory is the question of momentum conservation
in the photoemission process. The Sommerfeld model assumes a free electron
gas, vet a free electron cannot absorb a photon because such a process violates
conservation of momentum. Tamm and Schubin noted in 1931 [14] that there
are two possible sources of the extra momentum required for photoemission: the
potential step at the metal surface and the periodic potential of the ion lattice
sites in the metal bulk (this periodic potential is not included in the Sommerfeld
theory). Photoemission resulting from momentum contributed by the surface
potential is described as a surface photoelectric effect, while photoemission due

to momentum provided by the lattice sites is a volume photoelectric effect.
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The surface effect requires a component of the electric field of the incident
light to be perpendicular to the surface in order to conserve momentum. Thus for
a perfectly smooth surface only p-polarized light can cause surface photoemission.
However, for real materials haviﬁg a given amount of surface roughness both s-
and p- polarized light may produce the surface photoelectric effect. The electrons
emitted by this effect must originate very close to the surface (within a few
angstroms) in order to exchange momentum with the potential step upon photon
absorption.

The volume photoelectric effect has fewer requirements. Because the potential
of each lattice site is spherical, there is no polarization preference for the inci-
dent light. Also, the electrons can originate frém anywhere within the material
provided that the incident light reaches the electrons and that the electrons can
travel to the surface without losing their excitation energy through collisions (see
Chapter 6).

Considerations by Mitchell in 1934 [15], Schiff and Thomas in 1935 [16], and
Makinson in 1937 [17] predicted that the scattering potential of the lattice sites
would be much smaller than the surface step potential in free electron metals.
Therefore, surface photoemission would dominate over volume photoemission.
Early experiments [18] seemed to confirm this, and thus photoemission was ini-
tially considered to be a surface effect.

However, developments in the band theory of solids and improved experimen-
tal techniques produced results incompatible with a surface photoelectric effect.
In 1964 Gobeli, Allen, and Kane {19] determined that the momentum and energy
distributions of photoelectrons from single-crystal materials reflected the bulk

band structure and not the structure of the surface levels. Other experiments
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confirmed this, and photoemission came to be known as a volume effect. The
volume effect was described in terms of a simple three step model [20]: (1) an
electron absorbs a photon, gaining an energy hv, (2) the electron travels to the
surface, and (3) the electron crosses the surface barrier and is emitted into the
vacuum. The number of electrons emitted from the surface itself is considered to
be negligible. Despite its simplicity, this model has been extremely successful in
describing many photoemission experiments up to the present day.

Experiments with ultra-clean metal surfaces in the early 1970’s, however,
showed in some cases a measurable emission contribution from surface states
[21], [22] which was not seen in earlier studies. More complex theories involving
a superposition of the volume and surface electron wavefunctions were developed
to include both the surface and volume emission processes [23]. Today photoe-
mission is considered to be the sum of both a surface and volume photoelectric
effect, although for metal samples without special surface preparation the volume
emission will typically be dominant.

With the invention of the laser in 1960 [24], scientists found themselves with
a high intensity, monochromatic light source which was readily applied to pho-
toemission experiments. Using a Nd:glass laser Sonnenberg, Heffner, and Spicer
produced the first 2-photon emission process from a CssSb cathode in 1964 [25].
As improved laser technologies led to increased intensities, 3-photon and higher
order emission processes were observed [26].

The development of very short pulse lasers allowed scientists to perform time-
resolved measurements on fast occuring processes in metals. In 1983 Eesley used
pulses of 8 ps duration from a dye laser to demonstrate nonequilibrium heating

of electrons in copper {27] and later used 65 fs dye laser pulses in measuring the
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electron-lattice thermal relaxation time to be 2-3 ps in gold {28]. These studies
suggested that thermionic emission and thermally enhanced photoemission may
be significant in emission experiments utilizing high intensity short pulse lasers.

More recently, ultrashort puise laser systems have been used to investigate im-
age potential states in metals [29], surface-plasmon enhanced multiphoton emis-
sion [30], emission and electron spectroscopy from exotic materials such as di-
amond and fullerene [31}, [32], and electron-spin polarization in photoemission
processes [33]. In the studies described in this paper we utilized a synchronously
;:;umped, mode-locked ferntosecond dye laser system to continue such photoemis-
sion research. The following chapters will describe several experiments including
the investigation of multicolor emission, the characterization of RF gun photo-
cathodes, the measurement of photoemission from silicon, diamond, and fullerene,

and the study of photoelectron dynamics in metals using thin copper films.
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Chapter 3

Multiphoton and Multicolor Emission

In this chapter we discuss the experimental work that led to the first observa-
tion of multicolor photoemission from the Fermi electrons in a metal. This was
achieved using a femtosecond dye laser system which is described in the following

section.

3.1 Laser System

The light pulses used to produce photoemission in the following experiment are
produced by a four stage dye laser system (Fig. 3.1). The first stage oscillator is
a Coherent Antares Nd:YAG laser. This laser is actively mode-locked to produce
a train of 1064 nm infrared pulses each having a temporal duration 7/, of 100 ps
measured full width at half maximum (FWHM). The repetition rate is 76 MHz
and the CW power of this beam is 25 W. The infrared pulses are sent through
a Type II KTP crystal inside the laser head which converts about 10% of the
infrared into 532 nm green pulses. These pulses are 70 ps long with a CW power
of 2.6 W. The infrared and green are then separated by three dichroic mirrors

and propagated out of the laser head.
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Figure 3.1: Four stage dye laser system. The beam characteristics are as follows:
(1) A = 1064 nm, 7y/o = 100 ps, E = 10 nJ, rep rate = 76 MHz; (2) A = 532 nm,
712 = 70 ps, E = 30 nJ, rep rate = 76 MHz; (3) A = 532 nm, 7/ = 70 ps, E
= 50 mJ, rep rate = 5 Hz; (4) A = 650 nm, 1/, = 250 fs, & = 2 nJ, rep rate
= 76 MHz; (5) A = 650 nm, 713 = 500 fs, E = 2 mJ, rep rate = 5 Hz; (6) A =
266 nm, 71/, = 50 ps, E = 40 mJ, rep rate = 5 Hz.

The green beam from the Antares is used to pump a Coherent Satori dye laser.
This laser produces 650 nm, 250 fs red pulses at the mode-locking repetition rate
of 76 MHz. The CW power of this beam is 150 mW, corresponding to an energy
of 2 nJ per pulse. These pulses are then amplified in the following manner:

A fraction (~ 1 W} of the infrared beam from the Antares laser is used to
seed a Continuum Nd:YAG regenerative amplifier. A single pulse is selected from
this mode-locked pulse train by dual pockel cells and is amplified to an energy
of 200 mJ. The pulse is then frequency doubled using a Type I KDP crystal to
produce a 100 mJ, 70 ps pulse at 532 nm. The repetition rate of the regenerative
amplifier is 5 Hz. This amplified green pulse is sent through a 50% beamsplitter
and then propagated out of the laser head, through a delay line and into a Quantel
PTA-60 three-stage dye amplifier. The delay line synchronizes the green pulses

with the output of the Satori dye laser so that the energy of the green pulse pumps
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each of the three dye cells to produce a population inversion and therefore gain
just as a mode-locked Satori pulse propagates through the cells and extracts this
gain. After the three dye cells the Satori pulse has been amplified by a factor
of ~ 10°% There is a factor of two temporal broadening of the pulses in the dye
amplifier, and so the final output is 650 nm, 500 fs, 2 mJ pulses with a spot size
of 7 mm in diameter at a rep rate of 5 Hz. This was the initial beam used in
most of the photoemission experiments.

The regenerative amplifier also has a frequency quadrupling crystal (Type 1
KDP) which can double the frequency of the green to produce 266 nm, 50 ps,
40 mJ pulses at the 5 Hz rep rate. Quadrupled Nd:YAG pulses are commonly
used to illuminate photocathodes for creating pulsed electron beams in various
types of accelerators, thus we performed additional photoemission experiments

using this output of the amplifier.

3.2 Multiphoton Photoemission Setup

The setup for the multiphoton emission experiment [34] is shown in Fig. 3.2. The
output from the dye amplifier is sent first through a partially silvered variable
attenuator wheel which controls the laser energy incident on the experiment. The
beam then travels through & telescope which reduces the spot size to 3.5 mm.
After the telescope the beam is incident on a 50% beamsplitter. The transmit-
ted half of the beam travels along a variable delay line, through a 650/325 nm
dichroic mirror, and enters the vacuum chamber through a laser port. The beam
then propagates through the hollow anode and onto the sample at normal inci-
dence. The vacuum chamber is maintained at a pressure of ~ 107° torr by a

turbomolecular pump.
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Figure 3.2: Multiphoton photoemission experiment.

The other half of the beam reflects from the beamsplitter and passes through
a Type I KDP second harmonic generator (SHG) crystal which converts ~ 10%
of the energy into 325 nm ultraviolet light. This process narrows the pulsewidth
to 350 fs, and reduces the spot size to 2.5 mm. The beam then travels through
a BG-3 filter which eliminates the residual 650 nm light; the remaining 325 nm
light propagafes along a fixed delay line {of approximately equal length to the
variable red delay line) then reflects off the dichroic mirror through the vacuum
chamber and onto the sample.

By placing a beam block in either delay line we can run a single-color 650 or
325 nm photoemission experiment. With no beam blocks in place we can overlap
both wavelengths on the same point on the sample and use the linear actuator on

the variable delay line to change the timing of one wavelength pulse with respect
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to the other. This allows us to run a two-color photoemission experiment. We
also have a Type I BBO third harmonic generator {(THG) crystal which we can
place after the dichroic mirror. This will generate 217 nm light when a 650 and a
325 nm pulse of the same polarization are sent simultaneously through it. Because
the Type I SHG rotates the polarization of the 325 nm beam by 90°, it is necessary
to place a half-wave plate in the 650 nm beam so that both wavelengths will have
the same polarization in the THG crystal. The third harmonic generation will
further narrow the pulsewidth to 290 fs and reduce the spot size to 2.0 mm. A
series of four 217 nm mirrors then filters out the residual 650 and 325 nm light
and sends the remaining 217 nm beam into the chamber and onto the sample
for a single-color 217 nm photoemission experiment. Calibrated photodiodes are
placed behind turning mirrors for each wavelength so that the laser pulse energy
can be measured on each shot from the leakage through the mirrors.

For the pulsewidths and spotsizes given above, the peak laser intensity can be
calculated from the measured pulse energy. For the three short-pulse wavelengths,

the peak intensities corresponding to an energy of 1 uJ are

650 nm: 1 pJ = 2.0 x 107 W/cm?
325 nm: 1 uJ = 5.5 x 107 W/cm?
217 nm: 1 pJ = 1.0 x 108 W/cm?

The hollow anode is machined from copper and biased typically at +5 kV to
collect all of the photoelectrons emitted from the sample. The distance betlween
the anode and photocathode is < 3 mm which gives an electric field for the hol-
low anode geometry. of > 1 MV/m on the sample surface. This ﬁeid produces
a < 1% reduction of the work function of copper through the Schottky effect

(see Sec. 3.3.2). When photoelectrons leave the sample they are replenished from
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ground through a 1 M2 load resistor. This amount of replenishing charge is equal
to the charge that was emitted from the sample and is measured across the load
resistor by a 1 pF capacitor inside an EG&G Ortec model 142 charge preampli-
fier. The preamplifier produces a signal proportional to this charge (V = @/C)
which sent to a digital oscilloscope and in turn to a computer data acquisition
system. The polarity of this signal is negative for electrons emitted from the
photocathode (or ions collected by the cathode) and positive for ions emitted
from the photocathode (or electrons collected by the cathode).

The risetime of the preamplifier is 5 ns which is much longer than the picosec-
ond and subpicosecond time scales over which the electron emission occurs in all
of our experiments. Therefore, any transient displacement currents between the
anode and cathode or between the cathode and the chamber walls will not be
measured because the time integral of these currents is zero. Only the real charge
which flows through the 1 M2 resistor will produce a signal from the preamplifier.
This will be the total charge emitted by the photocathode during the laser shot.

Stray capacitance in the experiment (between the cathode and the chamber
walls, for example) can effect the charge measurement by effectively adding to
the 1 pF capacitance C of the preamplifier. However, measurements taken with
another preamplifier having a 50 pF internal capacitor produced the same value
for the measured charge. Thus the stray capacitance must be significantly smaller

than 1 pF, and we have neglected it in our measurements.

3.3 Single-Color Photoemission

We will first discuss single-frequency photoemission data which was initially used

to calibrate our experiment with previous studies of laser-produced single and
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multiphoton photoelectric effect from bulk materials.

3.3.1 Emitted Charge vs. Incident Laser Energy

If the laser pulse does not significantly heat the electrons in the sample, then

from Sec. 2.4.4 the n-photon current density is given by
Jp = e 1" (3.1)

For this experiment our diagnostics measure the tetal emitted charge as a function
of total energy per laser pulse. Thus we need to express Eq. 3.1 in terms of these
measured quantities. If we assume a laser pulse which has a gaussian transverse
profile as well as a gaussian temporal profile, the total energy can be found by

integrating the intensity over the time and area of the pulse:
E = f f I(r,)dtdo (3.2)
2n poo oo
= / f / Ie %/ e I dtrdrdf (3.3)
& G -0

VTlyTwrd (3.4)

The total charge emitted during the n-photon process is then found by integrating

the current density over time and area:

Q, = f f Jo(r, t)dtdo (3.5)
= / / end™(r, t)dtdo (3.6)
= o If fe 2” fo ” /_ ;OO e~ =1 118 G i 6 (3.7)
- cn\/gfgq-%é (3.8)
_ B (3.9)
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For a fixed laser pulsewidth and spot size, we can rewrite Eq. 3.9 in terms of a

single coefficient b,

Qn = by E" (3.10)

Taking the logarithm of this equation gives
log @, = logb, +nlogE (3.11)

Thus if we plot the emitted charge versus the laser energy from our experiment
on a log-log scale, we should obtain a straight line with slope n being an integer

equal to the number of photons involved in the emission process.

3.3.2 Photoemission from Copper

The photon energies (hv), FWHM pulsewidths (712), and spot size diameters

(wg = 2ry) for the three laser wavelengths are summed up as follows:

A by T Wo
650 nm 1.9eV 500fs 3.5 mm
325 nm  3.8eV 350fs 2.5 mm
217 nm 5.7eV 290fs 2.0 mm

Because the work function of copper is 4.6 eV, an electron near the Fermi level
will require one 217 nm photon, two 325 nm photons, or three 650 nm photons
in order to have sufficient energy to escape the metal (Fig. 3.3).

The copper photocathode was a one-inch diameter flat copper mirror from
Spawr Industries polished to A\/20 at 10.6 ym. The photoemission results from
the three Wavelengths incident on this sample are shown in Fig. 3.4. Below 1 pC

the emission curves are straight lines on a log-log scale as predicted by Eq. 3.11.
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Figure 3.3: Photoelectric transitions in copper from the three wavelengths avail-
able in the multiphoton emission experiment. The photon energies are as follows:
}M/eg,o =1.9 eV, hl/325 == 3.8 GV, thyf = 5.7 eV,

The 217 nm curve has slope = 1, the 325 nm curve has slope = 2, and the 650 nm
curve has slope = 3 indicating a 1-, 2-, and 3-photon effect respectively. Because
the data points form lines of the correct integer slopes, we can conclude that

below 1 pC there is no measureable electron heating by the laser and thus the

photoemission is due entirely to the n-photon photoelectric effect.

Space Charge Effects

Above 1 pC the lines bend due to space charge effects. As the first electrons
leave the metal they create an electric field which tends to push the next bunch
of electrons back into the metal. When this electric field becomes comparable to
the applied field ;)f the anode, the emitted charge will be suppressed.

The magnitude of this space charge field can be estimated by considering the
escaping electrons to form sheets of charge having the same gaussian spatial and

temporal profile as the laser pulse. The electric field of such a charge distribution
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Figure 3.4: Charge vs. energy curves for the three laser wavelengths incident on
copper. The solid lines represent slopes 1, 2, and 3 for the 217 nm, 325 nm, and
650 nm curves respectively. Above 1 pC the curves bend due to space charge
saturation.
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will be

olr,t), Qe /T
ey =
2€q 2ep/TTTTE

where:o is the charge per area of the sheet, ¢y is the permittivity of free space

E(r,t) = (3.12)

(8.85 x 10712 C%/[J-m]} and Q is the total charge emitted during the laser pulse.
The magnitude of the maximum field at the center of the illuminated spot during

the latest part of the laser pulse will be

Bl = (3.13)

= 3
2eqmTy

For our laser spotsizes and a total emitted charge of 1 pC the maximum space

charge fleld is on the order of
(Bl ~ 0.01 MV/m

The space charge field is small compared to the 1 MV/m applied field and from
this calculation we would not expect to see bending of the charge curves at 1 pC.
Therefore, the emission from the copper surface may be nonuniform which could

greatly enhance the space charge fields at localized “hot” emission spots.

Determination of a,, b,, and 7

From the data we can determine the b, coefficients of Eq. 3.10 for each color.

They are as follows:

217 nm: by = 210 pC/ud
325 nm: by = 0.20 pC/uJ?
650 nm: b3 = 1.4 x 107 pC/uJ®
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To calculate the a, coefficients of Eq. 2.31 from our b, measurements we use
Egs. 2.31, 3.1, 3.9, and 3.10:

,ﬁ B/Z(hy) n— 1(7?7"3)"_1

= n 3.14
Aen(l — RyT?F (#lizet) (3:14)

For gaussian pulses, the e-folding time 7 is related to the FWHM time 7345 by

7= (3.15)

24/1n2

and so we can use this plus the relation between spot radius and diameter (rg =

we/2) to write Eq. 3.14 in terms of measured quantities 72 and wy:

T (hv)" 'r"'”glwg“”z

b,
" gun- 3(1n2) 7 Ae”(l — R)"T? F(nhz;e@)

(3.16)

The reflection coefficients for copper at these wavelengths are {35

Ryr = 0.390
R325 bl 0387
Rgso = 0.943

and the Fowler function values for copper at room temperature are

Fharsta) = F43) = 910

ka’DDm

F(%gocbor) = F(43) = 910

F(#ggp=tien) = F(116) = 6700

Plugging these values, our laser pulse parameters, and our measured values of b,

into Eq. 3.16 gives the a,, coeflicients for copper

217 nm: a; = 2.0 x 1071% em?s/C
325 nm: @y = 5.5 x 1072 cmts?/C?
650 nm: a3z = 6.9 x 1073 cmb3/C?
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For linear photoemission processes, a more useful quantity is the absolute
quantum efficiency n of a material. This quantity is the number of emitted

electrons per incident photon and can be calculated from our by coefficient by

h
n= mgbl x 107° electrons/photon (3.17)

For our measurement of 217 nm light on copper we obtain a quantum efficiency

of

No1r = 1.2 x 107 electrons/photon

Charge Enhancement Due to the Applied Electric Field

So far we have not considered the possibility of charge enhancement due to the
applied electric field on the photocathode. In general, an electric field E at the

surface of a metal will lower the metal work function to an effective value of

e|lE 42
Besy = B - (a?l‘) (3.18)

where @ is the work function at zero applied field. This is known as the Schottky
effect [36).
For the 1 MV /m field produced by the +5 kV bias on the anode, the energy

barrier of the copper cathode surface is lowered to
E(I’eff = 4.56 eV

which is a change of < 1%. This change in work function has the following effect

on the Fowler function values for the three wavelengths:

F(MERt) = F(44) = 970

F(%K%W) = F(118) = 6900

(3ot} = P(44) = 970
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The Fowler function values change by < 7%, and therefore we can ignore the

Schottky effect for photoemission from copper at these wavelengths.

3.4 Multicolor Photoemission

In addition to the single-color transitions discussed in Sec. 3.3, multicolor pho-
toemission may also be possible (Fig. 3.5). For the wavelengths available in this
experiment such photoelectric transitions could be due to the absorption of one
650 nm photon + one 325 nm photon, or two 650 nm photons + one 325 nm

photon.

(2)

electron sea

Figure 3.5: Two-color transitions in copper. For this experiment the possible
transitions are (1) one 650 nm photon + one 325 nm photon or (2) two 650 nm
photons + one 325 nm photon.

To investigate such transitions, we set up the two-color photoemission exper-
iment described in Sec. 3.2. The 650 nm and 325 nm pulses were sent colinearly
onto the same point on the sample (the 217 nmm crystal and mirrors were removed
for this experiment). A precise overlap of the two beams was attained by remov-

ing the BG-3 filter in the 325 nm delay line and propagating the unamplified red
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Satori beams from both delay lines ~ 10 meters across the room onto a screen
using a turning mirrbr placed just before the vacuum chamber. (Without amplifi-
cation there is no second harmonic generation and thus there is only 650 nm light
in both delay lines.) We then adjusted the alignment of the beams until the two
red spots on the screen overlapped and the interference fringes between the two
beams were eliminated. This left a single spot which would blink on and off as
room vibrations would shift the phase between the two colinear beams. Once this
overlap was complete we removed the turning mirror, replaced the BG-3 filter,
and sent the amplified 650 nm and 325 nm beams onto the sample. By moving
the linear actuator in the 650 nm delay line we could change the relative timing
of the two pulses on the photocathode.

When the two pulses do not overlap in time, the total measured charge will

simply be the sum of the emitted charge from each pulse:

Grot = Q2+ Qs {(3.19)
= boFEly + by Eie, (3.20)

However, when the two pulses do overlap in time the multicolor transitions be-
come possible and we may observe additional charge arising from the lgsg + 1325
transition or the 2g50 + 1395 transition (or possibly both}. The total charge in this

case is

Qo = Q2+ 3+ Q141 + Qo (3.21)

If both the spatial and temporal peaks of the two gaussian pulses are overlapped,

Q141 will be given by
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Qre1 = Cl+1]/Ifsso(?‘,t)fwsj(?‘,t)dfdo‘ (3.22)
= Cl+1‘[0650]9325 /QW foo _/+co emtz/TgsoeMtz/‘Tg%emrzfrgam
0 4] -0

e /s dtrdr df (3.23)

T

3/92 T5507325 T 86507 O
— II( 0T )( b ) ()

\/’I’ng + Tiox Ogs0 Oaz2s
Eeno B
_ 2 Ci1+1 2650 3252 - (3'25)
T3/2(rg .+ T8y )/ Téso + Tins

= b1 Fe50838 - (3.26)

and similarly €54 will be

Q1 = ot f f Iay(r, ) Tags (r, t)dtdo (3.27)

- Cz+1EszsoE325 _ (3.28)
T8 (T8 + 278, ) Te50\ Téso + 2Tdhs

= bos1 Bl Bazs (3-29)

The result of this two-color time delay experiment is shown in Fig. 3.6. Clearly
there is an enhancement in emitted charge when the two pulses overlap in time on
the cathode. Note the asymmetry of the baseline on either side of the peak—we
will return to this issue later. Our next step is to determine whether the @4, or
()21 process is responsible for this additional charge.

Because (2.1 is a higher order process (requiring three photons) than the Q; 4,
process (requiring only two photons) the probability of an electron absorbing the
2650 + 13 photons is lower than that of absorbing lesg + 1335 photons. However,
the number of available electrons for photoemission (which is proportional to the

Fowler function) is greater for (o1 than for Qy1:
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Figure 3.6: Emitted charge vs. delay time between the 650 nm and 325 nm pulses.
For At < 0 the 325 nm pulse was incident on the cathode first, for At > 0 the
650 nm pulse was incident first, and for At = 0 the two pulses reached the cathode
simultaneously. The energies of the two pulses were fixed at Egso == 10 pJ and
E325 = 0.2 ,LLJ.
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F(?hvﬁm-‘tqfi:f:i"“e(bCu) = F(120) = 6700

F(lsathmnmebou) = P(43) = 910

That is, the excitation energy in the Quy; process (2hveso + higes = 7.6 €V)
is greater than the excitation energy in the Q.1 process {(higso + higes = 5.7

eV) and therefore the former can dig deeper below the Fermi level to extract

photoelectrons.
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Figure 3.7. Enhanced charge vs. 650 nm energy for At = 0 and 325 nm energy
fixed at Faps = 0.3 pJ. The relationship is linear, indicating a ¢}y41 process. The
offset of the line is due to inaccuracies in the by and by coefficents used to calculate
the enhanced charge.

To make a determination between these two processes we set the delay time
At = 0, fixed the 325 nm pulse energy, and measured the enhanced charge vs.
650 nm pulse energy. The enhanced charge is found by subtracting the expected

charge due to the 2- and 3-photon emission from the total charge measured at
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the peak:
Qent = Quot — (12 E%ys + b3 Egsp) (3.30)

If Q141 is dominant we should see a linear relationship between the enhanced

charge and the 650 nm energy:

Q141 = (br41F325) Egso (3.31)

If (54, is the dominant process, however, the relationship between the enhanced

charge and the 650 nm energy should be quadratic:

Q241 = (b1+1E305) Egsg (3.32)

The results are shown in Fig. 3.7. Clearly, the relationship is linear and we
can conclude that the (1,1 process is responsible for the enhanced charge which

produces the Af = 0 peak in Fig. 3.6. Thus the total emitted charge is

Qror = Q2+ Q3 + Q1s (3.33)

We can determine the coefficient by, by measuring the value of the slope of the
line in Fig. 3.7 (slope = by1+1F3905) for several different values of Fgas. The results
are shown in Fig. 3.8. This method vields a value of by = 0.011 pC/uJ?.

Of course, from Eq. 3.31 the @111 process should also be linear in Esp5. To
verify this, we kept the 650 nm energy fixed and measured the enhanced charge
at At = 0 vs. the 325 nm energy. Fig. 3.9 shows that this is indeed the case. As
before, we can measure this slope (equal to byy1 Egse) for different values of Egso.
These results are shown in Fig. 3.10. From this graph we calculate the value of
bi+1 to be 0.0095 pC/uJ®. This is within 15% of the value obtained with the

previous method.
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Figure 3.8: Values of by Fsq5 vs. Esg. The slope of this line gives the value of
bi1 to be 0.011 pC/pJ?,
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Figure 3.9: Enhanced charge vs. 325 nm energy for Af = 0 and 650 nm energy
fixed at EGSO = 18 ,UJ
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Figure 3.10: Values of by Egso vs. Egso. The slope of this line gives the value of
br41 to be 0.0095 pC/ul?.
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Figure 3.12: Two-color photoemission by coupling to a long-lived energy state
of the cathode. The 650 nm photons populate the state and then the 325 nm
photons free these electrons from the metal.

A more likely explanation is that the 650 nm photons are coupling electrons
to a relatively long-lived energy state in the cathode. The 650 nm pulse populates
this state and thén the 325 nm pulse couples these electrons to the free states
outside the metal (Fig. 3.12). Metallic energy states, however, typically have life-
times less than a picosecond [38] as do image potential states [29]. Semiconductor
states, on the other hand, can have lifetimes of hundreds of picoseconds. Because
our copper cathodes have all been exposed to air, they will have a thin copper
oxide layer on the surface. Therefore, it may be a copper oxide semiconductor
state which is responsible for the enhancement of charge after the peak. In order
for the 650 nm photons to populate the state and the 325 nm photons to iiberate
the electrons, .such a state must lie between 0.8 and 1.9 eV above the copper
Fermi level.

We must include the charge @y due to this long-lived state in our determina-

tion of by.;. The total charge emitted at At = 0 is then

Grot = Qo + Q3 + Q141 + Qu (3.34)
From Figs. 3.6 and 3.11 the charge @y is responsible for ~ 30% of the charge
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at the peak, thus our measured values of b;,; must be reduced by this amount.

Averaging the two values found earlier for b, and reducing by the 30% gives
b1 =70x% 10-3 pC/,qu

We can derive an expression for a;4; in terms of by, using Eqs. 2.43, 2.44,

3.15, 3.25, and 3.26:

3/2 2 2 2 3
Ul hV550hV325(w0650 + wﬂszs)\/Tl/%so + 71 /2525

- SV In 214.82(1 - R65U)(]- - R325)T2F(E_'{§.5.Qi7cf!;.§25ﬁi§

141

) bii1 (3.35)
Plugging in our experimental parameters yields
a141 = 1.4 x 10728 cm?*s?/C?

Note that the value obtained earlier for a; is the same order of magnitude (~ 40%)

of the value for a;,;. Thus
G141 = A2

as we may expect because both are 2-photon processes and the a,, coefficients are
(approximately) independent of the photon wavelength.

A final observation about multicolor emission is that both the 650 and 325 nm
pulses had to be kept at relatively low energies (Egso < 20 pud and E3ps < 1 uJ) in
order to cbserve the 2-color emission. At higher energies the 3-photon emission
from the 650 nm pulses or the 2-photon emission from the 325 nm pulses dominate
the total emitted charge and obscure the 2-color emission. Therefore this process
cannot be used in applications which require the production of large amounts of

charge.
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However, multiphoton emission may prove useful as a method of overlapping
two or more ultrashort {subpicosecond) laser pulses in space and time. Non-
linear crystals are typically used to overlap laser pulses, but they are usually
limited to harmonic wavelengths due to phase matching constraints. Multicolor
photoemission has no such constraints. In principle by choosing a photocath-
ode material with an appropriate work function several nonharmonic laser pulses
could be synchronized by finding and then maximizing the multicolor emission

peak (Fig. 3.6).
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Chapter 4

RF Gun Photocathode Tests

Radio-frequency (RF) photoinjector guns have been developed as a means of gen-
erating short electron bunches for use in particle accelerators [39]. Conventional
RF acclerators use a thermionic cathode placed in an RF accelerating structure
which continuously emits electrons when heated. These electrons can become
grouped at each peak of the RF cycle and accelerated as a train of microbunches
by the fields of the RF wave. A photoinjector gun, however, uses a short laser
pulse incident on a cathode to produce a single bunch of electrons through the
process of photoemission. The laser pulse is synchronized with the RF cycle so
that the electron bunch achieves maximum acceleration and minimum energy
spread as it propagates down the structure. Because the photoelectrons are ini-
tially produced in one very short bunch, higher peak currents can be achieved
with an RF photoinjector than with conventional RF accelerators.

Of course, the performance of a photoinjector gun is dependent on the per-
formance of the photocathode. To obtain high peak currents, a photocathode
material should be chosen which has a high quantum efficiency n at the laser

wavelength. It must also be robust enough to withstand the high RF fields and
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high incident laser intensities that are present in the RF gun environment. Fi-
nally, to achieve a high beam emittance from the gun the cathode should have a
smooth, nonreactive surface for uniform emission over long periods of operation.

Two types of materials are generally used in these RF guns: metals and alkali
photocathodes [40]. The alkali photocathodes include alkali halides such as Csl
and CssTe and alkali antimonides such as Cs3zSb and K3Sb. These photocathodés
have high quantum efficiencies (n = 102-10"%) but are extremely sensitive to
contamination and therefore require an operating vacuum of greater than 107°
torr. Even in such a vacuum their quantum efficiencies generally decrease over
periods of hours or days and thus they need to be reconditioned or replaced
frequently. Metal photocathodes have lower quantum efficiencies (n = 1075~
1073) but are less reactive and as a result have lower vacuum requirements and
longer lifetimes. |

Copper and magnesium are two common metal photocathode materials. Be-
cause the work function of pure copper is 4.6 eV, ultraviolet laser pulses are
required for linear photoemission. In the RF photoinjector gun at UCLA these
pulses are created by frequency quadrupling an amplified Nd:YAG laser pulse to
obtain 266 nm radiation (hv = 4.7 eV ). Pure magnesium, on the other hand, has
a work function of 3.7 eV and therefore may exhibit a higher electron yield than
copper at this wavelength. However, magnesium is more reactive than copper
and subject to greater surface contamination. Such contamination can hinder
photoemission by absorbing incident photons and by preventing photoexcited

electrons from escaping the surface.
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4.1 Quantum Efficiency and the Effects of Laser Damage

In order to study photoemission properties of these two metals before installing a
copper or magnesium cathode into the UCLA RF photoinjector [41], we devised a
DC field test gun using the basic éetup from the short pulse multiphoton emission
experiment (Fig. 4.1). In this case the incident laser pulses are from the frequency
quadrupled output of the Nd:YAG regenerative amplifier (see Sec. 3.1). These
pulses have a wavelength of 266 nm, a FWHM pulsewidth of 50 ps, and a spot size
diameter of 3 mm after a 2:1 reducing telescope. A focusing lens could be placed
before the chamber to reduce the spot size down to a minimum of ~ 100 pm.
The photocathode samples were mounted on a positioning feedthrough so that
the sample could be moved during the experiment to illuminate different points

on the surface.

photodiode
[ focusing photocathode 3
E lens sample ] y
| \ f |
i [ S [ ! X, y,z positioning
V S - \feedthrough
p==t 2:1 reducing X
=+ telescope —r —
charge
variable preamplifier
s o
attenuator __\7 / to scope
sV = MQ?L
output from I =

regenerative amplifier

Figure 4.1: Setup for the DC test gun experiment.

As before, the anode was biased at 4+5 kV resulting in an applied field on the
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order of 1 MV /m. In an actual RF gun the fields are approximately 100 MV/ m,
and therefore the Schottky effect will significantly alter the electron emission. At

such high fields the effective work function of copper will become (from Eq. 3.18)
eq)eff =4.22 eV

The Fowler function will therefore be changed from its zero field value for 266 nm

incident radiation

F(fag=eteu) = f(23) = 44

to a field enhanced value of

F(MeeBeit) = P(17) = 150

Thus the fields in the RF gun should increase the effective quantum efficiency of
copper by about a factor of 30.
For the 1 MV/m field in the DC test gun, the energy barrier of copper is

lowered to a value of
E‘I)eff = 4.56 eV

which corresponds to a Fowler function value of

F(eectten) = F(3.8) = 8.8

At 266 nm incident radiation, even the modest field of the DC test gun will

increase the emission from copper by about a factor of two.
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4.1.1 Copper Measurements

We first looked at the emission characteristics of copper at 266 nm wavelength
(Fig. 4.2). The cathode was a 1” diameter oxygen-free high-conductivity (OFHC)
copper sample with a surface hand polished to 1 um smoothness. The charge
measurements were taken without the focusing lens in place and thus the spot
size on the cathode was the full 3.0 mm diameter. The electron yield b, and

corresponding quantum efficiency 7966 (Eq. 3.17) were measured to be

by = 22pC/ud

mes = 1.0x 107°
This value of b) measured at 266 nm incident wavélength can be used as a
second method for determining the ay coefficient of copper—previously deter-
mined to be 2.0 x 107!% cm?s/C from the 217 nm measurement in Sec. 3.3.2.
Using Eq. 3.16 with the Fowler function adjusted for the Schottky effect and the

reflection coefficient for copper at 266 nm [35]
R266 == 0337

we obtain
a; = 1.6 x 10713 c¢m?s/C

which is in good agreement (within 20%) with the previously obtained value.
For our next step we placed the focusing lens before the chamber to reduce
the laser spot size to ~ 100 um and sent 266 nm pulses of 1 mJ energy onto
the sample to create a small damaged spot on the surface. After damaging the
sample the focusing lens was removed and a second charge measurement was

taken. The new electron yield and quantum efficiency (measured below the space
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Figure 4.2: Electron yield of copper before and after laser damage. Before damage
the yield is b = 2.2 pC/ul, corresponding to a quantum efficiency of 7966 =
1.0 x 107°. After damage the yield increases to b; = 5.8 pC/uJ, which is a
quantum efficiency of 765 = 2.7 x 107°. Note that space charge effects are much
stronger after damage; this indicates that the emission is coming from a smaller
area than before.
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charge bending) were

by = 5.8pC/ul

s = 2.7 x107°
Thus after damaging, the yield has increased by nearly a factor of three. How-
ever, from Fig. 4.2 it is clear that space chaige effects have become more promi-
nent. This indicates that most of the emission is now coming from a smaller area
on the surface even though the laser spot size has not changed. Apparently the
emission from the damaged area has increased dramatically and now represents
the majority of the charge emitted over the entire 3 mm diameter illumination
area. There are two factors which may contribute to this enhanced emission from
the damaged area: (1) in damaging the surface the laser may have ablated the
layers of copper oxide and other contaminants exposing a cleaner copper surface,
and {2) the damaged area may have sharp protrusions which would locally en-
hance the electric field from the anode bias and therefore increase emission due to
the Schottky effect. Although damaging the cathode surface results in a higher
electron yield, the uniformity of emission seems to be degraded and thus laser
damage should be avoided for an RF gun photocathode where high emittance is

an important factor in the overall gun performance.

4.1.2 Magnesium Measurements

The same experiment was then performed on magnesium. This sample was a 1”
diameter 95% Mg-Zn-Al alloy also polished to 1 um smoothness. The results are
shown in Fig. 4.3. Initially, the electron yield of magnesium was
by = 0.15pC/ulJ
Tes = T7.0x 1077
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This is less than 7% of the yield from copper. However, after damaging the

sample as before the magnesium yield increased dramatically to

by = 33pC/uld
s = 1.5x 1074

This is an increase by a factor of 220. Once again the damaged sample yield
shows a stronger space charge effect indicating large emission from the smaller
damaged area. Over time, however, the electron yield began to decrease until

after 15 minutes it stahilized at a value of

by = 10pC/ul
s = 4.7 x 107°

Thus we see the effects of the high reactivity of magnesium. Even in a vacuum
of 1078 torr the surface quickly contaminated immediately following the laser ab-
lation. Although magnesium can be cleaned to give a higher quantum efficiency
than copper, it is subject to greater surface contamination and its yield is there-
fore less stable than copper, which showed no signs of electron yield degradation

over time in the DC gun.

4.2 Effects of the RF Gun Environment

In an R¥ photoinjector gun, the cathode is exposed to many adverse physical
conditions: extreme RF fields, high voltage arcing during conditioning, impurities
in the vacuum, and repetitive incident ultraviolet laser shots. These factors may
induce physical changes on the surface of the photocathode which modify its

photoemission characteristics. Such changes were in fact observed for copper

cathodes in the UCLA RF gun [42].
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Figure 4.3: Electron yield of magnesium before and after laser damage. Before
damage the vield is b; = 0.15 pC/uJ, corresponding to a quantum efficiency
of mees = 7.0 x 1077, After damage the yield increases by a factor of 220 to
by = 33 pC/ul (nags = 1.5 x 1074). After 15 minutes, however, the yield decays
to by = 10 pC/ud (1aes = 4.7 x 107°).
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In an attempt to understand the nature of these emission changes, the DC
gun was used to create quantum efficiency maps of the cathode surfaces. This
was done by placing the focusing lens before the chamber to again reduce the
spot size to about 100 um on the cathode. After recording the charge emitted for
a laser shot, we would use the positioning feedthrough to move the cathode by
100 pm to illuminate the next spot. By plotting the electron yield vs. position,
a quantum efficiency map of the surface could be constructed.

The first sample tested was a 1” diameter copper photocathode originally pol-
ished by Spawr Industries to A/20 for 10 pm light. It had been used in the UCLA
RF gun for 4 months of operation, then removed after its quantum efficiency and
emittance characteristics degraded. Upon visual inspection the cathode surface
showed discoloration in the form of millimeter-sized splotches, apparently from
chemical contamination. There were also small pits on the surface due to laser
damage.

The quantum efficiency map of this sample is shown in Fig. 4.4. The contam-
ination and damage has produced variations in the electron yield by as much as
a factor of five over millimeter length scales-~roughly the size of the discolored
splotches on the surface. The map for an identically polished new 1" diameter
Spawr copper mirror is shown for comparison. Clearly there is no such variations
over the surface of this sample. The average electron yield for the new Spawr
mirror is actually lower than for the used photocathode, most likely because the
smooth surface of the new mirror has no emission enhancing protrusions that
exist on the damaged surface of the old cathode.

A replacement cathode was then prepared for use in the RF gun. Thig 17

diameter copper cathode was hand polished using 1 ym abrasive polishing liquid,
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Figure 4.4: Quantum efficiency map of the Spawr polished copper photocathode
after 4 months in the UCLA RF gun. A newly polished Spawr copper mirror is
shown for comparison.
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Figure 4.5: Quantum efficiency map of a hand polished copper photocathode
before and after one week of use in the UCLA RF gun.
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and then placed in the DC test gun for a surface characterization, which is shown
in Fig. 4.5. There is a factor of two increase in electron yield toward the edges
of the sample, apparently due {o nonuniformities in the polishing technique. The
cathode was then placed in the RF gun for one week of operation, then removed
and placed back in-the DC test gun for another surface mapping, also shown in
Fig. 4.5. The previously enhanced emission toward the edges has been reduced
to a uniform electron yield across the surface. This may be due to a smoothing of
the surface near the edges caused by the stress induced by the 100 MV /m eiéctric
fields. This sample showed none of the discoloration or damage sites present on
the surface of the 4 month operating cathode.

We can draw several conclusions from these photocathode studies. First, al-
though an ablated magnesium surface exhibited a higher quantum efficiency than
an ablated copper surface, the magnesium yield quickly deteriorated in a vacuum
of 107 torr. Higher vacuums will then be necessary in devices which employ
magnesium photocathodes. We also found that aithough copper demonstrated a
much lower reactivity than magnesium, long term operation in the RF gun pro-
duced surface contamination and damage which degraded the quantum efficiency
and emission uniformity of the copper cathode. Finally, we saw that short term
exposure to the RF gun environment led to an increase in emission uniformity,

most likely due to a smoothing of the surface by the high RF fields.
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Chapter 5

Photoemission from Semiconductors

The susceptibility of metals such as copper and magnesium to contamination
and damage leads us to investigate other materials for use as photocathode emit-
ters. The ideal photocathode material should have a low reactivity, but a high
quantum efficiency and high laser damage threshold. Small and large bandgap
semiconductors such as silicon, diamond, and fullerene are quite nonreactive and
therefore we investigated the photoemission properties of these materials to de-
termine which may be a suitable candidate for producing laser photocathodes.
One measure of a material’s suitability as a linear photoemission cathode is
the product of its quantum efficiency and damage fluence n€y,,,. For example, if a
Jaser pulse with a given spotsize produces charge ¢} from a copper photocathode,
this same charge ¢} can be obtained using a material of quantum efficiency 3 times
less than copper if the incident laser energy is increased by a factor of 3. Of course,
this material must have a high enough damage threshold to withstand such an
energy increase. Therefore, a material having n€y.., equal to that of copper
will be able to produce the same charge as copper at the same spotsize with an

appropriate increase in incident laser energy—without the risk of damage.



5.1 Band Structure of Semiconductors

The electronic structure of a semiconductor {43} is quite different from that of a
metal (Fig. 5.1). In a metal, the outermost electron shell of each atom is only
partially filled. When metal atoms form a lattice crystal, the electrons in this
shell are not bound to individual atoms but rather are free to move throughout
the metal. These are the conduction electrons which are responsible for many
of the physical properties of the metal: electrical conductivity, heat capacity,
reflectivity, etc. The electrons in this band approximate a free electron gas, and
so the Sommerfeld model can successfully describe many of these metal properties
including photoemission. The highest occupied state at T = 0 is located at the
Fermi level, but there is a continuum of empty states that lie from the Fermi level

up to above the vacuum level into which a conduction electron can be excited.

vacuum level

conduction band

forbidden

Figure 5.1: Band structure for an undoped (intrinsic) semiconductor. x is the
electron affinity, ® is the work function, ep is the Fermi level, E, is the band gap,
and @, is the photoelectric threshold.

In a pure (intrinsic) semiconductor the electrons in the outermost shell of
each atom are used to form the covalent bonds of the crystal lattice. There are

no free electrons, and therefore the conduction band is empty. The outer shell
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electrons form the valence band which has all of its states completely filled. There
is a forbidden energy region between the valence band and the conduction band
which has no available electron states (the electron wave function in the periodic
potential of the lattice has no solution at these energies).

The Fermi level ¢ lies in the middle of the forbidden region, and the work
function @ is defined as in a metal to be the energy difference between the Fermi
level and the vacuum level. In order for a semiconductor to exhibit conductiv-
ity, electrons must be excited from the valence band up to the conduction band
where they are free to move. Typically, this excitation will come from the ther-
mal energy of the electrons. The least amount of energy required to do this is
the band gap energy E, (the distance from the top of the valence band to the
bottom of the conduction band). Materials with large bandgaps (E, > 1 eV)
are classified as insulators because very few electrons will have enough energy at
normal temperatures to traverse the bandgap.

For every electron that is excited into the conduction band there is a corre-
sponding lack of electron, or “hole” that is created in the valence band. This hole
acts as a positive charge carrier and is free to move throughout the semiconductor
in the valence band the same way that the electron is free to move throughout
the semiconductor in the conduction band. Thus an intrisic semiconductor will
have an equal number of electrons and holes that carry charge.

The energy difference between the bottom of the conduction band and the
vacuum level is the electron affinity . Once an electron is excited into the
conduction band this is the amount of energy required to free it from the material.
Semiconductors which are used as thermionic or field emitters generally have a

low electron affinity.
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In general, the electron population will be much higher in the valence band
than in the conduction band or in any surface states which may exist. Therefore,
when a semiconductor is used for photoemission the valence band will be the
dominant source of electrons. The minimum photon energy required for photoe-
mission will thus be the energy difference between the top of the valence band
and the vacuum level. This is known as the photoelectric threshold ®, and it
is this quantity, not the work function, which characterizes the photoemission

properties of a semiconductor.

5.2 N-type Doping

The addition of impurities to a semiconductor lattice can greatly change the
electronic properties of the material [44]. If the impurity is an atom which gives
up an electron in order to bind to the lattice and the energy levels of these
electrons lie in the forbidden region close to the bottom of the conduction band,
the donated electrons can enter the conduction band where they are free to move
throughout the material. This is known as an n-type semiconductor, because the
charge carriers are negative electrons.

If the doping level is high, there will be an additional effect called band bend-
ing (Fig. 5.2). Some impurity atoms on the surface will have their donor electrons
fall into unoccupied surface states rather than into the conduction band. This
will produce an excess of negative charge at the surface which will repel conduc-
tion electrons deeper into the material, exposing the fixed, positive donor sites.
A depletion region is thus created near the semiconductor surface. This leads to
a variation of electric potential which causes the bands to bend downward away

from the surface. As a result, the electron affinity and the photoelectric threshold
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Figure 5.2: A heavily doped n-type semiconductor.

will increase for an n-type semiconductor.

5.3 P-type Doping

If the semiconductor is doped with an element that receives an electron when
binding to the lattice, then these impurity atoms will become acceptor sites
throughout the crystal if the acceptor energy levels lie in the forbidden region
close to the top of the valence band. The acceptors will trap electrons from the
valence band, thereby creating mobile holes. This is a p-type semiconductor,
because the charge carriers are positive holes in the valence band.
Band bending will also occur for high p-type doping (Fig 5.3). The impu-
. ity acceptors on the surface will pull in electrons from occupied surface states,
creating a net positive charge there. This will repel the positive valence band
holes deeper into the material, exposing the fixed negative acceptor sites. Once
again a depletion region is formed, and the variation of electric potential causes

the bands to bend. Because the depletion region is now negative, the bands will
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Figure 5.3: A heavily doped p-type semiconductor.

bend upward away from the surface. For a p-type semiconductor, this band bend-
ing will cause a decrease in both the electron affinity and photoelectric threshold.
In fact, if the bending is strong enough it is possible for the conduction band in
the bulk of the material to reach a higher energy level than the vacuum level at
the surface. This is known as negative electron affinity (NEA). Electrons which
are excited into the conduction band will simply fall out of the material if they
are close enough to the surface. For this reason NEA materials generally make
good thermionic and field emitters.

To study the emission properties of semiconductors [45], we used the short
pulse laser setup described in Sec. 3.2. A special copper mount was designed
having two cups, each 2 mm deep, with thin wire clamps to keep the semicon-
ductor samples in place while maintaining electrical contact with the surface. The
mount held two samples, each of which could be positioned at the usual 3 mm
distance from the anode using the positioning feedthrough. Emitted charge vs.
incident laser energy traces were taken at the three short pulse laser wavelengths

for various semiconductor materials. The goal was to find a material having an
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electron yield comparable to that found earlier for copper, while having a higher

laser damage threshold.

5.4 Silicon

Pure silicon has a bandgap of 1.1 eV [43] and a photoelectric threshold of 5.2 eV
[44]. Thus we expect to observe l-photon emission with the 217 nm pulses, 2-
photon emission with the 325 nm pulses, and 3-photon emission with the 650 nm
pulses. The resistivity of pure silicon is extremely high, ~ 10 Q-cm [35]. Doped
silicon, however, can have resistivities many orders of magnitude lower than this,
and for high doping may have different photoemission thresholds due to the band
bending effects described earlier.

For this experiment we measured the photoemission from phosphorous-doped
n-type silicon and boron-doped p-type silicon. The samples were single crystal
(100) squares measuring 5 mm x 5 mm X 1 mm thick. For the n-type sample,

3 giving a resistivity of p = 0.5 Q-cm. For

the phosphorous doping was 10 cm™
the p-type sample, the boron doping was 10'® cm™? which gave & resistivity of
p =20 Q-cm.

The results are shown in Fig. 5.4. As expected, the 217 nm and 325 nm traces
yield slopes 1 and 2 respectively. The slopes of the 650 nm traces are ~ 20% too
high which indicates that at such low multiphoton yields, emission of electrons
not in the valence band (conduction electrons, electrons in surface states, etc.)

may be contributing to the measured charge. For the n-type silicon sample the

b,, coefficients are
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Figure 5.4: Emitted charge vs. incident energy for n- and p-type silicon.

217 nm: by = 3.7 pC/uJ
325 nm: by = 1.5 x 1078 pC/pJ?
650 nm: by = 6.9 x 107% pC/pul?

and for the p-type sample we have
217 nm: b = 2.3 pC/ul

325 nm: by = 1.5 x 1073 pC/ul?
650 nm: b3 = 5.0 x 10~% pC/uJ?

Note that the yields for both samples are comparable, which suggests that the
band bending for these doping levels is not significant.
Comparing these values to the b, coefficients of copper obtained in Sec. 3.3.2

we see that for silicon by is less than 2% of the value for copper, by is 0.8% that of
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copper, and by is 0.5% of the copper value. Therefore, even highly doped silicon

emits significantly less electrons at each wavelength than does copper.

5.5 Diamond

Diamond has some extreme characteristics favorable for photocathode durability.
It is the hardest of all materials and has a surface that is very nonreactive.
Thus diamond should be resistant to laser damage and surface contamination.
Diamond has a large bandgap {E, = 5.5 eV} [46] and therefore is a high resistivity
insulator (p = 10'® Q-cm [35]. Its conduction band lies at the vacuum level and
thus the photoelectric threshold is equal to the bandgap energy (®, = 5.5 eV).
The presence of hydrogen on the (111) surface of natural diamond can shift the
energy bands such that the diamond exhibits NEA [47]. This type of diamond’
has been used as a thermionic emitter and as a cold field-emitting cathode.
Because of the large photoelectric threshold, pure crystalline diamond may
demonstrate a low quantum yield. Thus we wished to investigate other forms
and dopings of diamond which may show significant electron emission. In this
experiment we measured the photoemission yields of three types of diamond:

pure diamond film, doped diamond film, and pure single crystal diamond.

5.5.1 Pure Diamqnd Film

The photoemission results for two different types of pure diamond film are shown
in Fig. 5.5. Both films were deposited by plasma enhanced chemical transport
(PECT) on silicon substrates [48]. The cauliflower diamond film was 1 pm thick

and had a surface roughness of 40 A, while the well-oriented diamond film had
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a thickness of 5.5 um and a surface roughness of 4 A. X-ray diffraction measure-
ments showed that the crystal faces on the surfaces of both films were predomi-
nantly (111). Because the samples were small (4 mm x 4 mm squares), we placed
a focusing lens in the laser line which reduced the spotsize by a factor of six. This
assured that the entire laser spot was contained within the sample boundaries.
The laser energy values were scaled at each wavelength to account for the in-
creased intensity so that the b, values could be properly compared to those of
copper and silicon obtained earlier with the larger spotsizes. Space charge effects

now occur at lower charge values due to the smaller spotsize of the laser.
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Figure 5.5: Emitted charge vs. incident energy for cauliffiower and well-oriented
pure diamond films.

With a 5.5 eV photoelectric threshold we once again expect emission curves of

slopes 1, 2, and 3 for the 217, 325, and 650 nm wavelengths, respectively. Below
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the space charge bending these slopes are correct except for the cauliflower film
at 650 nm which has a slope ~ 30% too high. Again, this may be due to emission
contributions from non-valence band electrons becoming apparent at the low 3-

photon emission levels. The b, coefficients of the cauliffower diamond film are

217 nm: by = 5.1 pC/ul
325 nm: by = 3.6 x 1073 pC/uJ?
650 nm: by = 3.1 x 1077 pC/ul?

The coeflicients for the well-oriented sample are

217 nm: b; = 4.3 pC/ud
325 nm: by = 5.1 x 1073 pC/uJ?
650 nm: bz = 6.9 x 107° pC/ul®

The b, coefficients are small compared to those of copper except for the bs
value of the well-oriented film at 650 nm. This value is nearly 5 times greater

than the corresponding b; copper value.

5.5.2 Doped Diamond Film

Sodium-doped and boron-doped diamond films were also produced using the
PECT deposition technique on silicon substrates. The films had a well-oriented
crystal structure that was predominantly (111). Both films were determined to
be p-type by observing polarity in hot probe and rectify junction measurements.
The concentration of the boron-doped film was 8 x 10*® em™?; the concentration
of the sodium-doped film was not measured. The resistivity of the sodium-doped
film was p = 2.2 x 10% -cm, while the resistivity of the boron-doped film was 5

orders of magnitude lower, p = 4.3 x 1072 Q-cm.
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Figure 5.6: Emitted charge vs. incident energy for sodium-doped and boron-
doped diamond films.
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The photoemission curves for these two films are shown in Fig. 5.6. The curves
at 217 nm and 325 nm have the expected slopes of 1 and 2 for both samples. The
slopes at 650 nm are 20% too low for the sodium-doped film and 20% too high
for the boron-doped film from the expected slope 3 (measured as always below
space charge bending). Note that the emission at 650 nm is much higher for
the sodium-doped sample, while the 217 nm emission is much higher for the

boron-doped sample. For the sodium-doped diamond film, the b, coefficients are

217 nm: by = 1.7 pC/ul
325 nm: by = 3.7 x 1073 pC/uJ?
650 nm: by = 4.5 x 107° pC/ul?

while the b, coefficients for the boron-doped film are

217 nm: by = 38 pC/ud
325 nm: by = 9.7 x 10°% pC/pJ?
650 nm: by = 2.4 x 1077 pC/ul?

The 217 nm emission from the boron-doped diamond film is quite significant,
~ 20% of the emission from copper. The 650 nm emission from the sodium-

doped film is also significant, a factor of 3 greater than copper.

5.5.3 Single-Crystal Bulk Diamond

The last of the diamond samples tested in this experiment were (110) and (111)
single-crystal natural bulk diamond. The {110} face sample measured 4 mm x
4 mm % 0.25 mm thick, and the (111) face sample was 3 mm x 3 mm x 0.25 mm
thick. Because of the small sample sizes we had to reduce the laser spotsize (again

by a factor of six} in order to assure that the laser spot was completely on the
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sample surfaces. As before, the laser energy values were scaled to the larger

spotsize for proper b, comparisons with previous results.
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Figure 5.7: Emitted charge vs. incident energy for (110} and {111} single-crystal
bulk diamond.

We first measured the reflection and transmission coeflicients of the (110)

sample for our three laser wavelengths. The results were

217 nm: R =10.23,T =0.002
325 nm: R=0.23,T=0.79
650 nm: R=027.T=0.72

with an error of 40.05 for each quantity. Thus we see that natural diamond
exhibits a low absorption for A = 650 and 325 nm, but a strong absorption at

217 nm. This is expected because photon energies at 650 and 325 nm (1.9 and
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3.8 ¢V respectively) are much less than the diamond bandgap and therefore single
photons of these wavelengths cannot interact with the valence electrons. The
217 nm photons, however, have an energy of 5.7 eV which is slightly larger than
the 5.5 eV diamond bandgap. These photons can then excite valence electrons
into the conduction band and as a result are strongly absorbed by the material.

The photoemission curves for the bulk diamond samples are shown in Fig. 5.7.
The 217 and 325 nm curves demonstrate slopes 1 and 2 for both samples, while
the 650 nm curves are each ~ 156% less than a slope 3. The b, coefficients for the

(110) diamond sample are

217 nm: b, = 0.90 pC/ul
325 nm: by = 5.1 x 1073 pC/pt?
650 nm: by = 2.4 x 107° pC/uJ?

while the (111) sample coefficients are

217 nm: by = 0.53 pC/ud
325 nm: by = 2.1 x 107 pC/pul?
650 nm: b3 = 2.6 x 10710 pC/pJ®

We see that the {110) sample shows higher emission than the (111) sample, but
the overall emission of each bulk natural diamond sample is much less than copper

at all wavelengths.

5.6 Fullerene Films

The final material tested in our photoemission experiment was fullerene. Fullerene

exists primarily as the soccer ball shaped molecule Cgo but also includes Crg, Cgy,
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and higher numbered ellipsiodal carbon molecules. Pure Cgy has a resistivity of
p = 10° Q-cm [49] and a bandgap of E, = 1.9 eV [50]. The photoelectric thresh-
old of fullerene has been measured to be ®., = 7.6 ¢V [32]. For this value of @,
we expect the charge vs. energy curves to yield a slope 2 for the 217 nm laser

pulses, slope 2 for the 325 nm pulses, and slope 4 for the 650 nm pulses.
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Figure 5.8: Emitted charge vs. incident energy for pure and yttrium-doped
fullerene films.

The thin fullerene films used in this experiment were produced by evaporating
a powder containing 95% Cgo and 5% Cre and higher. The films were deposited
on silicon substrates and were ~ 5000 A in thickness. Two types of fullerene film
were tested—pure fullerene and yttrium-doped fullerene.

The results are shown in Fig. 5.8. The 217 nm and 325 nm curves give slopes 1
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and 2, respectively. The 650 nm curves were 10-20% higher than a slope 3. Thus
the 217 nm and 650 nm slopes are inconsistent with the values of ®., measured

in the above references. The b, coefficients for pure fullerene are

217 nm: by = 1.2 pC/ud
325 nm: by = 2.8 x 1073 pC/pJ?
650 nm: by = 5.4 x 107° pC/,u_Jg

and the yttrium-doped fullerene coefficients are

217 nm: by = 0.54 pC/ul
325 nm: by = 2.3 x 1073 pC/puJ?
650 nm: by = 4.2 x 107% pC/p)?

The b, coefficients for the two samples at all wavelengths are much lower than

the corresponding b, coefficients for copper.

5.7 Summary of Electron Yields

Fig. 5.9 is a comparison of the b; coeflicients for all the materials at 217 nm
Waveleﬂgth. Most photoemission applications use modest incident laser intensi-
ties and therefore require single-photon emission to achieve the desired electron
vield. Thus the by coefficients are the most relevent in evaluating the feasibility
of a material for use as a photoemitter.

All of the materials had b, coefficients significantly lower than copper with
the exception of the boron-doped diamond film. The yield from boron-doped
diamond was nearly 20% of the electron yield from copper. Using Eq. 3.17 we
can calculate the quantum efficiency of boron-doped diamond at 217 nm from its

b; coefficient:
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Narr = 2.2 x 107 electrons/photon

The relatively high single-photon electron yield of boron-doped diamond makes

it the best photocathode candidate of the materials tested in this experiment.
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Figure 5.9: The b; coefficients for various materials at 217 nm incident wave-
length.

The b, coefficients for 2-photon emission at 325 nm are shown in Fig. 5.10. All
of the semiconductor materials had coefficients of the same order of magnitude.
Once again, the boron-doped diamond film exhibited the highest yield; however,
its by coefficient was only 5% of the value for copper.

Fig. 5.11 shows the by coeflicients for 3-photon emission at 650 nm. These
coefficients varied by over 5 orders of magnitude for the different semiconductor

materials. As mentioned earlier, both the well-oriented diamond film and the
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sodium-doped diamond film had bs coefficients greater than copper. However,
the 10~20% variation from a slope 3 for these samples suggests that there may be
charge contributions from processes other than the 3-photon emission from va-
lence band electrons {e.g., lower order photoemission from surface state electrons
or contaminants). In any case the electron yields at 650 nm for all the materials
are small for laser energies below 50 uJ (peak intensities below 1 GW/cm?). The
requirement of such high incident intensities to attain significant yields makes
3-photon emission impractical for photocathode applications unless an extremely
short-pulse laser system can be utilized to achieve very high intensities without

damaging the photoemitter.

5.8 Damage Threshold Measurements

As mentioned earlier, the boron-doped diamond sample showed the most promise
as a photocathode emitter because of its high single-photon electron yield. From
the discussion at the beginning of this chapter, however, a photocathode must
also have a high damage threshold to withstand the repeated barrage of incident
laser pulses during its use. Thus we performed laser damage measurements on
the boron-doped diamond film and compared them to damage measurements
made on copper. Of course, the damage threshold for a thin film is not only
dependent on its material, but is also strongly dependent on the film quality and
the adhesion properties of the film on the substrate. The damage thresholds of
high quality polished chemical vapor deposited (CVD) diamond films have been
measured to be only 15-20% lower than those of single crystal bulk diamond
[51]. A boron-doped bulk diamond crystal would avoid all of these film-related

weaknesses and therefore may constitute a better photocathode material if the
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doping level can be made high enough to produce a significant electron yield. To
predict the damage threshold of such a sample (or that of a high quality diamond
film) we used our {110) bulk diamond under the assumption that boron doping
does not significantly alter the damage resistance of a diamond crystal.

For short laser pulses, damage occurs when the laser fluence £ (energy per
area) is great enough to create a plasma from the lattice ions on the surface.
This is known as surface ablation [52]. A focusing lens was placed in the laser
line to reduce the spotsize and therefore increase the laser fluence at the surface.
The damage threshold measurements were performed at 650 nm with a spotsize
of wg = 400 pum.

To measure the damage characteristics of copper, boron-doped diamond film,
and (110) bulk diamond the bias of the hollow anode collector was changed to
—2 kV. With this polarity the electron emission should be suppressed and thus
no charge collected when the incident laser fluence is below the damage threshold
of the cathode material. As the laser energy is increased there should be a sudden
onset of a positive signal from the preamplifier when the laser begins to ablate
the surface. This signal is produced as the ions from the laser ablation plasma
are collected by the negatively biased anode leaving an excess of electrons on the
photocathode which then trével through the 1 MQ load resistor to ground. We
define the material damage threshold as the laser fluence corresponding to the
onset of this positive signal.

The damage threshold measurements for these three materials at 650 nm
are shown in Fig. 5.12. The minimum charge measurable by the preamplifier is
0.001 pC-—thus any charge below this value is taken to be zero. For all three

materials there is no ion charge at low laser energies. As the incident energy is

85



10 A—rrrrrrr e
- | m copper .
1_'_ s B-doped dia film gy oo
F| o (110)bulk dia A& .
&) i o g )
Z, e
et 01 E ‘ g 1
) = o
3 5 'y &
S 001 4 = s 1
2 5 v @ g
i = e
0.001 -+ %o o ‘ 1
§ lam%m%m @-E[ﬁ 53[3 n) D Bh -
b H m B o
0.0001 et )
0.1 ! 10 100 1000

650 nm energy (1)

Figure 5.12: Emitted ion charge vs. incident 650 nm laser energy for copper,
boron-doped diamond film, and {110) bulk diamond. The onset of laser damage
occurs at energies of 8 uJ, 17 pJ, and 200 uJ, respectively. The corresponding
damage fluences are 6 mJ/em? for copper, 14 mJ/cm? for boron-doped diamond
film, and 160 mJ/em? for (110) bulk diamond.
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increased we see an onset of ion emission at 8 pJ, 17 pJ, and 200 pJ for copper,
boron-doped diamond film, and (110) bulk diamond, respectively. The slope
of each ion emission curve after the onset is very large (> 5) and therefore we
assume that the onset of ion emission indicates the beginning of laser damage.

The damage fluences corresponding to these energies are

copper:  Egam = 6 mJ/cm?
boron-doped diamond film:  Egem = 14 mJ/cm?

(110) bulk diamond:  Eum = 160 mJ/cm?

Thus the damage threshold of the boron-doped diamond film at 650 nm is over
twice the threshold of copper, and the threshold of (110) bulk diamond is over 25
times that of copper. All samples showed visible damage spots upon inspection
after the experiment.

Damage threshold measurements were also performed at 325 nm and 217 nm,
but these results wefe inconclusive. The 325 nm results are shown in Fig. 5.13.
At this wavelength, the onset of ion emission was nearly the same for all three
samples. This suggests that the higher energy 325 nm photons may be dislodging
contaminants on the sample surfaces and therefore the ion emission is independent
of the cathode material. In addition, the ion emission curve for the (110) bulk
diamond sample after the onset was a slope 2 which indicates a 2-photon effect.
This is inconsistent with laser ablation which is not a simple 2-photon process,
and may indicate that contaminant ions on this sample are being ejected by
2.—photon absorption of the 325 nm laser pulses.

The ion emission curves at 217 nm are shown in Fig. 5.14. For copper and
boron-doped diamond film, ion emission is present at all laser energies. The

curves for these two samples are slope 1 before bending due to space charge
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Figure 5.13: Emitted ion charge vs. incident 325 nm laser energy for copper,
boron-doped diamond film, and (110} bulk diamond. The onset of ion emission
is nearly the same for all three samples, suggesting that the source of the ions
may be surface contaminants.
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Figure 5.14: Emitted ion charge vs. incident 217 nm laser energy for copper,
boron-doped diamond film, and (110} bulk diamond. For copper and boron-
doped diamond there is no threshold but rather a continuous emission of ions at
all laser energies. For (110) bulk diamond, the emitted charge is initially negative
(as indicated by the dotted squares), then drops to zero and changes polarity at
E57 = 3 pJ. Above this energy the emitted charge is positive.
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saturation. Again the source of ions is most likely contaminants being knocked
off the surfaces by single 217 nm photons, because at low energies the laser pulse
is not capable of ablating the material surface—yet ion emission is observed.

The (110) bulk diamond exhibits very strange behavior at 217 nm. For laser
energies below 3 1J the emitted charge was negative. This indicates that electons
are being emitted from the sample despite the anode bias of —2 kV. Because the
photoelectrons escape the diamond surface barrier with an excess energy of less
than 1 eV, they could not possibly overcome the 2 kV potential and be collected
by the anode. The only other possibility is that some electrons are escaping from
the sample to the vacuum chamber walls. As the incident laser energy is increased
to 3 pJ the magnitude of the negative emitted charge decreases to zero and then
changes polarity, demonstrating an increasing positive emitted charge for higher
laser energies. Apparently at these energies the ion emission predominates over
the electron emission, resulting in a net positive emitted charge.

From the results of this chapter we can calculate the product of the quantum
efficiency and damage fluence for copper and boron-doped diamond film:

copper:  Nuam = 7.2 X 107% mJ/cm?
‘boron—doped diamond film: n€z, = 3.1 x 1073 mJ Jem?

We can obtain an estimate of 7€, for a boron-doped bulk diamond sample (or
a high quality boron-doped diamond film) by taking the product of the boron-
doped diamond film quantum efficiency and the (110) bulk diamond damage

fluence:
boron-doped bulk diamond: 7€, = 3.5 x 102 m] Jem?

Because the n€4um of our boron-doped diamond film is comparable to that of

copper and the estimated €4, of boron-doped bulk diamond is greater than
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copper, we conclude that boron-doped diamond may be a suitable non-reactive
replacement for a copper photocathode. However, the photoelectric threshold of
diamond {e®., = 5.5 eV) is higher than the work function of copper (e® = 4.6 eV)
and therefore a shorter wavelength laser (A < 226 nm) will be required to obtain
linear photoemission. Other issues such as surface quality, graphite inclusions,

and film/substrate interface defects also need to be addressed.
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Chapter 6

Thin Film Photoemission Experiment

Until now we have investigated photoemission simply in terms of amount of emit-
ted charge vs. amount of incident laser energy. There has been no discussion of
the dynamics of the photoemission process. One issue concerning the electron
dynamics is the initial location of the photoelectrons within the material. Do
the photoelectrons originate at the surface, or is the emission dominated by elec-
trons inside the bulk of the material? In this chapter we will attempt to resolve
this issue and make quantitative measurements on the maximum escape depth
of photoelectrons by observing photoemission from thin copper films. We can
then use these measurements to estimate the promptness of the photoemission
process—an issue which may be important in the production of subpicosecond

electron bunches using ultrashort laser pulses.

6.1 Photoelectron Dynamics

As described in Sec. 2.5 the standard model of volume photoemission consists
of a three step process: the electron absorbs a photons which elevates it to an

excited energy state, travels to the surface, and then crosses the surface barrier to

92



escape the material. The total emitted charge will thus depend on the depth into
which the incident light can penetrate and the depth from which a photoexcited
electron can reach the surface before losing its escape energy.

For optically excited electrons in metals, the primary mechanism for energy
loss will be inelastic collisions with the conduction band electrons {53]. A single
such collision will on average result in a significant loss of energy for the excited
electron because the conduction electrons have much lower energy. After the
collision the electron most likely will no longer have sufficient energy to overcome
the surface barrier and will not be emitted (nhv ~ e® < e for all wavelengths
in this experiment). Thus the maximum electron escape depth is dependent on
the range ! that the photoexcited electrons can travel before suffering a collision.

In general, electrons may also suffer elastic collisions with lattice phonons
and may lose energy through plasmon excitation. However, for visible photon
excitation energies the electron-phonon mean free path is much larger than the
electron-electron mean free path. Therefore, electron-phonon collisions can be
ignored. Also, the photon energies are too small to create photoelectrons capable
of exciting plasma waves (hw, &~ 11 eV for copper)-—this effect can be ignored as
well. The electron range ! will then be equal to the electron-electron mean free
path, and any electrons which are emitted will have traveled ballistically to the
surface.

At visible wavelengths, [ is a decreasing function of the excitation energy
[38]. This can be explained in terms of the Pauli exclusion principle for the
conduction electrons. A photoelectron that has been excited to an energy =
above the Fermi energy e¢r can only interact with those conduction electrons

having energy between er and er — . Conduction electrons below this energy
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Figure 6.1: Empirical curve for electron range vs. excitation energy (with respect
to the Fermi level) as measured in gold films.
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cannot be excited above the Fermi level because the photoelectron energy is less
than this energy difference, and there are no unoccupied energy states below the
Fermi level. Thus no energy exchange between the conduction electrons below
er—¢ and the excited electron can take place. The greater the excitation energy &,
the larger the number of conduction electrons that the photoelectron can interact
with, and therefore the shorter the electron range. Fig. 6.1 shows an empirical

curve taken from [53] showing this behavior of the electron range ! in gold films.

6.1.1 One-photon Emission

Linear photoemission from thin metal films can be investigated using a simple
one-dimensional analysis [54]. This approach is sufficient because the isotropy of
the electron velocities allows us to study motion in the 2 direction (the direction
normal to the surface) independent of the electron motion in the % or § directions.
In addition, for optically excited electrons most of the kinetic energy must be in
the Z direction in order to overcome the metal surface barrier, thus the emitted
electrons will have had primarily =z motion in the metal.

Fig. 6.2 ciepicts a laser pulse incident on a thin metal film of thickness d.
Let us look at electrons at a depth z from the front surface (the surface onto
which the laser pulse is incident). As the pulse propagates through the metal, its

intensity decreases exponentially:
I{z) = Ipe™*/® (6.1)

where 6 is the optical absorption depth at the laser Wavelength. The probability

of an electron at depth z absorbing one photon is proportional to this intensity:
P(2) « Tye™*/* (6.2)
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Figure 6.2: Front and back side photoemission from a film of thickness d.

An electron which absorbs a photon must then travel to the front surface without
suffering a collision in order to have a chance to escape. The probability F,. of

no collision occuring over this distance 2 is
Poo(2) x g7/t (6.3)

Thus the total probability for the front surface emission of an electron from a
depth z is
Pront(2) = Py(2) « Ppe(z) x Tpe~ /g4 (6.4)

For a film of thickness d, the electrons which lie a distance z from the front surface
will be at a distance d — z from the back surface. The probability for emission

from the back surface is then

Poaer(2) = P (2} - Prold — 2) o Iye=*/%e=(@=21/! - (6.5)
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To find the total electron yield from each surface, we must integrate the
emission probabilities over the thickness of the film. For a given incident light

intensity the emitted charge from the front is

d 1
Qfront X / Ipe= e~y = =2 {1 - e“cg";“f)ﬂ (6.6)
0

Sl
e by
et

and the charge emitted from the back is

d
pack X ] Toe #0e @21y ——ID— {e‘“dﬂ — e‘“d/‘s] (6.7)
0

— 2
i

[ T

We have ignored any internal surface reflections of the light or the photoelectrons.
From Eqgs. 3.4 and 3.10 we can write these expressions in terms of the measured

b, coefficients:

Koy ~(}+3)d
blfront“““‘ .}5”{.»% [1'—6 LA ] (68)
K
bl back = T _lé [e’—dﬂ - e—-d/ﬁ] (69)
& i

where K is the constant of proportionality having units of pC/{uJ-A). For large

thicknesses we should recover the bulk b; value measured in Sec. 3.3.2 from b1 gron:
(}_l_pélo bl front = b.’i bulk (610)
and therefore we can determine the value of Ki:

1 1
K1 = (3 + E) bl bulk (611)

Fig. 6.3 shows the behavior of Egs. 6.8 and 6.9 as a function of film thickness
d for 217 nm incident light on copper. We used the published optical absorption
depth value for copper of 8g;7 = 105 A [35] and the electron range value suggested |
by Fig. 6.1 of I = 70 A for a 5.7 eV excitation energy. For small film thicknesses

(d < 1) the front and back electron yields are equal and increase as the thickness
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Figure 6.3: The theoretical behavior of the electron yield (as measured by the b,
coefficient) vs. film thickness for front and back illumination of copper by 217 nm
light. The optical absorption depth is taken to be y17 = 105 A and the electron
range is [ = 70 A.
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becomes larger. For greater thicknesses (d > 1) the front yield reaches the bulk b,
value after about 200 A and remains constant, while the back yield turns around

and decays exponentially, dropping by 5 orders of magnitude over 1500 A.

6.1.2 Two-photon Emission

For 2-photon emission, the electron dynamics are a bit more complicated. Fig. 6.4
is a picture of a 2-photon emission process from the front surface of the metal
film. This electron absorbs the first photon at z;, then travels toward the surface
where it absorbs a second photon at zy. The doubly excited electron continues
in this direction and eventually crosses the potential barrier at the front surface
where it escapes the metal. The probability of these events occuring to produce

front emission is

Pf'r‘ont(zla 22) = -Pﬂy(zl)Pnc l(zl — 22)P7(z2)Pnc 2(22) (612)

The quantity B,.1{z} is the probability that the electron will travel a distance z

without suffering a collision: after it has absorbed one photon:
Pro1(z) x e7?/b (6.13)

and P,.o{z) is the probability of the electron traveling a distance z without a

collision after absorbing two photons:
P o(z) oc /b2 (6.14)

Because the absorption of each photon increases the energy of the photoelectron,
the electron range [ after absorbing one photon will be different than the electron

range [y after absorbing two photons (as demonstrated in Fig. 6.1). A similar
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analysis of an electron traveling toward the back surface yields

Prge(21, 22) = Py(21}Poc1(22 — 21) Py{22) P 2(d — 22) (6.15)

€ -— 47‘ /

laser pulse —= |

Figure 6.4: Two-photon front emission from a metal film of thickness d. The
electron absorbs the first photon at z; (as measured from the front surface),
absorbs a second photon at z;, and then travels to the surface where it is emitted.

To find the emitted charge from both surfaces we must integrate z; and z

over the thickness of the film:

eront x Ig [d fZI 6‘—21/66—22/66-(21-22)/]:1e”zz/lzd,z?dzi (616)
o JO

Qpact X Igfdfde—zx/'ée—zz/ée—(zzwzl)/hem(d-zz)/lzdzgdzl (6.17)
4 Jx

(6.18)

Peforming this integration and expressing the result in terms of the by coefficient
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gives

by o = K -
RO [y e R ey ey

bo tack = Ko

Fig. 6.5 shows the behavior of Egs. 6.19 and 6.20. As before, K5 is determined
by the bulk b; value:

I IN/2 1
Ky = (E + EI_> (5 + E;) b2 puk (6.21) _

The absorption depth for copper at this wavelength is listed as §a7 = 105 A 135]
and the electron range values from Fig. 6.1 are l; = 75 A for a 1-photon 3.8 eV
excitation energy and I, = 65 A for a 2-photon 7.6 ¢V energy. Note that the
2-photon front emission rises more slowly than the l-photon emission, reaching
the bulk b, value after about 250 A. The back emission, however, falls off more

quickly-—dropping by 7 orders of magnitude over 1500 A.

6.1.3 Three-photon Emission

Finally, we will look at the electron dynamics of 3-photon emission. Fig. 6.6

shows a picture of a 3-photon front emission process from a metal film. The
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Figure 6.5: Theoretical behavior of the 2-photon electron yield (as measured by
the by coefficient) vs. film thickness for front and back illumination of copper
by 325 nm light. The optical absorption depth is a5 = 145 A and the electron
ranges are l; = 75 Aandl, =65 A,
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electron absorbs the first photon at z;, travels to z, where it absorbs a second
photon, travels to z3 and absorbs a third photon, then propagates to the front

surface and escapes the metal. The probability of this sequence of events is

menz(zh 22, 23) = Ry(zl}Pm E(z} - Z2)Py(22)Pn02{22 — 23)P'y(z3)Pnc3(ZS) (6-22)

The corresponding analysis for an electron traveling to the back surface gives

Prack{z1, 22, 23} = Py(21) Pac1(20 — 21) Py{22) Pre 2 (23 — 22) Py (23) Pre 3(d — 23)
(6.23)

Again we must integrate z;, 2o, and 23 over the sample thickness to find the
emitted charge:

d .
ergnt X Ig f f21 fzz 6‘31/56—'22/66-23/56-—‘(21—-Zg)/ll
0 Jo 0
xe~ @)=/l drodz,

d pd pd
@hack X Ig/ f / 6—21/66—22/58“23/56—(2:2—~z1}/[1
0 Jz1 Jz2

w e~ (73—22)/l2 ,(d—z23)/13 dzydzadz,

(6.24)

(6.25)

Expressing the yield in terms of the b3 coefficients after a painful integration gives

ﬁ(;.+.zm d
bemnt = Ky ( 1 ! c L tl)

DT D0+ G D03+ D0-3+D

103



Kl
b = K.
B [ TR T () I EFa R ary ) Ry

e -— 4—714‘77["‘_

laser pulse —= ,

Figure 6.6: Three-photon front emission from a metal filim of thickness d. The
electron absorbs the first photon at z;, a second photon at z;, a third at 23, and
then is emitted from the front surface.

The plots of Egs. 6.26 and 6.27 are shown in Fig. 6.7. The K3 coefficient is

11 2 1 3 1
K3 = (5 + H) ('g + "i;) (‘5 + g) b3 btk (6.28)

The absorption depth from [35] is gso = 154 A and the electron ranges after

given by

excitation by one, two, and three 650 nm (1.9 V) photons are taken from Fig. 6.1
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to be {: = 200 z&, I, =75 A, and I; = 70 A. The front emission curve rises more
slowly than the previous two wavelengths, reaching the bulk b3 value after 350 A.
The back emission curve also rises slowly and then, like the 325 nm curve, decays

by 7 orders of magnitude over the 1500 A thickness.
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Figure 6.7: Theoretical behavior of the 3-photon electron yield (in terms of the bs
coefficient) vs. film thickness for front and back illumination of copper by 650 nm
light. The optical absorption depth is gs0 = 154 A and the electron ranges are
L =200 A, Iy = 75 A, and I3 = 70 A. |

6.2 Front and Back Illumination Experiment

The setup for the multiphoton thin film illumination experiment is shown in
Fig. 6.8. The samples were 1” x 2" fused silica slides with steps of various thick-
nesses of copper film evaporated onto one side. Two samples were used, one with

film thicknesses ranging from 50-500 A and the other with thicknesses 500-1400
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A. The hollow anode was mounted on a rotation stage with an external control
so that it could be positioned on either side of the sample for the front illumina-
tion (Fig. 6.82) and back illumination (Fig. 6.8b) configurations. A mechanical
feedthrough was used to move the sample to illuminate each thickness and also to
flip the slide so that the copper side would face the anode for each configuration.
The transmission of the laser pulse through each thickness of copper film was
measured using a photodiode placed behind the sample outside of the vacuum
chamber.

These transmission measurements for each laser wavelength are shown in
Fig. 6.9. By fitting an exponential to each curve we can determine the opti-

cal absorption depths from Eq. 6.1:

87 = 107 A
8305 = 138 A
6650 = 154A

The published values [35] of the absorption depths for copper at these wavelengths
are 105 A, 145 A, and 154 A | respectively—thus we are in excellent agreement
with these values.

We performed the usual emitted charge vs. laser energy traces with the 217,
325, and 650 nm pulses for both front and back side illumination for each thickness
of copper film. All of the traces demonstrated the expected slopes 1, 2, and 3 for
the respective wavelengths. From these traces we determined the b, coefficients
for each copper thickness in each configuration. By plotting the front and back b,
coefficients vs. film thickness, we hope to get an idea of the relative contribution

of the surface vs. bulk electrons and also a measurement of the maximum electron
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Figure 6.8: Setup for the multiphoton thin film illumination experiment:

front illumination configuration (b) back illumination configuration.
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Figure 6.9: Optical transmission vs. copper film thickness for 217, 325, and
650 nm laser wavelengths. The solid and dashed curves are exponential fits from
which the absorption depths are calculated to be 6p37 = 107 A, 8305 = 138 A, and
Ses0 = 154 A,
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Figure 6.10: The measured 1-photon yield {b; coefficients) vs. copper film thick-
ness for front and back illumination by 217 nm laser pulses, plotted with the
theoretical curves. The maximum emission depth is 250 A.

escape depth.

Fig. 6.10 is a plot of the b; coefficients vs. film thickness for 217 nm incident
laser pulses. The front b; coefficients increase as the films become thicker until
they reach a bulk value of b, = 190 pC/uJ at 250 A. This increase is more
gradual than predicted by the theory. As the films become thicker than this
value we observe no additional emitted charge, thus we take 250 A to be the
maximum depth from which electrons can escape the metal for this incident
wavelength. Note that the front emission from thicknesses d > 250 A is a factor
of five greater than the emission from the thinnest 50 A sample. This indicates
that the majority of the emitted electrons originated in the bulk of the metal

and not on the surface. The back b; coefficients initially decay exponentially, but
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then reach a constant value of ~0.2 pC/uJ at 1000 A. However, this charge was
found to be present with no sample in place—therefore it is background charge
caused by scattered 217 nm light.

An unexpected Iresult shown in this plot is that for small thicknesses (50 and
100 A) the back electron yield is greater than the front yield. However, this
may be due to the presence.of copper oxide or other contaminants on the metéul
surface. In the front illumination configuration the laser pulses are incident on
the bare copper side; any surface contaminants may absorb some of the light
and thereby reduce the energy available to the conduction electrons. In the back
illumination configuration, on the other hand, the laser pulses are incident on the
surface which has been deposited on the fused silica substrate. This surface is
protected by the substrate and thus has no contaminants which may absorb the
light. Therefore, for small thicknesses the back emission can be greater because
the laser energy incident on the conduction electrons is higher.

Fig. 6.11 shows the by coefficients vs. film thickness for the front and back
illumination by 325 nm incident light. The constant of proportionality K, was
reduced for the front theoretical curve independently of the back curve to account
for contaminants decreasing the front emission. The yield from the front reaches
a bulk value of by = 0.14 pC/pJ?® at the maximum electron escape depth of
350 A. The measured front emission increase is much more gradual than the
theory predicts. For this wavelength the bulk emission is about a factor of two
greater than the 50 A emission—again the majority of electrons originate in the
bulk and not on the metal surface.

The back emission data points follow the theoretical curve quite well up to

500 A, at which point the data begins to oscillate about 0.25 pC/ pJ? while the
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Figure 6.11: The 2-photon yield (by coefficients) vs. copper film thickness for

front and back illumination by 325 nm laser pulses, plotted with the theoretical
curves. The maximum emission depth is 350 A.
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theoretical curve continues to decrease exponentially. There was no background

charge observed without the sample in place as was the case with the 217 nm

measurements.
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Figure 6.12: The 3-photon yield (b3 coefficients) vs. copper film thickness for
front and back illumination by 650 nm laser pulses, plotted with the theoretical
curves,

The front and back electron yields for incident 650 nm laser pulses are shown in
Fig. 6.12. The K constant for the theoretical curves was adjusted independently
for the front and back emission in an attempt to best fit the data in the presence
of possible surface contamination. Clearly, there is poor agreement between the
experimental data and the theoretical curves. Both the front and back emission
data points initially decrease until about 500 A, after which the front emission
increases to a value of 2.3 x 10~® pC/uJ® while the back emission remains roughly

constant. No maximum electron escape depth can be discerned from this data.

112



6.3 Emission Promptness

The measurements of the maximum emission depth dy,,, can be used to obtain
an upper limit on the time delay between an incident laser pulse and the resulting
emitted electron bunch. Because the photoemitted electrons traveled ballistically
to the metal surface, the maximum time delay will be the transit time for electrons

from the maximum emission depth to reach the surface:

Atz = maz (6.29)

Ve
For 1-photon emission, the minimum electron velocity v, for escape will be the

Fermi velocity vp plus the velocity required to overcome the work function veg:

2 2ed
€p+ [
Mg M -

(6.30)

Vg = Up + Ve =

where m, is the electron mass. For copper e = 7.0 ¢V and e® = 4.6 eV, thus

the minimum escape velocity is
ve = 2.0 X 10° m/s

For the maximum escape depth dpa, = 250 A measured for the 217 nm emission,

the delay time is
Abpar = 12 f5

A similar analysis for the 2-photon 325 nm emission (assuming the longest delay
scenario where the electron absorbs the first photon at the measured dpg, = 350 A

and the second photon right at the surface) gives a delay time of

Atpor = 21 fa
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We can perform a theoretical analysis for the maximum delay time for 3-
photon emission at 650 nm. From Fig. 6.7 the maximum escape depth is approx-
imately 350 A. We will assume the longest delay scenario in which an electron
at the maximum depth absorbs one 650 nm photon, then travels to the surface
where it absorbs the remaining two photons in order to escape. This also gives a

delay time of
Al poe = 21 fs

For laser systems producing pulses > 100 fs, these emission delays will be
negligible in comparison with the laser pulsewidth. Therefore, an RF gun or
other accelerator operating below the space charge regime will produce an initial
electron bunch having nearly the same temporal profile as the incident laser
pulse (space charge effects and beam line optics may broaden the electron bunch
in time). Further electron pulse compression may not be necessary by the beam
line optics.

Another result from this chapter is that the electron yield from the back side
of a thin copper film can be comparable to the yield from the front side of bulk
copper. For example, the 1-photon yield from the back emission of a 150 A film
is only a factor of two less than the front bulk yield (Fig. 6.10). Thus a back
illuminated photocathode could be used in devices such as high frequency RF
linacs and synchotrons where laser beam access from the front side is difficult or
impossible. Such a photocathode would allow for synchronization to RF cycles
or other fast events down the beam line {such as a beat-wave accelerator) which

is not possible with conventional thermionic cathodes.
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Chapter 7

Conclusions

Using an amplified ultrafast dye laser system, we were able to investigate many is-
sues concerning linear and nonlinear photoemission processes and materials from
which photoelectrons are produced. We identified 1-, 2-, and 3-photon emission
from copper, silicon, diamond, and fullerene. The emission was induced by illu-
minating these materials with 217, 325, and 650 nm laser pulses. The amount
of charge produced is proportional to the laser intensity [ for 1-photon emission,
I? for 2-photon emission, and I® for 3-photon emission. At the laser intensi-
ties used {up to ~ 10 GW/cm?), pure multiphoton emission was the dominant
process—no evidence of thermally-enhanced or thermionic emission was observed.
In addition, for these laser intensities l-photon emission consistently produced
several orders of magnitude more charge than 2-photon emission, which in turn
produced several orders of magnitude more charge than 3-photon photoemission.
Thus for typical subpicosecond laser systems a l-photon process is necessary for
applications which require a high emitted charge. However, because of its I de-
pendence a multiphoton emitter would produce an electron bunch having a factor
of +/n shorter in duration than the incident laser pulse. For copper the quantum

efficiency of 1-photon emission at 217 nm was measured to be ng7 = 1.2 x 1073,
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We also observed the first multicolor emission process. This was done by
sending both 650 and 325 nm pulses colinearly to the copper photocathode and
varying the time delay between them. There was an enhancement of charge when
the pulses overlapped in time, indicating a process whereby electrons absorb one
650 nm and one 325 nm photon to gain the required energy for photoemission.
This effect could be useful for synchronizing two or more non-harmonic subpi—
cosecond laser pulses in space and time.

Emission properties of copper and magnesium cathodes were studied using
frequency quadrupled Nd:YAG pulses (A = 266 nm) to produce I-photon emis-
sion. The quantum efficiency of copper at this wavelength is significantly less
than at 217 nm (s = 1.0 x 107%) which is expected from the frequency de-
pen&ence of the Fowler-DuBridge theory. The quantum efficiency of magnesium
was initially less than copper but after performing laser cleaning (which included
ablating the surface) the magnesium quantum efliciency increased by a factor of
220 to 1.5 x 107%. However, this high quantum efficiency immediately began to
decay as contaminants in the vacuum chamber were redeposited on the surface.
Copper showed much less change after laser cleaning and thus is a more stable
photocathode material.

The copper cathodes in the UCLA RF photoinjector gun, however, did show
deterioration in quantum efficiency over time. Fortunately, this may not an un-
avoidable deleterious effect. Although the vacuum environment in the RF gun
(P < 1078 torr) was at least two orders of magnitude better than the DC test gun
setup, the RF gun was found later to be contaminated by viton and other con-
taminants which probably led to the decrease of the cathode quantum efficiency

and uniformity of emission over time. To study the effects of this contamination
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we used the DC test gun with a moveable cathode mount to produce quantum
efficiency maps of the photocathode surface. A cathode which had been used
in the RF gun for over four months showed variations up to a factor of eight
in quantum efficiency across the surface. A cathode which was used in the gun
for one week showed an increase in emission uniformity but a decrease in overall
quantum efficiency, most likely due to a smoothing of its surface by the high RF
fields.

These results led us to investigate other materials which may be more stabie
in an RF gun environment. We examined emission properties of various dopings
of silicon, diamond, and fullerene at 217, 325, and 650 nm wavelengths. Of these,
boron-doped diamond showed the most promise as a photocathode material. Its
single-photon quantum efficiency was about 20% of that of copper, but showed a
higher damage threshold and is much less susceptible to contamination because of
its extremely low reactivity. The product of the quantum efficiency and damage
threshold 7€4,. {which we take to be a measure of photocathode suitability)
of the boron-doped diamond film was comparable to that of copper, while the
estimated n€yn for boron-doped bulk diamond (or high quality boron-doped
diamond film) is much higher than copper.

Finally, we studied some of the electron dynamics of photoemission by per-
forming front and back illumination experiments on thin copper films. We found
that for thicknesses of 150 A or less the back emission is a significant fraction of
the front emission, and can even be greater due to the front side contamination -
of the copper. This may be useful for devices such as high frequenéy RF linacs
and synchotrons where laser beam access from the front side is difficult or im-

possible. In such cases a thin film photocathode Hluminated from the back side
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could replace the conventional thermionic cathode and therefore produce shorter
pulses, higher peak currents, and allow for laser synchronization of the electron
pulses to other events in the device or the experiment.

The maximumn electron escape depth from copper at 217 nm was measured
to be 250 A, and the escape depth for 2-photon emiésion at 325 nm was 350 A.
The results for the 3-photon emission at 650 nm were inconsistent with the other
wavelengths and with the simple electron transport theory that was used. The
theory predicts an escape depth at 650 nm of 350 A. The escape depths can
be used to estimate the promptness of the electron emission. The delay time
between the incident laser pulse and the electrons emitted from the maximum
escape depth was calculated to be 12 fs and 21 fs for the 217 and 325 nm light,
respectively. The calculation for the 650 nm light using the theoretical escape
depth also gave a delay time of 21 fs. These delays will limit the minimum electron
pulsewidth attainable with an ultrashort laser pulse. For typical picosecond and
subpicosecond laser pulses used in RF photoinjectors, however, the electron bunch

broadening due to these emission delays will be insignificant.
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