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The quantum yield of the visible scintillator sodium salicylate is found to increase in the incident
photon-energy range 80—270 eV. Because of its use as a photon-flux monitor in recent gas-phase
photoelectron spectroscopy measurements, previously reported partial cross sections for Hg (4f, 5p,
and 5d subshells) and CH;I (I 4d subshell) in this energy range are corrected, and new values are re-
ported. For Hg, the correction brings the experimental data into better overall agreement with
theory. However, considerable uncertainty remains in the absolute scale derived from previous Hg
photoabsorption measurements, and no single rescaling of the subshell cross sections could simul-
taneously bring all three into agreement with available theoretical calculations.

I. INTRODUCTION

The determination of photoemission cross sections us-
ing synchrotron radiation in the photon-energy range in
which core-level electrons can be ionized (~50 eV and
higher) requires a reliable photon-flux monitor. For our
measurements, we chose the visible scintillator sodium
salicylate, because it was reported to have a constant
quantum yield of optical photons relative to incident pho-
tons to within 5%, for incident photon energies up to 107
eV.! Based on the assumption that this quantum yield
remains constant at higher photon energies, we recently
reported partial cross-section results up to 270 eV for the
Hg 4f, 5p, and 5d subshells,? and the methyl iodide I 4d
subshell.?

The measurements of Hg photoemission cross sections
indicated the existence of a large apparent discrepancy
with theoretical calculations*~8 for the 4f partial cross
section, and lesser differences for the 5p and 5d cross sec-
tions. These findings were especially puzzling for the 4/
subshell because of the concurrence of several theories,—%
and because it was expected that the calculations for the
dominant 4/ photoemission channel would not be compli-
cated by large interchannel interactions.® In addition, the
same calculations predicted the angular distribution of Hg
4f photoelectrons quite well. For these reasons, we be-
came suspicious that a significant systematic error was
present in our cross-section measurements, with the un-
known high-photon-energy quantum yield of sodium sali-
cylate being a plausible candidate.

We report here a measurement of a significant increase
in the quantum yield of the visible scintillator sodium sal-
icylate in the photon-energy range 80—270 eV; approxi-
mately a factor of 2 under our experimental conditions.
The measured increase in the relative quantum yield was
determined from a comparison to the known energy
dependence of the Ne 2p photoemission cross section.’
Similar measurements indicating the same qualitative in-
crease for the quantum yield of sodium salicylate have
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been obtained independently in two other laboratories.!*!!

Using the newly measured quantum yield, we correct the
previously reported cross sections for Hg and CH;I.

Because the quantum-yield determination was made in
the context of searching for a possible systematic error,
Sec. II contains a description of the search which cul-
minated in the measured variation in the relative quantum
yield of sodium salicylate. Section III describes the
corrections to the earlier photoemission data.

II. THE QUANTUM YIELD

The earlier photoelectron spectroscopy (PES) measure-
ments>? were made with an angle-resolved time-of-flight
(TOF) apparatus'? using synchrotron radiation from beam
line III-1 at the Stanford Synchrotron Radiation Labora-
tory (SSRL). To determine relative partial cross sections,
one TOF analyzer placed at 54.7° with respect to the pho-
ton polarization measures photoemission peak intensities
I(hv) as a function of photon energy. The dependence of
these .intensities on experimental quantities in the dipole
approximation'® is given by

I(hv) < T(e)pa(hv)N(hv) , (1

where T(e) is the relative transmission of the TOF
analyzer as a function of electron kinetic energy ¢, p is the
gas sample pressure, g(hv) is the energy-dependent partial
cross section, and N (hv) is the relative photon flux when
the monochromator energy is set at hv.

To determine unknown cross sections, knowledge of the
analyzer transmission 7 (€) is required. Qualitatively, the
kinetic energy dependence of T'(g) for a TOF analyzer is
governed by two effects. First, in the free-flight path
from the interaction region to the channel-plate detector,
the photoelectrons are influenced by residual stray mag-
netic fields and built-up electric charges, with the lowest-
energy electrons being discriminated against. Second,
after leaving the free-flight region, the electrons are ac-
celerated by 100 V before impacting a channel-plate detec-
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tor. It is known'* that the channel-plate response is essen-
tially constant throughout the electron-energy range ap-
plicable to this work. Considering these two contribu-
tions, T (e) should increase monotonically with €, reach-
ing an asymptotic value at high e. This behavior reflects
the relative simplicity of the TOF technique for electron-
energy analysis. Previous observations have indicated that
for all practical purposes T'(¢) reaches a constant asymp-
totic value at kinetic energies greater than 20 eV.

Quantitatively, determination of T(e) for the 54.7°
TOF detector is accomplished by measuring photoelectron
peak intensities as a function of kinetic energy for sub-
shells with known partial cross sections, such as Ne 2p
and 25, while simultaneously measuring the sample pres-
sure and monitoring the photon flux with the scintillator
sodium salicylate. Figure 1 shows a T'(g) curve measured
for high-kinetic-energy Ne 2p photoelectrons (binding en-
ergy is 21.6 eV), plotted as a function of photon energy in
the range 80—270 eV. The results in Fig. 1 were deter-
mined assuming a constant quantum yield for sodium sal-
icylate. As noted above, at such high kjnetic energies we
expect the relative transmission T (&) of our analyzer to be
constant. To investigate the measured decrease of T'(g)
by a factor of 2, we start by rewriting Eq. (1):

I(hv)
polhv)N(hv)

Assuming that T (¢) should be constant at high kinetic
energy (> 58 eV in Fig. 1), we will examine each factor
on the right-hand side of Eq. (2) to determine which one
is responsible for the measured decrease in T'(¢). For the
measured peak intensity I (hv), we consider only those ef-
fects independent of the pressure, partial cross section,
and photon flux, because those parameters are examined
separately. As we shall see, our examination of Eq. (2)
will lead us to the conclusion that an increase in the quan-
tum yield of sodium salicylate is the most likely cause of
the deviation of T'(e) from constancy displayed in Fig. 1.

T(g) x (2)
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FIG. 1. Relative transmission function 7T'(e) for the 54.7°
TOF analyzer determined with Ne 2p photoelectrons shown as a
function of photon energy, after correction for second-order
contributions to the synchrotron-radiation flux as described in
the Appendix, and assuming a constant quantum yield for sodi-
um salicylate. The Ne 2p binding energy is 21.6 eV, so that the
lowest kinetic energy represented is approximately 58 eV. The
average of the two lowest-energy points has been normalized to
unity.

A major breakdown of the dipole approximation could
lead to variations in I (hv) measured at 54.7° with increas-
ing photon energy, as the nondipole effects become in-
creasingly more important. However, this possibility can
be ruled out on several counts. Experimentally, no evi-
dence for nondipole effects in the Ne 2p subshell has been
observed in the 100—150-eV photon-energy range, and
only small manifestations of such effects were seen at the
much higher photon energies of 1254 and 1487 eV.!
Theoretically, only very small nondipole effects are ex-
pected for low-Z elements in the photon and photoelect-
ron energy ranges pertinent to Fig. 1.!® Furthermore, the
measured Ne cross sections and angular distributions® are
predicted well by theoretical calculations which assume
the dipole approximation.'’

Another factor that could induce changes in I(hv)
would be a strongly energy-dependent photon polariza-
tion. However, the magnitude of the change in T'(g)
shown in Fig. 1 would require a reversal of the synchro-
tron radiation linear polarization from horizontal to verti-
cal in the 80—270-eV photon-energy range. Although the
photon polarization has not been measured systematically
for monochromators at SSRL, a large body of angular-
distribution measurements made on beam line III-1 is in-
consistent with anything but a high degree of horizontal
linear polarization in this energy range. In addition, the
well-understood properties of synchrotron radiation'® ar-
gue strongly against a substantial variation in polariza-
tion.

Finally, we considered the possibility that some
photon-beam movement as a function of photon energy
caused the TOF analyzer to “see” fewer electrons in its
aperture-defined viewing region, while the photon-flux
monitor, with a larger viewing area, saw no apparent
change. We dismiss this explanation, however, because
the simultaneous measurement of the ratio of transmis-
sions T(e) of two TOF analyzers at 0° and 54.7° (deter-
mined!? with the known Ne 2p angular distribution®) was
constant to within 2% over the same photon-energy
range. The relative efficiency is as sensitive to changes in
the experimental geometry as the transmission function
T (¢) for the 54.7° analyzer. This observation for the effi-
ciency provides an additional argument against the possi-
bility of changing photon polarization.

The Ne pressure p, monitored behind the nozzle which
allows- gas into the interaction region, was measured with
a capacitance manometer to an estimated accuracy of
+2%. While it is possible that the relationship between
the measured pressure and the sample density in the in-
teraction region is nonlinear, this possibility can be elim-
inated because the flow of Ne was uninterrupted and
steady for the results in Fig. 1. Furthermore, to guard
against systematic changes, the points at different photon
energies in Fig. 1 were obtained in a random order and re-
peated at random.

Moving on to the Ne 2p cross section o(hv), the litera-
ture values are accurate to +8% or better over the entire
energy range studied.” In addition, the values are based
on several independent determinations and compilations
of the absolute total cross section of Ne.”

A determination of the photon flux N (Av) for use in
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obtaining T (e) from Eq. (2) is predicated on the assump-
tion that all of the photons in the synchrotron-radiation
beam are of energy hv. In general, higher-order (e.g.,
2hv) and scattered (all energies) photons also are present,
and will add to the apparent N(Av) with no concomitant
increase in the measured peak intensity I(hv). Because
higher-order contamination commonly provides the larg-
est experimental uncertainty in intensity measurements
using synchrotron radiation, small contributions from
second-order radiation, detected by photoemission, have
been corrected for carefully by the procedure described in
the Appendix. No photoemission induced by orders
higher than second was observed in the TOF spectra. A
large contribution from scattered light is inconsistent both
with the very low background in our photoelectron spec-
tra and with measurements of the total photon flux in the
vicinity of the carbon K edge.!° We estimate that scat-
tered photons contribute at most 10%, and probably
much less, to the total photon flux between 80 and 270
eV. No corrections for scattered-light intensity were
made.

Determination of the relative synchrotron-radiation
flux N(hv) is accomplished by measuring the photo-
current from a photomultiplier tube (RCA 8850) which is
sensitive to the visible fluorescence emitted by sodium sal-
icylate after illumination by vacuum-ultraviolet photons.
The quantum yield of sodium salicylate Q(Av), from 50
to 107 eV photon energy has been reported to be constant
to within 5%,! and we have assumed in earlier experi-
ments®3 that it remains so up to the carbon K edge near
280 eV. However, an increase in Q (hv) at higher energies
is expected because the quantum yield determined with x-
rays®® is much larger than Q(hv) below 107 eV.! An in-
crease in Q(hv) could explain the behavior exhibited in
Fig. 1, because the measured analyzer transmission 7T (g)
and the relative photon flux N (hv) are inversely related
[see Eq. (2)], and because our measurements of N (hv) are
directly proportional to Q(hv). Other photon-flux varia-
tions are mitigated by the random data collection men-
tioned above. We note that variations in the photon flux
due to the storage ring source and monochromator are
properly accounted for in our normalization procedure.

Having exhausted other reasonable possibilities, we con-
clude that the changing quantum yield of sodium sali-
cylate is the major cause of the decrease in the measured
T (¢) displayed in Fig. 1. Accordingly, we show in Fig. 2
the relative quantum yield of sodium salicylate, Q(hv),
assuming the transmission of the TOF analyzer T (e) is
constant. The relative values of Q(hv) in Fig. 2 were
simply taken as the inverse of the measurements in Fig. 1.
The qualitative increase exhibited in Q (hv) in this energy
range recently has been corroborated by Nordgren and
Nyholm,! and by Samson,!! although our observation of
an increase in Q(hv) at energies as low as 80 eV may be
in conflict with earlier measurements.!

We expect that measurements of the sodium salicylate
quantum yield from different laboratories may vary be-
cause of differences in experimental parameters. For ex-
ample, differences in the higher-order and scattered-light
contributions to the incident radiation could affect the
measured quantum yield significantly. Another potential
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FIG. 2. Relative quantum yield of sodium salicylate Q(hv)
vs photon energy, taken as the inverse of the results in Fig. 1,
assuming the 54.7° TOF analyzer transmission is constant
at high kinetic energies. The line is a linear least-squares fit
to the data, described by Q(hv) = 0.576 4 0.0056(2)hv, for
80 < hv <270 and with hv expressed in eV.

difference between experiments may result from the tech-
niques used to normalize to the incident photon flux. In
the present work, we used Ne 2p photoemission, whereas
other measurements used either Au total electron yields,10
or Ne total ion yields.!! Finally, the methods used to
detect the visible fluorescence from sodium salicylate are
different for all three measurements.'®!! meaning that
variations in scintillator thickness, experimental geometry,
or possibly the spectral distribution of the fluorescence as
a function of incident photon energy may all be important
to the quantitative results. As a result of these many un-
knowns, we report only the qualitative observation that
the quantum yield of sodium salicylate increases in the
80—270-eV photon-energy range. We consider the
factor-of-2 increase to be quantitatively correct for our ex-
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FIG. 3. Hg 4f cross section (Ref. 2) after correction for the
changing quantum yield of sodium salicylate. The solid and
dashed curves are RRPA (Ref. 7) and DS (Ref. 8) calculations,
respectively.
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FIG. 4. Hg 5p;,, and 5p,, cross sections as in Fig. 3.

perimental conditions, but appropriate caution should be
used in applying the present results to other laboratories,
especially in light of the larger increases with photon en-
ergy measured by other workers.!%!!

III. IMPLICATIONS FOR PHOTOEMISSION
CROSS SECTIONS

The consequences of this measurement of Q(hv) for
our cross-section results in this photon-energy range are
obvious. Two previous studies yielded cross sections in
this range for atomic Hg (Ref. 2) and CH;I.> We have
corrected these data for the @ (hv) shown in Fig. 2, and
the new results are shown in Figs. 3—6. We briefly dis-
cuss the implications of the new cross-section values.

The corrected Hg 4f cross-section data appear in Fig. 3.
The delayed onset of the 4f—€g channel is more pro-
nounced now, and the agreement with theory is much im-
proved. However, the calculated curves are still higher
than the experimental data by approximately 50%. Due
to uncertainties in photoabsorption measurements,?'"?? the
absolute scale of the Hg photoemission data could be off
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FIG. 5. Hg 5d cross section as in Fig. 3. Dashed-dotted
curve is from absorption measurements (Refs. 21 and 22). The
low-energy solid curve is also a RRPA calculation (Ref. 25).
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FIG. 6. CH;I I 4d cross section (Ref. 3) after correction for
the changing quantum yield of sodium salicylate.

by as much as 30%,? possibly explaining much of the
discrepancy with theory. Regardless of any correction in
the normalization of the 4f data, the overall shape of the
experimental curve will remain the same. We note that a
rescaling of the data in Fig. 3 could not bring them into
agreement with the Dirac-Slater (DS) curve,® whereas the
relativistic random-phase approximation (RRPA) curve’
may be reconcilable with the 4f data in this way.

Another explanation’® which could account for the
remaining difference between theory and experiment for
the 4f cross section has been suggested for the RRPA cal-
culations. Because the RRPA equations include only
single-ionization channels but require the calculated par-
tial cross sections to sum to the correct integrated oscilla-
tor strength, it might be expected that the calculations
will overestimate inner-shell cross sections for cases in
which significant multielectron processes (i.e., double ex-
citation and ionization) are occurring. No experimental
data for Hg double excitation or ionization are available
in this energy range to check this hypothesis.

Figures 4 and 5 show mixed changes in agreement with
theory for 5p and 5d photoemission from Hg, respective-
ly. The agreement for the 5p channels is very good, and
the Cooper minima in these channels are now more ap-
parent. However, the corrected 5d cross section deviates
substantially from the theoretical curves at the highest en-
ergies; the 5d Cooper minimum shows up experimentally
as a true cross-section minimum. Considering the set of
Hg partial cross sections in Figs. 3—5, it is clear that no
single renormalization of the data can reconcile the avail-
able theoretical calculations with our corrected results.

The I 4d cross section of CH;l, shown in Fig. 6, exhib-
its an enhancement in the observed Cooper minimum
after application of the correction for the sodium sali-
cylate quantum yield. There are no theoretical calcula-
tions for this subshell available for comparison.
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APPENDIX: CORRECTION OF THE RELATIVE
TRANSMISSION FOR SECOND-ORDER-LIGHT
CONTRIBUTIONS TO THE PHOTON FLUX

The values of Ty(e) [To(hv) (Ref. 24)] (a subscript zero
denotes uncorrected values) determined from Eq. (2)
without correcting for second-order-light contributions to
No(hv) (not shown) exhibit a similar qualitative trend
with photon energy as shown by the corrected values of
T (hv) in Fig. 1, because the fraction of photons that are
second order is relatively small ( <15%) in this energy
range. Quantitatively, the decrease with energy of Ty(hv)
is suppressed, necessitating the second-order correction
described below.

The determination of the relative amount of second-
order light is accomplished by comparison of the peak in-
tensities, I(hv) and I(2hv), for Ne 2p photoemission in-
duced by first- and second-order radiation in each TOF
spectrum. The ratio of peak intensities [see Eq. (1)] mea-
sured when the monochromator is set at Av is given by

I(2hv) o(2hv)

T R Gy
where R (hv) is the ratio of second- to first-order flux,
N (2hv)/N(hv). The values of R (hv) derived from Eq.
(A1) can be used to correct the measurement of the rela-
tive photon flux Ny(hv), if care is taken to recognize that
the first- and second-order contributions to Ny(hv) are
weighted differently, with relative weights equal to @ (hv)
and Q(2hv), respectively.

The correction to To(hv) due to second-order-light con-
tributions to Ny(#v) can be written [see Eq. (2)]

(A1)

To(hV)No(hV)
T(hv)=——————=To(hv)[1+R (hv)X(hv)]
N(hv)
1
o« o)’ (A2)
Y(hv)= QQhv) T(hv) (A3)

Q(hv) ~ T(2hv)’

where X(hv) represents the relative weighting of the con-
tributions to Ny(hv) of photons of energy 2hv and hv.
The following steps yield the corrected values T (hv).

(1) For hv=150 and 160 eV, no second-order Ne 2p
photoemission was discernible [i.e., R (hv)<<1%], be-
cause the second-order energies of 300 and 320 eV were
absorbed by a carbon window.!’

(2) Combining Egs. (A2) and (A3), solving for T'(hv),
and using T(160) from step (1) we find, for hv=_80 eV,

T(80)=T,(80)[1—C(80)]" !,
C(80) To(80)R (80)
T T(160)

(A4)

(3) For photon energies above 160 eV, we assume
1.5<X(hv)<2.5, yielding T (hv) for 170—270 eV using
Eq. (A2). This large range of values for X(hv) is con-
sistent with measurements'® of Q(hv) above 300 eV, and
with the present results at lower energies, and introduces
only small errors in the corrected T (hv) because the
amount of second-order light for Av>170 eV is small
(2—10%).

(4) Having determined the corrected values for
hv>170 eV in step (3), we use them in Eq. (A4) for
hv=90, 100, 110, and 130 eV.

The final results, corrected for second-order contribu-
tions as outlined above, are shown in Fig. 1.
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