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Measurement of the electron yield of CsI with polarized x rays
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We investigate the polarization dependence of photoemission from polycrystalline CsI under excita-
tion by linearly polarized 2.69-keV x rays. We measure the electron pulse yield as a function of polariza-
tion state for grazing incidence angles between 5' and 18 . No dependence on the incident polarization is
found. We find an upper limit of 1.1%, at the 99.99go statistical confidence level, on the fractional
change in the pulse yield. Allowing for worst-case systematic uncertainties, we place an upper bound of
3.6% on the difference in the secondary electron pulse yield between the two polarization states.

I. INTRODUCTION

The energy spectrum of electrons emitted from a solid
after excitation with x rays consists of the primary and
Auger electrons and of a large number of low-energy
electrons (energy less than —50 eV). These low-energy
electrons, which typically comprise more than 50% of
the total number of electrons emitted, are sometimes re-
ferred to as "true secondary" electrons. The true secon-
dary electrons are believed to be the product of inelastic
collisions of the primary and Auger electrons with other
electrons in the solid. In some materials the electronic
emission is dominated by the secondary electrons. With
CsI, secondary electrons constitute more than 99% of the
total number of emitted electrons. '

Following an excitation by an impinging x-ray photon
(or a charged particle with sufficient energy), usually
more than one electron is ejected from the photocathode
surface. Thus electron yield measurements are conduct-
ed either in a pulse yield mode or in a current yield
mode. ' In a pulse yield measurement each absorption
of a photon which leads to an emission of an electron or
electrons, i.e., each emission event, " is recorded as a sin-
gle count. Thus pulse yield can be defined as the number
of emission events per incident photon. The total (or
current) yield is defined as the average number of elec-
trons emitted from the photocathode per incident (or
sometimes, absorbed) photon. (In a total yield measure-
ment one records the current leaving the surface as a
function of the number of incident, or absorbed, pho-
tons. ) In terms of a set of quantities p„(n=0, 1, . . . ),
which give the probability that n electrons wi11 be emitted
per incident photon, the pulse yield Yz is given by

Ys=& —So

and the total yield Yc is given by

&c n= y ——np„.
n=1

The total yield, and to some extent the pulse yield, of
different materials following an excitation by either pho-

tons or charged particles have been investigated in the
past. ' ' In particular, the dependence of the current
yield on the linear polarization of the incident optical and
near-UV radiation has become known as the vectorial
photoelectric effect ' and theories which account for
the surface and bulk contributions to the observed vec-
torial effect have been developed. ' '

Very few experiments have studied the dependence of
either the total yield or the pulse yield on polarized excit-
ing radiation in the soft x ray or extreme ultraviolet
(EUV) bands. ' ' It is only recently that more experi-
ments were conducted. ' ' These were motivated by a
possible application to polarimetry in x-ray astrono-
my. ' ' The experiments, conducted with CsI and other
polycrystalline photocathodes, were reported to show
that the electron total and pulse yields of photocathodes
irradiated with linearly polarized EUV or soft x-ray pho-
tons depend strongly on the polarization state of the in-
cident beam. ' ' This is a surprising result since it im-
plies that the polarization information contained in the
beam survives the various processes between the creation
of a high-energy photoelectron, which is liberated from
an atomic core level, and the eventual escape of primarily
low-energy secondary electrons from the photocathode.
This is in contrast to photoemission following excitation
with optical and near-UV radiation where the electron
yield is dominated by primary electrons, which are emit-
ted from the valence and conduction bands.

To the best of our knowledge, there are no theoretical
models which explicitly relate either the total yield, or
the pulse yield, or the probabilities p„,to the polarization
of the incident x rays.

In this paper we present the results of experiments in
which we investigate the dependence of the pulse yield
Yp of a polycrystalline CsI photocathode as a function of
the polarization state of 2.69-keV x rays.

We separate the contributions to Y to events which
contain low-energy secondary electrons and to events
which contain only high-energy electrons, and we place
an upper bound on the difference in the secondary
electron-pulse yield between the two polarization states.
Our results are in conAict with previously reported exper-
imental measurements. '"' ' ' We discuss the disparity
between the experiments.
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II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. It consisted
of an x-ray source, a Bragg crystal, a photocathode, and
an electron detector. The whole system was maintained
at a pressure of about 10 Torr.

The rhodium anode of the x-ray source was kept at a
voltage higher than 3 kV in order to excite the rhodium
L =2.697-keV and L =2.692-keV lines. A 25 pm
thick beryllium filter, located between the x-ray source
and the Bragg crystal, attenuated the UV component of
the beam, and a Si(111)crystal oriented at a Bragg angle
of 47.2' attenuated beam components other than 2.69-
keV x rays which satisfy the Bragg condition for this
Bragg angle. The combined contribution of beam com-
ponents other than the Bragg selected 2.69-keV x rays
(i.e., Bragg refiected continuum radiation from the
source, fluorescence from the Si crystal or from the Be
filter, UV radiation) was found to be less than 0.5% of
the total detector count rate. Because the Bragg angle is
close to 45 the silicon Bragg crystal also polarized the
beam. The polarization of the beam was measured and
was found to be more than 90%. For alignment pur-
poses, two additional collimators were mounted in the
main chamber between the Brag g crystal and the
photocathode-detector assembly.

The photocathode and the photoelectron detector as-
sembly (shown in Fig. 2) were mounted in the main
chamber so that x rays rejected from the Bragg crystal
impinge on the Rat photocathode at an adjustable grazing
incidence angle 8. The experiments were conducted at
low grazing incidence angles ( (20') because previous ex-
periments were reported to demonstrate that the depen-
dence of the pulse yield on the polarization of the beam
increased with decreasing grazing incidence angle below
-25'. The assembly could also be rotated in the P direc-
tion (around the z axis). This rotation changes the orien-
tation of the photocathode with respect to the polariza-
tion vector of the beam. Electrons emitted from the pho-
tocathode were focused into and then detected by a mi-
crochannel plate (MCP) detector. The MCP detector
consisted of two resistance matched microchannel plates
under a potential drop of 2000 V (total over both plates).
The typical MCP background count rate was less than
five counts/s.

The charge pulse generated by the MCP was amplified
by a charge sensitive preamplifier and then routed to a
standard pulse counting system which consisted of a
shaping amplifier, a single-channel analyzer, and a
counter. We also used a multichannel analyzer for
pulse-height analysis. The pulse height is approximately
proportional to the number of electrons that enter the
MCP and initiate the pulse (the full width at half max-
imum of the pulse-height distribution was about 100%).

To achieve maximal collection of the electrons we
found it crucial to use an electrostatic focusing system.
This is first because an appreciable fraction of the elec-
trons may be emitted in directions away from the en-
trance aperture of the detector. Second, at small grazing
incidence angles the x-ray beam is spread over an area on
the photocathode whose size is on the order of
d (dz/sin0), where d„and d are the dimensions of the
cross section of the beam. Hence electrons may be emit-
ted relatively far from the detector's center axis. We note
that incomplete collection of the electrons emitted from
the photocathode may bring about serious systematic
effects. In the Appendix we demonstrate how such spuri-
ous effects arise.

The electron focusing system consisted of a "field
forming" ring, and two metal grids (see Fig. 2). In a typi-
cal data collection configuration, the field forming ring
and the photocathode were grounded, grid No. 1 was
maintained at +460 V, grid No. 2 at +480 V, and the
entrance aperture to the MCP was kept at +500 V.

The electrostatic lens was designed to focus electrons
of energy E, ~ 15 eV. Henke, Knauer, and Premaratne'
investigated the energy distribution of secondary elec-
trons, and the ratio between the number of secondary and
primary electrons emitted from the surface of a polycrys-
talline CsI photocathode excited with soft x rays ("pri-
mary" here means electrons of energy more than 50 eV).
They found that more than 99.5% of the secondaries
emitted from a 3000 A thick CsI photocathode have en-
ergies below 5 eV. Because of the high secondary yield of
CsI, these secondaries constitute more than 99% of the
total number of electrons emitted from the photocathode
surface.

Computer simulations of the electrostatic focusing
system show that all electrons of energies less than 5 eV
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FIG. 1. The experimental setup.
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that are emitted from the photocathode within a radius
of 21 mm from the symmetry axis of the detector, at po-
lar angles less than 80, measured from the normal to the
surface, will be focused into the detector. We have also
obtained experimental evidence which indicates that to
an accuracy of 0.5% all the emission events which con-
tain secondary electrons were recorded by the MCP
detector at both the cr and m. polarization states. [In a
m. (o ) state the polarization vector is in (perpendicular to)
the plane of incidence. ] We describe these measurements
in the Appendix.

A magnetic field of 0.4 G was measured between the
photocathode and the detector. Such a field can be
shown to have a negligible effect on the count rates.

The photocathode consisted of 3000 A CsI (more than
99.99% pure) deposited on a polished three inch diameter
Si(100) wafer by thermal evaporation. Typical evapora-
tion rates were about 10 A/s. The thickness was moni-
tored with a quartz-crystal film thickness monitor. A

0
photocathode thickness of 3000 A was chosen because
the escape depth for electrons in CsI is about 250 A
(Refs. 1 and 23) and the photoelectric yield depends on
the material thickness up to about 1500 A.

The evaporation took place in a separate vacuum
chamber, under a pressure of about 10 Torr. The pho-
tocathodes were exposed to atmospheric conditions for
about 15 min during their transfer to the main vacuum
chamber. A CsI sample photocathode that had the same
exposure to atmospheric conditions was subjected to x-
ray photoelectron spectroscopy and to Auger electron
spectroscopy studies. We found that less than 5/o in
atomic concentration of oxygen and carbon were ad-
sorbed on the surface. This is consistent with the data of
Premaratne et al. who showed that the x-ray quantum
yield of vacuum-evaporated CsI photocathodes that were
exposed to air (63% relative humidity) for a duration of
30 min did not change by more than 4%%uo, and that the en-
ergy distribution of the secondary electrons did not show
any significant change even after a three hour exposure.
Scanning electron microscope pictures of the surface
show grains with sizes of up to 1 pm. Similar structure is
reported by Fraser, Lees, and Pearson' and Chappel, Ev-
erman, and Murray (Chappel, Everman, and Murray
report that evaporated CsI forms in pillarlike structures

III. MEASUREMENTS AND ANALYSIS

A. Measurement procedure

The data consists of "rotation curves" measured at five
different grazing incidence angles. In a rotation curve we
record the count rate as a function of the rotation angle P
of the photocathode (see Figs. 1 and 2). Measurements
were taken every 5'.

We also measured background rotation curves by
blocking the beam just before the sample. Signal to back-
ground ratios depend on the grazing incidence angle.
Typically, the values are 50 for a grazing incidence angle
of 18, and larger than 100 for a grazing incidence angle
of 5. In what follows it should be understood that any
background contribution to the signal was measured and
subtracted from it.

Pulse-height distributions of the signal and the back-
ground were recorded at only the o. and ~ polarization
states at incidence angles of 10 and 15 .

B. Analysis of the rotation curves

In the absence of background or spurious modulation
effects we can write the expected signal as

S(P)=SO+3 cos[2(P+Po)], (3)

where So is the average count rate and P is the rotation
angle of the plane of incidence measured with respect to
the polarization vector. We choose /=0 to correspond
to a m. state and 2 is taken to be positive. The presence
of the phase $0 is motivated first because the modulation
factor, as defined below, is a positive definite quantity
which contains information about the relative yields be-
tween the o. and m. polarization states only when used to-
gether with $0. Second, earlier experiments' ' ' indicated

and that the observed grains are the tops of these pillars).
Reproducibility of the results was checked by repeating

the measurements with different photocathodes, with
varying exposure times to atmospheric conditions (from a
few minutes up to about an hour), and upon reorientation
of the photocathodes (to test for the efFects of surface
nonuniformities). The same results were obtained at all
configurations.
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S(P)=So+ A, cos(2$)+ Az sin(2$),

with

A, = A cos(2$o)

and

Az= —A sin(2$o) .

(4)

(5)

(6)

We now define two components of the modulation factor

M,
0

(7)

and

A2
7

0

and we define the modulation factor as

M=+M +M
The phase is given by

(8)

(9)

A2
P =0.5arctan0

M2=0.5 arctan
1

(10)

The m.odulation factor defined in this way is a generaliza-
tion of the modulation factor, denoted here M', that was
used in some previous works. ' ' M' was defined as

S(o') —S(m )

S(o )+S(m)

that the modulation curve exhibits a "phase shift;" that
is, the maximum and minimum of the counting rates did
not coincide with the beam being at either a o. state or a
vr state (in other words Po was different from 0' or 90'}.
The implication of the existence of a phase shift are fur-
ther discussed in Sec. V.

We define the modulation factor and the phase associ-
ated with the measured data in a manner analogous to
polarization analysis (note that this is slightly difFerent
than the definition which appears in Refs. 17 and 19).
We write the signal as

efficiency of the photocathode. The quantum efficiency
depends on P if the x-ray beam is not properly aligned
with the axis of rotation of the photocathode-detector as-
sembly (such systematic effects are discussed in more de-
tail elsewhere ' ). Given such a fit, we find the two
components of the modulation

a3
M =

1
ao

(14)

M~=
ao

(15)

IV. RESULTS

Rotation curves were measured for the following five
grazing incidence angles: 0=5', 8, 10', 15, and 18'. The
rotation curve and the modulation factor polar plot for
0=15' are shown in Fig. 3. Polar plots corresponding to
the other incidence angles are presented in Fig. 4. Table
I lists all the values of the fitted Fourier coefficients a, 4
together with the derived modulation factors and the

I I I
I

I I I
I

I I 1
I

I 1 I
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T I TIw w T Twi0 J&

and the modulation factor and the phase are given by
Eqs. (9) and (10). A measure of how well Eq. (13) fits the
experimental data is obtained by calculating the y statis-
tic and then finding the probability that such a value, or
larger, should occur by chance.

A convenient way to present both the modulation fac-
tor and the phase is by means of a "modulation factor po-
lar plot" whose radial axis is the modulation factor M
and the phase Po is given in the azimuthal direction. On
each polar plot we also show two contours which corre-
spond to the 68.3% and 99.99% statistical confidence
levels. The modulation factors are given in terms of per-
centages from the maximum possible value, M,„=1.

where S(o ) and S(vr) are the count rates recorded at o
and vr polarization states, respectively. The phase Po was
not considered when calculating the modulation factor,
or it was implicitly assumed to vanish or equal 90'. M'
was positive or negative depending on whether S (o. ) was
larger or smaller than S(m}. In the current formulation
M is always positive, and

S(c7}+S(vr)

K

0
O

C3
D
C3

M = 01%
ga

100 200 300

2 1 0 'l 2(%)-
I I I I I I I I I I I I I

only when go=0' or 90'.
In order to extract modulation factors from the mea-

sured rotation curves we least squares fitted each modula-
tion curve with a function of the form

f =ao+a, cos(P)+a& sin(P)+a3 cos(2$)+a~ sin(2$) .

(13)

The terms varying sinusoidally with a P dependence (as
contrasted with a 2$ dependence) were introduced in or-
der to account for a possible variation in the quantum

ratatian angle (degrees)

FIG. 3. Electron-pulse yield as a function of the x-ray beam
polarization ("rotation curve"). The grazing incidence angle is
15. Continuous line: A least-squares fit to the data points. We
also show the modulation factor M, the phase Pa, and a modula-
tion factor polar plot. Rotation angles of 0 and 180 (90 and
270') correspond to a m (cr ) polarization state. In the polar plot,
M and Pa are given in the radial and azimuthal directions, re-
spectively. The contours correspond to the 68.3% and 99.99%
statistical confidence level.
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TABLE I. Results of the least-squares fitting of the experimental rotation curves. 0 is the grazing incidence angle, M is the modu-

lation factor given in percent, $0 is the phase, and q is the probability that the y statistic should obtain, by chance, a value equal to or
larger than the one found for the particular fit. a, 4 are the Fourier coefficients of the fit normalized by ao [see Eq. (13)]. All quoted
errors are a 1o statistical confidence level. + means that any phase angle between 0' and 180 is possible at the 1o. level.

5'
8o

10'
15'
18

0.01 0'01

0.3+0.2
0.3+0.2
0 08—o.os
0.4+0.3

4o

97'+ g
75'+18'

140'+23'
8'+ g

137'+20'

0.61
0.89
0.13
0.36
0.20

10 a)
—15.0+0.9
—24.0+1.2
—20.4+1.3
—12.2+1.6
—10.5+1.8

10'a,

18.0+0.9
12.1+1.2
18.3+1.3
7.1+1.7
5.6+1.8

10 a3

—0.1+0.9
—2.4+1.2

0.5+1.3
0.7+1.6
0.3+1.8

10 a4

0.03+0.9
—1.4+1.2

2.7+1.3
—0.02+1.7

4.0+1.8

phases. q is the probability that a value as large as, or
larger than, the one obtained for the y statistic should
occur by chance. The data in the table show that the
modulation factors characterizing the pulse yield have
values M~0. 4%. The polar plots show that on the
99.99% confidence level the modulation factors are all
consistent with null modulation and with an upper limit
of 1.1%, obtained at a grazing incidence of 18'. At small-
er grazing incidence angles, the upper limits are smaller
due to the increase in the quantum eSciency and hence
better statistics. As far as the phases are concerned,
there is no apparent consistent pattern for the values of
the phases as a function of incidence angle. This can be
viewed as an additional indication for the absence of any
statistically significant modulation factor.

Pulse-height distributions recorded at m and o. polar-
ization states, at grazing incidence angles of 10' and 15,
are presented in Fig. 5. For a given grazing incidence an-
gle 8 we present the two polarization states for compar-
1son.

V. DISCUSSION

A. Comparison with other experiments

Our results do not agree with previously reported mea-
surements' ' ' ' which claimed that modulation factors

larger than 10% were observed at grazing incidence an-
gles smaller than 20; M=70% was reported at an in-
cidence angle of 5'. ' Some of these experiments also in-
dicated that a substantial difference was observed be-
tween the pulse-height distributions recorded in the o
and m polarization states. ' We suggest that spurious sys-
tematic effects may have affected the earlier experiments.
We have already mentioned, in Sec. II, the sensitivity of
the experiment to such effects. In the Appendix we dis-
cuss how arbitrary modulation factors and phases can be
produced if care is not taken to eliminate the sources of
spurious modulation. We also argue that differences in
the pulse-height distributions recorded at o. and m. polar-
ization states may arise due to the same systematic
effects. We present elsewhere data which demonstrate
the sensitivity of both the rotation curves and the pulse-
height distributions to the spurious effects.

The phase of about 20 reported in previous studies' ' '

indicates the existence of a preferred direction in the ex-
periment in addition to the directions defined by the
plane of incidence and the polarization vector. Such pre-
ferred direction can be introduced either by spurious in-
strumental effects, such as those discussed in the Appen-
dix, or by a special geometry of the evaporated photo-
cathode material. It has been suggested that the pillar-

8=5 8 80

L9= 10

2(%)

8=18

2(%) FIG. 4. Modulation factor
polar plots obtained at grazing
incidence angles of 5', 8, 10,
and 18'~

2(%) 2(%)
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FIG. 6. Electron-pulse yield as a function of the x-ray beam
0

polarization state measured with 1600 A CsI evaporated on a
stainless-steel substrate. The grazing incidence angle is 10'

~

tions from different types of events. X can be written as

00
N(P) =N,'(P)+N (P)+N,' (P), (17)

100 200

channel number

300 400

FIG. 5. Pulse-height distributions measured at grazing in-
cidence angles of 10' and 15'. For each grazing incidence angle
we show the pulse-height distributions recorded at both the ~
and o polarization states.

B. Polarization dependence of the
secondary electron pulse yield

The total number of emission events N is given by

1V = YpX

where Y~ is the pulse yield and N& is the number of in-
cident photons. Since during an emission event, electrons
of various energies are emitted from the photocathode,
the pulse yield can be expressed as composed of contribu-

(16)

like structure of evaporated Csl (Ref. 25) introduces the
additional preferred direction. ' If these pillars are the
source of the phase shifts, then a rotation of the photo-
cathode (around the surface normal) should change their
values. In the experiment reported here no statistically
significant phases, and indeed no phase shifts, were ob-
served at any photocathode rotational position.

One of the previous experiments' that reported non-
vanishing modulation factors was conducted with 1600 A
thick CsI evaporated on a stainless-steel substrate. We
tried to reproduce the result with the same material
thickness and substrate. Figure 6 shows the rotation
curve and polar plot measured at an incidence angle of
10 with a 1600 A thick CsI photocathode evaporated on
a stainless-steel substrate. It shows that the modulation
factor is consistent with zero at the 68.3 jo confidence lev-
el. On the 99.99% confidence level the upper limit ob-
tained for grazing incidence angles between 5' and 18' is
1% (data presented in Ref. 26).

where N,
' is the number of events which contain only

electrons with energy E, ~ 15 eV, X is the number of
events which contain only electrons with energy E, ) 15
eV, and X,' is the number of events which contain both
low- and high-energy electrons. We choose 15 eV as a
"threshold" energy because essentially all the secondary
electrons emitted from CsI have energies lower than 15
eV. ' The angle P determines the polarization state of the
beam.

In what follows we wish to concentrate on the depen-
dence on polarization of the pulse yield of events which
contain secondary electrons. Thus we need to look at the
signal generated by X,' and N,

' together. This leads us to
write the total number of emission events N as a sum of
only two terms,

N(P) =N, (P)+&~(P), (18)

&p(P) =1—po((() = &p, (P)+ &p~(P) . (19)

The electrostatic focusing system is designed to focus
low-energy electrons, E, (15 eV. Primary and Auger
electrons and diffused primaries will not be efhciently fo-
cused. For example, computer simulations show that the
trajectories of electrons with energies larger than 250 eV
will only be negligibly affected by the electrostatic fields
between the photocathode and the detector. Thus, the
signal S recorded by the detector can also be separated
into two terms,

S(P)=S,(P)+S~(P), (20)

where S, is the signal due to events which contain at least

where N, =N,'(P)+N, ' (P) is the number of events which
contain at least one electron with energy E, ~ 15 eV. We
note that Eq. (18) effectively separates the pulse yield Yp
to contributions from events which contain secondary
electrons Yz, and to events which contain only high-
energy electrons Yz .
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one electron with energy E, & 15 eV and S is the signal
due to events which contain only electrons with energy
E, ) 15 eV.

For low-energy electrons, E, ~ 15 eV, the effective ac-
ceptance angle of the detector is close to 2m. ; electrons
emitted in any polar angle (measured from the normal to
the surface) will be focused into the detector. As stated
earlier, we have established experimentally that more
than 99.5% of the events that contain low-energy elec-
trons are detected at both polarization states. Thus
S, =N, and S, measures the variation of the total number
of secondary electron emission events as a function of po-
larization.

Electrons with energies E, & 15 eV may or may not
reach the detector depending on their momentum vector
when emitted from the surface. Electrons with energies
E, ~ 250 eV will only be detected if they are emitted into
the solid angle subtended by the detector at the point of
emission. Therefore, S„may depend on P either because
the total number of emission events (that contain high-
energy electrons) depends on the polarization state, or be-
cause the detector samples different parts of the angular
distribution of the high-energy electrons.

Regardless of its source, both S, and S may have a
dependence on the polarization of the incoming x rays.
We write

S(P)=S 0+ 3 cos[2(P+P )]

+S,o+ 3, cos[2(P+P, )], (21)

where all the quantities are defined similarly to those in
Eq. (3). When P, =P„wefind that the modulation of S is
given by

M, +M qM=
1+9 (22)

where M, (M ) is the modulation factor of S,(S ) and
il =S~o/S, o. When p, =0' and p~ =sr/2, or the reverse,

/M, M,q-M= (23)1+g
and the phase of M is zero if M, —M g & 0, or m/2 if
M, —M g(0. The case of arbitrary phases for the sig-
nals S, and S~ is irrelevant for what follows. Equations
(22) and (23) will now be used to find an upper limit on
M, .

We first estimate g by using data about the current
yield of CsI and by considering our particular experimen-
tal apparatus. We then find limits on M, depending on
the level of modulation M that is assumed for S .

According to McDonald, Lamki, and Delaney an
average of 12.7 low-energy electrons are emitted, per
emission event, from a 2000 A polycrystalline CsI photo-
cathode (excited with 5.9-keV x rays). Henke, Knauer,
and Premaratne have measured the ratio between the
number of electrons ejected with energies above 50 eV to
the total number of emitted electrons. They find a ratio
of 1/100. (Data for the same ratio with 15 eV as an elec-
tron energy threshold are not available. However, be-
cause the majority of secondaries have energies less than

5 eV we expect the error in this estimate to be small com-
pared to other estimates which will be discussed shortly. )

Assuming (i) that electrons with energies above 50 eV are
emitted with a cos y distribution, where y is the angle
between the polarization vector and the momentum vec-
tor of the emitted electron, (ii) that each ejected pri-
mary electron is not accompanied by any low-energy
secondary electrons, and considering the opening angle of
our detector we find that il & 1/40. We note that both as-
sumptions lead to an overestimate of g.

If we now take M ~ 1.1% from the upper limit of our
experimental results, il & 0.025, and M~ & 100% (the
maximum possible value) we find, using Eq. (23), that
M, &3.6%%uo. We note that the use of Eq. (23) implicitly
assumes that the difference between the phases of S and
S, is 90'. If the phases of S and S, are assumed to be
equal we find, using Eq. (22), M, & 1.1%, where we took
M =0.

These limits on M, are obtained under rather extreme
assumptions. For example, the assumption M~ =100%
can be realized only if all electrons with energies above 15
eV are emitted with a highly aspherical angular distribu-
tion. Our own data indicate that Mz &30%. Using
M =30%, and assuming opposite phases, we obtain
M, & 1.9%.

An emission event is initiated when an x ray is ab-
sorbed and a primary electron is ejected from an atomic
core level. Subsequent inelastic collisions create the low-
energy secondary electrons. The angular distribution of
the primary photoelectrons depends on the polarization
of the exciting photon; the photoelectron is preferentially
emitted in the direction of the polarization vector. Our
results with CsI indicate that at most only a low level
(M, &3.6%%uo) of dependence on the initial polarization is
retained in the number of emission events of low-energy
electrons. This can be rephrased as implying that the
probability for the emission of at least one low-energy
electron [Y~, of Eq. (19)] is independent of the state of
polarization of the exciting x-ray beam.
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APPENDIX: INSTRUMENTAL MODULATION AND
ELECTRON COLLECTION EFFICIENCY

1. Sources of instrumental modulation

In order to analyze the spurious modulation that may
arise from an incomplete collection of electrons we find it
useful to define the detection efBciency e of the detector
as the ratio of the number of electrons detected by the
detector to the number of electrons emitted from the sur-
face of the photocathode. We write

e(P)=If ff, (r, O, &P, E„Q)fd(r,O, @,E, )dr dQdE, ,

(A1)

where f, is the probability density for the emission of an
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electron at position r away from the axis of symmetry of
the detector (assumed to have cylindrical symmetry), into
a solid angle dQ (0 and N are the polar and azimuthal
angles, respectively), and at an energy E, . fd is the prob-
ability density for the detection of an electron emitted
with the same parameters. The variable r is introduced
in order to account for the size of the projection of the
beam on the photocathode. We recall that (t is the rota-
tion angle of the photocathode-detector assembly around
the z axis. The normalization factor EC is given by

K = ff, (r, O, N, E„Q)drdQdE, . (A2)

Spurious modulation will arise if e is a function of P
which varies sinusoidally with a 2P dependence.

Since the detector is fixed with respect to the photo-
cathode, fd is independent of P. f, will, however, de-
pend on P if the x-ray beam is not collinear (parallel and
coincident) with the axis of rotation of the photocathode,
and because of the elongated projection of the beam on
the photocathode.

If a pencil-like beam is displaced a distance d perpen-
dicular to the axis of rotation of the photocathode, its
trajectory on the photocathode surface, as it is rotated in
the P direction, will have an elliptical shape. The short
axis of this ellipse is given by d and the long axis is given
by (d /sin8), where 8 is the grazing incidence angle of the
beam on the photocathode. Such a trajectory of the
beam on the photocathode plane will cause emission of
electrons from different values of r, depending on P, thus
causing f, to vary with (t.

The extent of the projection of the beam on the photo-
cathode, for a given angle P, is determined by the size of
the beam and by sinO. Clearly, the size and shape of the
projection will vary as the photocathode is turned in the
(t direction. If the beam has a characteristic dimension t
and is displaced by d from the axis of rotation of the pho-
tocathode, then photoelectrons may be emitted from the
photocathode surface from locations which are either
—(d +t) or —(d +t)/sin8 from the axis of rotation of
the photocathode, depending on the angle P.

Now, if the photoelectron detection radius is not much
larger than (d + t)/sin8, i.e., if fd -—0 for
r &(d+t)/sin8, then e will be a function of P and
different count rates will result as a function of rotation
in the P direction. Such variation in the count rate will
have a cos(2$) dependence resulting in spurious modula-
tion and the occurrence of arbitrary "phase shifts" in the
rotation curves. Also, different pulse-height distributions
will be recorded at different polarization states. An ex-
perimental demonstration of these effects is presented
elsewhere.

To perform a valid experiment these problems must be

minimized by a precise alignment of the x-ray beam with
the axis of rotation, by utilizing a beam with a small cross
section, and by enlarging the detection radius of the
detector.

In the experiment presented here, the axis of rotation
was first determined experimentally by means of a laser
beam. After the laser beam traced the axis of rotation,
two circular collimators, 1.6 mm in diameter each, were
placed along this beam between the Bragg crystal and the
photocathode so as to define the axis of rotation mechani-
cally. The collimators serve not only to define the axis of
rotation but also to confine the beam size and determine
its shape. We measured the beam's cross section and
found that the beam was 1.5 and 1.8 mm wide in the x
and y directions, respectively. Combining the projection
of such a beam on the photocathode, at a grazing in-
cidence angle of 10' (5'), with the maximal possible dis-
placement of the center of the beam from the axis of rota-
tion, we find that emission of electrons is contained to a
radius of 9 mm (18 mm) from the axis of rotation.

2. Electron collection e%ciency

To test experimentally the electron collection efficiency
of our electron optics system we measured the count rate
as a function of grid No. 1 potential (see Fig. 2), with the
field forming ring potential, grid No. 2 potential, and the
entrance aperture of the MCP potential fixed at 0, +480,
and +500 V, respectively. The potential of grid No. 1

was varied between 0 and +500 V. One expects that as
grid No. 1 potential is increased, more electrons will be
focused into the detector resulting in an increase in the
count rate. Saturation of the count rate indicates that a
sufficient number of electrons are collected such that
essentially all the emission events which contain low-
energy electrons are recorded. This is because the energy
distribution of the low-energy electrons is a smooth func-
tion and the probability for emission of electrons of ener-

gy higher than 15 eV is essentially negligible. The exper-
iment was conducted at a grazing incidence angle of 5,
where the spread of the beam on the photocathode is
largest, and at two polarization states, o. and ~.

We found that, at both polarization states, count rates
at grid No. 1 potentials larger than 50 V did not increase
by more than 0.5% compared to the count rate recorded
at 50 V. Saturation was observed at relatively low focus-
ing voltages. This is because the electronic emission from
CsI is dominated by very-low-energy electrons.

We conclude that more than 99.5%%uo of the events
which contain low-energy electrons are detected at both
polarization states, and that instrumental spurious modu-
lation due to incomplete detection of events is limited to
less than 0.25%%u~.
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