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ABSTRACT

Two photon volume photoelectric emission from sodium has
been observed. The two quantum yield for the process,

AN, T) was found to be
/\(8450A, 300°K) = 8x10'161o amps /watt,

where I is the intensity of the incident radiation in
watts/cmz. A thebretical model for the prdcess, in which

the interaction arises from direct interband transitions,
gives a double quantum yield which is in good agreemeﬁt with
the observed value above.

By illuminating the éodium surface with two superimposed

laser beams which were obtained from the same source, two
photon dc photomixing has also been observed. With the laser
operating well above threshold, the dc photomixing current

. (2)

ig was found to respond to

(2) 2 .
in{%) o0 (141,)°

where'I1 and I, are the_iﬁtensities of the individual beams .
This result is discussed in terms of quantum mechanical
coherence theory. Using results recently derived by
Titulaer and Glauber, it is shown that one double-quantum
detector may be used as a self-iﬁtegrating Hanbury iBrown- '

Twiss type experiment.

xi
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The two quantum current induced by a thermal source of
intensity Io is shown to be twice as large as the ﬁwo quantum
cufrent induced by a single-mode laser of the same intensiﬁy.
Because.ghié efféct-arises from phdton correlations, a similar -
result should also hold for other two quantum processes.
Other experiments are proposed in which the double quantum
photoelectric effect may be used to provide information about
higher order correlation functions fof-the radiation field.

Finally, a simple method.of work function estimation
is discussed, in which 6n1y one (single quantum) photbcurrent
measurement 1is necessary. The method requires the incident
photon energy to be less than the work function of the
material under investigation, and relies on the rapid de-

crease of the density of states above the Fermi level.



I. INTRODUCTION

With the development of the laser, double quantum
transitions of various types have been observed in the

1-4 Research

optical region of the electromagnetic spectrum.
in such higher order effects has also resulted in the
observation of double quantum transitions involving a

combination of coherent and incoherent,5 and completely

6,7

iﬁcoherent *" radiation. .

Double quantum photoelectric emission becomes important

when the first order effect is '""forbidden,'" that is, when

%?( hv <eo

where hv is the photon energy and ep is the work function
of the metal under consideration. A theoretical treatment
of the double quantum surface phbtoelectric effect in a
metal was first given by R. L. Smi.t:h8 in 1962. Smith
used the Sommerfeld model of a metal, and made a second
~order perturbation theory calculation of the photocurrent.
He.conc1uded that observation of this effect should just
be possible. The theoretically predicted double quantum
sﬁrface photocurrent is proportional to the square of the
incident radiation power and inversely propoftionallto the

area irradiated.

-1-
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Smith's result was extended to the case of a sinu-
soidally modulated signal* by Bowers9 in 1964 whb, in
addition, corrected some errors in Smith's deﬁelopment;
Also in 1964, Adawil® obtained a more general formulation
of the two quantum surface photoelectric effect by using
the steady-state method of scattering theory, which is
equivalent to the time-proportional transition method. 1In
the limit of the square well potential, the photocurrent
obtained by Adawi reduces to Smith's corrected result.

A theoretical treatmenﬁ of the double: quantum volume
photoelectric effect in a metal was given by P. Bloch,11
also in 1964. 1In this casé, transitions occur-be;ween
gnergy bands within the bulk of the‘éaterial rather than
at the surface. Just as Smith's second order treatment of
- surface photoemission is based on the earlier first order
treatment given by Mitcheli,12 Bioch's second order treat-
ment of volume photoemission is likewise based on the
earlier first order treatment given by Fan._’13 As in the
case of surface photoelectric emission, the theoretically
predicted double quantﬁm volume photocurrent is-pro-
portional to the square of the incident radiation power

and inversely proportional to the area irradiated.

When the modulation period is much greater than any
characteristic time in the photoemission process, the
adiabatic approximation yields this extension for
arbitrary waveform.
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For the alkali metals, Thomas and other314'17 have

given clear experimental evidence indicating that first
order photoelectric emissién is purely a volume effect.
In the immediate vicinity of photoelectric threshold{
nevertheless, there is still some question regarding the
mechanism of photoemission, although there is good evi-

13-15

dence that the volume effect is the primary mechanism

in this region'as well. For photon energies well above
the threshold, photoemission éﬁudies on copper and silver
have shown the data to be completely consistent with a
volume effect. Furthermore, nondirect optical transitions
havé been shown to be stronger than direct ones in both

18

metals. Thus, conservation of crystal momentum (E)

need ndt be an important selection rule in the photoelectric
prdcess.19

Several attempts had been made to experimentally
observe the double quantum photocurrent from a metal_,g’11
in order to establish the validity of a particular
theoretical model, but various experimental difficulties
complicated the task. This work reports the 6bservation

of double quantum photoelectric etni.ssi.orls-11

and cw
photomiging from sodium metal. Two~photon'photoelectric
current was obtained from a sodium surface of work function
2.0 eV when irradiated by photons of energy 1.48 eV from

a GaAs semiconductor injection laser. Because of the
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small size of the photocurrent, it was necessary to use

coherent (phase-sensitive) detection20 21

to abserve it.

A quantity suitable for describing the efficiency of
double quantum photoelectric emission is the ""double
quantum yield", A(}») expresséd in amps/watt?*‘ Here, X is
the wavelength of the incident radiation.} Because a
second order effect is under consideration, 1\ will be
proportional to the intensity Io of the incident radiation.

For double quantum photoelectric emission from sodium metal,

N\ has been experimentally found to be
16
A a (B450A) = 8x10~ I, amps/watt

where Io is the intensity of the incident radiation at
8450A expressed in watts/cm?. This value is about 1000
times larger than the theoretically expected value
 calculated on the basis of Smith's’ model. It is in
order of magnitude agreement with the theoretically ex-
pected yield calculated on the basis of the volume photo-
electric effect, however. For this calculation, a model

permitting only interband transitions was used. Consider-

ing the intermediate state to be virtual, the 2.3 term

This quantity is called the efficiency since it is very
closely related to the number of hotoelectrons emitted
per incident photon: A(amps/wattg E A (electrons/

photon) where hv/e is the photon energ¥y expressed in eV
and is of order unity. 4 :



-5-

in the Hamiltonian was found to be dominant. The model
used is somewhat similar to that used by P. Bloch but
differs from it in several significant respects. The
agreemeﬁt with thedry, plus the-large increase in double
quantum current which was observed upon cbating more sodium
onto the experimental surface, provide evidence that the
two quantum emission observed arises from a volume effect.

| Single quantum photoemission can also take place for
hv<e¢,.a1though.with greatly reduced efficiency. This
emission comes about from the high energy electrons present’
in the Fermi tail for a material at temperature T>0°K.
This type of single quantum photoemission has also been
observed. The photoélectric yield for this process has

been found to be-(experimeﬁtally)
Y(8450A, 300°K) = 1.7x10"1° amps/watt.

This single quantum yield is, of course, independent of
Io.. With the help of the Fowler theory of photoemission,‘
the value of yield above has been used to provide a good
estimate for the work function of the sodium surface. This
method of work function estimation entails_only one |
measurement of the photoeleétfic yield, with a radiation
source whose photon energy is less than the work function

of the material. It should be a generally applicable .

method.
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Indirect experimental evidence indicates that this
single quantum emission (from electrons in the Fermi tail)
may arise from a surface eéffect. This is based on the
observation that for experiments with a freshly coated
sodium surface, 'pure" double quantum photoemission has
been obtained, the admixture of single quantum being <.03%.

Double quantum photoelectric emission has also been
obtained in materiais other than metals. H. Sonnenberg,

22 ,btained double quantum volume

H. Heffner, and W. Spicer
photoelectric emission from CSSSb,'a semiconductor. The
source of radiation was a Nd-doped-glass laser.which emits
photons with an energy of 1.17 eV. The photoelectric
threshold energy for the first order effect in Cs3Sb is
about 2 eV as it is in Na metal. The observed double |

quantum photoelectric yield from Cs3Sb was
A_‘cS3Sb(8“5°A) = 1.1x10"* 1_ amps/watt ,
where‘Io is the incident light intemnsity in watts/cmz.

This result has been corrected* to A = 8450A so that it

* The correction fromz} .06) radiation as used by Sonnenberg,

Heffner, and Spicex<< to .84 radiation was small. It was
obtained by simply evaluating the equation for the two .
pho&gn volume photoelectric current density jv given by
Jha

(.841) . The following ratio was obtained:

iy (Cs3Sb, 1.48 eV)
3, 5,55, T.I7 a0y = 033

for both 1.17 eV photons (1.06n) and 1.48 eV photons"
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may be directly compared with the results obtained for

Na metal. It may be seen that

1
o~

-5 E
Nygq = 7x10 AcS3Sb

showing that the double quantum yield from Na-issmallef
than the double quantum yield from Cs;Sb at 8450A by a
factor of ~104. This may be compafed with the ratio for
theréingle quantum yielda. Using the following numbers.‘

for the yields of the two materials at Zhv:YNa(42OOA) =
3x10™% am.ps/wattla’23 and YC:SBSb(hZOOA)'-= 3x10-2ampé/watt,24

the following ratio obtains:

YNa(AZOOA) N 0_2.
CsBSb

In a unique'experiment utilizing a Millikan oil-drop
apparatus, Pope, Kalimann, and Giaéhino7 have measured the
double quantum photoelectric emission from organic single
crystals of anthracene, tetracene; and perylene. These
authors used a 1000 watt Hg-Xe incoherent light source,
having its highest output intensity‘at 3650A. For .
anthracene, the experimentally determinéd value of double

quantum yield was

. - _8‘
I\Anthracene 6x10 I, amps/watt
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where Io is expressed in watts/cmz. The authors tentatively

_conclude that one of the species involved in this‘two
quantum pfoéess is either a charge-transfer exciton or a
trapped electron. It may be seen that

I\ﬁa ~ 10-81\Antr#cene ’
thus two quantum emission by this mechanism in anthracenevl
is of the order of 108 times stronger than two quantum
photoemission from sodium metal. In spite of the large two
quantum yieid for anthracene, the photocurrents measured in
this experiment were extremely small because of the very
small light power incident on each particle. With their
apparatus, currents ~10'20.amps have been measured.

The two quantum photoeffect is of parti¢u1ar interest
because the two quantum process occurs in the radiation
 detecting_device itself. The situation is—unique since,
in addifion to providing information about the higﬁer_order
physical pfbcess occurring in the detector, an opportunity
is available to gain information about the properties of
the incident radiation field, a topic about which there

25

has recently been considerable discussion,. For & two

photon detector, the counting rate is expected to be

proportional to a second order correlation_function,26'28

while for the usual squaré-law detector,
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the counting rate is propoftional to a first order
correlatioh function, and thus is proportional to the
inoensity of the incident beam. |

The two quantum photomixing experiments described in
Chapter V were initially intended to provide explioit
infofmation about the coherence time and second order
coherence properties of the incident radiation. An analysis
is given, in which it is shown how the two photon effect
may‘be used as a self-integrating Hanbury Brown-Twiss
type29'32 photon correlation experiment by introducing a
time delay between the two incident beams. Because of. the
difficulty of achieving high quantitative occuracy in the
two quantum measurements, however, it was not possible
to perform this experiment. Nevertheless, results of this
mixing experiment were obtained with the laser operating
well above theshold. It was observed that a double quantum

detector in this case resPondg as
. (2) 2
ig®/ oc (I; + I,)

where iéz)is'the double quantum emitted photocurrent, and -
I, and 1, are the intensities of the individual beams.

This gives rise to a d. c. photomixing term 21,1,, corres-
ponding to the two ways in which one photon can be absorbed
from each beam. By using the second order correlation

26,27

functions considered by Glauber and by Titulaer and
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GlauberFBthis result is justified. It is also shown
that the two quantum photocurrent induced by a thermal
source is expected to be just twice that induced by a
single mode laser source. Fourth order correlation functions
of the field are discussed in connection with a proposed
Hanbury Brown-Twiss type experiment using two double.
quantum detectors. Finally, a short discussion of two
quantum excess noise and photocounting statistics is given.
The experimental appafatus used in this work is
described in detail in Chapter II. In particular, the
laser.pbwer supply and the sodium surface phototube were
specially constructed for these experiments and a full
account of them is therefore given. In Chapter III, a
discussion of the theoretical aspects of two quantum
processes, and of photoemission in general, is given.
Chapter IV is concerned with tﬁe experimental observations
relating to the double quaﬁtum photoeffect from sodium.
Finally the double quantum photoemission obtained from
the coincident focusing of two light beams (double quantum
photomixing), and the higher order correlation functiops

for double quantum detectors are discussed in Chapter V.



I1. THE EXPERIMENTAL APPARATUS

This chapter is divided into several sections each of
which discusses one component of the overall éxperimental
system in detail. Particular attention is given to the
laser power supply (sec. B) and to the sodium surface photo-
multiplier tube (sec. C), since both were specially con-
structed fp: this experimént. The othef sections are
devoted to the laser (sec.A), and to a signal analysis of

the system(sec. D).
A. The Laser

For the experiments on two quantum photoelectric

33’34 was used

emission, a GaAs semiconductor injection laser
as the source of radiation. The injection laser was chosen
because of its relative high power, its-ease of modulation
and operation, and its convenient frequency.. GaAs lasers
were obtained from three sources: (a) M.I.T. Lincoln
Laboratory (Lexington, Mass.), (b) G. E. Research Laboratory
(Schenectady, N. Y.), and (c) Raytheon Co. (Bedford, Mass.).
The lasers were mounted in a copper (heat sink) block
supported iﬁ a styrofoam dewar by cylindrical brass tubes
which also served as exit ports for the radiation (Fig.l).
They were operated in air at 77°K; the 8450A radiation
emerged through an antireflection coéted.glass window. A

warm air blower was directed at the exit window to prevent

-11-
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To SCR laser pulser

I 1

1] "

" 1

1} 1]

13 F

}e—Cu
o Allen set screw
: 0/ Feedthru

Laser
package —~ Cu wire

(a) Copper plug and laser (side view)

?rass tube Glass window |
o
o
] Indium ring
Cu base
Styro foam
dewar

(b) Copper base mounted in styrofoam dewar (top view)

Figure 1. Laser holder. - The laser is secured in the solid
copper plug (a) by means of an Allen set screw, as shown.
Dotted lines represent screw holes for mounting plug (and
laser) in the copper base (b). The hole in the copper base
which receives the plug is drilled halfway through. The
plug is sealed to the base by a gasket of indium wire, which
keeps liquid nitrogen from entering the region of the laser.
The base is supported in a styrofoam dewar by cylindrical
brass tubes which also serve as exit paths for the radiation.
Figures are not to scale. '




-13-

it from frosting. The peak output radiation power of several
of these lasers, measured with a calibrated Dumont 6911
photomultiplier tuBe,* is given in Tab1e I. The lasers were
operated with the SCR pulser described in the next section,

- using a full pulse width of 235u8ec, a peak curent of 21
amperes, and a pulse repetition rate of 2.2 kHz. These values
were close to optimum for obtaining maximum output power from
the lasers. Higher values of current, repetition rate, or
pulse width tended to decrease the laser output power because
of junction heating.

As can be seen from Table I, M.I.T. laser LD259 was used
in all experiments performed before recoating the sodium sur-
face photomultiplier tube (see Chapter IV). For experiments
performed after recoating, however, M.I.T. laser LD256 was
used. LD256 and 1D259 behaved almost identically in all re-
spects. The following discussion of the properties of the
emitted laser radiation is therefore restricted to M.I.T.
Lincoln Laboratory LD250 series semiconductor lasérs. The

M.I.T. laser configuration is shown in Figs. 2 and 3.

1. Output power related to input current

The radiation power output for a typical M.I.T. laser,
as a function of both the commutation circuit voltage (see‘

Sec. B), and the peak current supplied to the laser, is

* The Optics Technology Corp. Model 610 Optical Power Meter
was found to respond nonlinearly to pulsed radiation at
8450A and thus could be used only for qualitative measure-
ments. The power meter was used quantitatively for cw
radiation at 6328A, however, in order to calibrate the 6911
photomultiplier. '
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TABLE I

PEAK OUTPUT RADIATION POWER (8450A) FROM
GaAs SEMICONDUCTOR INJECTION LASERS

“‘Source of Identification Peak Power Remarks
Laser Number mW
M.L.T. LD259 ~400 used in initial
experiments
M.I.T. LD256 ~400 used in later
experiments
M.I.T. LD257 - casing broke;
: never used
M.I.T. LD126 ~ 10 not used in
' experiments
G.E. L1193 ' ~150 not used in
. experiments
G.E. L1194 L never used
Raytheon 1938 - never used

Raytheon 1939 . never used
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given in Table II. The operating conditions are the séme
as those descirbed earlier. 1In performing experiments,

the laser was génerally operated at its highest power,
attenuation being provided by calibrated filters. This
‘method was used so as not to introduce extraneous variables
into the experiment, such as changes in the radiation
spectrum or the emitting area which occur with changing

laser current.

- 2. Emitting area and intensity

For currents sufficiently above threshold current,
the emitting junction of the laser is essentially a line
which has the width of the laser diode (~2001), and an
effective height of ~10up for GaAs.35 Thus, the emitting
area may be estimated at 2:':10"5 cm2. Because the dimensions
of the emitting junction are larger than the diffraction
limit of the 1ens used to focus the radiation onto the Na
surface,* the junction may be imaged on the sodium surface.
For the experimental configuration used, the image distance

was approximately equal to the object distance, giving a

magnification of unity.

The diffraction limit of a lens is given by Af where 2
is the wavelength of the radiation and £ is the f-number
of the lens. The lens employed in the two quantum
experiments has a focal length of 57 mm and-a diameter
of 50 mm, and is therefore about f/1l. The diffraction
limit of the lens is thus ~1lu, sufficiently smaller than
a dimension of the emitting junction.
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 TABLE 1I

TYPICAL OUTPUT RADIATION POWER FOR M.I.T. LASER RELATED.
TO PEAK LASER CURRENT AND TO COMMUTATION CIRCUIT
" VOLTAGE (SRC VOLTS)

Variac SCR Peak Peak power
setting volts current output
(amps) (mW)
(LD259) (LD256)
>~ 6 z7 <10
7 8 ~ 7 ~30
9 10 8
12 12.5 9.5 - 130
14 15 | | 230
17.5 - 18 ' 290
20 20 _ 19 320
22 ‘ - 22.5 , _ 400

23.5 | 23.5 21.5
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At the maximum power of 400 mW (1.7x1018

photons/sec),
the intensity of the imaged beam is then X 20,Q60 W/cm2
(7.5x1022 photons/cmz-sec)._ This corresponds to a maximum

electric field of 2.7x10°V/cm.

3. Pulse shape and Fourier spectrum

An oscilloscope trace of the output of M.I.T. laser
LD259 observed with a Dumont type 6911 photomultiplier tube
is shown in Fig. 8(b) of Chapter IV. The horizontal scale,
representing time; is 10usec/division, and thé peak power
output is about 400 mW. Again, the operating conditions of
the SCR pulser are those described earlier. The second hump
in the curve of Fig. 8(b) arises from the input current pulse,
which actually attains iﬁs maximum peak current at this point.¥
However, the laser output has begun.to decrease relative to
the current input before this time because of heating. It
therefore increases only a token amount at this input current
spike. For lower iﬁput éﬁrrents, the laser output pulse
follows the current pulse much more closely.

Because of the narrow band amplifier at the input to

the signal channel in the phase sensitive detector (see

This spike in the current near the end of the pulse
arises)because of the commutation of the SCR's (see
Sec. B). '
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Sec. D), it is only.the Fourier coefficient of the sigﬁal
at the frequency of phase sensitive detection which is
measured.* This component of the double quantum curfent
~must therefore be estimated. A scope trace of the double
ﬁQuantum current waveform is shown in Fig. 8(a). This
waveform may be approximated well by a cosinusoidal pulse
of full width t, o 36usec. The Fourier component at the
fundamental repetition frequency fo = 2.2 kHz is then

found to be =~ (4/W)tofog§ 0.1, normalized to a unity ampli-

tude waveform.

4. Spectroscopic observations and mode structure

Observations of the 6utput spectrum from M.I.T. laser
LD259 as a function of input current have been made_by
focusing the output of the laser into a Jarrell-Ash 3.4-m
Ebert-type spectrograph. Théhlaser was driven at a pulse
repetition rate of 1.1 kHz and 2.2 kHz with the SCR pulser
described in the next sectioﬁ. The pulse width was 35usec.
Measurements were made in second order, with a resolution
of 2.5A/mm using a slit width of 10u.

For SCR voltages below ~ 13.5 SCR Volts (corresponding

to peak currents belowr§"9.5 amps), lasing occurred in

The manufacturer giﬁes harmonic rejection as 60 db for
the second harmonic and 46 db for the third harmonic.
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discrete modes, generally one or two pf the modes dominat-
ing. Although the many lines visible on thé.sbectrograph
plate appeared to be regulariy spaced, the distances be-
tween the stronger modes varied with SCR voltage, sometimes
being within 2A, other times being as far apart as 1l0A or
more. The overall breadth and appearance of the spectrum
at one particular SCR voltage remained constant although
different modes would dominate from experiment to experi-
ment, depending on past history and on the pulse
repetition rate. The stronger modes appeared somewhat
broader than the weaker ones. The experimentally observed
spacing between adjacent lines was determined to Be.m 1.2A
which is in agreement with the célculated,spacing c/2nf of
adjacent axial Fabry-Perot modes.36 Here, ¢ 1is the speed
of light in vacuum, n is the index of refraction of the
material filling the resonator, and £ is the length of the
resonator. For GaAs, n = 3.3, and fof the M.I..T. lasers,
L =1 mm . Thus Axcaic. = 1.1A, which correspdnds to
a frequéncy difference of 45 kMHz.

| At SCR voltages > 15 SCR Volts (correspdhdihg to
2 12 aﬁps peak current), many more lines began to appear,
the spectrum broadening while its center moved to higher
wavelength. These results can berundérstood on the basis

of the temperéture rise occurring in the laser during the

pulse. The observations are in agreement. with those of
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Gooch37 who did time-resolved spectroscopy of GaAs laser

diodes driven with 10 amp, 20usec pulses. The displacement
to longer wavelength of the center of the spectrum with
increasing current may be thought of as resulting from”an
increased average junction temperature. For a peak current
of ~ 8 amp at a pulse repetition rate of 2.2 kHz, the
center of the spectrum lies at about 8400A, while for a
peak current of ~ 21 amp, it increases to about 8440A. As
expected, for a given current, the optical spectra for a
1.1 kHz pulse repetition rate lie at shorter wavelengths
than the spectra for a repetition rate of 2.2 kHz.

The incfease in the width of the spectrum from about
10A at 8 amps to about 55A at 21 amps is seen to ariéerfrom
the change in the temperature of the diode (and hence the
emission) as a function of time, the spectrograph recording
all of the modes which emitted radiation any;time during
the pulse duration. Thus, although at any instant of time
a relatively narrow group of discrete modes would be
.expected, the spectrograph integrates over all time, pro-
ducing a broad and somewhat smeared spectrum.

Some data was taken with very short pulses (Qluséc)
and very low duty cycle (<10'4) using a commercial General

Electric Type.C7780135 Laser Pulser.*

The author wishes to thank J. Wenzel of the General
Electric Co., Ithaca, N. Y., for the loan of this pulser.
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Although good spectrographic plates were not obtained, it
was observed that the center wavelength of the emitted

. spectrum was located at about 8330A, which is well below
the values observed with long pulse length, long duty-cycle
excitation as described earlier. This result is expected,
since the tempefature of the diodés should be far lower
when fed with the short, low duty¥cyc1e pulses.

Finally, it should be mentioned that at currents ~10X
threshold, Hooge and Kalter38 have observed that mode
structure and coherence of the laser output disappear. They
attribute the smooth band obsérved, which has a width of
15-20A, to saturation occurring in a distance smaller than
thg_length of‘the diode. The experiments performed here

have been well below this limit, however.

5. Polarization

The polarization propertieé of the radiation emitted
from a GaAs semiconductor injection laser are generally a
local phenomenon for each lasing filament, and vary with

39

injection current. Certain statistical trends of the

polarization with injection current are evident, however,
~ and may be categorized. In particular, the output from
M.I1.T. laser LD259, operated in the pulsed mode with the
parameters given earliér, was found to be approximately

75% polarized with the E-vector preferentially parallel to
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the plane of the junction.

B. The SCR Laser Pulser*

In order to obtain a mgésurable double quantumAcurrent,
a-laser pulser supplying relatively-long pulses of high
current at a high duty cycle was required. Since most of
the pulsers available for driving semiconductor lasers
provide rather short pulses (< lusec), a pulser based on a
silicon-controlled-rectifier (SCR) multivibrator circuit*?
was designed to meet these reqﬁirements. The laser pulser
has been used to drive both M.I.T. Lincoln Laboratory and

General Electric GaAs injection lasers. The supply provides
| pulse'lengths from about 30pusec to 1 second** with duty
cyclés as high as 1007%. It has been previously mentioned
that for the double quantum exﬁeriments described in this
work, pulses of 35usec duration at a pulse repetition rate
of 2.2kHz were used to drive M.I.T. laéers LD256 and LD259.

. Although similar to the standard commutation circuit
pulse shape (which is asymmetrical rather'éhan square), the
precise shape of the laser current puise depends upon the

particular values assigned to circuit components L1 and C2

* JFor a publiShed‘account of this work, see Rev Sci. Instr.
36,973 (1965).

** The upper limit depends only on the maximum pulse length
capability of the unit pulser used to drive the SCR
pulser. The Genral Radio 1217C provides pulses of up
to 1 sec in duration. ,
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(see Fig. 4). Increasing the values of these components
provides a rounder but more symmetrical pulse shape. Since
these components affect only the beginning and end of the
pulsé, however, pulses greater than about 100usec appear
essentially square. Currents of about 21 amperes have
been obtained with the pulser shown in Fig. 4, but it is
an easy matter to increase this current by increasing the
power capabilities df the circuit components. AAprotection
circuit was incorporated in the pulser to prevent damage
to the laser in the event of a circuit €failure. A small
unit pulser, such as the General Radio 1217, is required
to drive the SCR pulser. 1In the doubie quantum experimenﬁs,
a GR1217A pulser was used because of its ready availability.
The GR1217B was found to be superior, however. Laser
current pulse length and repetition rate are regulated
directly by the controls on the unit pulser, while laser
current amplitude is controlled by the Variac (Tl). The
three constituent blocks of the pulser (dc power supply,
commutation circuit,. and protection circuit) are indicated
in Fig. 4.

7_The pulse length setting on the unit pulser must be
above a certain minimum value in order for the SCR pulser
to operate. The lower limit on pulse length is governed
by the value of‘commutation capacitor C3 (in conjunction

with R1 and R2). However, if the éapacitahce is below a
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critical value (which depends on the individual circﬁit),
the circuit will not commutate at ail. A commutation
capacitance of 6uF has been found to be suitable. It
provides a minimum pulse length of 30usec. For best oper-
ation, the dc resistance of legs 1 and 2 of the commutation
circﬁit'(see Fig. 4) have been made as close as possible.
Circuit elements L1 and C2 were inserted to reduce the
current spike which typically occurs at the end of each pulse
in a multivibrator circuit. Resistance R3 was inserted to
minimize transients. Small transformers were used to couple
power from the unit pulser to the SCR gates. Capacitor C5
combined with the transformed secondary impedance of
transformer T2 (about 2500Q)) form a pulse differentiator,
which when combinéd with diode D4 insures that SCR is
properly triggered at the end of the unit pulser input
pulse. Proper heat sinking for the SCR's was provided.by
the use of mica insulating kits and silicone high thermal-
conductivity grease.

The protection circuit operates by integrating the sig-
nal appearing across the laser. After a specified time
delay (determined by the capacitancé C4 and the protection
_vpotentiometer R4), SCR3 is triggéred thereby shunﬁing the--
laser. Because the resistance of this leg (leg 3) is 1low,
a very heavy current-is drawn, causing fuse F2 to blow

quite rapidly. Thus, if for any reason, current flows
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through the lasers for a time longer than that prescribed
by the setting ofARA, current to the laser is cut off.
The value of F2 was chosen to be just above the average
laser current. Protection resistance R4 was adjusted such
that the time to trigger SCR3 bée longer than the buise
length but shofter than the damage time to the laser. Fof
operation at pulse lengths longer than several hundred
microséconds, it might be necessary to increase R4, C4, or
both. | |
The components employed in the pulser were used
because of their réady availability. Therefore, although
the particular values used in the supply are those specified
in Fig. 4, many of these (especially‘the small diodes and
transformers) afe not critical. 1In fact, it is not certain
that tﬁe SCR's used weré C40's since they were not marked.
The unit has been operated with C40's, however. The
capacitors used for‘filtefing (Cl) were as large aé'could
coﬁveniently be obtained. Even-with these large éapacitors,
a small aﬁount of ripple remained giving rise to a 60 cycle
modulation of a few per cent on the light output from the
laser. This can be eliminated by the insertion of a very
low resistance choke. A 20mH iron core inductor having a
dc resistance of 1M in a st#ndardwﬁ-configuration filter
following the rectifier diode D1 was found to suffice.

This reduced the ripple by a factor of 50, but necessitated
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a higher working voltage for the input capacitor. Since
the 60Hz ripple could have no effect on the two quantum
experiment, however, the choke was not used during the
experiments.

Capacitors of the large size used in the filter section
invariably have low working voltages, and care has. been
taken not to exceed the stated value. In fact, the maximum,
current available to the laser was limited to about 21
amperes by the capacitor (Cl) working voltage of 25 901ts.
The maximum deliverable current may be increased by in-
creasing_the ratings of the various components in the
pulser. A small viewing resistor ('.064ohm) was inserted
in series with the 1aser to monitor the current,vbut fhe
scope used to measure this current had to be isolated from
ground. Initial adjustments and tests were made with a
1/2ohm resistéf or a test diode replacing the laser. The
pulser is operated by first turning on the unit pulser,
and then advancing the Variac to provide more than 10V dc.“ 
Switch S2 is then closed to.étart laser operation. If
this order is not followed, the circuit will not commutate
properly and fuse F2 may blow.

A gate-turn-off device (GTO) would seem to ﬁrovide
an even simpler method for designing a laser pulser: A
single GTO could be used, eliminating the commutation

circuit and raising the efficiency of the unit to nearly
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100%. Unfortunately, however, the present state of the
art of these devices does not now allow them to handle

currents of this magnitude.
C. The Sodium, Surface Photomulfiplier

A specially constructed photomultiplier containing
a vapor-deposited sodium surface Qas uséd in the double
quaﬁtum experiments.* A photomultiplier was used rather
than a simple phofotube in arder to gain the advantage of
"noise-free'" electon multiplication. The glass envelope
containing the photomultiplier structure, as well as the
dynode material and the structure itself were the same as
those used in the commercial Dumont type 6911 photomultiplier.

Two types of sodium photomultipliers, both manufactured
by Dumont - Fa1rch11d Laboratories (Bloomfield, New Jersey)
were used. Type KM2462 had sodium deposited only on one
element of the structure, that which is generally used as
the first dynode in the standard 6911. The dynode is con-
structed of grade A nickel. Type KM2519 was a photo-
multiplier in which the sodium was deposited in a semi-
transparent layer on the front facev;f the glass envelope.
This is the configuration of the standard front surface |

photomultiplief (e.g. Dumont 6911, RCA 7102). Because the

This suggestion was made by Dr. J. M. Schroeer.
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first dynode waé used as the cathode in KM2462, there are
11 stages of electron multiplication rather than the
standard 12, as in KM2519.

Both photomultipliers contain thermal generators so
that sodium could be deposited on the cathodes at any time.
These generatoré consist of a small, cylindrical (§2mm
diameter x 1.5 cm long) grade A nickel collar<containing
NaCr0, and Si. External leads permit the collar to be
heated by means of an electric current which causes the Si
to reduce the NaCr04, liberating Na vapor. The vapor de-
posits on the (relatively cold) cathode. Of the two sodium
surface tubes, only the dynode surface tube KM2462 was used
for double quantum experiments for reasons discussed below
(section .C7) . Experiments were carried out on a portion
of the cathode surface which is flat, and lies perpendicular
}to the incident radiation. A spot was generally chosen
which lies in a region parallel to, but in from the cath)de -
edge by about 1-2mm. The sensitivity of the Na surfacesi
to white light has been determined by the manufacturer to
be ~ 1-2pamp/lumen, while the response time is given as
~ 25-30nsec, not including the limitation on response time
placed by the load resistor éﬁd the output capacitancg
(~ 4-6pF) . Specific properties of the sodium surface
photomultiplier tube KM2462.pertinent to the observation

of double quantum photoelectric emission are discussed below.
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1. Choice of sodium

Sodium metal was chosen as the material to be investi;
gated for the foilowing reasons: (a) Ample data is
available on the photoelecﬁric and other solid state pro-
perties of sodium. (b) 1It is a simple metal with a
spherical Fermi surface, for ﬁhich a relatively unsophisti-
cated theory would be expected to apply. (c) The work
function (~ 2eV ) is ideal for the observation of two
photon photoemission using incident radiation at 8450A
(~1.5eV) . The work function is sufficiently low so that
two photons may overcome the surface potential, and yet
sufficiently high so that single quantum photoemission
form the Fermi tail will nbt swamp the double quantum

photoemission.

2. Fowier;plot

41,42

A Fowler plot was used to determine the photo-

electric threshold frequency (work.function) of the Na

surface in KM2462.43

A Cary model C-14 spectrophotometer
was used as the source of radiation for the measurements.
The light output of the spectrophotometer was kept constant
by internal controls. The output of the photomultiplier
was measured across a 100k load resistor by a Bausch and

Logbﬁmodel VOM-6 chart recorder. Measurements were made

for various incident.wavelengths ranging from 7900A to 3500A.
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For photons below 2.3eV, the Fowler plot yielded a
work %unction of 1.9 + 0.leV while at photon energies
corresponding‘th 2hy = 2.96eV, the work function was found
to be 2.3 £ 0.1leV. This latter value is therefore more
éppropriate for calculating the two quantum current. The
difference in work function at different incident photon
energies may be understood in terms of the presence of a
smail numberuof crystallites with a low work function
~orientation. Above the photon energy 2.3eV, the contribu-
tion to the photoelectric emission from these crystallites
~may be neglected; it is important only when photoemission
from the more numerous higher work function crystallites
is forbidden. The work function of metallic sodium is

given variously as 1.9 to 2.46 eV.44

3. Work function estimation by absolute yield measurement

In this section, a simple method is proposed for
estimating the work function of a material. It requires
only one measurement of the single quantum photoelectric
yield, which must be made with incident photon energies
below the photoelectic threshold. As an introduction to
the method, a brief discussion of the mechanism of single
quantum photoemission in the vicinity of the photoelectric
threshoid is given.

(a) Photoemission near threshold: Photoemission of
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electrons from metals is observed with incident photon ener-
gies which are near or even below the photoelectric thres-
hold energy. To understand how this interaétion occurs, a
schematic diagram of the one dimensional dispersion curves
for the conduction and next higher energy bands are shown in
Fig. 5 for a typical alkali metal. On this diagram, the
interband threshold energy for direct transitions, hv' (this
is the minimum incident photon energy for which k- con-
serving interband transitions may occur at 0°K) is shown to
lie below the photoelectric threshold energy eo (work func-
tion). This relation,

hy' < e (2-1)

is generally satisfied for pure elements, e.g. elements which
do not have monolayers of other elements deposited on them.*-
From the diagram, it is seen that electrons located
near or above the Fermi level cannot escape from the metal
by means of direct transitions. These electronsfdo escape,
however, as evidenced by the experimentally observed
" temperature dependence of photoemission. Therefore, these
electrons either escaﬁe by means -of indirect (phonon-
assisted) transitions17 (as shown by the oblique line in
AFig; 5), orAby méans of the surface photoelectric effect,

which cannot be represented on this diagram. 1In the case

* For example, for Na: hvi = 2.06eV & ep = 2.25eV; for K:
"hv' = 1.24eV < ep = 2.25eV; for Ag: hv' = 3.9eV < e9p =
4 .4eV. For the sodium surface in KM2462, however,

hyv > eo.
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E
Work function —— e ¢
Interband threshold — hy
Fermi level — 0]
l .
B g

Figure 5. Schematic diagram of (one dimensional) lowest energy
bands for alkali metal in reduced zone scheme (not to scale).
B represents the Brillouin zone boundary. Oblique line -

represents the only escape path via volume photoemission of
an electron in the Fermi tail.
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of the surface photoeffect, of course, the surface itself
provides for momentum conservation. Which of these mech-
anisms is more important in thevimmediate vicinity of

threshold is a question which has not yet been completely

resolved ,1#>13,42,45,46

In Chapter IV, section C2, experi-
mental evidénce"is preseﬁted which could be interpreted as
indicating that the single quantum emission arising from
electrons in the Fermi tail is a surface effect.

In the discussion to folloﬁ, howevef, it will be shown
that the particulér mechanism giving rise to the photo~ "
emission (be it surface or volume) is not significant.lS’17

(b) Application of Fdwler theory: 1In the immediate
vicinity of threshold, the validity of the Fo&ler theory41
relies upon the stationarity of all variables in comparison
with the rapidly varying Fermi function (with incident
frequency and temperature). Because this conditioﬁ is
satisfied for both a volume and a surface model of photo-
‘emission, the Fowler theory canmmot be used to distinguish

15 j¢ is an approximation to both- models

15,17

between,the two;
in the region near thfeshold, The proportionality
constant a, in the expression for the yield (see next
paragraph) is determined experimentally in the Fowler

theory. If it were desired to theofetically calculate the

proportionality constant a, then é detailed knowledge of
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the stimulating mechanism would be necessary since this
constant contains the matrix element for the transition

and the probability of electron escape over the surface
barrier. For a volume effect, it also contains the |
attenuation factor of the incident radiation, and the escape
depth of the photoelectrons.

It is clear that the Fowler thebry for photoemission
is valid in the vicinity ofi(bothlhglgg and above) the
photoelectric threshold. The specific»applicability of the
theory to a simple work'fﬁnctibn,determination for photon
energies below the work function lies in the very rapid
decay of the Fermi taii in this region. Again variations
in the parameters in ¢ may be neglected in comparison with
variations in the Fermi tail.*
| . The expression for the yield inAthe Fowler theory is

Y = aaT?0(x) (2.2)

where a is the experimentally determined constant of

proportionality, A = 4ka2/h3, T is the absolute temperature.

L - .
-

'If the volume effect is responsible for the transitionms,
however, then for films below a certain criticil thickness
derits @ depends on the thickness of the film. That 1is,
below derit (which is the depth of photoemission), o will
increase linearly with film thickness, reflecting the
amount of sample present.
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For photon energies below the photoelectric thréshpld, the

expression ¢ (x) is given by

% e2x e3x
p(x) = [e” - -2 + 27 -] x<0. (2.3)

Here, x = (hv -e¢)/kT so that f0r:hﬁ<e¢; only the first term
in the above series need be considered, provided |hv-eq|SKT.

Thus, to good approximation,

Y ~ aAT?exp[(hv - e9)/KT]. (2.4)
The expression'fof the work function may therefore be written
ep = hy + kT 1n[aAT2/Y]. hv<eo (2.5)

With a single yield (Y) measurement, all of the parameters
in this equation, except ep, are.known; in particular, the
frequency of the incident radiation is generally known with
high accuracy.

A d;termination of the work function of a material by

this method has the advantage that it entails only one

. -measurement of the absolute photocurrent. Because of the
vlrapid decay of the Fermi tail for electron energies above

the Fermi level, relatively precise measurements are
expected. For polycrystalline materials, the work function
obtained by such a measurement will be that of the lowest
work function crystallites, since these contribute most
heavily to fhe photocurrent. For single crystals, of course,

the work function obtained will correspond to the ﬁarticular‘
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crystal face investigated. Since the incideﬁt photon
energy is below the work function energy of the material,

- the measured photocurrent will be small. It may be measured
with an electrometer, of if sufficiéntly small, with the
heip Qf phase sensitive detection.

The method described above has been experimentally
ﬁ;éa'co determine the work function of the vapor deposited
Na surface in photomultiplier KM2462 with two radiation
sources: a GaAs'laser emitting radiation at 8450A(1.48eV),
and a He-Ne gas laser emitting radiation at 6328A (1.96eV).
The measurements were carried out at room temperature

(T = 300°K). The constant A has the value 7.5x1020

electrons/
sec-degz-cm2 in cgs units, and a typical value23 for a is
o~ l»xlO-32 cmz-sec/quantum. For the experimental conditions
.u;ed, then aAT%gZ.7x10-6. The two cases are considered
separately Béléw.

(a) Radiation at 8450AE‘ ﬁsing the measured value for
the single quantum yield as given in Chapter IV, Y(300°K,
8450A) = 1.7x10f15amps/watt, the expression for the work

function becomes

ep ~ 1.48eV + 0.025eV[1a(2.7x10"%/1.7x10719)

or

ep(8450A) ~ 2.01 £ .03eV.
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(b) Radiation at 6328A: Using a He-Ne gas laser
emitting aﬁproximately 0.70W, a current of 1.3x10-9 amp
was observed from the cathode* of KM2462. Thus, Y(300°K,
6328A) = };9x10'6 amps/watt, and .-

ep ~ 1.96eV + 0.025eV[1n(2.7x10"%/1.9x10"%) ]

or

ep(63284) ~ 1.97 + .03eV.

For radiation at 6328A, however, the validity of the re-
quirement |hv - ep|) KT is questionable. Nevertheless,

both of these work function determinations are seen to be

in agreement with each other, and with the value 1.9 + 0.1leV
obtained from the Fowler plot.** These results were obtained
with the unrecoated surface (Sec. C5), as was the Fowler
plot.

Only a rough value of the yield is necessary to
éétimate the work function quite accurately. Thus, if the
surface under investigation is within a photomultiplier as
is the case with the experiments performed hére, the gain

of the photomultiplier need not be known with high accuracy..

In fact, the single quantum contribution to the photo-
current from the Fermi tail was so large for the incident
radiation at 6328A, that it precluded the observation of
a double quantum current. 1In this case, the cathode
current was measured directly.

This Fowler plot determination was. rather coarse. Usually
an accuracy of .0leV can be attained.
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Similarly, the calculated value of the work function is
rather insensitive to the value of a used. Thus, to first
approximation in the work function determination of any
metal, a general value for a may be used. This is éspecially
true since the values of a do not differ too much from

42 Furthermore, this result justifies

metal to metal.*’
neglecting the frequency dependence of ¢ and using the value
obtained at threshold; The relative insensitivity of the
work function on the parameters o and Y is seen to arise
from the presence of these pafameters in the argument of

the logarithm, which is a slowly varying function.

4. Gain of the photomﬁltiplier

In measuring the gain of photomultiplier KM2462, a
small pilot bulb was used as the light source, and a
Kiethley model 200B electrometer was used to measure the
cathode current directly. High voltage was supplied to the
photomultiplier by a Kepco type ABC2500M power supply. The
gain43 was found to be » 50,000 when operated with a high

voltage of 2000 V. This was the standard operating voltage

For eﬁample,23

3§(Na.g}4x10'32 cm2¥sec/quantum while
o (Ba) ~ 2x10° |

cmé-sec/quantum,
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used for measurements. For comparison, fhe manufacturer
quoted an expected gain of 90,000. ,

It was found that the initial gain of the phétomultipler
sometimes changed with time, generally deéreasing with a
time constant of the order of several minutes, and then
- leveling off. In fact, during early operation of the tube,
Just such a decay was seen in the double quantum current ..
This decay may now be understood in terms of the change
~ in photomultiplier gain. These variationé diminished aftér
regular use of the tube, however. The overall fluctuation
was.ZIO%, so that the use of a mean value for the gain
(chosen as 50,000) was adequate. When a variation in time
was Qbserved at ;he beginning of an experiment,-the gain
would be permitted to reach a plateau before measurements
were made. o

A load resistor was placed across the output of the
Na photomultiﬁlier, which directly fed the low noise tuned
preamplifier by means of a leﬁgth of RG-58A/U coaxial cablg.
The cable capacitance is 28.5 pF/foot. The input capaci-
tance to the preamplifier is given by the manufacturer as .
~ 1l0pF, and the output capacitance from KM2462 is o~ 5pF
as mentioned previously. The resistor-cable combination |
therefore provided no filtering (unity transmission) for
the 2.2kHz fundamental frequency component being measured.

Photomultiplier-KM2462 was used in two different bases
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or sockets, denoted as Base 1 and Base 11. Base I uses

150 k(xesistors in the photomultiplier chain, with the
exception of the first stage which uses a 300 kiresistor.
Base II was originally constructed for use with KM2519,

and as such has an éxtra resistor in the Ehain. In order
‘that Base II be used for KM2462, however, the second

stage, as well as the first stage, was prdvided with a
"larger resistor (560kﬁ) than the other.stages (300KkN) .
KM2462 was operated with a high voltage of 2000Vdc when used
in Base I. When Base II was used with KM2462, however, the
photomultiplier voltage used was 2215Vdc so'that again
2000Vdc would appear across the photomultiplier. The
remaining 215V was dropped across the extra'résistor

contained in Base I1I.

5. Recoating the sodium tube and dodium film thickness

The method used for recoating both the frbnt surface
and dynode surface‘céthodes was that prescribed by the
manufacturer. It consistéd of sldwly increasing the volt-
age (provided by a Variac) across the internal thermal
generator until sodium was observed to evaporate. The
voltage was then slowly decreased. - For later experiments
“with KM2462, moré sodium was recoated onto the cathode.
The .procedure followed in recoating KM2462 was indentical

to that used in recoating KM2519. The time during which
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sodium was béing'evaporated was ~ 1.5 miniites~.

It is therfore reasonable to expect that the thickness
of both films will be of the same order of magnitude. It
can éafeiy:be assumed that any previous Na on both
cathodes was small in comparison with the recoated amount.
This follows from twb observations: (a) When the ffont“
surface tube (KM2519)_arrived at Ithaca, there was very
little sodium visible on the front surface, and only in
one particular'positionﬂ After recoating, on the other hand,
it was quite '"foggy'". (b) As will be shown in Chapter IV,
the double quantum photoelectric current increased by more ,
thn two orders of magnitude after recoating the dynode
tube (KM2462). The most reasonable'explénation for this is
that considerably more sodium was present on the dynode
after recoating. It should be mentioned that when the front
surface tube léft the manufacturer, some -two weeks before
arrival here, the front surface was foggy indicatihg that

some sodium was on the surface.47

It is therefore clear
that the low vapor pressure of sodiuﬁ within the tube
envelope causes the sodium to evaporate in time.

The thickness of the front surface film can be quite
readily estimated by comparing the fractional amount of
light transmitted by the front‘surfacé of phototube KM2519
with that passing through variéuS'neutral density filters.

It was detefmined that the Na film, at its thinnest point .,
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was equivalent to a 0.8ND Kodak Wratten filter and, at its
thickest point, to a 1.1ND Kodak Wratten. filter. A -
fluorescent lamp was used as the source. Thus, the trans-
mission T of the front surface Na film lies between 87 and

- 16%. Taking a mean value of about 12%~1/ez, 1; is clear
that the filmAhas an appfoximate thickness 25, where b6 is
the skin depth for the intensity. The skin depth 6, fof
which the intensity of the incident wave drops to l/e of its
initial value, is givén by"s’49 5 = A/4Tk, where A is the
wavelength of the incident radiation and k is the extinction

coefficient. For sodium.a9

6C

at,optical:frequenciés*;qk32.4
and therefore 5a2 .8x10° m. Thus, as a rough estimate,
the expected thickness of the sodium film, for both the
front surface and the dynode coated tubes, is about 500A.

Although the optical constants of thin films vary as a

50,51

function of both wavelength and.thickness, the value

of k abo?e is a reasonable apprqximation.52 As a check,
the experimentally observed transmisSion of silver films
~ 400A thick, for which data is available, is in good

agreement with the value observed above.53

After recoating the front surface tube, the film

* The convention used here is T = n+ik when R is the

complex index of refraction,and k is the extinctioen
coefficient. Born and Wolf49 use the convention

® = n(l+ix) so that the value given above for k is
that given by Born and Wolf for nk.
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appeared bluish-green in color at the edge where the film
was thinnest. Similarly, the sodium coating on the dynode
tube (KM2462) appeared bluish-green. .:This might be a further

indication that the films of both tubes were approximately

of the same thickness, since the colors arise from rapid
variations in the absorption peak of the thin film sample

as a function of wavelength and therefore change with .
thickness. They can be explained with the help of the

50,51, 54

Maxwell Garnett theory for‘thin film optical pro-

perties, .as discussed in Chapter III.

6. Relation of radiation incident on photomultiplier face

to radiation incidept on sodium surface

After recoating the dynode surface tube (KM2462), it
was observed thatva thin film of sodium remained on the
glass face of the photomultiplier tube. This film had a
transmission to fluorescent light approximately equivalent
to a 0.4 ND Kodak Wratten filter, and therefore passed
approximately* 40% of the incident radiation in the visible.**

The amount of light transmitted should be approximately the

*  This course estimate may be considered to include re-
flection losses at the face of the photomultiplier

dok Actually, the face of the photomultiplier was heated
with the yellow flame of a bunsen burner which removed
some of the sodium from the front surface; the above
amount remained however.
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same at 8450A.53 The maximum effective light power at the
sodium surface was therefore ~160mw.for the experimeﬁts |
performed after recoating”the tube (for a power incident

on the face of the photomultiplier of ~400mW). The douBle
quantum yield is thus inqreased by a factor of 6.2 from

the value calculated on the basis of the measured radiation
ﬁower. This factor is included in the estimate of the
double quantum yield given in Chapter I.'}Thesé considera-
tions in no way affect the single quantum yield, however,

which was estimated before the tube was recoated.

7. Experiments using translucent photocathodes

Attempts to observe double quantum current were made
with several translucent front surface cathode phototubes:
(a) Dumont-Fairchild KM2519 photomultiplier (Na metal),
(b) RCA 1P42 phototube (S-9 response; CsBSb semicon-
ductor surface), and | |
(c) EMI 95528 photomultiplier (S-13 responmse; Cs4Sb.
semiconductor surface).
All of these tubes have considerabiy shorter threshold
wavelengths than the incident radiation at 8450A. The
1P42 (S-9) in particular,-ﬁas a very steeply declining'outpﬁt;
at 6500A, its response is dowﬁ bf a factor of 100 from the
maximum, and its rate of decrease appears to be the fastest

of any surface. It was therefore thought to be mest
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suitable for double quantum experiments in the sense that
the single quantum current would be extremely low.

However, as was the case with the other translucent
cathdde»tubes, the 1P42 gave a Qery;large cathode current
which‘appeared to be a single quantum curreht, i.e. it was -
proportional to the incident iﬁkensity. The currents were
measured using M.I.T. laser LD259 as the radiation source
(~400mW peak power) and a 1k photomultiplier load resistor.
The maximum cathode current observed for the EMI 95525 was

8

~10"8amp while for the 1P42, it was ~5x10 Samp, the same

order of magnitude. These values are very much larger than

the single quantum currents of ~10"13

amp observed for the
dynode sodium surface photomultiplier, KM2462.

The output currents observed from all of the front
surface tubes attained maximum values when the laser junction
was focused onto the cathode. For ordinary single quantum
photoelectric emission, the yield should not depend upon

focusing.55

In light of the above observation, a possible
explanation of the effect is that the observed current was
due to thermionic¢ emission. It would be expected that
heating would be more important for a translucent cathode,
since there is‘ho substrate to carry the heat away.
Furthermore, thermionic emissionrmight well give a current

proportional to the inci&entilight intensi.ty.9
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D. Signal Analysis of the System

In this section, the signal detection method and the
overall gain of the system are considered. Attention is
also direéted to the noise generated by the various |
e1e¢tronic5components iﬁ thé detection circuitry, and
finally to a calculation of the signal-to-noise ratio (SNR)

through the power spectral density of the electronic process.

'1. Phase sensitive detection

The use of phase sensitive detection for the recovery
of small coherent signals in noise is well known-?D Because
of the small magnitude of the double quantum current, this
method of signal detection was applied to the experiments
described in this work. ‘

Phase sensitive detection, which is an optimum
detection technique for beriodically modulated signals,
permits very narrow band filtering of ﬁhe detected signal,
resulting in a low detected noise power. In the time domain,

this is equivalent to cross correlation with a local signal.

For random information signals, rather than periodic sig-
nals, only autocorrelation precedures would bevpossible.

However, that job is better handled by an optimum linear

filter which cuts out the noise-noise component of the

56

signal, fnxn’ at the same time. For known nenperiodic

signals,_a matched fil;er maximizes the SNR. From a
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generalized viewpoint, matched filtering may be considered
to be a form of cross-correlation. |

The commercial phase sensitive detector used for the
éxperiments described in Chapter 1V was preceeded by a
. commercial tuned preamplifier (Princeton Applied Research
Corp. model CR-4 or CR-4A) since more gain was necessary
than could be supplied by the phase sensitive detector
amplifier alone. The preamplifier was operated in the
“"Hi-Z" mode, wﬁibh has an ihput impedance of ~50M? shunted
by about 10pF. The unit was operated single ended, with

2, or 103. The filter rolloffs were gener-

a gain of 10, 10
ally set at 300 Hz and 10 kHz, for Operétion at the funda-
mental repetition freduency of 2.2 kHz.

The output from the preamplifier was fed directly into
a PAR model JBS5 (or JB4) phase sensitive detector.* The
reference signal for the phase sensitive detector was
obtained from the "synchronization pulse'" output of the
smali GR1217A unit pulser used to drive the SCR laser pulsgr.
A small GR type 1232A tuned amplifier, operating at the

fundamental laser pulse repetition frequency of 2.2kHz, was

inserted in the reference leg to provide a sufficiently

According to the manufaiturer, the JBS (JB4) should be
able to recover 2-5x10-10V down by 40db from the noise.
(E. Fisher, American Dynamics Corp., sales representative).
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large reference signal at this frequency. Time constants
(for integration of the output from the mixer stage in
the phase sensitive detector) from 0.1sec to l0Osec were
used, depending on the strength of the signal and the
amount of noise present«* |

- The balanced output from the phase sensitive detector
fed directly into a Bausch and Lomb model VOM-6 recorder,
which was operated in the voltage mode. The fécorder was
isolated from ground, and was used on the 0.25 and 2.5
volt scales. In early experiments, the recorder was .
operated with a 15000 resistor shunting the ihput. This
reduced the observed voltage by the ratio. £=1500/(1500+5000)
=0.23 since the output of the phase sensitive detector has

a series 5000 resistor.

2. Overall gain of the system

The gain of the phase sensitive detector was constant
to within < 107 over the measured frequency fange from
2.2kHz to 19.8 kHz. Its'value (rms input to dc ogtput)
was determined to be 16,000 on one occasion and 10,500 on
another occasion. Ifs precise value depends quite heéﬁily

on the .state of adjustment (alignment) of the unit through

The output filter characteristic was set to decrease
at 12db/octave.
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the "Q" of the signal ampiifier. The manufacturer quotes
a value for the gain of >9000. Its value is taken to be
10,000. The ga;n_ﬁay be attenuated by a known factor by
means of a calibrated "signal level' control on the phase

sensitive detector.

peak
fundamental’

phototube KM2462 may bé related to the observeg output

The observed cathode dﬁrrént, i from

voltage from the recorder Vo as follows:

iPeak o \By_[G(KMZ2462) :G(CR-4) :G(JBS) :£-R]™L =V (2.6)

where G( ) is read '"the gain of". G(JB5) is the actual
gain of the phase sensitive detector, including the atten-
uation factor due to the 'signal level" control setting.
R 1is the value of the load resistor on the output of the
photomultiplier. As mentioned previously, the photomulti-
plier output cable and load resistor combinaﬁion have a
gain of close to unity at 2.2kHz. The rolloffs on the
preamplifier are sufficiently .far away from 2.2 kHé so as
not to affect the gain setting on the CR-4. Two calculations
for the gain are made below, éorreSpoﬁding to the two sets
of experimental conditions'&;3cribed in Chapter 1IV. The

values used in these calculations are given in Table III.
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3. Sources of noise

Noise in the system arising from the electron
multiplier, the load resistor, and the preamplifier are
considefed below.

(a) Photocathode and electron multiplier noise: The
power-spectral-density (PSD) for the noise-in-signal
contribution of.a rectangularly pulsed, stationary PRoisson

process, Son(f)’ is—given‘by

2 (2.7)

"1,
Scn = T e
as shown in the next section (Sec D4). The applicability
of this model to the problem at hand is also discussed in
the next section. In the above formula, T, represents the
full width of the rectangular pulse, T represents the period
of the modulation function, and T' represents the average
number of electrons emitted per unit time during the "on"
time of the modulating pulse. Because there is unavoidable
noise due to ambient light leakage at the photomuitiplier
eathode,'an additional term must be added. Thus,

T

Sgp = T (n-'_+r-')e2‘ @8

where T' represents a quantity of the order of the mean
‘number of stray (photoélectfbn'producing) photons which
strike the surface per unit time. 1In bractice, it would,

however, be difficult to estimate the value of ¥ . That
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stray light leakage can be considerablé is manifested by

the sharp increase in noise registered by the recorder

when the black cloth shielding the photomultiplier from
ambient light is removed in the darkened laboratory.

| The process of electron multiplication involves second-
ary emission which itself is a fandom process and therefore
introduces additional noise into the signal. The increase
in noise resulting from the electron multipiier‘may'bev
éxpressed as a multiplicative factor, «, which may be esti-
mated fo be about 1.3 for the sodium surface photomuitiplier

57

‘used. The problem may be considered from a theoretical

point of view, and the additional noise is then seen to arise
from the variance in the probability distribution for the

58

production of secondary electroms. Including secohdary

emission noise, then, the noise PSD is given by

Syn(f) = « -;.l @ +7¥') (2.9)

Other factors contributing to noise in the photomultiplier
through the dark current>? may be lumped in T'.

(b) Johnson noise and preamplifier noise: After
passing through the electron multiplier, the signal is
fed into a load resistor and processed by a low noise
preamplifief. It is of interest first to consider the
noise contributed by the preamplifier and then to consider

the Johnson noise resulting from the load resistor.
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Based on the specifications of the manufacturer, the
"noise figure' to be expected for the source impedances
employed (IMQ or‘100k0) is about 3db.60 v‘ It is clear from
the ﬁrocedure described for the noiselfigure measurement61
-that it is actually the "standard noise figure",62 F, which
is quoted by the manufacturer. The standard noise figure,
F, isrreferred to Johnson noise at the standard tempefature
of 290°K. _

The relation between the operating noise figure (which
is thé'quantity of interest), Fo; and .the standard noise

figure is given by63

T, ' |
F, = 1+ (F-1) (2.10)
es v

where T  is the standard noise temperatufe (290°K) and

Tes is the effective source noise temperature. Tes may be
expressed as follows,
T - Nas '
es kAT (2.11)

where N,g represents the incremental available noise power
from a source, k is Boltzmann's constant, and Af is a small
frequency band about the center frequency. It is clear
that |

T N_

es as

T;— = -7 | (2.12)
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where J represents the Johnson noise generated by a standard
temperature resistor in the same band width. .
In performing the two quantum experiment at higher

airrents (>5x10"17

ampere) , it was experimentally observed that
fluctuations about the average value on the recorder trace
were very much greater when the photomultiplier voltage was
on then when it was not. Since the load resistor is always
in place, providing a noise source at standard temperatufe,
it must be concluded from this observation that the source

noise temperature, T is considerably greater than the

es’
standard noise temperature, Toﬂ Evaluating the operating
noise figure by inserting a standard noise figure of 2

(corresponding to 3 dh) into the expression relating F and

FJ» the following approximation obtains:
Tb _
F, = 1+T—és ~ 1. (2.13)

At high currents, therefore, the contribution to noise
arising from both the preamplifier and the load resistor
may be neglected.

- In liﬁe with experimental observations, which show a
decrease of noise with decreasing signal, it may be expected
that the Johnson and‘preamplifier contributions may become
important at lower currents. The decrease of source noise
with decreasing signal may be viewed as a decrease of

the source noise temperature. This implies that as lower
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values of current are measured, the noise figure will rise.
Although negligible at higher currents, the presence of the
load resistor and preamplifier introduce a constant level of
noise which is not necessarily negligibie‘af iow currents.,
These components therefore provide a lower bound for the
total system noise. Low level noise fluctuations when the
photomultiplier is either blocked from laser light with

an oﬁaque screen or its voltage is turned off (both give
about the same noise) are attributed to this Johnson
contribution. It is clear that only values of noise obtained
at higher currents with rectangular pulsing may be justly

compared with the previously derived noise spectrum.

4. The signal-to-noise ratio (SNR)

A calculation of the SNR for a stochastic process
requires a knowledge of the PSD, which in turn may be obtained
from the statistics of the random process. The standard
semiclassical treatment* of the two photon photoelectric
emission (as with the single photon process) under a ''constant'
light intensity results in a constant photoelectric emission
current density, 3’. No information about the statistics

of the emission process is obtained from this treatment.

See Chapter III.
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Elementary considerations of the problem usually consider
additional conditions to be satisfied, such that the result-

64 In

ing photoelectric emission is Poisson distributed.
analogy with the single quantum case,65 however, the correct
statistical distribution in time'for-double quantum photo-
emission may undoubtedly be obtained in terms of the density
matrix for the incident radiation field.

Since'thehGaAs laser used in the experiments described
was operating quietly,66 hoﬁever, the emission of photo-
electrons may be essumed to obey a Poisson distribution,65
in which case the shot-noise spectrum represents the
process.* Because the frequency of operation is much smailer
than the reciprocal of the transit time in photomultiplier
KM2462, the PSD for the pure Poisson process [denoted by

Ss(f)] may be approximated by its low frequency form:67

2 .« T'25¢£) + n'e?

sS4 (f) = (en')25(£) + T'e (2.14)

where f is the frequency in Hz, e is the electronic charge,
7' is the average number of electrons emitted per second,

and I' is the average total current.

* Poisson distributed emission may be assumed for the case

of two quantum photoemission as well, provided that the
radiation source is a quietly operating laser (see
Chapter V).
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The considerations of the last paragraph apply to
~a photoelectric emitter upon which a constant rédiation
intensity is incident. Because the laser is periodically
pulsed, however, the process of inter?st consists of
sfochastically distributed electron eﬁission during the
times the laser is on and no current during the times the
lacrer is off. Furthermore, signal processing of the photo-
electric signal (and the PSD) generally occurs because of
the transmission of the signal through the electron multi-
plier and the load resistor/photomultiplier cable combination.
The effect of the electroﬁ multiplier on the SNR-is small
and has been discussed in the last section. The load
resistor/photomultiplier cable combination is a linear,
causal system and will therefore affect the power spectral
density of the signal and the noise equally, thus leaving
the SNR unchanged.

Taking the puising of the laser into account, the out-
~ put of the photomultiplier oc(t) may be mathematically
considered as a product of two independent functions, under

certain special conditions to be considered below:

o(t) = s(t) -p(t). (2.15)

Here, s(t) represénts the photoemission process, and p(t)
represents the periodic modulation function resulting from

the pulsing of the laser. Since the output current for
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double - quantum photoelectric emission is proportional to
the square of the incident radiation intensity, p(t)

represents the square of the laser output intensity function

L(t):

p(t) = [4(t) 1% . (2.16)

For the case of rectangular laser pulsing, the assumption
that o(t) may be represented as the product of two inde-
pendent functions s(t) and p(t) rests on the hypothesis that
there is nothing unique about the photoemission process at
the starting time or at‘any other time during the laser
pulse. That is, the assumption is made that the emission
is Poiséon distributed during times when a constant light
intensity impinges on the photoemitter (1asér "on" times)
~and that there is no emission in the absence of light
intensity (laser "off" times). Extremely short measured
times_ for the onset of photoelectric emission (<10'9 sec.)
make this assumption possible.

For non-rectangular pulsing, the situation is consider-
ably different. Here, the changing incident radiation
intensity itself induces a deviation from Poisson statistics:
photoelectrons being emitted more prdfusely at higher
intensities. In general, therefore, the mathematical
assumption of scalar multiplication of s(t) by the modu-

lating function p(t) is unjustified.
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It is not the amplitude of the pulses which the modu-
lation affects but rather the time distribution. Such
a model may be treated analytically'with the theory of

periodic random processes-,68

provided that the condition
of wide-sense stationarity* is fulfilled. Because of the
complexity of the general case, however, the analytical
‘treatment to follow is based upon the idealized model of

a rectangularly modulated Poisson process.

To calculate the PSD on the basis of this model,69 the
autocorrelation function for the process "o¢'" is first comn- - }

sidered: i
Ro(t,t - 1T) = RO(T) . (2.17) i

In writing R&(i),the assumption has been made that o(t) is
a stationary random process, at least in the wide sense.
Since the mathematical model has been defined so that

s(t) and p(t) are independent, the autocorrelation function

splits into the product
R (7) = RS(T):RP(T) | (2.18)-

From the Wiener-Khinchin Theorem, the PSD of the process

S,(f) is simply the Fourier transform of the autocorrelation

A random process whose autocorrelation function depends
only on the time difference T =t]-tj, but whose probability
distribution may not be invariant under a shift of the

time origin, is defined as wide-sense stationary (see
Ref. 68, p. 60). .
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function. Therefore,
So(f) = Sg(f)_*,sﬁ(f) - (2.19)

where the symbol * denotes the convolution integral.
The simple shot-noise PSD is well known, and for the

frequency range of interest, is given by
s (£) = T'%6(f) +7'e? (2.20)

as indicated earlier. The PSD for the rectangularly pulsed
modulation waveform Sp(f) is given by the square of the -

Fourier transform. Thus,70

—(le inc2nTf T )6(f - By n=1,2,3 2.21
Sp(f)— T (sinc®nmf 7,)8(f - ) =n=1,2,3... (f )

where T, represents the pulse width, T = f;l represents the
period of the modulation waveform, and sinc x is an
abbreviation for the function (sin x)/x. The total PSD

for the .process o is therefore

£y o T2 T1)2 2 =,
so( ) =1 -] (sinc®n7f t,) + [I'e Sp(f)] (2.22)

The first term above is proportional to'T.'2

and has

the Fourier spectrum associated with p(t). The power is
concentrated at discrete frequencies which aretnuitiples

of the fundamental frequency of 2.2kHz. This term represents
the contribution to power which arises from the d¢ or
constant component of the random photoelectric emission.

- Because of this, it represents the signal component, and

is denoted by'Scs(f). 'The second term is denoted by
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son(f)’ and may be specifically evaluated as follows:
-
Scn(f) = J'e * Sp(f)
_. (2.23)
=T'e f 5, (£)df .
oo

a— . 1
since I'e is a constant. By Parseval's theorem,7 however,

’ T
75 (f)d'f - fl 2(t:)|dt: = 2 (2.24)
) T A p T . ‘
-00

and therefore,

'el (2 .25)_.

Sy (f) = T'e (:rl) (-T-)

This term is independent of frequency (this is stricﬁiy
true only in the low frequency iimit) for the stationary
Poisson process and arises from the randomness of electron
emission. In the time domain, this corresponds to fluctu-
ations about the dc value (which may be reduced by narrow-
banding the signal), i.e. noise. 1In the experimenﬁs at
hand, Scs(f) is associated with the '‘'signal."

Inclﬁding the sources of noise considered in the last
section, the total power spectral density Scs(f) for the
rectangularly pulsed Poisson process may théréfore be

written

S,(£) = 12 ( L (sinc nrT £ )6(E - 11.) + "('T')(- )e (2.26)
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where the first term above corresponds to the signal
contribution and the second term corresponds to thé noise.

Because synchronous detection (phase sensitive detection)
augments the signal to noise ratio by a factor of tw021 |
(in addition to the much greétgr gain in signal-to-noise
ratio by virtue of the small bandwidth Af which it permits),
the expected SNR for the signal is given by

“ ."'. ’ T 2
ZIYZGTL) sincznﬂflfo

« (;l) @'+5') %0t

SNR (f = nf_) = (2.27)

Here Af represents the full bandwidth of the final filter
in the phase-sensitive detector and fo is the fundamental
frequency of 2.2 kHz. Denoting the measured component of
current (at the nth multiple of the fuhdamentél frequency)

by'T(nQ,) the following relation ensues:
- — Tl
I(nfo) = I (Tr)sinc nWTlfo- (2.28)

The effective bandwidth for a double RC filter with a

decrement of -12 db/octave is shown to be72 Af = z%—

where T = RC represents the time constant of each of the
final filters in seconds. Finally, assuming sufficiently

gdbd light shielding to neglect the stray light contribution

T', the expression becomes

T _
2T ¢ 1)sinc2nWT f 8t _Isinc nmt,f
SNR(nfo) = T - 1 Lo._o = lo. (2.29)

ke . -'E,F— Ke

o
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The voltage signal-to-noise ratio, VSNR, which is the value

measured at the output of the recorde;, is then given by

(2.30)

: 8t I|sinc nmi.£_[] %
VSNR (f=nf ) -[ o' —1 °'}
o ke

With « = 1.3, it is found that

It
VSNR (f=nf ) = 2.5‘/ =2(|sinc amr £ _|)% . (2.31)

It may be seen from this expreséion'that the optimum
frequenéy for operation is that fréquency where sinc nWTlfo
is maximum since this frequency gives the highest SNR.
This, of course, occurs at the lowest frequency possible
(aside from dc)'whiéh ié the fundamental frequency of 2.2 kHz.
At this frequency, sinc nWTlf ~ 1 and neglecting the
stray light contribution, the VSNR for the rectangularly
pulsed Poisson process may be written

It

(%]

Values for the theoretically predicted rectangular wave
VSNR based only on the noise-in-signal contribution, along
with observed values, are given in Table IV (for the

fundamental frequency component).
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TABLE IV
COMPARISON OF CALCULATED AND OBSERVED VSNR¥*

Observed current Time constant Calculated Observed

g VSNR VSNR
(amps) (sec) (rectangular
pulsing)
9x10~ 16 3 320 ~100-200
4x10~ 16 3 220 ~ 50-100
3x10~ 17 3 60 ~20
2x10~18 10 30 ~10

For experiments performed with as-received Na surface.
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The following general observations about the observed
‘and calculated signal-to-noise ratios are pertinent:

(a) At the fundamental frequency, the calculated
VSNR's were larger than the observed values by a factor of
2 - 3. The agfeement is therefore moderately good.

(b) Noise fluctuations about the zero level were
sometimes greater when the photomultiplier high voltage
stayed on and the laser beam was blocked than when the
photomultiplier HV was turned off. This leads to the
conclusion that stray light leakage (or dark current) was
in part responsible for additional noise. This contribution
should be negligible at higher currents, however, since
there the magnitude of the noise fluctuations is éhch greater
when light impinges on the photocathode than when it is
blocked. '

(c) Noise fluctuations are evident at very low
incident light levels (high equipment sensitivity) whether
the HV is on and the beam blocked, or the HV is off. This
may be attributed to low-level Johnson noise or stray
pickup, and may also be neglected at high currents.

(d) From the derived expression, it would be expected
thatlthe VSNR should vary'with-frequency as [sinc anlfo]%’
At the highest measured frequency of 19.8 kHz, therefofe,‘
the VSNR should be down from the ﬁéximum value at the

fundamental frequency by about 607 (since [sinc tﬂr'r]_fc]‘,s -
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0.4 for n = 9). This result would be expected in the case
of a pure Poisson process with truly rectangular pulsing.
The measured SNR seemed to be fairly constant over all
multiples of the repetitionﬁfrequenéy at which measurements
were made. 'Measuréments‘of the SNR were accurateronly to
~100% because of the high value of SNR, however; so that
the theoretical prediction could not Be directly compared
with experiment. ‘

| In conciusion, £he analysis contained in this section
has shown that

(a) Phase senstive detection is well suited to the
experiment at hand, and in general to problems in which
there may be only few electrons per detection c&cle; on
the average. -This has been experimentally verified by the
results of Chapter IV.

(b) Under prouper experimental conditions, sources of
noise from Various parts of the system do not materially
alter the lafge contribution due to noise-in-signal.

(c) The observed SNR is in reasonable agreement

with the calculated value for the model used.



III. THEORETICAL TREATMENT OF TWO QUANTUM PHOTOEMISSION
FROM A METAL

The entire energy of two photons (from a beam of electro-
magnetic radiation incident on a metal) may be absorbed by a
single electron within the metal. If this absorption results
in the ejection of the eleétron from the irradiated material,
the process is defined as two photon photoelectric emission.
The effect is of second order, and is therefore most easily
observed in the absence of ordinary first order, or single
quantum, photoemission. Because energy and momentum cannot
be simultaneously conserved for a single free electron
absorbing one or two photons, a third body, or external
force, must take part in the interaction.*? When this force
is provided by the potential gradient at the surface of the
metal, the process is called surface photoemission; if
potential gradients in the bulk of the material take part
in the interaction, the emiésion is referred to as volume
or bulk photoemission.

The Einstein relation for the maximum kinetic energy‘
Emax for an electron emitted by single quantum photoemission73

from a material of work function ¢ is given by

Ejax = hv-ep (3.1)

-70-



where hv is the energy of the incident light quantum. For |
the second order effect, this equation must be modified8

to take into account the absorption of two quanta:

E ax = 2hv-eop . (3.2)

However, the experiments described here are not concerned
with the kinetic énergy of the emitted electrons. Rather,
it is the magnitude of the emitted electron current which

is of interest.

A. The Hamiltonian

Because photoemission is intrinsically a quantum
phenomenon, the theoretical treatment proceeds from the
Hamiltonian for the system. The Hamiltonian for a charged
particle in the presence of a vector potential K (repre-
senting an electromagnetic, electric, or hagnetic field)
may be obtained from the Hamiltonian of the particle for
A =0 by simply making the replacements74 @ - %VK) — P
and V+ep —» V. Here, P represents the mbmentum of the
particle, .9 is the scalar potential, e is the electronic
charge and ¢ is the velocity of light in .vacuum. The

arrows above are to be read 'replaces". For an electro-

magnetic wave in the absence of currents and charges, o
may be taken to be zero without loss of generality.75

Thus, the Hamiltonian 7€ is given by
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_1l,» e 2 >
X =@ - &)+ v@D). (3.3)
Expanding,#this becomes
W o=HtK =B - S Ep 2y a2 v 4
| = o+7(,=§E-EA-p+mA + V(). (3.4)
It is generally agreed that the use of perturbation theory,
applied to the Schrbdinger equation, is appropriate to the
solution of the photoeffect since the portion of the

Hamiltonian taken as the interaction or perturbation

Hamiltonian ¥ ',

2
' ->
W' = -I%A-'f:+-—e—zA2 (3.5)

is small in comparison with the unperturbed Hamiltonian 7C°,

2
Hy == +v@D), (3.6)

and the initial state may be taken to be stationary. It is _
the choice of the potential V(%) in the unperturbed
Hamiltonian which distinguishes between the solutions for
a surface and a volume effect.

Quite a few papers have recently appeared discussing
the Hamiltonian to be used in the calculation of the tran-

sition probabilities in double quantum processes.76

Con-
sidering the perturbation Hamiltonian above, double quantum

transitions may take place either in second order through
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the Klf'term, or in first order through the A2 term.77 In

particular, for two quantum absorption in anthracene and
other polycyclic benzene ring compounds (with and without

molecular inversion symmetry), it has been both experi-

78,79 80

mentally and theoretically =~ established that the tran-

sition arises from the K3$ term in the electric dipole

approximation. The transition probability due to this term

4

has been estimated in general to be about 10  times larger

than either the magnetic dipole-electric quadrupole con-

tribution from AP or from the A2 terms.’8* However, the

observation of two photon absorption due to the A2 term

81,82

has also been considered, and this mechanism seems

to correctly account for the greater part of the double
quantum photodetachment of the atomic iodine ion (I-).,82’83
Here, however, the initial and final states considered are
not orthogonal. J

The photoelectric current (or rather, current density)

may be directly computed by the quantum mechanical formula+

There are no matrix elements between orthogonal states

2

due to the A“ term in the electric dipole approximation.

+ This formula is obtained simply from the conservation of
probability equation. It has the classical analogy
T = oV, which is familiar from electrodynamics and

hydrodynamics, and arises from the conservation of
charge and particles, respectively.
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3@, 0) = myrvy-yopr - ey 3.7

at a given surface. Or, it may be obtained by calculating
the number of electrons inside the metal which have
sufficient energy to escape from the material, and then by
integrating over directions in the material which permit
escape.

With this background, it is of interest to coﬁsider
approximations to the Schrtodinger equation in second order
perturbation theory, first for the surface photoeffect, and

then for the voiume photoeffect.

B. Surface Photoelectric Emission

The theory of single quantum surface photoelectric

emission was initially developed by Mitchell12

42

who made
‘use of the Sommerfeld model for a metal, and neglected
the effects of reflection and refraction at the boundary
of the metal. Mitchell used both first order time-
independent and time-dependent perturbation theory, and
arrived at the same photocurrent from the surface of a
metal with both models. The Sommerfeld model auto-
matically excludes the volume photoelectric effect since

the free Sommerfeld electron cannot absorb a photon and

" simultaneously conserve energy and momentum.
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In other work, Mitchell84 has used the image field

85

barrier, which is a better approxiﬁation‘than the

Sommerfeld model. Mitchell's model was subsequently made

more realistic by M’ackinson,86 87

88

Buckingham, and

Huntington and Apker, who included the effects of reflec-
tion and refraction, the dependence'of the surface barrier
on the momentum of the impinging electron, and the effect
of the band structure on the surface production of photo-
electrons, respectively. These modifications affected

the theoretical results little, however. Theory always
failed to ggfeé with experiment in many respects, sometimes
yielding a photoelectric yield several hundred times too
high,a’42 particularly in the region away from the
immediate vicinity of threshold.

_ This disagreement was frequently ascribed to the
difficulty in obtaining clean surfaces for the alkali
metals. .Furthermore, for the surface effect, only the
component of electric field perpendicular to the local
surface is effective in the production of photoelectrons.lz’15
Thus, surface phbtoemission theoretically cannot be stimu-
lated by ah electric field parallel to a flat metallic
surface. Additional elements must therefore be brought

into the model, since photoemission is experimentally

observed for this case.
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Smith8 treated the case of double quantum surface photo-
electric emission from a metal, assuming that the incident
radiation has a frequency which is less than the work
function of the metal, but greater than one-half the_work
function. Smith assumed monochromatic radiation to be
incident on a metal having a constant potential both inside
and outside of the surface, but exhibiting a step discon-
tinuity at the surface. He then used second order time
independent perturbation theory to calculate the probability
flux in the outward normal direction from the metal. The
Hamiltonian used by Smith does not contain the A2 texrm,
since this term does not correspond to absorption for the

8,10 9

surface photoelectric effect. Bowers

has explicitly
shown that this term vanishes from the second order surface
photoelectric current. The probability flux for a single
electron is then integrated over the total number of electrons
which can be excited to the free state to yield the double
quantum current.

- The model used by Smith is the same as that used by
Mitchell, the justification being that calculations may
be carried out with relative ease. Furthermore, various
refinements of Mitchell's model in first order were of
little help in improving the comparison of the theoretical

and experimental results. Smith therefore hoped to cal-

culate a lower bound for the two quantum surface photocurrent.
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The current calculated on the basis of Smith's model
turns out to be proportional to the square of the incident
radiation power P, and to an integral L over those Fermi
electrons which have enough energy to be.exqited to a state
outside the metal, and inversely proportional to the area
irradiated; A. The integral may be evaluated for any
particular metal and radiation wavelength by inserting the

proper values for the Fermi ievel and work function of the

'material, as well as the frequency of the radiation field.
For Na metal® and the radiationkfield from a GaAs laser,+
the value of the integral+ L obtained is >~ 0.02.

The result obtained from Smith's analysis with these

values is then

2

= 9.7x10-23 P amperes (3.8)

lgurface A

where P and A are expressed in MKS units.

For Na metal, the Fermi energy Ef = 3,12 eV énd the work

function ep = 2.28 ev.23,89

+ The GaAs laser radiates at 8450A, emitting photqﬁs with

energy hv = 1.48 eV.

t For the corrected version of L in Smith's® Eq. (60), see
Bower'sg«Eq. (2.74). The author wishes to thank

H. Bowers for supplying the values for several inte-
grals. :
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C. Volume Photoelectric Emission

1. General discussion

In an early treatment of the first order photoeléctric

effect, Tamm and Schubin90

distinguished between the surface
and the volume effects, indicating_that the volume effect
became important at thresholds significantly higher than fof
the surface effect, and therefore could be neglected in |
photoemission studies néaf threshold. This calculation

assumed that the lowest threshold would be obtained when

the emitting plane was the (100) plane. However, lower

13,15 13

thresholds are obtained from higher index planes. Fan
later restudied the problem of volume photoemission from the
alkali metals.

Fan's model makes use of the Bloch scheme within the
metal, allowing interband ﬁ-conserving transitions to occur.
The energy levels of the electrons are taken as those for
free electrons. This approximation in sodium should be quite
good away from energy discdntinuities, sinée the Fermi
surface of.sodium is spherical to 1 part in 1000.91 The -

- effect of surface reflection is taken into accouﬁt by con-
sidering the classical theory of optical constants for the
material. This method is justified since Schiff and Thomas92
" have shown that the quantﬁm mechanical treatment of reflec-
tion for the normal field components differs from the

classical theory only within approximately a lattice constant
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of the surface. The tangential component of the transmitted
field is the same as that derived classically. These effects
would be important for the surface photoeffect, but may be
neglected for the volume effect. Considering only lattice
planes of low index [such as the (110)], Fan concluded that
the threshold for the volume”effect~was only very slightly
higher than that for the surface effect. The yield calculatedA
on the basis of this model is comparable with experimentally
observed values. Fan calculated the threshold wavelength for
the occurrence of interband transitions in sodium to be about
6100A. However, electrons excited by photons of this energy
cannot quite overcome the work function of the material to

escape.

More recently, photoemission from vapor dé?dsited

potassium films has been éxperimentally investigated by

Thomas,l4 15

Mayer and Thomas, and M.ethfessel.93 Thomas has
found that the photocurrent observed from a potassium film |
increases with film thickness; leading to the interﬁretation
that the observed photoemission is a voliume effect. For
incident light wavelengths near the photoelectric threshold
(A >~ 5500A), the photoemission was found to rise linearly
with the thickness of the film for thicknesses up to about
SdOA. The photoemission qppéars to be a volume effect over

the entire spectral range investigated, from 2890A to 5780A.
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It is expected that sodium would behave similarly.* Mayer and
Thomas further point out that a metal will exhibit the normal
thfeshold wavelength (the work function usually associated
with the surface photoelectric effect) if the emitting surface
contains crystallites correspoﬁding to highvindex lattice
planes, or if the excited electron experiences a change in
direction before escape. Thus, the problem of a '"second
photoelectric threshold'" above the normal threshold does not
arise as it does in the treatments of Tamm and Schubin, and
Fan. In fact, the above model for the metallic surface
might well be a good approximation for evaporated films.15

The model used by Mayer and Thomas is similar to that
uéed by Fan, with the following exceptions:

(a) Mayer and Thomas permit higher index lattice planes
to appear at the emitting surface, as mentioned
above;

(b) The matrix elements used by Mayer and Thomas are
calculated using 'mearly free electron' wave

94

functions, ‘whereas those used by Fan are esti-

mated from Bloch functi.ons;13’95

(c) Mayer and Thomas consider an escape depth which is
a strong function of the electron energy, in accord-

ance with their experimental_observations.14

* Results similar to those of potassium have been obtained
with cesium, the only other materigl investigated which
Thomas, et al. have investigated.l -
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Furthermore, Mayer and Thomas have specifically calculated the
number of electrons per absorbed photon q, in the limit of
very thin films™ so that they could compare the results of
‘their model with experiment. Very good agreement was obtained.
In the treatment of the second order photoelectfic effect,

these considerations will be taken into account.

2. The excitation mechanism: direct transitions

In order that a single electron be able to absorb the
.éntire energy of a photon, it is necessary that a '"third
body' be present to conserve momentum. In the surface
photoeffect, it is the potential gradient of the surface
barrier which acts as the third body. 1In the'volumé effect,
on the other hand, the third body may be any one of the
following effects:15

(a) the ideal periodic lattice

(b) ‘thermal vibrations (phonons) or lattice defects

(c) collective effects of the conduction electrons.
These mechanisms will be discussed in order below.

The ideal periodic lattice, within the Bloch formalism,
may give rise to photoemission through interband transitions.
Light absorption due to this mechanism in the alkali metals

94

has been investigated by Butcher, who uses the approxi-

They have used this case because it permits comparison of
theory and experiment with a minimum of assumptions.
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mation of ''nearly free" electrons® to obtain the unperturbed
wave functions in the metal. With this model, Butcher pre-
dicts the absorption edge for interband transitions in sodium
to be about 600_0A,+ which is in good agreément with the

94

observed value. Over-all agreement of the results of

Bupcher's treatment with experiment is moderate; it is good
for sodium, and poor for cesium. For incident light fre-
quencies above the interband threshold, it is the interband
contribution which is generally held to accoﬁnt for.iight

13,48,94,96 13,15.

absorption and photoemission.

The second process above (b), thermal vibrations or
phonon interactions, has been theoretically shown to be

small in comparison with absorption by iﬁtérbandvtransitions

15,94

in the region in which both are effective. Absorption

occurring below the interband threshold, however, is attri-

buted to this mechanism which is referred to as 'free

$48,96

electron" or "free-carrier" absorption. For Ag, the

* Butcher finds that the matrix elements vanish when taken
between the Wigner-Seitz approximate wave function for
the conduction band and free electron wave functions
for higher bands. He therefore uses the nearly free
electron approximation, for all bands- MB rix elements
between Bloch states have been calculated”’ however,
and are used by Fan. The general theory of direct
optical transition in the Bloch formalism is discussed
by Smith.97

* The cutoff wavelength for interband transitions in a. ,
b.c.c. metal is proportional to the square of the lattice
constant, and depends essentially on}g 20 it.15,94 Thus,
for potassium, its value is 2~ 9250A.

t Th%s corresponds to phonon assisted transitions within one
and.
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interband thresholdkiies in the ultraviolet at ~A» = 3200A
(3.9 eV).96 Photoelectric emission from silver obtained for
photon energies below 3.9 eV is therefore considered to arise
from this mechanism, and the energy distribution of the
emitted photoelectrons has the cﬁaracteristic free electron

*18 1ivewise, for sodium, with incident light at

shape.
1.48 eV, free electron (phonon-assisted) absorption dominates
| interband transition absorption, but in contrast with the
case of Ag, this absorption cannot lead to the escape of
electrons because the energy of the excited electroh is
below the work function of the material.t It should be
noted that free electron absorption becomes the dominant
absorption mechanism only when interband transitions are .
forbidden.%®
Collective plasma oscillations (c¢) occur for incident_
photons with frequency equal to plasma frequency (in the

96 and therefore need not

absence of interband transitioms),
be considered as a possible absorption mechanism in the near
infrared.region. In short, then, the only mechanism which -
can give rise to absorption at hv = 1.48 eV in sodium is

free electron abSorption.* Becauee.of the 2.3 eV work

*
In these experiments, a monolayer of Cs has been coated

ongo the Ag so that the work function is reduced to
1.65 eV,

* With the exceptlon of the electrons from the Fermi tail
which for T > 0°K, may be emitted (see Chapter II,
Section C3).

¥ Neglecting two photon transitions and interband transi-
tions arising from the Fermi tail.
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function of sodium, as mentioned earlier, it cannot give rise

to an external photoelectric effect however.

3. Nondirect transitions

For phqton energies near the photoelectric threshold,
the possibility of nondirect transitions has already been
-discussed (see Chapter II, Section C3). This section is
concérned with transitions in the region somewhat above (>1 eV)
the photoelectric threshold. Photoemission studies on Cu and
Ag, primarily in the region well above threshold, have

recently been made by Berglund and Spicer.18

They have shown
that nondirect optical transitions, i.e., transitions in
which the direct conservation of k-vector is not important,
are stronger thaﬁ direct ones in both metals. Similar state-
ments have been made for the alkali metals by Meess.eﬁ.17
However, Berglund and Spicer have also observed rather weak
diréct transitions from p- and s-like states close to the
Fermi level to states above the vacuum level.

Tﬁey have examined the energy distributions of the
electrons emitted from evaporated sodium surfaces, as obser-

ved by Dickey,98

and conclude from the data that the tran-
sitions giving rise to photoemission from sodium for

hv > 3.96 eV are nondirect. Careful consideration of
Dickey's data shows, however, that the most energetic peak
in the photoelectron energy distribution moves to higher

energy at a slower rate than the incident photon energy.
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This would indicate that direct transitions take ﬁart in the
photoemission process, since the peak in the energy distri-
bution for nondirect transitions either increases at the
same rate as the increase in photon energy (corresponding to
a peak in the initial density of states), or remains fixed
in energy (correspondingvto a peak in the final density of
states)-l8 A numerical tabulation of the energy increase in
the peak of the energy distribution function in sodium is
compared with the increase in photon energy in Table IV.
Similar conclusions could be drawn from the data of

Methfessel94

and Dickey for potassium.
TABLE IV
Increase in Peak of Energy Distribution of Electrons
Emitted from Sodium, Compared with Increase in

Photon Energy

Incident Photon Electron Energy
Energy, hv Ahy at Peak A Peak

3.96 eV 1.4 ev

.93 eV .85 eV
4.89 2.25

.91 .75
5.80 3.0 : ’

.91 : .55

6.71 3.55
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Because of a lack of accuracy in the determinability of
the above numerical values from Dickeyfs plots, however, the
presence of direct transitions cannot be confidently affifmédf
However, in the theoretical analysis for double quantum

photoemission to be given later, only direct transitions will

be considered.

D. Two Photon Volume Photoelectric Emission

1. Introduction

‘1f radiation with a frequency below the interband thres-
hold is incident upon an alkali metal, direct interband tran-
sitions are forbidden in first order. These transitions may
occur in second order however, provided thaﬁ the two absorbed
photons impart enough energy to the absorbing electron to
overcome the potential barrier at the surface of the metal.
Thus; two relations must be satisfied in order that a photo-

electron be ejected through an interband transition in second

order: )
EVZ—'<1_W < hy' (3.9)
and |
S <hv<eo (3.10)

Here, v is the frequency of the: incident radiation, v' is the

threshold frequency for interband transitions from the con-
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duction band, and e9p is the work function of the material.
For radiation at 8450A incident on sodium metal, both of
these relationships are satisfied.

A calculation of the expected two quantum current will
be made using a model for the interband mechanism, considering
ohly ﬁFconserving transitions. As mentioned previously
nondirect transitions will nét be considered. A preliminary
model* for this interaction waé first set up by Peter Bloch,11
who made second order calculations on a simplified version of

the model used by Fan.13

This model is, however, inadequate
in some respects and an attempt is made here to make Bloch's
model more realistic. Consideration is therefore given to
several modifications, which are discussed in the following
three sections: Section 2 provides a better estimate for the

depth of photoemission, making use of Thomas‘lz'

. experimental
results; Section 3 discusses the absorptivity of thin films
and bulk metals and permits the very important effects of
light reflection at the surface of the metal to be taken into
account, and Section 4 discusses the matrix elements for the
double quantum transition. Finally, in Section 5, the

theoretical value for the two quantum volume photoelectric

current is estimated.

* h . 4
P. Bloch permits the reciprocal lattice vector'glto take

on continuous values, in contrast to Fan, so that the
photoelectric threshold frequency for two quantum tran-
sitions has its normal value. Thus, Bloch disposes of
the second photoelectric threshold satisfactorily.
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2. Range of the photoelectrons
The depth from which photoelectrons may be emitted, i.e.

the range of photoelectrons in the metal,* has beeniexperi-
mentally determined to be a strong function of the electron
,eﬁérgy. Thomqs14 has made measurements on thin potassium
films, and has found that the escape depth is about 200 atom-
layers for light of wavelength A = 50004, while it is only
about 2 atomlayers for light of wavelength ) f.BOOOA.

The short electron mean-free-path ébserved for higher
frequencies has been attributed by Thomas to the high prob-
ability of plésmon emission at these frequencies. Berglund
and Spicer18 have shown that the effect of plasmon emission
may be very easily observed in the energy distribution of
photoemitted electrons. They have also considered another
mechanism for inelastic scattering, electron-electron
scattering, which also alters the energy distribution
function, but in an altogether different way. Which
scattering mechanism is of more importance can therefore be

directly determined by examination of the energy distribution
of photoelectrons. Berglund and Spicer have ascertained that

in both Ag and Cu, the strongest scattering mechanism is

* The photoelectron lifetime is determined by scattering
with a large energy loss, so that the electron cannot
escape. This is different from the lifetime of a con-
duction electron, which depenig on electron-phonon and
electron-defect interactions. ’ -
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electron-electron scattering, for electrons with energies
from 1.5 to 11.5 eV above the Fermi level. No evidence of
scattering due to.plasmon creation was found. They have also
pointed out that the energy distribution of photoelectrons

from Na measured by Dickey98

contains secondary peaks which
are typical of electron-electron scattering. It thus appears
that this mgchanism is dominant in sodium as well. A
theoreticai discussion of the relafive effects of plasmon
creation and electron-electron scattering in the deter;
mination of the mean free péth of excited electrons has been

99 and is in agreement with the observed

given by Quinn,

results. |
Because the range of photoelectrons varies in an

inverse way with the energy of the photoelectron, in the

two quanfum process it is expected that the photoelectron

range will be limited by the energyvof'the electron after

the absorption of two photons. It is immaterial whether

6r not Ehere is én intermediate staté. For the double

quantum process then, the absorption of two photons of

energy 1.48 eV by the electron imparts to it an energy

equivalent to that which would be obtained by the absorption

of one photon of energy 2.96 eV. Thus, the mean-free-path

for the two photon process in sodium should, to good apbr;xi-

mation,* be determined by the experimental curves of Thomas 14

* (Footnote on following page)
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at 4200A. This value is approximately 90 atomic layers
corresponding to a range of ~400A.

In Chapter 1I, it has been estimated that the sodium
film used in the experiments described in this work was
~500A. This indicates that the film thickness should not
limit the production of photoe}ectrons. Furthermore, if
the film ié thicker than this Qalue, it is of no cbnsequence
with regard to the electron range, although it can affect
the absorptivity of the film as discussed in the next
section.

A proper evaluation of the double quantum current would
entail an integration over the absorption, as a function of
depth into the sample, and over the escape probability,
which is also a functioh.of depth.t As an approximation to
this case, the emission is assumed to be proportional to the
average absorption, multiplied by the average escape depth.
It would be very difficult to perform a more precise cal-
culation, especially without detailed information about the
structure of the metallic film. The light absorptivity of

the sample is discussed in the next section.

* Results for thg mean free path in Cs have been similar to
those in K.16 7Tt is expected that all of the alkali
metals would behave similarly.

* For a potential such as the image-potentia1,85 the prob-
ability of the electron's transmission through the sur-
face may be taken to be unity, provided that the energy
of the velocity component perpendicular to the surface
is greater than the height of the potential barrier.l>
This unity probability is generally assumed.13,15,11,18
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3. The effective vector potential

In the case of the volume photoeffect, it is the vector
potential inside the metal which stimulates transitions.
P. Bloch's treatment of the two quantum photoeffect neglects
the effect of reflection at the surface. For incident radia-
tion with a photon energy below the interband threshold
(~ 2 eV in sbdium), the dominant mechanism of absorption in
the metal is the ''free carrier" absorption. At these long
wavelengths, the oscillations of the free electrons are out

of phase with the exciting field,49

and lead to a large
reflection coefficient R for the incident radiation. Thus,
only a small net field is effective inside the metal. - An
adequate way of detérmining what average percentage of the
incident intensity appears inside the metal is therefore to
estimate 1 - R. For a non-transmitting material, or a
sufficiently thick film, this is equal to the absorption A.
Because the sodium surface considered was a thin film

~500A thick, as indicated previously, the absorption prop-
erties of films will be considered. The results for this
case will then be compared with the results for solid
sodium} A general approach is necessary because of the
lack of experimental data for the-optical properties of
sodium films. |

" The optical pioperties of thin films have been investi-

..51,50,100,48,54,101,102

gated by many authors; these prop-
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erties'are considerably different from those of the bulk
material. The Maxwell Garnett103 model for a thin film
treats the film as consisting of a large number of spherical
metal particles, each small compared with the wavelength of
ligbg and the film diménsions. Each spherical ﬁarticle has
the optical constants of the bulk material. The model is
quite realistic, as may be seen from electron photomicrographs
of thin films, and qualitatively accounts for the observed
opt1ca1 behavior. 34 The theory is not sufficiently sophis-
ticated, however, to provide accurate quantitative data.*

Absorption occurs in a metal because of both bound and
free electrons, free electron absorption being more

important for the longer wavelengths,97

as discussed earlier.
For 8450A, below the threshold frequency for interband
transitions, the absorption‘in sodium is due to the free
e1ectrons.+ From the Maxwell G&rnett theory, free-carrier -
absorption in films is expected to be considerably greater
than the free-carrier absorption in bulk materials.104
Therefore, considering that the extent of aggregation of

the metallic particles on the substrate is very much a function

both of the thickness of the film and the rate of eVaporation

* " This is one reason why Mayer and Thomas15 theoretically
considered only the absolute quantum yield, q,> which -

is the number of emitted electrons per absorbed photon
(see also reference 17).

* The absorption due to double quantum transitions and elec-
trons in the Fermi tail is assumed to be negligible.
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in forming the film, it is expected that the absorption at
longer wavelengths will depend markedly on these two vari-
‘ables. Unfortunately, particular data for sodium films

does not seem to be available,105

but as expected for the
long wavelength region, the absorption properties of films
of the various metals are observed to be similar when the

55,101

films have a similar aggregation state. Because the

free electron properties of Ag, Cu, and Na are in many

respects similar,106

the values observed by Sennett and
.Scott55 for the free electron absorption in thin films of
'silver will be assumed to approximate the results for sodium
films. For a film ~400A thick, and an evaporation time
~1.5 minutes, the absorptivity is ~5% at 6500A. For this
range of film thickness, the absorption varies rather
slowly‘with wavelength so that this result should be similar
for 8450A. | |
Most of the thin film studies discussed in the litera-
ture were for films deposited on glass or quartz substrates.
In the case of interest here, the sodium film was deposited
on a nickel substrate, but considering the Maxwell Garnett
theory, this effect should not be significant. A theoretical
treatment for metallic thin films depoéited on metals has
been given by»Vagfgek,107 but this treatment is Baséd upon a
model using Maxwell's équations for a bulk homogeneous slab

of‘material.
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The foregoing discussion was applicable for the case of
a thin film. It is now of interest to compare the thin film
absorption with that of a solid metal. Fof this purpose, . it
is useful to consider the Drude-Zener theory. 1In this model,
tﬁe'absorption is due to the free carriers.‘ An exﬁression for
" the reflectivity in the Drude-Zener theorj is given by

Bennett, 55,21,48

mTo

1/2 1/2 1/2
R = 1-(2w') [(1+m ) -wT ] (3.11)
o .

Here, R is the (intensity) reflectivity from the metal, o is
the incident circular light frequency, o, 1s the dc con-
ductivity in esu, and v is the lifetime of the free electron.
At very long wavelengths; for ot << 1, this relation reduces
to the.familiar Hagen-Rubens relation.

The portion of the above equation in square brackets

may be rewritten as follows:

T (1 + L )1/2 ]1/2 (3.12)
wT —5— -0t . .
wTe

For wt sufficiently greater tha7 unity, a Taylor expansion may
1/2
be made on the term (1 +-—2—2) .above, yielding the following

simplified form for the reflectivity.

1/2 1/2
R = 1-(%20&- | [-2-(})—7]‘. i (3.13)
o .
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This approximation should give an adequate order of magnitude

estimate for the réflectiﬁity.
Using a wavelength of 8450A, and the following values

for parameters in<sodium,89

w = 2.25x1015 sec” !l

s = 2.09x1017

o (esu)

T = 3x10'14 sec,

it is verified that ot ~100 is sufficiently greater than
unity for the validity of the Taylor expansion. Inserting
these values into the equation for the reflecﬁiﬁity, it is

seen that
1-R = 7x10°3 ~ 10°2. (3.14)

Thus, in this region approximately 17 of the incident radia-
tion enters the ~.2tal, the remainder being reflected. It is
encouraging that the value obtained with this model is quite
close to the experimental value for Ag at this wavelength;
the absorptivity of silver is expected to be close to that
of sodium as discussed earlier. The absorptivity of the
bulk metal is seen to be less than that estimated for the
rapidly evaporated thin film, in agreement with the Maxwell.
Garnett theory. The absorptivity for both models is of the

same order of magnitude, however, so that the precise film
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thickness is not a critical quantity in estimating the double

quantum volume photocurrent.

4. The matrix elements

In this section, the second order matrix element for
direct interband fransitions involving the absorption of two
photons is considered. The calculation will provide an esti-
mate for the matrix element as well as information about the
relative importance of the various terms in the interaction
Hamiltonian. |

For a two photon process, where transitions in first
108

order are forbidden, thé“transition amplitude an(z)(t) iév

given bylls 109,108

1) 1 ntsent o)
e‘n(z)(t) -2 Z: |9 |n'><n’ |21 o> + <n|g&? [0 X
Eo-En'+hv

nl

i(E_-E_-2hv)t /M
e n o -1

,E°+2hv-En
(3.15)

The symbols in the above expression are to be interpreted as

follows:

2 (1) : 7\; term in the interaction Hamiltonian

QC(Z) : A2 term in the interaction Hamiltonian
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o : initial state (conduction band)
n' : intermediate state
n : final state
E, : energy of initial state
- E,+ ¢ enefgy of intermediate state
E, : energy of final state
v ¢ frequency of incident radiation

In evaluating this transition amplitude, it is assumed that
electrons make only k-conserving (vertical) transitions between
Bloch states. That is, volume absorption resulting from direct
transitions is the only process considered.

The term arising from second order pertufbatidn~theory

@)y

Z <3 Ja'><n’ |7 o>

(3.16)
Eo'Env'*'hV

nl

is treated first. The summation is understood to extend over
all intermediate states n'. It is seen that the intermediate
states are virtual since the interband threshoid in sodium
lies at about 2.06 eV, which is well above the energy of an
incident photon (1.48 eV). The final state lies in the first
band above the conduction band since the threshold for tran-
sitions to the second band above the conduction band lies in

the ultraviolet.15
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It should be noted that transitions to intermediate
states are vertical, even though the states are'virtual, since
crystal momentum is conserved in the Bloch scheme.* Therefore,
the intermediate states lie on a vertical line at a particular
value .of k.: However, transitions from the conduction band to
the next higher band are expected to dominate transitions from
the conduction band to other bands for the following reasons:
(a) the energy denominator (Eo-En.-l-hv) is larger for higher
energy bands, and (b) matrix elements of the form <n I'x,(l)ln'>
are generally smaller than matrix elements of the form
<n|3(,(1)|n>, as will be seen later. To good approximation,
then, the final state may be considered to be the only inter-
mediate state, and the transition amplitude for this term may

be written:

Z <n|'Jf,(1)|n'><n'|7L(1)|o> <n|1(,(1)|n><n|;!,(1)|o>
E-E_+hy E,-E_+hv

nl

(3.17)
The two matrix elements above, <n Ix(l) |n> and <n|?(,(1) |o>, as
well as the matrix element arising from H(Z), will be esti-
mated in parts (a) through (d) to follow.
(a) Evaluation of <n|x(1)|o>° The matrix element
X1 0> has been explicitly evaluated by R. A. Smith. 110

Using Bloch wave functions of the form v, = u (r k )eik §3

iﬁr

, and

considering the vector potential K - Az e , where a is in

* The energy need not be conserved for a 'virt.u_al _s.tat;e, however.
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the x-direction, the matrix element is seen to be (see Eq. (58)

in reference 110)
|V o> = 104 -fun*(?,it')[ao-v%(?,ﬁ')u(‘zo-i')uo(i-’,ic")]d3it.

(3.18)

Here, the integral is performed over a unit cell c of the crystal.
The wave number of the light K has also been neglected in compari-
son with the electron wave number k', so that =K +k~k' The
volume element is denoted by d3’

As Smith points out, the first term above is generally
much greater than the second because of the orthogonality of
the Bloch wave functions for different bands. 1If 4 were pre-
cisely equal to iﬁ', the second integral would vanish exactly.
However, the finite value of ﬁ for the light wave prevents the
matrix element from being exactly zero, although the small size
of R in comparison with K' and k'' make the second term

negligible -in comparison with the first (provided that the

first is not forbidden, of course). Therefore, one may write
<n|'R,(1) o> on un*('r’,i:')vxub(?,g' )d35?.
c

(3.19)
Before numerically estimating this quantity [this is done in
part (d)], it is useful to consider the interaction term

arising from H(Z).
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(b) Evaluation of <n'|'x,(2) lo>: Using Bloch wave functions
" for bands 0 .and n, the matrix element for the A2 term in the

Hamiltonian becomes

2,2 o P ] | > 2
<n|2¢(2)|°> = : A fun*(?,gnn)e-ik -reZi.K-ruo(;,i:.)eik' T g3,
. mczN '

(3.20)

Because of the periodicity of u_ and u_, this integral is
expressed as a sum over the unit cells of the crystal which

is of the form

2,2 | i(R'+2KR-k")-R
<n|7£(2) o> = :—Aza f un*(i", el ) uo(i",_l:' )d3§ z e J
mc ’

c S

(3.21)

where -ﬁj 'is the lattice vector which determines the jth

cell, and
N represents the number of unit cells in the crystal. This pro-
cedure is identical to that used by Smith in his calculation of
the matrix element for the K'f) term. | The sum in the aBove

expression is zero unless

®'+2K-k" =0, (3.22)

in which case it is equal to N, yielding the conservation of
-

crystal momentum. Once again taking k' = k" ,- the matrix
element becomes B

2,2

*,p P
<n|7c(2)|o> = E—AZ f u ('f,k')uo('f,i:')d3§.

2mc

¢ (3.23)
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The integral above may now be seen to be identical to
the second integral of Eq. (3.18). Therefore, by the samé
arguments given following Eq. (3.18), the above matrix element
in Eq. (3.23) may be neglected, provided that the photon
energy is of the same order of magnitude as the electron
energy. This last condition takes account of the constant

of proportionality in the matrix elements. Thus,
<n|#{?) o> —> o. (3.24)

Peter Bloch,11 in his analysis of the two quantum photo-
effect, incorrectly assumed that the oscillator strength
arising from the above transition was of the order of unity,
and therefore (tacitiy) attributed the double quantum volume

2 term in the Hamiltonian.

photoemission to the A
| (c) Evaluation of <n|x(1)|n>: In the same manner, this
matrix element may be written as

<n|'}él)|n> = %?cé f un*(i',i:')vxun(f,z')d:iif- +

C

' * - P, = P, 3>
ikx fun (r,k )un(r,k )ya’x | .
c

(3.25)

In order to conserve crystal momentum in this case, the tran-

sition is actually between .two very close, but distinct points
- >

in the band n. However, since K << k', the usual approximation .

- >
of k' = k" may be made.
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In the Wigner-Seitz approximation, u, is a spherically

symmetric function,111

so that the first integral above
vanishes (strictly forbidden).112’113. The second integral,

on the other hand, is equal to unity by the orthonormality

of the Bloch wavefunctioné.llq The mafriX'element may there-
fore be written | |
- -efiAk ' .
<n|#D) |n> » ——= (3.26)
2mc ,
or
<n|p, [n> x Ak, . (3.27)

(d) NUmerical estimate.for~<hkkﬁl)|o>: Numerical values
for all of the matrix elements except <n|7C(1)|o> have thus far
been obtained. The numerical value of this matrix element may
be calculated with the help of the f-sum rule.114 This rule

may be written

2
£, =1.-m OE (3.28)
- no £2 ok 2

n X

where fﬁ'o represents the oscillator strength for the transi-
2
tion |[o> —= |n'>, and‘éa-gLEE is a familiar expression for
. ok
the reciprocal effective mass.ll5 For the alkali metals,

- this is explicitly given by+ 116

+ This expression may'a1§o'be derived from the Wigner-Seitz
approximation for a cubic crystal.ll3 This derivation is
less .general, however. :
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A, A
<o|py|n'><n'|p,|0> ... m
Eo'En' m¥*

gin

n!

(3.29)

.where m¥* represents the effectivé mass of a conduction electron,
o represents the conductidh band of the metal, and n' ;épre-
sents a band other thén the conduction band.

It is the value of the matrix element <n|$§|o> where n
is the next band above the conduction Band, which is of inter-
est. However, since this matrix element appears as only one
term inside the summation sigﬁ, one cannot solve exactly for
<n|6;|9> in terms of m/m*. Rather, an attempt must be made to
isolate this term. This is only possible if matrix elements
to all other bands <n'|3;|o> with n' # n are small in compari-
son with <n|6&|o>,. For sodium, this is pot the case since
there is strong coupling between the conduction band and the
bands just below and just above it. In fact, these couplings
tend to be equal and opposite, just'cancelling.117 f

For lithium, however, there is no p-like band below the
conduction s-like ban&, so that only matrix elements from
states above the conduction band contribute to the summation.

Furthermore, the next higher band‘(n) above the conduction

band (o) should be coupled to it more closely than any other

¥ This is why m* % m for sodium.l17
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band by virtue of: (a) the smaller energy denominator in
Eq. (3.29), and (b) the likeness of the higher enérgy,wave-

118

functions to plane waves . Therefore, insofar as the

_energy bands in lithium are similar to those in sodium,

95

which is a reasonable assumption, Eq. (3.29) may be

approximatéd as

X

2 2
e l<nlfylo>|® = o 21 - iy (3.30)

where EO-En hés been set equal to fﬁml. The term EO-En
_represents the energy difference between the bands o and -

n and therefore, dﬁmllz <2hv . Withll7

m/m*(Li) 2~ 0.70, (3.31)

the oscillator strength fﬁo for the transition under con-
sideration in sodium is found to be fﬁo ~ 0.3.

Using the fact that <n|7L(2)|o> = 0, as derived in
parf (b), the spatial paft of the transition probability
from Eq. (3.15) is proportional to the fpllowing factor,

defined as p:

-

2<n|B, |n><n|B, |o>|? [ :
p = X X (3.32)
mhv

This expression for p has been placed in square brackets to

indicate that it is to replace the (incorrect) expression
»
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in square brackets in the paper by P. Bloch (reference 11,

Eq. (7)). Explicitly evaluating p, it becomes

p = o=l<n|B, lo>]? - £ |<n|f, |n>|? (3.33)
2, 2
£k
X 4 X
=250 B m ) (3.34)

since Eﬁ%— |<n|ﬁ;‘|o>|2 -'fﬁo as shown in part (d), and
|<n|ﬁ;|n>|2 i'ﬁzkxz as shown in part (c). Sinceaﬁzkx2/2m
represents the kinetic energy of the excited electron in
its final state, it may be estimated at ~ 2 eV above the
Fermi level, or at about 5 eV. The term hv represents the
photon energy and is equal to 1.48 eV. The oscillator
strength fﬁo has been calculated in part (d) to be. about
0.3. |

Finally, then

o ~ 2(0.3) - yix(5) = 8 . (3.35)

This value of p will be used to estimate the theoretical
double quantum volume photoelectric current in the next
sectidn.

Thus, using a model which allows onl& direct interband
transitions, it is clear that the‘35$ term in the Hamiltonian
is dominant, and that the two photén absorption process

occurs without the benefit of a real intermediate state.
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5. Estimate of the two photon current

The two quantum current arising from the mechanism de-
scribed in the last section will now be estimated. P. Bloch's11
equation for the two quantum photocurrent, including correc-
tions derived earlier for the matrix element, the photo-
electron eécape depth, and the reflection at the metallic

surface, becomes*

2 2,52 |
_1y | pdr, “mc“(BP) 3/2
(2m)22(hv) v 7h By
(3.36)
The symbols have the following meanings (values given are for

Na):

1(2) : two quantum photocurrent
r : classical electron radius = e2/mc2

incident radiation power

A : area of spot illuminated

ey : work function of material = 2.28 eV

EF : Fermi energy of material = 3.12 eV

kF : wave number of electron at Fermi surface =

0.9 x 108 em1

* Only the contribution from Eq. (17a) in Bloch's paper is
considered; the contribution from Eq. (17b) is several
orders of magnitude smaller. 1In addition, Bloch's :
matrix elements were too large by a factor of (27)1/2;
this has been corrected here.
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N : number of modes in which laser is oscillating

v : frequency of incident radiation = 3.58x1014 sec™!
(1.48 eV)

d : escape depth or photoelectron range = 400A

B : absorption coefficient for incident radiation =
0.05 )

p i two quantum "oscillator strength' = 8.

The first factor in curly brackets, {‘ZN 1} , has been
included to take the multimode operation of the laser into
account. This factor arises from random phase contributions
from different mode pairs, which cause the double quantum -
current to be a random function, and thus enhance it.
Bloembergen has discussed this factor in connection with
second harmonic generation and other non-linear processes.119
This factor may also be responsible for deviations from the
quadratic dependence of the photocurrent on the intensity,
as will be discussed later (see Chapter IV), in connection
with the oscilloscope photographs of the double quantum
current (Fig. 8). The derivation is applicable for N modes
of equal amplitude; the factor has been used by others33-120
as well as by Bloembergen. 5

A large number of modes were simultaneously oscillating

in the laser used for the double quantum experiments, as dis-

cussed in Chapter II, section A4. Since it may be assumed
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that several of these modes}were oscillating at comparable
amplitudes the theoretical result must therefore be increased
by a factor of Q%Fllz 2 (for n > 3).

The values for d, 8, and p ;Bove are those estimated
earlier in this chapter. Inserting the above values into
Eq. (3.36) the double quantum volume photoelectric current
becomes

. /a 2
- 1(2) | 3.6x10720 %r amperes (3.37)

where P and A are expressed in MKS units. As in the case of
the second Or&er surface effect, the current is proportional
to the square of the incident radiation power, and inversely
proportional to the area of the illuminated-spot. The

above value should provide only an order of magnitude esti-
‘mate to the current.

By comparison with Eq. (3.8), it is seen that the cal-
culated two photon volume photoelectric effect is several ..
hundred times greater than the calculated two photon surface
photoelectric effect. As will be seen in Chapter IV, the
estimated value forAthe two photon volume photoelectric

effect is in reasonable agreement with the observed value.



1V. EXPERIMENTAL MEASUREMENT OF THE TWO QUANTUM PHOTOELECTRIC
CURRENT FROM SODIUM METAL '

While the preceeding chapter was goncerned with a
theroetical model for the two fhoton photdelectric effect,
this chapter is concerned with the experimental observation
of the effect from sodium metal. Experiments were conducted
under two sets of conditions, as described previously in
Chapter 1I1: (a) with a freshly recoated sodium surface in
photomultiplier KM2462, and (b) with the as-received sodium
surface in KM2462, which was approximately 6 months old at
the time the experiments were performed.

To begin with, a discussion of the experimental method is
given; this was the same in both cases. Results of experi-
ments under the two sets of conditions above are then report-
‘ed. A discussion of the Fourier coefficients of the modu-
.lated photocurrent folloﬁs. Finally, other effects which

may. yield electron emission are discussed.
A. Experimental Method

The apparatus used for the experimental measurement of
the double quantum photoelectric effect is shown in the
block diagram of Fig. 6. The radiation source was a pulsed
GaAs semiconductor injection laser operated at 77°K and

emitting a peak radiation power of 400mW at 8450 A.

_=109-
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A translation stage supporting a lens permitted the
laser radiation to be focused onto a vapor-deposited sodium
surface from which double quantum photoemission was to be
observed. This surface acted as a cathode in. a_speciélly
constructed photomultiplier with a gain of 50,000. The

amplified current was gassed through a load resistbr followed
by a low-noise preamplifier and a lock-in amplifier. Phase
senSitive detection was performed at 2.2 kHz, which is the
fundamental frequency of the pulse modulated laser. The
reference signal was obtained directly from the pulsed power
supply driving the laser. A detaiA-iéc.l discussion of the indi-
vidual coﬁponents has been given in Chapter 1I.

In performing an experiment, filters calibrated at
8450A on a Cary spectrophotometer were inserted into the
beam tofprovide‘known decrements of light power. Output
voltage measurements were then recorded for each power
level. Using the known gain of the system (see Table I11),
the fundamental frequency component of the cathode photo-
current was obtained. It was found that ordinéry glass
filters could not be used to provide the decrements of light
intensity, because refraction in the glass caused the
imaged spot size and position to change. Thin gelatin
(Kodak wratten) filters were found to be quite suitable,

however.



~112- -~

Before discussing the results of these experiments,
it should be mentioned that two other experimental arrange-
ments were used in an_atﬁempt to observe the double quantum
photoeffect: (a) using a He-Ne gas laser as the radiatiomn
source; about 20mW of radiation at 1.15u (1.08eV) was
permitted to impinge on the sodium surface in KM2462 (before
recoating), and (b) the radiation from an M.I.T. GaAs laser
(845()A) operating with a peak power of 400mW was permitted
to impinge on an RCA 1P28 photomultiplier (S-5 surface;
Cs3Sb semiconductor photosurface)*. Both of these experi-
ments were unsuccessful. In the first experiment, no
photbelectric current was observed. This presumably result-
ed from insufficient incident radiation power, or possibly
from too low a photon energy-to provide a sufficiently large
number of double quantum transitions. Results of the
second experiment were erratic.- The dependence of the
photocurrent on the incident radiation power was seldom
quadratic; sometimes the dependence was faster, sometimes
slower. This behavior might have resulted from local
overloading or saturation of the_photocathode, although

improved performance was not obtained with lower incident

This was the phototube used by Sonnenberg, Heffner, and
SpicerZ22 in their observation of the two photon photo-
effect from a semiconductor. - They used a Nd-doped glass

laser radiating<at1406u(1 17eV) as the radiation source,
however .
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light intensities.

B. Experimental Results for Freshly Deposited Sodium

Surface

1. Presentation of data

The simplest way of presenting the data from experiments -
such as those described in the last section is graphiéally.
A log-log plot may be used with the measured light power
plotted on the abscissa, and the measured photocurrent
plotted on the ordinate. In this way, a linear dependence
of photocurrent on radiation power apbears as a straight
line of unity slope, while a quadratic dependence appears as
a straight line of slope two.

The results of a typical experimental run (using the
procedure described in section A) for a freshly deposited
sodium surface are shown in Fig. 7, where the measured
photoelectric current has been plotted against the peak
radiation power incident on the jégg of the sodium surface
photomultiplier tube. From Fig. 7, it is seen that the
experimental points fall on a line of slope 2. This

quadratic dependence of the photoelectric current on the

incident radiation power, signifying two quantum photoelec-

tric emission, extends for over four orders of magnitude of

the photocurrent.
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current vs peak radiation power incident on face of sodium
surface photomultiplier. Because of absorption at the face
of the photomultiplier, the radiation power incident on the
sodium surface is less than the value shown above (see text).
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In order to compare the magnitude of this effect
with other effects, a general parameter relative to cw
incident radiation is useful.* As discussed in Chapter I,

. for'the two photon'photoelectric effect, the double quantum
yield A is satisfactory for tﬁis purpose. To célculate A R
the observed photocurrent must be divided by the first
Fourier coefficient of the square of the incident laser
radiation waveform, p(t). This has been estimated to Be 0.1
(see Chapter 11, section A3).

To obtain the peak radiation powervincident on the
sodium surface, which is also necessary to calculate./\, a
correction must be made for the absorptioﬁ and reflection
at the face of the sodium photomultiplier KM2462. 1In these
experiments, only about 407 of the measured radiation power
has been estimated to impinge on the sodium photocathode
(see Chapter I1, section C6). |

The overall gain 7 of the system for the particular
experimental parameters used in this measurement was ~ 10'13mhq
as shown in Table III. Parameter values are also given in
this table.b The maximum observed photocurrent is 10'13amp

-12

(cqrresponding to 10 amp referenced to cw laser radiation)

occurring at a maximum peak radiation power of 400mW incident

* The cross-section is an example of such a parameter.
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on the photomultiplier face (corresponding to 160mW
incident on the sodium surface). This corresponds to a
double quantum yield ANa (8450A)~8x10" 16 I, amps /watt.
Results such és those shown above were obtained for various

polarization states of the incident radiation.

2. _Oscilloscopegphotographs

In experiments performed with the freshly coated sodium
photocathode, the double quantum photocurrent was sufficient-
ly large to be directly observed on an oscilloscope.*

Figure 8(a) shows a trace of the double quantum photocurrent,
p(t), directly above a trace of the incident radiation
waveform, £(t), which is shown in Fig. 8(b). A Dumont 6911
photomultiplier was used to display £(t). (Scattered light
was detected.) The double quantum current was observed

with a 10k load resistor on the output of tﬁe photbmultiplier
and a (maximum) oscilloscope sensitivity of 5mV/div. The
photomultiplier was operated at 2450V, above the value of
2215V generally used.

The profile of p(t) is as expected:i.e.p(t), which is
theoretically equal to Zz(t), is more sharply peaked than

£(t). In fact, if £(t) weré precisely hemispherical, which

* - Tektronix model 555 dual-beam oscilloscope.
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is a feasoﬁable approximation to the observed waveform in
Fig. 8(b), then p(t) would theoretically be parabolic..
This, in fact, is not too different from thevobserved shape
 for p(t) seen in Fig. 8(a) . However, it is seen that the
double quantum waveform is not simply the square of the
single quantum waveform. This4may be understood to arise
from variations in the spatial intensity distribution of the
focused laser beam as a function of time. Since the quadra-
~ tic intensity dependence of the double quantum current
" weighs higher intensity regioné more heavily than lower
intensity regions, an inhomogeneous intensity distribution
in space and time will enhance the non-linear effect. Thus
the changing mode structure of the laser output* during the
(non;square) current pulse is seen to be responsible for
this effect. Similar observations have been reported by
others.119 _
In Fig. 8(c) and (e), the vertical scale has been
expanded, and the zero line displaced upward from that in
Fig. 8(a), in order to show some typical large spikes of
double quantum emission. Spikes of-Ehis magnitude were
- found to occuf with an average repetition rate of 2/sec.

For this photograph, the intensity of the upper beam

See Chapter 1I, section A3.
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of the oscilloscope was increased sharply in order to. dis-
play some of these large pulses. These pictures emphasize
both the randomness and the bunching (near the peak of £Z(t))

of the double quantum current spikes.

3. Comparison with theory

The experimentally observed two quantum photoelectric
current may be compared with the theoretical estimate for
the current given earlier (see Chapter III, section D5).
It is recalled here that only direct interband transitions
were considered. Using this theoretical model, it was
found that only the 'K'ﬁ term in the Hamiltonian was of
importance. The predicted double quantum photoelectric-

current (from Eq. 3.37) was found to be
1(2).g 3.6x10'20P2/A émp

where 1(2) represents the double quantum photoelectric current,
P represents the cw radiation power incident on the sodium
surface, and A is the area of the focused laser beam, all
in MKS units. |

Qualitative verification for the inverse area depend-
ence has been experimentally obtained: a large, but |
gradual rise in output current is observed when the 1en$
is adjusted to image the laser emittipg region on the
sodium'surface, The quadratic dependeﬁce of 1(2)_on P has

been amply demonstrated experimentally in Fig. 7.
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Numerically, the focused laser spot on fhe sodium surface
has been estimated to have an area of 2x10'9m2, and a
maximum incident radiétion power of 160mW (corresponding
to 400mW incident on the face of the sodium surface
photomultiplier) has been assumed. Insefting these values
-into Eq. (3.37), the following theoretical estimate for the

double quantum photocurrent* obtains:

1{2)  (160mw) ~ .5x107 Zamp.

This may be compared with the experimental value from Fig. 7

at the same power, also referred to cw laser radiation:

' iéi;t (}60mW) ~ 1x10-12amp.

It is enéouraging that both results are of the same order

-of magnitude. However, an absolute comparison between the
experimental and theoretical currents may not be made be-

cause of uncertainies in both. _

It should be mentioned that this order of magnitude
agreement does not preclude contributions to the double
quantum photocurrent from other mechanisms. (e.g.. nondirect
transitions) . On the other hand, because this current is

several orders of magnitude larger than the predicted two

quantum surface photocurrent (see Eq. 3.8), this latter

* This is referred to cw radiation.
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mechanism seems to have little importance in the observations

reported here.

C. Experimental Results for As-Received

Sodium Surface*

1. Presentation of data

Using the.same experimentai method as described pre?
viously (section A), photocurrent measurements were made
from the sodium surface in KM2462, in its as-received
(unrecoated) condition. Since this-experiment was perform-
ed prior to recoating KM2462 (see Chapter‘II,-section c5),
the radiation power incident on the sodium surface wae
identical to that incident on the photomultiplier face,** in
contradistinction to the experiments described in the last
section (see also Chapter II, section C6).

The results of a typical run for the as-received
sodium surface are shown in Fig. 9, where the photoelectric
current has been plotted against the peak radiation power
incident on the sodium surface. The resulting experimental
data may be fitted quite well by the curve A+ B, obtained
by adding line A of slope 1 to line B of slope 2. Line A
shows a linear dependence of photoelectric current on light

power and represents the single quantum photoelectric

A preliminary account of ‘this section has been glven in
Phys. Rev. Letters 13, 611 (1964). .
*% Neglecting reflectIon losses at the glass face
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‘Figure 9. Fundamental frequency component of photoelectric
current vs peak radiation power incident of the as-received
sodium surface for a typical run. At high powers, the
current is seen to approach the line of slope 2, correspond-
ing to double quantum photoemission. As the power is reduced,
the admixture of single quantum photoelectrons from the Fermi
tail increases, causing the current to approach the limit
of slope 1.
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contribution from the Fermi tail, as will be justified in
section E, while line B.shows a quadratic dependence of
photoelectric current on light power representing the
double quantum photocurrent. |
| ‘It is seen that the éxperimental points near the maxiwum
valﬁes of incident power fall very close to line B, indicating
that the total cufrent in this region arises alﬁbst exclusive-
ly from two quantum transitions. The admixture of single
quantum'éurrent at maxiﬁum-incident power 1is seen'tq’be less
than 77%. At a peak radiation power of QOOmW,.correspohding
to 1.7x1018 photons/sec, the fundamental compénént of the two
quantum phdtoelectric current is ~10'15amp. ‘The knee of the
curve, where the contribution of double and single quantum
currents are equal, occurs at 6x10'18amp. This current cor-
responds to approximately 40 electrons/sec. Below this point,
and down to the lowest current value measured (2x10'18amp, or
about 12 electrons/sec), the curve showed a power dependence
which was predominantly that of single quantum emission.
The overall gain ¥ of the system for the particular.ex-
perimental parameters used in this measurement was about
1.3x10'14mho,.as shown in Table III. )
| The maximum current obtained from the asfreceived—sodium
surféce was several orders of magnitude below that obtained
from the freshly coated sodium surface. This may be
accounted for by the diffefepce in film thickness in

the two cases: The volume photoelectric effect is
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proportional to film thickness for films below a certain
critical thickness, d__,, . *’!® This large difference in
the magnitudes of the current therefore substantiates both
the proposition that the observed effect is a volume effect
(since it would be very difficult to explain the large
increase in current in terms of a surface effect) and the
proposition which was set forth in Chapter 11, that a very
thin layef of sodium was preéent-on the as-received surface.
Furtherﬁpre, the large increase in current observed with
the laser beam focused at the very edge of‘the photocathode,

rather than toward the middle, is understood in terms of

the increased depth of sodium at the cathode edge.

2. Single quantum photoemission from the Fermi tail

For very thin films (defined as films whose thickness

)’14

is below d the volume photoelectric current (both

crit
single and double quantum) is expected to be proportional

to the thickness of the film, d. In this case, the ratio
of the two currents should be indeﬁendent of the film thick-
- ness. Experimentally, however, the ratio is not observed

to be constant: 1In contrast to the data for the as-
received surface (Fig. 9), the data for the recoated surface
(Fig. 7) shoﬁs"nb unity slope (single quantum) contribution.
In fact, since photocurrent measurements from the .recoated

surface were taken with lower values of incident radiation
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<

power (the minimum power used was 1lmW) than from the un-
recoated surface (thé minimum power used was 8mW), the
relative contribution of unity slope for the recoated
surface would be expected.to be greater than for the unre;
coated surface.¥*

A possible explanation for this observation is that

the singlz quantum photoelectric emission arising from

electrons in the Fermi tail**is a surface rather than a
volume effect. In this case, the magnitude of the single
quantum photocurrent would not necessarily increase upon
recoating. The nature of single quantum photoemission from
metals in the immediate vicinity of the work function
threshold and/or the interband threshold is not completely
understopd, as discussed in Chapter 11, section C3.

An alternative explanation for the effect relies. on
the presence of some other material, of work function 2.0eV,
on the as-received sodium surface. Upon fecdating the
surface, this hypothetical impurity might have been covered
over, thus becoming unable to contribute a single quantum
photocurrent in experiments with the recoated cathode.
However, no decision between these alternatives may be made

on the basis of available experimental data.
E;

As discussed in Chapter I1I, dcrit is dependent upon the

excitation energy of the electron: it is larger for lower
" energy electrons.l4 Electrons absorbing two photons via
the double quantum effect are expected to have higher
energies than electrons absorbing only one photon (Fermi
tail electons). Therefore, if the film thickness were
above the lower value of d rit? the unity slope contri-
bution would be further enfanced. '
*%* Footnote on following page.
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In any case, the work function may be estimated by the
method set forth in Chapter'II (section C3), from the value
for the exéerimentally measured single quantum yield: From
line A, and the known radiation power';;ﬁient at the
fundamental frequency, the yield Y(T;)\) of the unrecoated

surface is
Y(300°K, 8450A) = 1.7x10715amp/watt.

The value obtained for the work function by this method is
in good agreement with the value obtained from a Fowler plot.
As discussed in Chapter I1I, this method is expected to be

valid, independent of the mechanism of photoemission.
D. Fourier Coefficients of the Modulated Photocurrent

The experiments described in the first part of this
chapter were carried out at the fundémeﬁtal repetition
frequency of the lase: modulation, 2.2kHz. Additional
experiments were conaucted in which the photocurrent was
phase sensitive detected at multiples of the fundamental
frequency up to 19.8 kHz (porresponding to the 9th multiple),

rather than at the fundamental frequency itself. The

ziirObviously, this is a valid interpretation only if the
unity slope contribution to the photocurrent arises from
single quantum photoemission from the Fermi tail. As

mentioned previously, justification for this is given
in section E.
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results of these measurements are understood in a simple

way, as discussed below.

1. Measuremengg with freshly coated sodium surface

Measurements of the Fourier components of the double
quantum current from KM2462 and of the single quantum current
from the 6911 photomultiplier weré made by phase sensitive
detecting at various multiples of the fundamental frequency.
The same experimental'conditions were used for the single
and double quantum measurements, so that the results could
be directly compared. In order to achieve the same dc
photocurrent and therefore the same spacing between electron
pulses in both cases, it was necessary to.attenuate the light
intehsity impinging on the 6911 with filters. Rolloffs on
the preamplifier were broad (LO: 300 Hz/HI: 300kHz) so that
no correction factor for the Fburier,components was necessary
for the preamplifier. As discussed in Chapter 11 (section
D2), the gain of the phase sensitive detector was essentially
constaﬁt over the ffequency range in which measurements
were made. )

In these experiments, the time constant of the load-
resistor (10kN)/photomultiplier-cable combination, TRC?
was about lisec. During the "on" time of the laser pulse,
the double quantum current in these experiments had its

maximum value of.lO-lzamp (6.2x106

electrons/sec). The
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’avérage time between pulses from the photocathode was there-
fore,td 0.2usec. Therefore,rRC ~ Sfd and the resistor/
cable combination is seen to act as an ihtegrator. This
causes the current pﬁlses to take on the shape of the wave-
form p(t) for the double quantum current, and £(t) for the
single quantum current (see Fig. 8). In this case, where

TRCSEd, ordinary signal theory"121

along with its Fourier
transform properties may be used.* It is this fact which
makes the ekperimental results easy to interpret.

A piot of the Fourier coefficients of the one and two
quantum currents vs the phase sensitive detection frequency

is shown in Fig. 10. The difference in the Fourier spectrum

A rigorous treatment for the case where 7T <t would en-
tail using the PSD for the stochastic pro§gss (e.g. the
PSD calculated in Chapter 11 section D4 for the rectangu-
larly pulsed Poisson process). However, since the ''sig-
nal" is considered as the non-white part of the PSD and
in view of the large RC filter on the phase sensitive

detector, it would appear that ordinary Fourier components
could even be used in this case. This seems to be experi-

mentally borne out by the correct quadratic dependence

observed for the first Fourier igmponent of p(t) at all
values of current, down to ~10"*/amp. That is, the first
Fourier component is indeed proportional to the number
of emitted photoelectrons per unit time, even at very

low current levels.
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for the two cases 1is seen to reflect tﬁe'difference in the'
single quantum current pulse shape £(t) and the double
quantum current pulse shapé p(t), both shown in Fig. 8. A
quantitative iﬁterpretation of the difference in the spectra
is too difficult, however, for the following reasons: (a)
the particular Fourier components for any model depend -
strongly on the finé details of the pulse shape and pulse
width. This is demonstrated by the calculated cosinusoidal
and hemispherical pulse spectra* shown iﬁ Fig. iO; and (b)
only a small portion of the Fourier spectrum; from 2.2 kHz
to 19.8 kHz, is available for comparison with theory. Thus,
the qualitative interpretation given above wili have to

suffice.

2. Measurements with as-received sodium surface

A measurement of the Fourier components was also
éarried out:before recoating the sodium surface. 1In this
experiment, a load resistor of 100k was used both for the
single and double quantum data, so that TRC = 18usec. For

the maximum average current of 10-14

amp during the '"on"
time of the'laéer pulse (see Fig. 9), the mean time between
electron emissions from the cathode is'Ea = 17usec so that

TRc.a'Ed. In this case, however, T,. = 18usec is an

-
i

‘ *7Both spectra have been calculated for a full pulse width
of 36[isec.
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appreciable fraction of the width of the laser pulse,

T, = 36usec. Thus, in the time domain, the processed
pulse width is expected to be’approximately T, + 2 TRC =
72usec,'from the convolution theorem. This large pulse
width (o70pusec) has been observed with the 6911 photomulti-
plier.

In the frequency domain, the high ratio of Tae/T1
represents a cutoff of the high frequency response of the
photocurrent by the load-resistor/photomultiplier-cable
combination. '

A plot of the power spectral density (PSD) of this:
curren; is shown in Fig. 11. In this case, it is the PSD,
or the square of the Fourier spectrum, which is plotted.

As expected, the width of the spectrum is considerably less
than the width of the equivalent spectrumvfor thg data
discussed in the last section. This data is presented as an
example of very strong filtering. Here, the entire laser
pulse envelope is smoothed, rather than just the individual

current spikes within it, as in the last section.
E. Other Effects

The experimental data presented in Fig. 7 and 9 has
been attributed to two specific but distinct effects: (a)
double quantum volume photoemission for the region of slope

two, and (b) single quantum photoemission from electrons in
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the Fermi tail for the region of unity slope. In the
discussion to follow, it will be shown that other possihle
effects yielding electron emission do not contribute to
the observed current. The following effects are discussed:
l. thermionic emission, 2. harmonic generatién-in the

laser, and 3. harmonic generation at the metallic surface.

1. Thermionic emission

The following experiﬁent_vas performed to enable the
magnitude of the thermionic,emissioh‘current'to“be estimated:
The 400mW laser beam used in the-previouSIy described
experiments was focused onto a chromel-alumel thermocouple
which registered an (average) temperature increase of 2°C.
Usihg a model for pulsed-laser-inducéd metallic heating,9
which is based on the one-dimensional classical diffusion
equ&ﬁion, the temperature rise at the peak of thé laser pulse
was estimated to be below 10°C. This corresponds to a
maximum thermionic emission current below 10-26 amp (from
the Richérdson equation), which is well Below the lowest
current observed. The four decades of quadratic dependence
of photocuérent on the incident ligﬁE intensity is further

evidence that the emission was not thermionic.

2. Harmonic generation in laser

Another possible cause of electron emission was the

second harmonic generation of blue light (4225 A) in the
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laser itself. This emission would cause a photocurrent of
unity slope, since the decrements in incident radiation
power were provided by calibrated filters, rather than by
changing thé.lasef power itself. Therefore, thié effect
could only masquerade as the single quantum emission from
‘the Fermi tail, and not as the double quantum emission
(which is of slope 2).

To ascertain that this effect was of no importance,
the- single quantum yield from the sodium phototube Y(T,2)
was measured both with and without a blue attenuating filter
in the laser beam. No difference in the behavior of the
current could be detected, indicating that blue light from
the laser was not producing an observable current. By this
means, - the peak second harmonic power generated in the

-11

laser was estimated to be <10 watt for a power output

of 0.4 watt at 8450A;.

3. Harmonic generation at sodium surface

The emission of second harmonic radiation at an
illuminated metallic boundary has been recently considered
by several authors.122’123’124:

Parks, and SleeperI-23 have measured the second harmonic

In particular, Brown,

radiation from an evaporated silver surface, illuminated by

a ruby laser produciﬁg pulses of IMW peak power. They have

estimated the harmonic generation efficiency at about 10'15.
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This will provide an upﬁe; limit ﬁo the efficiency for the
case'under consideration (which corresponds to a miximum
intensity'of ~ 104W/cm2 VS ~ 106W/cm2 for the ruby laser
used by Brown, et al.).

Considefing an incident radiation power of'z..4 watt,
the blue light generated at the sodium surface should there-
fore have a power well below 5x10"16 watt. If éll,of this
harmonic radiation were absorbed to create photoelectrons
from thg sodiﬁm, this effect would provide an electron cur-
rent below 5x10° 1% x 107%A/W ~ 5x10"2%amp, which is below
detectability.

In any caée, the current from this effect would be
expected to depend quadratically on the incident power, so
that this effect could not-coﬁtribute.at lower current values
where the unity slope contribution becomes impoftant.
Furthermore, by examining the photosurface through a blue
transmittingAfilter in the darkened laboratory, no blue light
could be detected visually. Even a very small number of
photons would be expected to be visible under these con-
ditions.

Finally, it should be mentioned that the unity slope
contribution at very low currents was independent 6f the
beam focusing, as would be expgcted for singie‘quantum

photoemission.



V-~ CORRELATION FUNCTIONS AND TWO QUANTUM dc PHOTOMIXING

In this chapter, experiments are described in which
double quantum photoemission was observed from a sodium
surface illuminated simultaneously by two superimposed beams .
In distiction to the ordinary single quantum photocurrent,

a dc "photomixing'' term is observed. This term reflects
electron emission arising from the simultaneous absorption
of one photdn from each of the two beams. The experimental
setup and observations are described in section A. 1In

th

section B, the n order correlation functions, as defined

by Glauber, will be used to provide a theoretical justifi-
cation for the observations reported in section A. The
second and fourth order correlation functions obtained for
two particular experiments using a thermal source are
considered in section C. Finally, a brief description of
two quantum excess noise and photocounting statistics is

given in the last section (section D).

A. The dc Photomixing Experiment

"1l. Experimental method and procedure

The apparatus used for the experimental measurement
of the two quantum dc photomixing is shown in the block
diagram of Fig. 12. The radiation source was a pulsed GaAs

semiconductor injection laser (both LD256 and LD259 were

-136-
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used) operated at 77°K and emitting a peak radiation power -
of 400mW at 8450A. The laser radiation was collimated by
means of a lens (~ 1l0cm focal length) and passed through

a configuration of (dielectric) beam:splitters**and’(anti;
reflection coated) prisms which resembles the Mach-Zehnder
interferometer. Tﬁe recombined beams were focused onto the
vapor-deposited sodium surface in photomﬁltiplier KM2462 by
'meahs of a focusing lens (» 6cm focal lgngth) mounted on a
Lansing Research Corp. translation stage. The two beams
(denoted.aé Beam 1 and Beam 2) could be adjusted to go
through different path lengths before being recombined at
the final beam splitter. The intensities of the Beams
could also be adjusted independently by means of filters
placed in either one of the beams. The radiation impinging
on the photomultiplier was sometime polarized with a A
polarizer** placed in front of the face of photomultipligr.
KM2462 (see Fig. 12). With the exception of the 6911
photomultiplier also shown in Fig. 12, which will be
discussed below, the remainder of the system was exactly
the same as that used in the ordinary double quantum experi-

ments described in Chapter 1V.

The beam splitters (2/3 transmitting, 1/3 reflecting)
were only flat to about one wavelength; therefore
fringes are effectively washed out. -

** Polaroid Corporation, type HN-7 sheet polaroid.
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A 6911 photomultiplier with a small pinhole (25u
diameter) acting as an aperture stop on the face of the
photomultiplier was used in onevlegvof the "interferometer"
output  to provide a method of supefimposing'the‘two beams .
Since the laser junction size is greater than the diffraction
limit of the oﬁtics in the system, the laser junction is
imaged by the focusing lens. Thus the purpose of the 6911
(which was also mounted on a translation stage) was to
achieve coincidence of two imaged laser junctions, which are
rectangles 10ux200u in size (see Chapter II, section A2).
The first beam splitter, and the small prism in Beam 2 were
placed in adjustable gimbals (Lansing Research Corp., model
GS-203) so that very precise adjustments of the relative
positions of the two beams could be made. Beam alignment
was effected by adjusting the various gimbals and transla-
tion stages for maximum photocurrent output from the 6911,
as registered by the microammeter.

In order to be one-half superimposed at the focal plane
of a (25cm focal length) lens, the two beams must be
parallel to within about 5x10"5 radians, which corresponds
to 1l0sec of aré, Although thevgimbals supporting the opti-
cal components are adjustable to 6 sec of arc, the limiting
factor for spot superposition was the photomultiplier

field stop. Because the pinhole was too large for the
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focueed laser junction in one diﬁension, and too small in
the other, the superposition'ﬁrocedure was, to a large
degr2e, arbitrary. Furthermore, the distance between the
pinhole at the front face of the photomultiplier and the
cathode of the photomultiplier was about 3-4mm, permitting
further arbitrariness in the superposition procedure. The
254 pinhole diameter seemed to be about the optimum size;
both larger and smaller diameters made euperposition more
difficult. Undoubtedly, a "pinhole'" the size and shape of
the laser junetion would have made alignment easier. Be-
cause of the inhomogeneity of the sodium surface, neverthe-
less, this method of beam alignment was found to be more
suitable than the alternative method of peaking the double
quantum photocurrent by adjusting the gimbals.

The purpose of this experiment was to examine the
dependence of the two quantum photocurrent for two super-
imposed beams on the relative int ensities of the two
beams, and on the path length difference betweee the two
beams. Initially, the experiment was to be used as a self-
integrating Hanbury Brown-Twiss type coincidence counter
(as described in sectionC) in order to enable photoﬁ corre-
1ations to be observed with a very small resloving time,
and to permit a measurement of the coherence time of the

- radiation. However, such second order correlations cannot
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be observed with a source having coherence of order higher

‘than 1,_26

as does the laser.66 Therefore, such an experi-
ment must be performed with either a thermal source, or with
the laser operating below threshold. However, the radiation
power below threshold was so low that it was not possiﬁle
to observe double quantum emission. Furthermore, the
difficulty in obtaining good superposition of the tﬁo laser
béams made the'experimenﬁ too difficult to perform.
Therefore, the double quantum photocurrent was investi-
gated primarily as a fﬁnction of the intensities of the
constituent light beams, with the laser operating well above
threshold. Since the laser radiation is assumed to have

66

second order coherence, the path length difference be-
tween the beams should have no effect on these experimental

results (for a laser operating well above threshold). This
| independence on the path length difference was indeed ob-
served, and measurements were therefore made with arbitrary
values for this parameter.

| In performing an experiment, the following procedure
was followed: (a) The beams were first aligned to give
maximum current from the alignment photomultiplier (6911);
(b) Beam 1 was then blocked. The double quantum current

:from Beam 2 alone was first maximized by imaging the laser

junction on the sodium surface, and then recorded. By



=142~

using a filter with a known decrement, it was then
ascertained that this was pure two quantum emission. Thus,
this current was proportional to 1%, where'I2 is the inten-
sity of Beam 2; (c) Beam 2 was then blocked and the double
quantum current from Beam 1 alone was recorded. This current
was proportional to I%. The constant of proportionality is
the same in both cases; (d) Both beams were then unblocked,
and the total double quantum photocurrent iéz)-was recorded.*
Experiments were performed with different vélues of I,/1,,

obtained by attenuating one of the beams relative to the

other by means of filters.

2. Experimental results

A plot of the total two quantum photoelectric current
for both beams superimposed iéz) vs the intenSity ratio of
the two beams illiz is shown in Fig. 13. 1In this plot, the
intensity I, was normalized to unity. The experimental
points are observed to lie on the parabola (1 +-I—) which
indicates that the total two quantum dc photocurrent is
proportional** to (11+I2 = (Il+21112+12) since I, has been

normalized to unity. Because the coefficient of the cross

* Pure double quantum emission was once again verified here.
** No reduction factor (to take account of the presence of125
many modes) need be applied to a dc photomixing term.
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Figure 13. dc double quantum photocurrent from two beams vs

intensity ratio of beams.
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term I,I, is 2, this cﬁrve has been 1labeled '"'cross term of
2", The dotted line in Fig.. 13 corresponds to a current
which is proportional to I%+41112+I§ (also with 12 normalized
- to unity) and is labeled '"cross term of 4". It will be
discussed later. | :

Only the highest observed values of iéz)'are plotted in
Fig. 13. Many more points than are plottéd were found to
lie below the 'cross term of 2" curve. This result has been
attributed to the difficulty in obtaining superposition of
the two radiation beams (and hence superposition of the
focused spots) on the sodium surface, as discussed earlier.
The points plotted were obtéined at path length differences
5 of the two beams ranging from 0 to 100cm (0<6<lm). As
expected, 6 had no effgct on the results. With one
anomalous exception, there were no points observed above the
"cross term of 2" curve.

It is seen from the circular point on Fig. 13, that
two quantum dc photomixing may be obtained with orthogonally
polarized light beams. This is not true for first order

interference effects or photomixing126’127

128, 129).

(see also Ref.

B. Second Order Corrélation Functions: -LasSer Source

‘For an ideal single quantum photodetector the average

counting rate at a space-time ﬁoint X, = ro,to is ¢
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proportional to a first order correlation function* which

has been defined as follows by Glauberﬁz6

¢ (x %) = e {;pE'(ko)E+(xo)} | (5-1
The symbo1ls E- and E+ represent the negative and p_ositj.ve
frequency portions of the electric field operator E, and
represent a photon creation and a photon annihiiation,
respectively. The state of polarization of the radiation
has been included in X, . The Hermitian dénsity operator p

is defined as the averaged outer product of field state

vectors

- p = ﬂxl}'av (5-2)

so that

er {e0} = <lo>} (5-3)
where tr is an abbreviation for the trace. The trace of
the density operator is unity (trp = 1).

Similarly, the general second order correlation func-

tion may be written as

6(2) (x;x,y%5%,) = tr{pE-(xl)E-(xz)E+(x3)E+(x4)§ . (5-4a)

The average counting rate (at xo) for the ideal two photon

The correlation function used by Glauber is defined more
generally as a function of two space-time points Xq and
X,. This is a special case of the more general -
fuﬁction, with X] = X,.
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detector is then proportional to the following special case

of the second order correlation function:*

Px_x x x ) = trn{pE’(xo)Ef(xo)E+(xo)E+(xo)} : (5-46)

While the formalism of quantum mechanical coherence theory
is not required for the development presented in this section,
the second order correlation functions are nonetheless useful

for this purpose. As Titulaer and Glauber28

point out, with
regard to a discussion of averages of nonlinear functions of
the iﬁéensity, "the higher order coherence properties of the
field furnish a natural basis for describing the results of
such experiments.'  Furthermore, the applicability of the
second order correlation function to a description of the
double quantum process forms a lipk between this process
-and the photon correlation experi;ents of Hanbury Brown and
Twiss,29'32 since these also may be &escribed in terms of
the second order correlation funct:ions'."r;‘.'zs;'28

Correlated photon annihilations'must be discussed in

terms of the incident radiation field. Considering an

%* N .
For an actual detector, the absorption of the photons

cannot be localized too closely, and the photoemission
rate must be written as an integral over the microscopic
range of all the variables x,, including the "lifetime"

of the virtual (or real) intermediate state. This is
analogous to the case for the real single quantum detector
(see reference 26). This complication is neglected here.

Glauber's (and our) second order correlation functions
are referred to as fourth order correlation functions by
Mandel and Wolf.25 -
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experiment wiéh n separate detectors, of which the Hanbury
Brown-Twiss experimenf is a special example, the space-time
points for photon annihilations correspond to the space-
time points of the photodetectors. | |

For the two quantum-experiment, however,. this is (in
general) true only when one light beam is present. If
two individual (but superimposed) beams are present, which
are time delayed with respect to each other, the two photons
giving rise to the photoelectron may come from differenf
space?time-points in the beam, although the photon.
"annihilations occur at the same space-time point in the
detector. Therefore, the x's‘above must be space-time
points relative td the radiation source.

The total two quantum counting rate, for the case
where two superimposed beams illuminate the detector, is
therefore taken to be the sum of second qrder correlation
»fuhctions corresponding to the following contributions:
(a) the absorption of fwo photons from the same space-time
point (both from the same beam) -- there are two of these
terms (one for each beam); and (b) the absorption of two
photons from different space-time points (each from a
different beam) -- there are also two of these terms (ome
for each permutation of photon abéorption). .Denoting the

space-time points of the beams by x_ and Xy, the average

o
counting rate for the two photon detector illuminated by
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two beams is then proportional to the following sum, denoted

7(2) z G(z)(x X

0% ¥ o) 46 (2 (xyxyxyxy )46 (2 (xoxl’.‘1"o)+q(:2~) (x

1¥o¥s¥1) -
- (5-5)

Terms of the form G(z)(xoxixlxl) do not correspond to a
photon annihilation, and therefore do not contribute to the
counting rate. They correspond to 1nterference‘terms.28 -

For a field possessing first order coherence,* Titulaer
and Glauber?8 have shown that the higher order correlation
functions must factorize into forms similar to those required
for full coherence, differing from them only by a sequence
of constants, gn- In particular, for a field possessing
second order coherence as well,™* the seéond'order correla-

tion functions above may be written28

lG(Z)(xixjxjxi)} = ¢M(xx,)- G(l)(xjxj)

But, since the cor;elatioh function G(l)(xjxj) is proportional
to the averége single quantum counting rate at the space-time

point x the second order correlation function becomes

J"

* This condition is assumed to be satisfied for the laser.z-8

o This condition is assumed to be satisfied for the single
mode laser operating sufficiently above threshold. This isg
discussed by Armstrong and Smith,66 and by Freed and Haus.130
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G(z)(xixjxjxi) - c'<Ii><Ij> (5-7)

where c¢' is a constant.

Using these relationms, 7(2) may be written

72w 16M (x x)1% + 2160 (x x ) 1161 (xyx) 1 + 1611 (x)x7) 12
| | (5-8) -
and since the double quantum current iT(Z) is proportional

to 7(2), it is given by

10()a e (<1 52421 ST IL>2 ] = eI+ 2.
(5-9)

Here, Ij represents the intensity of beam j, and c is
another constant.* This relation shows that the total
two quantum photocurrent is proportional to the squére
of the total intensity of the two beams.** This is the
experimentally observed result, as .anown in the last
section. Furthermore, since the space-time index x
carries a polarization coordinate p, the separation of
7(2) into products of the form G(l)(xjxj) insures that
the same result is obtained for orthogonally polérized
radiation sources. This has also been observed experi-

mentally (see Fig. 13).

It is assumed that the laser is operating in a single
mode so that the constant c does not contain the mode
enhancement factor { 2N-1/N} which was discussed in
Chapter III, section D5.
o A similar result has been obtained by Mandel and Wolf, 131
‘'which is valid under certain conditioms.
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This result for the total double quantum photocurrent
1.(2) aiffers from that which is obtained classically,
however, as will now Be shown. Consider an electric field

of the following form:
B(@,t) = E] cos(2mve-K-F+9,%) . (5-10)

In analogy with the treatment of the angular selectivity
in single quantum photomixing,126’25 let the above plane
wave be incident on a flat photosurface, which is taken

to coincide with the plane z = 0. If the wave vector r

is in the x-z plane, and makes an angle 9, with the photo-
surface normal, the B-field on the photosurface may be

written
- - o
El(x,t) = E, cos(Zvvt-kxsin91+w1 ) . (5-11)

A second plane wave of the same frequency v and wave number
ﬁ, incident at a different angle 92 (in the same x-z plane),

with a phase angle ¢2° may be written as

E,(x,t) = E, cos(2mvt-kxsing,+0,%) . (5-12)
.The angles wlo and w2° are taken to be the phases of the-two
waves at the midpoint of the photocathode.
To observe (two quantum) dc photomixing, the above tﬁo
beams of the same frequency and wave number are.considered

to mix. The total two quantum current is then expected to
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be proportional to the integral ’f(ETl’(x,t))t dA where < >e
A ,

indicates a time average for optical frequencies., A 1is the
illuminated area of the cathode, and ET represents the total
electric field present. For Ep = El(x,t)+E2(x', t),. in the
special case where both waves are polarized in the plane of

incidence, the above integral becomes

. (2)

4
i &

+Eé4+4E12E22 [1 + %- cosZ(cplo-quo) %

f cos { 2o (s1n@,-s1n0)) } dA] |
A | |

+ 4EiEZ3 cos(QPZO_q)lo) %: | f cos{kx(sinel-sinez)}dA

A
+ 4E13E2 cos(q;lo-qazo) % f cos{kx(sinez-sinel)} dA
A

. (5-13)

Various perturbing effects such as the non-flat beam splitters
in the Mach-Zehnder interferometer, the unprecise superposition

in the focal plane,* schlieren, vibrations, etc. will result

* Boivin and w01f132 have shown that the field structure in
the focal plane is a complicated and rapidly varying func-
tion (see also reference 133). Hence, if the two beams
are poorly superimposed, there will be an averaging effect.
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in an average over the variable ¢1°-¢2° in the abqve equation.
Furthermore, spgtial incoherence results in a reduction in
terms above which contain the 1ntegra1.126‘

Theréfore, under the conditions of the experiment, the

classical result for the dc double quantum photocurrent

reduces to

2) . boc b 20 2y o o1 2 2
i C(E; “4E) HIE) “Ep%) = o(I)HT)I,+15%).

(5-14)

Thus, it is seen that this classical treatment of the super-
position of two equal frequency beams gives rise to a cross
term coefficient of 4. The current iT(Z) as caiculated
above is shown in Fig. 13 for comparison with experiment
and the (correct) result which was discussed'previously.

That the cross term coefficient must indeed be equal
to 2 may be seen from the following physical argument:
Consider a gedanken experiment in which one beam is amplitude
divided into two parts of equal intensity and then recoﬁbined
to impinge on the photodetector. The recombined beam should
be physically équivalent to the original beam. Since the
double quantum current for a single beam is proportional to
;ﬁe square of‘the intensity for that bgam;\this current must
also be proportional to (Il+12)2 where I, énd I, are the
intensities of the constituent beams. Thus the coefficient

for the cross term is again 2.
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The preceding argument is simply a'statement of the
fact that a beam of light consiéts/of photons. 1Its prop-
erties cannot be described solely in terms of wave theory.
'Mhthematically, this argumént takes the following form:

Use of the vector pofential A as the photoelectron creating
operator is not appropriate; it is the positive frequency
part.A+ which must be used on the (radiation field) wave
function. This poiﬁt has been discussed by Glauber.26
However, since the correlation functions considered
previousiy are fbrmulated in terms of quantized field
theory, they give the correct result. It is to be noted
that the full field theoretical approach is not necessary
for a calculation of the matrix elements, since in that
case, attention is not focused on the photon: If omne
beam is present, the transition amplitude is simply pro-
portional to the intensity of that beam. Similarly, when
there are two beams of different frequencies present, no
confusion arises in the semiclassical treatment.

A similar problem is seen to arise in the simple
treatment of ordinary single quantum photomixing126’25’129
if the two incident beams have precisely the same frequency,
and enter perfectly parallel to each other and perpendicular
to the photosurface. Considering a unity efficiency single
quantum detector, energy would appear nof to be conserved.
Again, 1if thére isva small frequeﬁcy difference between the

beams, no problem arises.
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C. Higher Order Correlétion Functions: Chaotic Source

1. Description of a double guantum'self-integfating Hanbury
Brown-Twiss type experiment .

In the last section, a discussion of the double quantum
counting rate was given for the casé of the laser field, where
g =8y = l; For a thermal source, this condition is not sat-
isfied. Since the second order correlation function (fof a

source with first order coherence) obeys the following rela-

tion28

G(Z)(xixjxjxi) = gz[G(l)(xixi)][G(l)(xjxj)] s

(5-15)

- -

the average counting rate, which is proportional to 7(2),

- must be multiplied by g9 - Thus, for a time delay between

the beams which is short compared to the coherence time,

the double quantum photocurrent is given by

2 o 2 2
> c[I1 +21112+12 ]

iT(Z) = gyc<I;+I,> (5-16)

Here, ¢ is the same constant used in Eq. (5-9). This current
is seen to be g, times as large as that obtained when the
excitation source is a single mode laser (compare Eq. (5.9)).*
This increase in current arises from the bunching of photons

(photon correlations) in the radiation from the thermal

*
An analogous enhancement in other two quantum effects is
also expected.
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source: The probability for the simultaneous arrival of
two photons is greater than if no bunching were present
(as for the laser source).

' When the time deiay between the beams is greater than
the ééherence time of the radiation, however, there is no
correlation betweenra photon from one beam and a photon
from the other beam. The counting rate for such a process,
ﬁhiph is given by terms of the form G(z)(xoxlxlxo); then

factors into the product
¢®) (xxyxyx) = 168D (x x ) 116D (xyxp) 1, (5-17)

indicating that no excess coincidences occur. At a given
X, correlations between photons from the same beam still
remain, of course. Therefore, for large path length

differences between the beams, 7(2) is given by
7(2) = gz[G(l)(xoxo)]z"'gz[G(l) (xlxl)]z +

216D (x x ) 1161 (x;x7) ]

(5-18)

For the special case of chaotic fields (including
thermal radiation), g9 = 2, and the two quantum photo-

counting rate iT(Z) is
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Again, this current is higher than that fqQr the single mode
laser (see Eq. (5-9)). Here, however, it is seen that the
cross term no longer has a coefficient of 2 (relative to the

2 2y, Physically, this

coefficients of the terms I, énd I,
corresponds to the enhancement of the single beam counting
rates [G(Z)(xoxoxoxo) and G(z)(xlxlxlxl)], arising from the
tendency of these photons to arrive in correlated pairs.
Since the beam“delay is greater than the coherence time of
the radiation, however, there is no correlation between the
arrival time of a photon from one beam and the arrival time
of a photon from the other. (Just as there is none with
laser radiation.) Thus, the double quantum current arising
from thé absorption of 1 photon from each beam is the same
for this case and for the laser: It is equal to c(ZIlIZ).
The expressions for the double quantum photocurrent

arising from a thermal source are summarized:
- (2) _ 2 2 -
ig = 2<:[I1 +21,1,+1, ] Tg < Tg (5-20)

and

C(2) _ ooy 2 2 )
ig 2¢[I7+I,I,+1,7]. Ts > Te (5 21)

Here T, represents the delay time between the beams, and T,

is the coherence time of the radiation. The (relative)

accidental coincidence‘rate is obtained from the cross term
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in the equation for Té > Tas it is unity. The (relative)
observed coincidgnce rate for delay times short compared
with the coherence time is obtained from the cross term in
the equation for Tg < Tes and is equal to 2. A m;ésure of
the.difference between the observed and accidental coin-
cidence rates is therefore —I— 1l = 52-1 This factor,
g2-1, was also obtained by Titulaer and Glauber28 for the
Hanbury Brown-Twiss experiment with small detecter separa-
tion compared to the therence length, and small delay
time compared to the coherence time. For the limiting‘case
of very small resolving time of the coincidence counter,

Hanbury Brown and Twiss134

also found this result.

The double quantum detector, illuminated by two beams
which are superimposed (but have a time delay between them)
is therefore seen to behave 1ike.a self-integrating Hanbury
Brown-Twiss apparatus. For the two photoh éxperiment, it
is the relative magnitude of the cross term which reflects
the correlations.* The extremely short resolving time of

"15_10'14

the double quantum detector (~ 10 sec which is

the "lifetime" of an intermediate state in the two phdton

* For this experiment, it would appear that the superposition

of the beams insures spatial coherence at each point;
therefore the partial coherence factor A and the corre-

lation factor'"z(d) (see reference 31 , section 2) should
not result in a reduction of the excess coincidence
counting rate.
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absorption) results in this relatively large excess coin-
cidence counting f;te. Of course, only time delay type
photon correlation expériments may be perfotmed with this
apparatus.

Nevertheless, an experimental test of these predictions
could ﬁot be made for the following reasons: (a) The
power oﬁtput of the laser operating below threshold is
quite low. Since the double quantum current depends on
the square of the laser powef, it is difficult to observe
at these low levels§ and (b) The double quantum current
also depends inversely on the illuminated area. Therefore,
the laser beam must be focused to a very small (almost
diffraction limited) size in order to obtain observable
currents. The small spot size makes complete superposition
of the spots very difficult, as observed earlier. This
results in a large loss of accuracy in comparing results

~ for different values of 5.

2. Method of measurement for fourth order correlation

function

With few exceptions,135

most photon correlation experi-
ments have been concerned with the measurement of a second
order correlation function. As a particular use of the
double quantum effect, the following experiment is proposed.
It could furnish information about the fourth order corre-

lation function, but would probably be quite difficult to do.

|

v
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Consider a Hanbury Brown-Twiss type experim.ent136

employing two double quantum detectors rather than two
single quantum detectors.* The appropriate fourth order
correlation function describing the coincidence experiment
would be of the following form:
G(a)(xoxoxlxlxlxlxoxo) - tr‘{pE'(xo)Ef(xo)E-(xl)E-(xl)
E* (e VEN (e EY (x )E (2 )]
(5-22)

There are 8 field operators corresponding to the absorption

of 4 photons. For a source with first order coherence,

this separates into the product28

G(4)(xoxox1x1x1x1xoxo) = g4G(1)(xoxo)G(l)(xoxo)G(l)(xlxl)
G(l)(xlxl) .
(5-23)
In this case, thé following relétion is also satisfied
c(z)(gjxjxjxj) =‘g2G(1)(xjxj)c(1)(xjxj)

(5-24)
so that

g
G(A)(xoxoxlxlxlxlxoxo) = —;f;z [G(z)(xoxoxoxo)]
:[G(z)(xlxlxlxl)]

(5-25)

*
(see next page)
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Now G(z)(x X X X ) is proportional to the double quantum
counting rate at detector A and G( )(xlxlxlxl) is propor-
tional to the double quantum counting rate at detector B,
8o thetvthe fourth order correlation function has been
expreSSed in terms of two double quantum counting rates.
For thermal sources, Glauber has shown27 that 8, = n',
Therefore, gy = 2 and g, = 24. For a photon coincidence
counting experiment such as that described above, with
small detector separation compared to the coherence length
of the field, and with a short time delay compared to the
coherence time, the number (?E-;z - 1) furnishes a measure
of the difference between the gbserved and the accidental
coincidence rates. This is in analogy with the case for
the’ordinary Hanbury Brown-Twiss experiment where this
number is gz-i. The number (zgg;z - 1) is positive for
fields with positive definite P2functions28 (of which
chaotic thermal sources are a special example), indicating

that the excess coincidence counting rates are positive,

as will now be demonstrated for the special example of the

thermal source.

Apertures should be used before the focusing 1enies to
insure spatial coherence over the focused spot.3

** These fields are characterized by the fact that their
density operator possesses a positive definite weight
function :p({a in the representation.which is diagonal
in the eigenséates of -‘the annihilation operators. Fields
of this nature have well defined classical analogs.
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Inserting the values g, = 41 = 24 and g8y = 2! = 2 for
thermal sources, the excess counting rate becomes

YA

——2—'1=5 : (5-26)
(82)

Therefore, the coincidence rate for small separations exceeds
the accidental coincidehce rate by a féctor of 5, while for
the ordinary Haﬁbury Brown-Twiss experiment, for small
separations, they are equal.* 1In this case, the peaking of
the coincidence rates should therefore be quite pronounced.
For radiation fields with positive definite P-functions,

th

first and second order coherence implies n order coherence.

Assuming the laser field to satisfy these properties, it is

g ,
clear that (-—&—2 - 1) = 0 showing that no excess coinci-

(82)
dences would be observed if the incident radiation were

obtained from a laser operating above threshold.
Performing such an experiment couldrprovide information
both about the wvalidity of the gaussian weight function in

describing a general chaotic field,27** as well as permit

These statements are valid only when T_ << 7. where 7_ is
the resolving time of the coincidence counter, and T, is

the coherence time of tgi gource. This is not the usual
experimental situation.-?%> :

The chaotic source is presumed to differ from the thermal
source on1¥ in the spectral distributions of their
outputs .13 ,
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the observation of correlation functions for higher than
second order.* Although it is difficult to obtain double
quantum emission from non-laser sources because of their

low intensity, this experiment might be feasible.

D. Excess Noise and Photocounting Statistics

The bunching of photons from a thermal source, as de-
scribed in section C above, results in a deviation of the
photoelectron counting distribution from Poisson, and
leads to the observation of excess noise. The three effects:
coincidence counting, photocounting statistics, and excess
' noise are intimately related, and the connections between
these various manifestations of photon bunchihgnhave been
discussed in detail from both an experimental and a theo-

130,66,25 ;.

retical point of view in the literature.
pafticular, the theoretical relationship between the excess
noise and the photocounting statistics is discussed by

Freed and Haus,130

while the relationship between excess
noise and coincidehce counting is discussed by Armstrong
and Smith.66 A brief discussion of fhese quantities, in
relation £o double duantum photoemission, is giveh below.

Excess noise measurements using a double quantum

detector are of interest because they would ﬁrbvide in-

Information about the third order correlation function
may be obtained by a similar experiment in which only
one of the single quantum detectors in the Hanbury
Brown-Twiss experiment is replaced by a double quantum
detector. For this case, the excess coincidence counting
rate for a thermal source would be(g3/gz)- 1 =2,
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formation about the fourth order correlation functions of
the field. Using the experimental setup shown in the block
diagram of Fig. 14, whichvwas patterned after the setup used
by Armstrong and Smtth,138 an attempt was made to measure
excess laser noise using a double quantum detector. The
experiment was perfofmed by measuring the root-mean-square
noise at the output of the phase sensitive detector, as a
function of the iaser injection level. This attempt was
unsuccessful because the two quantCum current became too
small when the laser was operated close to threshold.
Armstrong and Smith observed quiet operation of their laser
at about 25% above threshold,* and it would therefore be
expected that unless the laser was operating reasonably
close to threshold,-no excess noise would be seen. In the
case of one quantum photoemiséion, many modes operating
simﬁltaneously precludes the observation of excess noise,66
but for a nonlinear effect such as the two quantﬁm effect,

this would probably not be true.119

65 the two

In analogy with the single quantum case,
quantum photocounting statistics may probably be obtained
in terms of the density operator for the field. The siﬁgle

quantum problem has been treated theoretically in great

Their source may not be directly compared with ours,
however, since they used a specially constructed, single
mode laser operating continuously at 10°K.
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detail by Kelley and Kleiner65 and also by M’andel.25 The
photocounting distribution experiment is very useful
because sufficiently accurate measurements of the statistical
distribution of photons detected by a single photomultiplier,
~such as those carried out by Freed and Haus,139* implicitly
provide values for the full set of moments for an radiation
field.28

The assumptions used in a simply derivation of the
single quantum phoéocounting distribution (such as the
assumption of independent photon emissions in successive
time intervals) might be applicable to the case of two
photon photoemission if the short term intensity average31
of the source is replaced by a short term average over the
square of the ihtensity.. Thus, for a coherent state with
a perfectly stable intensity (quiet oscillation), the two
quantum photocounting distribution would also be Poisson.
For a thermal source, on the other hand, the intensity
fluctuations would be accentuated by the nonlinear character
of the double quantum photoelectric effect, so that the
statistics would be expected to depart significantly from
Poisson statistics, much as for the single quantum photo-
electron distribution for the Gaussian-squared amplitude

case treated by Kelley and Kleiner.%>

¥ Freed and Hausl_39 have recently observed the predicted
Bose-Einstein probability distribution of photoelectrons
by illuminating the detector with radiation from a laser
operating below threshold.
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