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The photoionization yield or average charge produced per photon absorbed by Ne, Ar,
Kr, and Xe has been measured from the threshold of double photoionization to 107 eV.
The probability of double ionization is zero at threshold for the rare gases. For Ar, Kr,
and Xe double ionization increases rapidly giving an abundance of 16 to 30% at 20 eV be-
yond the double-ionization threshold. In this region double ionization is constant or in-
creasing slowly. At the threshold for triple ionization the average charge per photon in-

creases rapidly.

There has been considerable interest recently
in the process of multiple photoionization. De-
tailed calculations of the double ionization of He
have been made, taking into account ground-state
correlations between the electrons.”»?® There is
good agreement between theory and x-ray photo-
ionization.®* However, agreement is poor with
electron-impact experiments.*”” For atoms heav-
ier than He there are no detailed calculations of
double ionization. Calculations based on the sud-
den-approximation theory using single-electron
wave functions fail to predict the magnitude of
double ionization of the rare gases, especially
near threshold. Chang, Ishihara, and Poe® im-
proved the theoretical agreement for Ne ionized
by photons of energy about 200 eV above the dou-
ble-ionization threshold. The improvement was
achieved by considering the contribution of sev-
eral processes, namely, core rearrangement,
virtual Auger transitions, and initial-state elec-
tron correlations. However, with the exception
of He no results have been published predicting
the expected threshold behavior of double ioniza-
tion in the rare gases. Amusia®'? has pointed
out the importance of knowing the probabilities
of multiple-electron processes in understanding
the interaction of the removed electron with those

remaining.

There are very few experimental results near
the threshold of double ionization. (See Cairns,
Harrison, and Schoen.'®) We present here for the
first time detailed experimental results of the
threshold behavior of multiple photoionization of
the rare gases Ne, Ar, Kr, and Xe.

Previous work on multiple photoionization of
gases has used either the technique of mass spec-
troscopy or photoelectron spectroscopy.'*”'® The
present work uses a new technique which simply
measures the average charge produced per pho-
ton absorbed by the gas. This allows absolute
determinations of the number of singly and dou-
bly charged ions produced as a function of photon
energy until the triple-ionization threshold is
reached. Beyond that point the abundances of the
separate ions cannot be distinguished without the
use of a mass spectrometer.

Two types of apparatus were used. The first
consisted of a single ion chamber (length L) ter-
minated with a fluorescent screen of sodium sali-
cylate. The fluorescent screen was used simply
to monitor the photon flux emerging from a graz-
ing-incidence vacuum-ultraviolet monochromator.
The photoionization yield Y, defined as the num-
ber of charges produced divided by the number
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of photons absorbed in the length L, is given by
i/e
Y= ,
I[1 - exp(- onL)]

1)

where ¢ is the ion current, I, is the number of
photons incident per second, ¢ is the total absorp-
tion cross section, and » is the number density
of the gas. Because o, n, and L are constant and
known for a given gas, the method consists sim-
ply of measuring the ion current and the photon
flux as a function of wavelength. Although the
cross sections had been measured previously,”
they were remeasured in the present work to a
higher degree of accuracy (~3%). The technique
for measuring the absolute photon flux at wave-
lengths shorter than 300 A has been reported re-
cently.'® Briefly, it requires the ion current
from the gas under investigation to be compared
to that of another rare gas whose photoionization
yield is known. The yields of all the rare gases
are unity from the first ionization potential to the
threshold for double ionization.!® Helium was
used to determine the yield of Ne for photon en-
ergies greater than 60 eV because the yield of He
is unity for photon energies up to 79 eV. For en-
ergies up to 107 eV the yield of He was taken
from the results of Carlson.® Neon was then used
as the standard to determine the multiple ioniza-
tion of the other rare gases.

In the second apparatus, in order to obtain max-
imum sensitivity the ion chamber was replaced
by a gas jet and electron multiplier. The pres-
sure around the multiplier was 10™° Torr. The
ions were accelerated through 2.4 kV onto the
first dynode of the multiplier. The incident radi-
ation was monitored with a photomultiplier sen-
sitized with sodium salicylate., Equation (1) still
applies. However, with the low gas density in the
jet and short path length L, ornL «<1 and Eq. (1)
becomes

i/e
“TonL’ 2)

where 7, in this case, is the electron multiplier
signal and I is the photomultiplier signal, which
is proportional to the absolute photon flux. The
experimental procedure was similar to the first
method where the test gas was compared with a
standard (e.g., Ne). That is,

Y i/l o, @)
Y, i,/I, on’

where the subscript zeros indicate the standard
conditions. The unknown path length in the jet
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and the electronic charge cancel out in Eq. (3).
Because the gas pressure in the jet is unknown
the results are relative. However, they are eas-
ily normalized if the wavelength range studied
covers the region where both gases have a yield
of unity.

The yield of Ne was measured with the ion-
chamber method using He as the standard gas.
Xenon was studied with both systems. Similar
results were obtained within experimental error.
It was assumed, therefore, that the sensitivity
of the multiplier under the present conditions was
constant for all the rare-gas ions. Because of
the higher sensitivity of the gas-jet system it was
used to measure the yields of Ar and Kr.

The light source was a high-voltage condensed
spark discharge in a low-pressure gas.?’ The
source produced a large number of discrete emis-
sion lines characteristic of the gas used in the
discharge. The short-wavelength limit was im-
posed by the efficiency of the monochromator. In
the present work a useful limit was 116 A (107
ev).

The spectral resolution of the monochromator
was 0.5 A. With this resolution no discrete reso-
nant structure was observed in the total cross
section measurements. Thus, the values of ¢
used in Egs. (1) and (2) are expected to fall with-
in our error limits of + 3%.

The photoionization yields or average charge
produced per photon absorbed for Ne, Ar, Kr,
and Xe are shown in Figs. 1-4, respectively, as
a function of photon energy. The overall accura-
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FIG. 1. Photoionization yield of neon as a function of
photon energy. Present data, closed circles; Carlson
(Ref. 3), open circles; Lightner, Van Brunt, and White-
head (Ref. 14), cross in square.



VoLUME 33, NUMBER 15

PHYSICAL REVIEW LETTERS

7 OCTOBER 1974

»H

P
T T
-\
>
o
+
N
>
o
+
]

PHOTOIONIZATION YIELD
)
.
\.
°
'K
1

| il 1 1 ] ] 1
40 50 60 70 80 90 100 10
PHOTON ENERGY (eV)

o
X

FIG. 2. Photoionization yield of argon as a function
of photon energy. Present data, closed circles; Carl-
son, open circles (for double ionization only).

cy of the data points is estimated to be + 6%.

The data of other authors have been expressed
either as a ratio R™" of the number of n-times
charged ions to the number of singly charged
ions, or as an abundance A"" equal to the num-
ber of n-times charged ions divided by the total
number of ions of all charges. With these defin-
itions the data can be converted to yields. Thus,
in Figs. 1-4 the abundance of doubly charged
ions is simply equal to Y — 1 for photon energies
less than the triple-ionization threshold.

In Fig. 1 the results for Ne are shown along
with those of Carlson® and of Lightner, Van Brunt,
and Whitehead.'* In the region where the data
overlap with that of Carlson’s there is reason-
able agreement. Excellent agreement is obtained
with the electron-impact work of Van der Wiel
and Wiebes.”

Multiple ionization of Ar, like that for Ne and
He, shows a zero probability at threshold (Fig.
2). The yield rises to a plateau giving a constant
abundance of 16% of doubly ionized argon. This
represents a ratio R** of doubly to singly charged
ions of 19%. This is to be compared with 13% to
16% obtained by Carlson.® Although Carlson’s
data at 110 eV are plotted on our yield curve they
apply to double ionization only as there is no re-
port of the abundance of Ar®*. However, in light
of the constancy of the double-ionization abun-
dance out to 110 eV the rise in the curve at the
triple-ionization threshold is presumably caused
by Ar®*,

The double-ionization threshold closely follows
the electron-impact data’® up to a photon energy
of 65 eV. Beyond this energy the electron-im-
pact data continue to increase in disagreement
with the present results. '
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FIG. 3. Photoionization yield of krypton as a func-
tion of photon energy.

The results for multiple ionization of Kr are
shown in Fig. 3. No other experimental data ex-
ist for Kr. At the threshold for double ionization
krypton shows the characteristic rise from a
yield of unity to a plateau giving an abundance of
Kr?* of about 14 to 15%. However, the abundance
of doubly charged krypton continues to rise rapid-
ly at higher photon energies just before the thresh-
old for triple ionization. Presumably, the in-
crease in double ionization continues beyond the
triple-ionization threshold. Thus, no estimate
of the abundance of triply ionized Kr can be made.

Figure 4 shows the results for multiple ioniza-
tion of Xe. The solid data points represent the
average of the yields obtained by both the ion-
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FIG. 4. Photoionization yield of xenon as a function
of photon energy. Present data, circles; Cairns, Har-
rison, and Schoen, crosses. '
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chamber technique and the gas-jet—electron-
multiplier combination. Included in the figure
for comparison are the data points of Cairns,
Harrison, Schoen.’® The characteristic plateau
that appears in the Ar and Kr data is less dis-
tinct. However, the rapid rise in double ioniza-
tion before the triple-ionization threshold is
more pronounced than in the Kr data. This in-
crease may be caused by an interference between
competing processes, one or more of which in-
volve the d'® shell (N, , level). In krypton the ef-
fect is less pronounced, and in argon, which has
no d shell, the effect is absent.

The data of Cairns, Harrison, and Schoen are
in good agreement with the present data. Beyond
the N, , edge Auger transitions are energetically
possible, but according to the data of Cairns,
Harrison, and Schoen the actual abundance (64%)
of doubly charged ions peaks at 72 eV and then
starts to decrease. At 83 eV they find an abun-
dance of 59%.

The magnitude of multiple photoionization of
the rare gases is surprisingly large. Further,
double and triple ionization takes place at ener-

gies less than the threshold for Auger transitions.

These present a challenge for theoretical consid-
eration. The recent successes of the random-
phase approximation with exchange in describing
single ionization in the rare gases would suggest
that this technique should be developed further
and applied to multiple ionization.
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Observation of Macroscopic Heat Transfer by a Nuclear Spin System
and Measurement of the Spin Diffusion Constant
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Experiments are reported which measure directly the macroscopic transfer of energy
from the surface of small crystallites to the interior via nuclear spins. The hydrogen
nuclei in Y(CyH5SO,) 3+ 9H,0 constitute the nuclear spin system that transports the energy.
We directly determine the value 5x10™12 cm?/sec (+20%) for the spin diffusion constant,
which does not depend on the correctness of any theory of nuclear spin-lattice relaxation.

We report what we believe to be the first ob-
servation of macroscopic energy transport by a
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nuclear spin system. From our measurements
we obtain directly the value 5.25%107'%2 cm?/sec



