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The characterization of x-ray photocathodes in the 0.1-10-keV photon

energy region

B.L. Henke, J. P. Knauer,® and K. Premaratne
University of Hawaii, Horolulu, Hawaif 96322

{Received 25 September 1980, accepted for publication 2 December 1980)

A method and an instrument are described for the measurement of the absolute quantum yield for
front-surface and transmission photocathades in the 0.1-10-keV photon energy region. The toral
and the seeondary electron photoemission yields have been measured forthe Al Au, Cul, and Cs]
photocathodes as required for the absolute calibration of the x-ray diode detectors and for the x-
ray streak cameras. The relative secondary electron yields have also been measured for the same
) photocathodes by high resolution electron Spectroscopy of the secondary electron energy

Ir distributions, which are in good agreement with the absolute yield measurements. The secondary
' electron yield of CsI is ten to one-hundred times higher than that for Au in the 0.1~10-keV region
and with 2 secondary energy distribution that is appreciably sharper, For these reasons; Cs]

iy should be an effective phatocathode for sensitive, time-resolved spectroscopy into the picosecond
region. It is verified experimentally that the secondary electron quantum yield varjes

H approximately as Eu(E ), with £ as the photon energy and z(E ) as the photoionization cross

section, and that the primary (fast) electron quantum yield is a srmall fraction of the total vield and
varies approximately as £ *u(E ). A simple model for x-ray photoemission is described which leads
to semiemnpirieal equations for front- and back-surface secondary electron photoemission as based
upon an escape depth parameter that maybe obtained from yield-versus-photocathode thickness
data. The model predictions are in good agreement with experiment.

PACS numbers; 79.60.Ca, 79.60.Eq, 72.10. —d

L INTROCDUCTION

Time-resolved x-ray spectroscopy has become of con-
siderable importance in the temperature density composi-
tion diagnostics of high-temperature plasmas involved in
controlled thermonuclear fusion studies which utilize laser,
particle beam, or magnetic compression-confinement pro-

the typieal streak camera. In Fig. 2 the difference in the arri-
val time at the output end of the streak camera is givenasa
function of the energy width A of the secondary electron
energy distribution, the extraction field e,, and of the geome-
try of the camera. In addition to the absolute yield-versus-
‘photon energy and the shape of the secondary electron dis-

duction. The time duration of the associated x-ray emission ~ tHDUtion curves, other mmportant charat::l:elr}stlcs‘ofth_e?:-ray il
: ranges from picoseconds to seconds. Time-resolved x-ray photocathode are irs stability, reproducibility, simplicity of .
¢ Spectroscopy is also important in the development of super.  SPeciral response, and the linearity of its time response. De-

radiant, pulsed x-ray sources, their application to studies of
the radiation effects of x-ray bursts upon materials, and the
%-ray analysis of atormic, molecular, and solid-state time re-
solved processes into the picosecond region.

The electron currents that are emitted by photocath-
odes under x-ray excitation can be a very effective basis for

time resolved spectroscopic measurement using x-ray diode i I%
or streak camera detection. ™S In the latter, an X-TaY spec- . by
trum can be established along a slit-defined transmission B

photocathode of the streak camera by using focussing filter-
total-reflection monochromator, crystal/multilayer arrays,

or nonfocussing, Bragg reflecting crystal/multilayer analyz-
er systems. ' ‘

In time-resolved x-ray spectroscopy, the ultimate limit

scribed here it a methad and an instrument for the measure-
ment of the absolute total and secondary electron yields
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on the achievable time resolution is the quantum conversion { PRIMARIES ,_%}‘
efficicncy of the photocathode (which determines signal stat- , ! , . g
istics) and the energy spread of the emitted electrons as is o Eg lev) — 90 1060 gy

noted in Fig. { (which determines the time resolution). The
relatively small fraction of fast slectrons that i§ photoemit-
ted is effectively blocked by the electron optical apertures of

"Present address: Lackhesd, LMSC Balg Alto Research Laboratory, Org,
32-11, Building 203, 3251 Hanover §tr:r_t, Falo Alto, California 94304,
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FIG. 1. In the 0.1-10-keV photon ensrgy region the Targer fraction of the
clectrons that are ewmiitted are the secondary sleetrons, typieally as s narrow
distribution below 10 eV. The higher energy, fast electran photocmission
consists of relatively sharp elastically seattered photeclectrons and Auger
electzon “lines™ along with 2 much larger nimber of inclastically scatvared
electrons in their low-energy tail region.
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odes) has been accomodated in order to allow precise relative
measurement, for example, of a series of different photocath.
ode materials, or of different photocathode thicknesses.

A eylindrical “grid” technique has been developed for
the retarding of the secondary electron emissiofl current in
the determination of the primary or fast electron compo-
nents. This cylindrical grid system is so designed that no
direct x-radiation can reach surfaces that can contribute
background emission currents which might return to the
photocathode when it is at a relatively positive, retarding
potential. High transparency mesh surfaces are placed in
front of surfaces which are at appeciably higher positive po-
tential, thereby trapping the large angle photoemitted elec-

GRID-ELECTRON LENS
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i v y trons which might otherwise excite secondary electron back-
ert r=337 & {1 + %-(% —z)(?e?) LI } PICOSECONDS ground. This eylindrical grid method for separating the
i e secondary from the total photoemission current is illustrated

X
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— SECONDARY ELECTRON ENERGY SPREAD N eV - ol
a NDARY & o E * as applied to both front-surface and transraission photocath-

ode eharacterizations in Figs. 4, 5, 6, and 7. As illustrated
here, detailed equipotential maps of the aceelerating and re-

o= EXTRAGTION FIELD, Yp/S IN &V/mm

FIG, 2. Schematic of an x-ray streak camera for time-resolved x-ray spec-
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trascopy. Lis ultimate time reselution is derermined by the difference in
arrival time T at the curput end of the camera asseciatad with the energy
width A of the secondary electron distribution emitted from the transmis-
sion photesathede. For a secondary electron energy spread of 2eV and an
extraction field &, of 5 kV/mm, the time rasolution 1 is approximately 1 ps.

{The fast electron photoemission is csseatially blocked elestron optically in

the streak camera.)

(electrons emitted per normally incident photon) for both
front-surface and transmission photocathodes in the 0.1-10-
keV photon energy region and the application t6 the charae-
terization of photocathode materials of current practical im-
portance such as gold and eesium iodide. In addition to the
measurements of the total electron emission in the secondary
and primary electron components, high-resolution electron
spectroscopic measurements of the secondary electron ener-
gy distributions for these photocathodes are also presented.
A, simple model for the quantum yield of x-ray photoemis-
sion is outlined here that in¢ludes the effact of photocathode
thickness upon the front- and back-surface emissions.

Il. THE. MEASUREMENT OF X-RAY PHOTOEMISSION

The facility that has been developed for making abso-
lute yield measurements in the photon energy region of 0.1~
10 keV is shown in Fig. 3. Six filtered fluorescent sources of
essentially monochromatie characteristic x radiations may
be excited by a closely coupled, 2—4 kW demountable x-ray
source of strong characteristic line radiation of photon ener-
gy just above that of the fluorescent line being used.” The
photacathodes are also brought in as closely as possible to
the fluorescent source in order to maximize the photoemis-
sion currants to be measured. The absolute x-ray flux per
stearadian at the same take-off angle from a 3-cm fluorescent
source disk is measured by a calibrated flow proportional
counter at the end of an exténded vacnum path and with an
accurately defined pinhole aperture (to limit the counting
rates to less than ~ 5000 ¢/s for negligible coincidence loss).

An eight-position, front-surface photocathode Teflon
sample holder (four positions for transmission photocath-

1510 J. Appl. Phys. Vel 52, No. 3, March 1961

tarding fields have been compared along with photoemitted
electron ray traces® in order to determine the potential “hill”
characteristics of the cylindrical grids.

The filter-window material on the proportional counter
aperture is identical ta that on the entrance aperture to the
photocathode section 5o that their transmissions cancel in
the absolute yield measurements. By using a similar material
on the back, substrate surface of the transmission photocath-
ades, the back-surface photoemission current is effectively
cancelled by that from the adjacent entrance window surface
(0.8-cm separation) thereby improving the measurement
statistics in the difference measurements.

MONGCHROMATIC FLUORESCENT
RADIATORI

SMALL APERTURE. CALIBRATED
R ED AACUM PATH

|S0LATED PHOTOEATHODES AND CXTENGED VASLUM

CYLINDRICAL GRID SYSTEM

2-4 KLOWATT
*-RAY SOURCE

PRHOTON CQUNTER FOR
, SAMPLE TRANSMISSION
MEASUREMENT

ELECTROMETER

FI¢5. 3. Instrument for the relative and absoluts measurement of the quan-
turm yiclds for front-surface and transmission photocathodes in the 0. [-10-
keV photon energy region. Charreteristic fluorescent line sources ace 8-
cited by & closely coupled x-ray souree of strong line radiation of photon
enecgy just abave that of the fluorescent lines, The fluorescent fine intensi-
tieg are measured by a calibrated proportional counter which views the
source at the same take-off angle as does the photacathode. The filter mate-
ral between the souree and the photecathode is identical to that an the
proportional gounter aperturs. The monochromaricity of the Auorescent
sources under similar excitation and filtering arc evaluared speetroscopical-
ly and are monitored by a multichannel pulse height analyzer during the
measurements. The electrometer current output is converted propartional-
ly to a frequency from 0 to 25 kHz for rapid and precise digital signal
averaging.
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(20% TRANSMISSION)

MO.692 P.3

FIG. 4. Cylindrical grid geomerry
for front-surface photoemission
measurement. {llustrating the re-
tarding field, potential hill charac-
teristics and electron ray traces for
the measurement of the fast electron
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photoemission component,

POTENTIAL ALONG
GRID-ANODE AXIS

1250 l

The x-radiation that passes through the side-window
proportional counter is limited by the entrance pinhole win-
dow to a narrow beam that Just misses the central anode wire
and, if not absorbed, proceeds through an exit hole in the
opposite side and into a positive potential electron trap re-
gion. The effective absorption path between the two aper-
tures 1s 3.51 cm, The anode wire diamerer i3 50 4. When
possible, the photon absorption efficiency is set between 85

THICK PHOTOCATHODE

'GRID' ANODE
0+8D  +250

Q=125

L~

4.-.\\&

.

SOURCE

FLUORESCENT

and 95% for a given photon energy by the choice of the
counter gas and its pressure, This “pressure tuning” mini-
mizes ionization charge loss at the entranes window and
photon logs through the exit aperture and provides mini-
mum-width pulse height distributions.” A multichannel
pulse height analyzer is used to monirar the output pulses of
the proportional counter in order to verify that a given fiu-
orescent line source is optimally excited and filtered for

FIG. 5. Touwl yield measuremeans of
front-surface phatoemission.
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av=3 /7 Avr289 FIG. &, Cylindrical grid geometry for back sur-
face photoemission measurerent. Ilustrating
28 LINES/cm MESH 3 ry 5 % e the retarding field, potential hill characteristics
(90% TRANSMISSION) I e and electron ray traces for the measurement of
the fast electron photoemission component.
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RiD-ANQDE AXIS
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minimum background x-radiation.

In Table I are presented a list of the fluorescent line
sources that were employed in the measurements that are
reported here along with a description of the excitation, fil-
tering, and flow proportional counter parameters that were
chosen to obtain the calibrated photon excitation to the
photocathodes.

The photocathade materials were vacuuni evaporated
upon chromium-coated microscope slide substrates and
were mounted upon a rotatable, insulating Tefion strueture.
The vibrating reed preamplifier head of a Carey 401 Elee-
trometer was connected through a rigid coaxial section to a
low-loss feedthrough and to a spring contact upon a polished
button which fastens each photocathode to the holder. Typi-

'GRID'
+60

¢al measurament current levels for these studies were be-
tween 10~ 12 and 10~ % A. A mechanieal shutter for the x-
ray bearn was provided between the source and the photo-
cathode to permit 2 determination of the effective back-
ground current (~ 1077 A).

For rapid and convenient signal averaging, the elec-
trométer output current was converted by a variable fre-
quency oscillator circuit (IC-Raytheon 4151) to a frequency
that is precisely proportional to the current and in the 0-23-
kHz region. The quantum yield (as the charge collected per
photon incident upon the photocathode) is measured by
counting the number of cycles within a time interval that is
determined by that required to collect 2 set number of pho-
tons at the proportional counter (typically 10 000 counts).

-
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TABLE L. Parameters for the calibrated fuorescent line excitation sources.
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i g Fluoreseent  Exeiting Filter Filter Proportiona] countar
{A) [(3%] soures soures Filter thickness transmission
(%) Gag Pressure Efficiéney (95}
179 T4E9 Ni-Ka Cu-K Ni 124 47 L (] 760 53
1.94 6397 Fe-Ka Cu-K Ni e ¥73 38 P-10 760 69
2.29 5411 Cr-Ke Cu-K Ni 124 20 P10 760 84
416 2981 Ap-Lea CrK Ag 05u 77 B-10 760 85
341 2292 Mo-Le CrK Ag 05u 59 P-10 760 85
7.13 1739 Si-Ke Cr-K Ag 0.5 a5 P-10 760 93
8.34 1486 ALKz Cr-K, Ag 05u 22 F-10 760 100
9.89 1254 Mp-Ka Al-K Mg - 6.6 1 57 Propane 200 BO
13.3 930 Cu-Lar Al-K MG 6.6 1 i Propane 200 94
14.6 852 Ni-La Al-K Mg 6.6 1 20 Propane 200 99
17.6 705 Fela Ni.L Fe 0.6z 36 Propane 73 93
18.3 677 F-Ka Ni-L Fe 0.6 33 Fropane 75 9§
23.6 525 O-Ka Ni-L Formvar Ppgfem® 66 Propane 50 99
6 392 N-Ke CuL, O-K* Formvar 52up/cm® 43 Propanc 50 100
447 277 CKe Cu-L, O-K* Formvar S2pe/em? 84 Propane 100 B2
64.4 193 Mo-M¢& CK Formvar 5 pg/em? 65 Propane 50 g8
82.1 151 Zr-M¢g CK Formvar S2pg/em? 46 Prépane 50 98
114 109 Be-Ka C-K Formvar 52 pgfem* 20 Prapane 50 100
“Oxidized copper anade.

. EXPERIMENTAL RESULTS
A, Front-surface photoemission—thick photocathodes

For x-ray diode detectors, effective front-surf'gcc emis-
sion photocathodes have been aluminum, gold, the semicon-
ductor copper iodide, and the insulator cesium jodide. These
have been included in this study. The materials, vacuum
evaporated as thick photocathade systems upon ¢hromium-
coated microscope slide substrates, were handled in a dry-
nitrogen atmosphere outside the vacuum systems. The total
yields and the fast, primary electron yields (steondary ele-
trons retarded by a — 50-V potential “hill”) were measured
for eighteen photon energies in the 0.1- to 10-keV region.
The total yield data are presented in Figs. 8,9, 10, and 11, In
Fig. 12 are presented the associated curves for the measured
ratios of the primary yield (fast electron component) to the
total yield, ¥, /¥ .. From these data it may be noted that the
dominant photoemission current is that of the secondary
electrons, and that for the severa) photocathodes charaeter-
ized here, the primary yield are very similar and the insula-
tor and semiconductor photocathodes, CsI and Cul, have
considerably higher secondary electron yields than do the
metal photocathodes Al and Au. ,

It is of interest to compare here the secondary eleciron
energy distributions for these same photocathodes. To mea-
sure these, the photacathodes were transfarred to an electron
spectrograph and analyzed with at about 0.01-eV resolution
a5 has been described previgusly.®!° Presented in Figs. 13 -
and 14 are spectra for the four photocathodes as photoexcit-
ed by C-Ker (227 eV) and Cu—Kez (8080 &V), The peak inten.
sities of the distributions are given relative to that for the
gold photocathode. Also noted here are the peak positions
Exp and the full width at half maximum A for each secon-
dary electron energy distribution.

"
1513 J. Appl. Phys,, Vol. 52, No. 3, March 1981 !

Itisimportant to note that, as is illustrated here, there is
no significant change in the shape of the secondary electron
energy distributions for a given photocathode'in the 0.1-10-
keV excitation region. It is also of considerable practieal im-
portance that the Cul and CsI photocathodes do have the
Narrow secondary electron energy distributions and high
quantum efficiency that is required for sensitive time-re-
solved spectroscopy in the picosecond range'! (see Fig. 2).

By measuring the area under the secondary electron
energy distribution curves, as thage bresentedin Fips. 13 and
14, we have obtained the relative secondary electron yields
for photocathodes as excited and analyzed under identical
conditions. In Table I1 are presented the secondary electron

0.1 \\ ) 107
\\ \\
1.‘- '\
~ N AN N
h 1.I\. 1 \ A \
Y A LI Ep(E)
T T
T NI TS N\ (Al203)
W y | WY &
0 . — 10
\‘; B LY
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100 1 Q000

PHOTON ENERGY (&V) —

FIG. 8. Front-surface, total quantum yicld for a 1400-A evaporated alumi-
num photocathode. (Cempared to Ex(E) for ALD, ]
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* TABLE I Y(GsI)/ ¥y{Auj for thick photoeathode secondary clectron

yields, Relative Yislds—¥,{CsI)/ Y, [Au).

Photon From ' From secondary

energy absolute electron energy

(eV) yield distributions
277 11 10

1487 L 42

8080 34 34

B, Back-surface photoemission—transmission
phatocathodes

Gold and cesium iodide transmission photocathodes
are currently being applied in x-ray streak cameras for time-
resolved spectroscopy into the picosecond range.!! We have
presented the back-surface secondary electron emission

yield-versus-phaton energy data for the 0.1-10-keV region

for these photocathodes in Figs. 16 and 17. The transmission
photocathode films were of about 250- and 1000-A thick-
ness, respectively, and were vacuum evaporated upon car-
bon foil substrates of about 30 ug per cm® mass thickness.
The x-ray transmissions of the substrate carbon foils were
measured and these values were used to obtain the secondary
electron yield per normally ineident photon as transmitted
to the front surface of the photocathode film. Carbon fail
substrates were chosen because these have good mechanical
strength, low attenuation for the low-energy x-rays, and are
conducting. Because of the very low photoemission effisien-
ey of the carbon substrates, it is expected that these yield
data are essentjally independent of the substrate contribu-
tion and would be the same for the equivalent self-support-
ing film system. .

In Figs. 18 and 19 are presented the back-surface yield-
versus-photocathode film thickness for the gold and cesium
1odide systems. Because of the very broad maxima charac-

DEFT-PARTICLE PHYSIC B3 9342137
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teristic of the yield-versus-thickness curves for the transmis-
sion photocathodes, we have chosen the thicknesses of 250
and 1000 A as appropriate for the Au and CsI transmission
photocathodes, which allow somewhat greater uniformity
and strength without a serious decrease in yield from an opti-
mum value for the low-energy x-rays.

IV. A SIMPLE MODEL FOR FRONT- AND BACK-
SURFACE X-RAY PHOTOEMISSION YIELDS AND FOR
THE EFFECT OF PHOTOCATHODE THICKNESS:
COMPARISON WITH EXPERIMENTAL RESULTS

In a previous work'® we presented a detailed phenome-
nological model for x-ray photoernission far thick photo-
cathodes. Here we extend this description to include the ef-
feet of photoeathode thickness for the thin metal or insulator
photocathode for which both front- and back-surface phota-
emission are excited by incident x radiation.

We had noted that the x-radiation energy that is depos-
ited within the photocathode is converted through photo-
electric absorption to that of photoelectrons and subsequent-
ly to emitted Auger electrons and fluorescent radiation.
Nearly all of this depasited energy is transformed to that of
primary electrons within the photoeathode except for a
small fraction that is associated with the primaries and fiu-
orescence that escapes through the photocathode surface.
The energy of these internal primaries is initially and com-

pletely transformed to the excitation energy of secondary
electrons (mostly by promoting valence-band electrons to
the conduction band and by the deexcitation of excited plas-
mons). Heurdstically we can relate the numnber of secondaries
N that are excited within a unit photocathode area of effec-
tive escape depth A5 in a thick phatocathode to the x-radi-
etion energy deposited by the expression

NEKS =l Eu(E W, (1)

where .E;_'K_s. is the mean energy of the excited secondaries, [, is
the number of photons per unit area normally incident and

GOLD ALUMINUM
1k -, 0.684r o, .
. . " \/
N Exp=1.3 &V t S, Ekp-13 ¢
". - h
: R A =38¢ey . A A =42V
. | '
O —— : 0 e —— FIG. 13. Secondary clectran distri-
10 ry elec energy distri:
0 EK(EV) —_— 10 0 Ex (eV) — butions for Au, Al Cul, and Csi phoro-
i:fuhodm (as measured in Figs. 8-11), Ex-
COPPER 10DIDE CESIUM 10DI0DE cited by C-Kaz (277 V) x radiation,
13r A 28
e~ 0.9 &V
Y A -5 eV
ot ' o '
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of energy E, ;£(E ) is the mass photoionization cross section,
and p is the mass density. Assuming that the nuthber of se-
condaries emitted per ineident photon (the yield, Y5 fora
thick photocathode) is simply proportional to that number
of internally excited secondaries within the escape volume,
we may then predict that

YgmpEu(E s/ Exs. (2)

We have not been able to detect any significant change
in the energy distribution of the emitted secondary electrons
with photon energy in the 0.1-10-keV region as is illustrated
herein Figs. 13 and 14, This implies that the internal energy
distributions are also independent of the x-ray photon ener-
gy and that E; is a constant for a given photocathode mate-
rial. We may therefore predict for the yield of secondary
electrons from a thick photocathode the relation

Yo = KepEp(E g, (3)
Applying the same reasoning for the emission of the
primary electrons, we nate that E ., for the internal distribu-
tion of primaries would be essentially proportional to the
" incident photon energy E, and we obtain from a relation
analogous to Eq. (2),

Ye = Kppp(E A p. )
~ Because A the eseape length for secondaries is inde-
pendent of the photon energy, the secondary electron yield

dependence upon the x-ray photon E should be approxi-
mately as Eu(F ). This is confirmed by a comparison of the
Ep(E ) curves that are presented along with the log-1og plots
of the experimental yield data in Figs. 8-11. (The total yield
plotted in these figures is mostly that of secondary electron
emission.)

An escape depth for the primaries which are emitted
into the sharp, elastically scattered photoelectron and Auger
electron lines (as depicted in Fig. 1) may be a mean free path,
and, for the kilovolt region, may depend upon the ener-
gy*'%!? as approximately £ %5, However the total primary

o
1516 J. Appl. Phys., Val. 52, N, 3, March 1981

yield that is measured here, ¥, is mostly that of the fast
electrons which have suffered many inelastie collisions be-
fore escaping (into the low-energy tails of the line spectra as
illustrated in Fig. 1) and for these, the effective escape depth
A p is more aceurately described as a practical range. Its ener-
gy dependence, therefore, might be abtained for the kilovalt
region by a logarithmic extrapolation of the Bethe-Blach
continuous-slowing-down-approximation range given in the
tables of Pages et al. as approximately the relation A,
(CSPA) = R E L7, 15 We may thus predict then since the
primary energies should inerease as the photon energy, the
primary yield ¥, depends upon photon energy as approxi-
mately E “u(E ). It then follows from Egs. (3) and (4) that the
ratio ¥/ ¥, should depend upon the x-ray photon energy in
the kilavalt region as approximately £%°. This dependence
is suggested by the experimental data for ¥,./Y, presented
in Fig. 12 (Yp/¥p = ¥Yp/{¥5 + Yp)= Yr/Ys, for Yz 4¥ec)

|

\—-—'-anfm = tanh (1/2Ag)

Agn 250 A

RELATIVE YIELD ————

[~

0 ] 1000 2000 3000

o) ——

FIG. 15. Front-surface secondary electron yield far CsE vs photocathode
film thickness and fiv according 10 a yield equation predicted by the x-ray
photemission model presented here. (The Csl was cvaperated upon a chro-
miuen substrate of relatively very low photoemission efficiency.)
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In the detailed analysis of secondary electron photo-
emission that is presented in Ref. 10 are predicted this pho-
ton energy dependence through the factor Eu(E ) and also the
secondary electron energy distributions for photoemission
from metals, semiconductors, and ingulators for thick photo-
cathodes. As in Kane's secondary ¢lectron transport mod-
el,'® we have assumed in this analysis that an electron-elec-
tron collision will drop the energy of a random-walking
secondary electron to below the vacuum level and hence
climinate it from the group of eleetrons that may escape from
the photocathode surface. Following Kane's notation, we
define the linear scattering cross section (inverse mean free
path) for electron-electron collisions as 5. The electron-
phonon collision cross section is defined as ¢ for which the
associated energy loss per collision is very small. For a given
photocathaode, g and b are assitmed to be constants. In Ref,
10, we have used Kane's transport model t6 predict an iso-
tropie distribution of secondaries just inside the photacath-
ode surface and have then applied the usual escape cone inte-
gral over all the secondary energies to determine the
secondary electrén energy distribution and yicld as emitted
from the photocathode surface. In this model we neglected
any enhancement of the secondary emission resulting from a
reflection of those secondaries that are outside the escape
cone (into the photocathode and possibly “wandering” back
by a random walk to the surface and escaping). For metals,
any reflecting secondaries would most likely suffer an elec-
tron-electron collision (b3} in order to return and would
thereby be dropped to below the vacuum level, For insula-
tors, for which electron-electron collisions are unlikely
{b<4a), it is suggested in Ref. 10 that the internal reflection of
secondaries may eontribute to 2 small enhancement of pho-
toemuission. This enhancement factor, however, is indepen-
dent of photon energy and thus is essentially constant for a
given photocathode.

As outlined in the Appendix, we have applied a similar.
-analysis for the ¢ase of thin photocathodes for which hoth

front- and back-surface photoemission is invaolved as illus-
trated in Fig. 20. We have simply placed a limit of f for the

/| | “q
100 1000 10,000
PHOTON ENERGY (&V) —=

Q1

FIG. 16, Backssurface secondary eleetron quantum yield for a 230-A Au
transmission photocathode.
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FIG. 17. Back-surface secondary electron quantum yield for a 1020-A, Csi
transmission photocathode,

thickness of the photocathode instead of infinity as in Kane's
original analysis for a semi-infinite photocathode and as has
been done by Pong ct al.'” for a finite photocathode, We
neglect any contributions to the yield from the front- or
back-surface reflections because it can be shown that such
are significant only if the photacathode thickness ap-
proaches a value equal to the escape length A.. As will be
shown in the following, a practical thickness for the x-ray
photocathode will be several times greater thap this escape
length value, In addition to our considering enchancement
of emission resniting from intemal reflections to be small
and constant, we have also considered the mean attenuation
length for the photons within the photocathode, (up) =", to
be very large a3 compared with the mean free paths 5 ~' and
a . :

This simple extension of our x-ray photoemission mod-
el results in the following relations for the secondary electron
emission yields for the front and back surfaces Yrand ¥, asa
funetion of the photocathode thickness : front surface,

¥, = KoE (E]( d )(1""3_“) (5)
A dned ulu +e)\1+ 8>/
10 T * T
[] _‘-‘-:L-::--‘_ \
L i, S P

n
|

f HAT
I =,

R
l // FIT TQ = Yyu gl (/M1 g7 (1/25)) B el

f L | |
] =] 200 00 350
+(4)

2297 ey

Ll

FIG, 18, Back-surface secondary electron yield for Au-vs-transmission
photocathods flm thickness and fit according to a yield equation predicated
by the x-ray photoemission model presented here,
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back surface,

Yo =KoEulE }(u(u —:P;))( 11—:53;‘"‘.")' ©

Here, as functions of the linear cross sections for electron-
phonon and eleetron-electron scattering, a and 4, we have
introduced the parameters:

c=(a+b)
u=(c®=ae)? =

(6% ab e,
§ == (c — u)/c -+ u).

K is a material constant which depends upon the elec-
tronic constants of the photocathode material as the band-
gap energy E. and the electron aflinity E, for insulators,
and upon the Fermi epergy Ef and the wark function W for
metals (as discussed in Ref. 10).

As shown in Kane's one-dimensional random-walk
analysis for secondary electron transport to the surface, 4~
is the escape length for a photocathode of infinite thickness
and defined here as an average escape length, ¢ measured
normal to the surface. (The mean free paths for electron-
phonon and electron-electron seattering, 2~ ' and & ', as
adopted here from Kane's one-dimensional random-walk
analysis, are the averages of the projections along the direc-
tion normal to the photoeathode surface of the actual three-
dimensional random-walk scattering path segments. These
one-dimensional mean free paths have been shown by exact
three dimensional random-walk analyses to be approximate-
ly one-half the magnitude of the corresponding acrual mean
free paths,'?)

For insulators, b4a, and therefore u = (ab )”2 and §=1.
Defining an escape length A5 as equal to (¢ )~ /2 for insula-
tors, we obtain from Eqs. (5) and (6)

Y = KpEu(E A5 tanh(r /215) (7)
and
Y, = KpEu(E)e ™ "1, tanh(t /24, 8)

For metals, b»a,and therefore e22b, uzb, and §=0,
Defining an escape length A5 for metals to be equal to b ™,
we may obtain from Egs. (5) and (6)

10 r .
i ——
— 2292 av
v P
| HAF
525 av
Wi /S
a b ——— ]
- - ——— | .
// ﬂ/’,_...—"' ‘-—-—.._____' 193 av
. FIT TO--¥y» o ™ *Staoh(r/2ag)
ol ] | |
4] 4 800 1200 1600 2000

ta)l—

FIG. 19. Back-surface secondary electron yield far Csl-vs-transmitsion
photacathade thickness and fit aceording to a yield equation predicted by
the x-ray photoemission maodel presenced here.
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NO.699  F.9
INCIDENT X-RAY BEAM
FRONT SURFACE
§ SECONDARY EMISSION

¢ ///

PRIMAR[ES

N\ BACK SURFACE
SECONDARY EMISSION

Yp
FIG. 20 Fronts and backssurface emission geometry for the transmission
photocathode.

Y, =K pEu(EWs(l —e ™" 9)
and
Y, =K 'pEp(ERse” {1 ~e™ "), (10)

Here A, is the x-ray attenuation length, (up)™'

In Fig. 15'is shown a fit of Eq. (7) to the experimenta]
data of yield-versus-thickness for the insulator, cesium io-
dide on a chromium-coated substrate. Beacuse the trend of
the experimental data is to pags through the arigin and be-
canse the yield at 277 eV for chromium is very small as com-
pared with that of CsI (about 3%), it is suggested that the
substrate contributes a relatively small effect upon these
yield data. The best fit parameter A5 equal to 250 .&, 15 1n
good agreement with the measurements of the escape length
for seaondary eleetrons ermtted from Csl crystals and films
by Iyesaar et al.'® of 215 A

By maximizing the transmission photocathode yield Y,
as given in Eqgs. (8) and (10}, we obtain the fallowing expres-
sions for the optimum thickness of insulator and metal
photocathodes:
for insulators,

Fope = Ag8inh ™ (A /4g),
for metals,
t, =14 zls lﬂ(ixffls) (12)

(11)

For the insulator, cesium iodide (choosing 45 equal to |

250 A with photon energies of 193, 525, and 2292 eV, the x-
ray attenuation lengths are 3620, 5290, and 13 470 A, re-
speetively, and the corresponding values for the aptimum

- thicknesses are 840, 940, and 1170 A, respectively. For the
gold photocathode (choosing A5 equal to 40 A'%*%) with the
same photon energies of 193, 525, and 2292 eV, the x-ray
atteniuation lengths are 397, 440, and 1409 A, respectively,
and the corresponding values for the optimum thicknesses
are 92, 96, and 142 A, respectively. These values are well
within the experimental precision limits suggested for the
optimum thicknesses by the data'presented in Figs. 18 and
19 to which we have fit the predicted Y, vs ¢ relations given
in Egs. (7) and (10).

V. CONCLUSIONS
The secondary electron quantum yield varies with the
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photonenergy approximately as Eu(E | has been demonstrat-
ed here for the metals, gold, and aluminum, for the semicon-
ductor, copper 1odide, and for the insulator, cesium jodide.
The primary electron yield varies less rapidly with photon
energy and approximately as Eu(E ). [u(E )E " with » typi-
cally between 2.5 and 3.]

The secondary electron yield for CsI is ten to one-hun-
dred times higher than that for Auin the 0.1-10-keV region.
This increased efficiency may be attributed in part to its larg-
er escape depth (250 A as compared to 40 A) and to its low
electron affinity. Tts high quantum yield and relatively nar-
row secondary electron energy distribution suggest that CsI
would be a very effective photocathode for sensitive time-
resolved x-ray spectroscopy into the picosecond region.

A simple mode] for x-ray photoemission has been ex-
tended to include the effect of photoeathade thickness,
which does predict the photon energy dependence for the
secondary and the primary electron quantum yields and the
dependence of front- and back-surface secandary electron
yield upon photocathode thickness. Relatively simple ex-
pressions have been derived and can be used as semiempiri-
cal equations for quantum yield and based upon the param-
eter, A5 (the escape length for the corresponding semi-
infinite photocathode) which may be derermined experimen-
tally from yield-versus-thickness data. The predictions of
this phenomenological model are in goad agresment with
the experimental measurements.
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APPENDIX; SECONDARY ELECTRON EMISSION FROM
A FINITE PHOTOCATHODE: ONE-DIMENSIONAL,
RANDOM-WALK ANALYSIS

Qur derivation of relations (5) and (6) for the front- and
back-surface photoemission from.a finite x-ray photocath-
ode¢ is based upon 2 one-dimensional random-walk analysis
method of Kane'® and upon the following assumptions

(1) The number of emitted secondary electrons is pro-
portional to the number that have transported to the emis-
sion surface by electron-phonon scattering only. Electron-
electron scattering effectively drops the energy of the secon-
daries below that of the vacuum level.

(2) The number of electrons is negligible that have elec-
tron-phonon scattered to the surfaces and then reflest back
into the photocathode volume and manage to random walk
by electron-phonon scattering to these surfaces and to
escape.

(3) The probabilities per unit pathlength normal to the
surfaces for electron-phonon and for electron-¢lectron seat-
tering, 4 and b respectively, are constants (independent of

0
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secondary electron energy).

(4) The mean attenuation length for the x-ray photons,
(@) ™', is very large as compared to the one-dimensional
mean free paths, g~ 'and & =1, for electron-phonon and elec-
tron-electron scattering.

We would like to calenlate first the probability g(x), that
an electron which is excited at a distance x from the front
surface of a photocathode of thickness ¢, will reach the front
surface (at x = 0) by electron-phonon scattering only. This
may be expressed as a sum

glx) = ipn (x), (A1)

ax=(
in which p,, (x) is the probability that the exeited electron will
reach the surface by a random walk of r collisions. This
probability may be expressed in terms of the probability
Pr1(Y) (a path of # — | collisions before reaching the sur-
face) by the following recursive integral

Palx)= -Z—U:P. - '-(J'Jé‘ Ty

+fpn_l(y)e-f”-“dy], (A2)

L
in which we are able to write explicity the probability for the
excited electron to have its first ¢lectron-phonon collision in
the differential dy as

lae ==y foryox
and

jae ==y forys x,
where ¢is the total linear eross section for secondary electron
scattering, @ + b.

In these epxressions the factor of | simply accounts for
the likelihood for the excited electron either to be Initially
heading toward a y position that ig less than or greater than
x. Thus the first integral in Eq. (A2) i$ the contribution to
Pa(x) of all seatterings for which the first collision is in the
volume between x and the front surface, and the second inte-
gra] is that for which the first eollision is in the volume be-
tween x and the back surface. Using the definition for g(x) in
Eq. (A1) we may now rewrite Eq. (A2) as the following
relation:

iﬁm=WPmm
= -g[_fxq( ye=E=Ady 4+ fq( Ye “‘""dy].
Q x (Aal

where p, is the probability that the electron may reach the
front surface without seattering and is given by
Polx) =4 = (Ad)

By differentiating Eg. (A3) twice with respect to x, we obtain
the differential relation

g"(x) — ulg(x) = 0, (A3)
which must have a solution of the farm
qglx) = Ae"™ + Be =", (A6)

Henke, Krauer, and Premaratne 1518
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Here uisequalto(e® — ac)'? = (b* + ab)/*and 4 and Bare
thickness dependent.

We may now obtain 4 and B by substituting Eq. (A6)
into Eq. (A3} (which must yield the same solution for 4 and 8
for all values of x between 0 and ¢ ). For x = 0, we obtain the
probability that an electron which is excited at the surface
will be heading toward the surface and, if not reflected, will
escape, viz.,

g0}=A4+ 8= %U:(Ae"’ 4+ Be~ "”)e“"dy] + L.(A7)

And, similarly, for x = r, we obtain the probability that an
electron which is excited at the opposite surface will reach
the surface at x = 0 and heading toward this surface, viz.,

glt) = de" 4 Be ™™

= %U (de® + Be=")e~ —rldy] e (AB)
]

Complering the integrals in Eqs. (A7) and (A8), we then use
these two equations to solve for 4 and B, obtaining

A= —cb/[(u + e)fe®™ — 5] (A9)
and -

B = e Zul/[(u + C}(e 2ur 52)],
where

§=(c—u)lc+u)

The number of secondaries that are excited at x withina
layer dx and per unit area of photocathode surface, can be
written as the photon intensity J at x, multiplied' by
Eu(E Jodx/E, according to the simplified model description
given above and diseussed in more detail in Ref. 10, [1(E )o1s
the fraction of the photons that are absorbed per unit vol-
ume and E, is the mean energy of the secondaries.] There-
fore, we may write for the x-ray photoemission from the
front and back surfaces of a finite photocathode the follow-
ing quantities to which Y, and Y are proportional, viz., the
number of secondaries heading toward and at these surfaces:

Y~ EWE o | aile =,
Q

(A10)

(A1)

¥, e ElE }pJ:q(r — x)e—Herdx, (A12)

Finally, by substituting into these relations the expressions
for 4 and B given in Eqs. (A9) and (A 10} and making the
assumption that the x-ray attenuation lenpth (up)~" is very
large as compared to the escape length # ™', we obtain the x-
ray photoemission yields that were quoted in the text’s Eqs.
(5) and (6), viz.
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c [ —eg™™
Y, = KEuE
f 24 )pu(u_m e (A13)
and
— et _ -t
Y, = KEu(E o— 1—e (Al4)

w(u +c) 1+ e~

The constant X is the fraction of the elecirons that are
heading toward emission surface and are just inside that sur-
Face which do escape. To determine this quantity, appropri-
ate assumptions must be made for the internal secondary
electron energy distribution which then allows a determina.
tion of the number of electrons with sufficient energy to es.
cape, i.e., of energy greater than a work function or an elec.
tron affinity. (The energy distribution is a function of such
parameters as the Fermi energy and the band-gap energy.)
We may use the one-dimensional analysis described here to
defina a eorresponding isotropic three-dimensional distribu-
tion of electron velocities at the surface, conserve the trans-
verse momentum for the escaping electron, and thereby de-
termine the eseape cone angle for an eleetron of a given
energy. Integrating this “escape probability’ over the al-
lowed angles and energies yields the total escape fraction K,
This procedure has been described in Ref. 10.
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ray photocathodes in the 0.1-10-keV photon

(Received 25 September 1980; accepted for publication 2 December 1980)

A method and an instrument are described for the measurement of the absolute quantum yield for
front-surface and transmission photocathodes in the 0. 1-10-keV photon energy region. The total
and the secondary electron photoemission yields have been measured for the Al, Au, Cul, and CsI
photocathodes as required for the absolute calibration of the x-ray diode detectors and for the x-
ray streak cameras. The relative secondary electron yields have also been measured for the same
Photocathodes by high resolution electran spectrosecopy of the secondary electron energy
distributions, which are in good agreement with the absolute yield measurements, The secondary
electron yield of Csl is ten 10 one-hundred times higher than that for Au in the 0.1-10-keV region
and with a secondary energy distribution that 13 appreciably sharper. For these reasons; Csl
should be an effective photoeathode for sensitive, time-resolved spectroscopy into the picosecond
region. It is verified experimentally that the secondary electron quantum yield varies
approximately as Eu(E ), with  as the photon energy and u(£) as the photoionization cross

section, and that the primary (fast) electron quantum

varies approximately as £ 2u(E ). A simple mode] for x-

yield is a small fraction of the total yield and
ray photoemission is described which leads

to semiempirical equations for front- and back-surface secondary electron photoemission as based
Uupon an escape depth parameter that may be obrained from yield-versus-photocathode thickness
data. The model predictions are in good agresment with experiment.

PACS numbers: 79.60.Cn, 79.60.Eq, 72.10. — d

L INTRODUCTION

Time-resolved x-ray spectroseopy has become of con-
siderable importance in the temperature density composi-
tion diagnostics of high-temperature plasmas involved in
controlled thermonuclear fusion studies which utilize laser,
particle beam, or magnetic compression-confinement pro-
duction. The time duration of the associated X-ray emission
ranges from picoseconds to seconds, Time-resolved X-ray
spectroscopy is also important in the development of super-
radiant, pulsed x-ray sources, their application to studies of
the radiation effects of x-ray bursts upan materials, and the
X-ray analysis of atomic, molecular, and solid-state time-re-
solved processes into the picosecond region.

The electron currents that are emitted by phetocath-
odes under x-ray excitation can be a very effective basis for
time resolved spectroscopic measurement using x-ray diode
or streak camera detection. '™ In the latter, an x-ray spec-
trum can be established along a slit-defined transmission
photocathode of the streak camera by using focussing filter-
total-reflection monochromator, crystal/multilayer arrays,
or nionfoeussing, Bragg reflecting erystal/multilayer analyz-
er systems, '

In time-resolved x-ray spectroscopy, the ultimate limit
on the achievable time resolution is the quantum conversion
efficiency of the photocathode (which determines signal stat-
istics) and the energy spread of the emitted electrons as is
noted in Fig. 1 (which determines the time resolution).® The
relatively small fraction of fast electrons that ig photoemit-
ted is effectively blocked by the electron optica) apertures of

"Present address: Lockhead, LMSC Palo Alta Researeh Laboratory, Org.
32-11, Building 203, 3251 Hanaver Street, Palo Alto, California 94304,
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the typical streak camera. In Fig. 2 the difference in the arri-
val time at the output end of the streak camera is given as a
function of the energy width 4 of the secondary electron
energy distribution, the extraction field € and of the geome-
try of the camers. In addition to the absolute yield-versus-
photon enerpy and the shape of the secondary electron dis-
tribotion curves, other important characteristics of the x-ray
photocathode are its stability, reproducibility, simplicity of
spectral response, and the linearity of its time response. De-
seribed here is a method and an instrument for the measure-
ment of the absolute total and secondary electron yields

%’ri‘ SECONDARIES /J

FRIMARIES

[v] T 10 ExleV) 190 1000

FIG. L. In the 0.1-10-keV photon energy region the larger fraction of the
clectrons that are emitted ars the sccondary electrons, typically aza narrow
distribution below 10 eV, The higher energy, fast electron photoemission
consists of relatively sharp clastically scattered photoelectrons and Auger
elecrzon “lines™ along with a much larger nuntber of inelasrically scattarad
clectrons in their low-energy il region.
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