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Measurement of the photoelectric cross section of H~ at 5.4 and 8.4 keV*
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The photoelectric cross section of molecular hydrogen has been measured by counting
photoelectrons released by monochromatized x rays traversing highly pu. rified H& gas. Re-
sults are 54.0+2.9 mbfatom at 5.41 keV and 12.0 +0.6 mb/atom at 8.39-keV incident-photon
energy. The effect of molecular bonding is pronounced: The measured cross section, per
atom, exceeds the theoretical atomic cross section by (44 + 8)g at 5.41 keV and by {45+ 7)%
at 8.39 keV. A comparable effect has been predicted by Kaplan and Markin.

I. INTRODUCTION

Previous experiments on the attenuation of x
rays by hydrogen have been based on absorption-
eell techniques. Gaseous samples, ' ' paraffin, '
and H, O, in water' have been employed. The re-
sults are reasonably consistent, as indicated in
Fig. 1, where we have plotted measured total
photon attenuation cross sections for H, in the
range from 100 eV to 200 keV. The curve derived
by Veigele et al.s' from a critical evaluation of
experimental data is also shown.

Above 1-keV photon energy, it is difficult to
derive accurate photoelectric cross sections from
the measured total attenuation cross sections,
because coherent and incoherent scattering com-
pete with the photoelectric process in a very
energy-dependent fashion (Fig. 2). Thus the sub-
traction of theoretical scattering cross sections
from measured total cross sections leads to widely
spread results (Fig. S). This uncertainty is re-
flected in the differences (by as much as a factor
of 5) between hydrogen photoelectric cross sec-
tions listed in older tabulations based on such
semiempjr ical resultse~' 9 and on theory alone
(Fig. 4). In the latest revisions of these tabula-
tions, '"' theoretical photoelectric H, cross sec-
tions have been substituted for the earlier semi-
empirical values.

Better knowledge of H, photoelectric cross sec-
tions in the keV region is of interest as a guide to
theoretical work and in applications. For example,
these cross sections are essential for the inter-
pretation of stellar x-ray spectra"; photoelectric
cross-section ratios o(H, )/o(He) ranging from
0.2 to 0.8 have been used in calculations of the
interstellar absorption of cosmic x rays. ""

In the present paper we describe a direct mea-
surement of the photoelectric cross section of K,
moleeules based on the counting of individual
photoelectrons released by x rays that traverse
very pure hydrogen gas.

II. EXPERIMENT

A. Principle

Characteristic lines from the target of an x-ray
tube are se1ected by means of a crystal-diffrac-
tion spectrometer. The monochromatized and
tightly collimated photon hearn passes coaxially
through a specially designed proportional counter
filled with highly purified hydrogen gas (Fig. 5).
The active region of the proportional counter is
defined electrostatically by means of field tubes;
photoelectrons released in this region are attracted
to the vicinity of the anode wire, where multiplica-
tion takes place. Compton electrons are of much
lower energy, so they do not contribute to the
photoelectron peak in the proportional-counter
spectrum. Photoelectrons released by scattered
photons which impinge upon the waQ of the pro-
portional counter are degraded in energy by a
retarding field between the counter mall and a
grid which serves as the cathode. Photoelectrons
ejected from the beryllium entrance and exit
windows of the proportional counter cannot reach
the active region, because their range is very
much shorter than the distances between the win-
dows and the edges of the active volume. The in-
tensity of the beam leaving the proportional counter
is monitored.

B. Apparatus

The shell of the hydrogen proportional counter
consists of a 17.8-cm-i. d. 36.8-cm-long aluminum
tube (Fig. 5). Field-tube assemblies are mounted
on each end cap; they project 8.4 cm into the
counter. The center wire of 0.05-mm-diam stain-
less steel is shielded from the field tubes by
grounded guard tubes. The cathode is a 15.2-cm-
diam coaxial cylindrical grid which consists of
V5 equally spaced 0.25-mm-dia, m stainless-steel
wires; a 0.6-2-kV retarding potential between the
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FIG. 1. Measured total x-ray cross sections for
hydrogen, after Refs. 1-7. The curve labeled "total"
has been derived by Veigele et al. (Ref. Sa} from criti-
cally evaluated experimental data; scattering cross
sections indicated by the curves labeled "coherent" and
"incoherent" were calculated from theory (Ref. Sa).

FIG. 3. Photoelectric cross sections of 82 as deter-
mined by subtracting theoretical scattering cross sec-
tions according to Veigele et ul. (Ref. 8) from measured
total cross sections (Refs. 2, 3, 5, and 6). The calcu-
lated photoelectric cross section for hydrogen atoms is
shown for comparison.
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FIG. 2. Fractions of the total x-ray cross section of
hydrogen which are due to the photoelectric effect, co-
herent scattering, and incoherent scattering, according
to Storm and Israel {Ref. 9).

cathode and the counter shell degrades photo-
electrons that could be ejected from the aluminum
wall by scattered x rays.

The x rays enter and leave through glass beam
tubes capped with 0.127-mm-thick beryllium win-
dows; the beam axis is parallel to the center wire,
at a distance of 4.8 cm from it. Seals are neoprene
O-rings, separated by indium gaskets from the
counter gas. Spacers and insulators are made of
glass and ceramics.

The center wire is maintained near ground po-
tential. The cathode potential is approximately
—2900 V for 'T60-Torr H pressure aud —4300 V
for 1500-Torr pressure. The field tubes are
placed at the potential which would exist at their
radius in an infinitely long counter. " Then the
electric field lines in the counter are strictly
radial, and the active region is sharply defined
by the 19.8-cm distance be@veen field-tube ends.

X rays are generated by commercial 3000-%'
water-cooled tubes with Cr or %' anodes. Char-
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acteristic lines (CrKo. or WL, a) from the target
are selected by a goniometer equipped with a LiF
crystal and 0.4' Soller slits for angular definition.
The beam is further collimated by a 0.15' Soller-
slit assembly oriented at 90' to the exit slit. The
beam spread is 8.0x 10 ' rad in the horizontal
plane and 1.4x 10 ' rad vertically; the diameter
of the beam is 1.0 cm at a distance of 150 cm from
the collimator.

Two alternative beam-flux monitoring devices
are used. One, Qlustrated in Fig. 5, permits
counting of fluorescent radiation from a thin foil
inserted in the x-ray beam. The second device
consists of an arrangement of carefully calibrated
and accurately positioned absorber foils which
attenuate the beam to a level at which it can be
counted with a scintillation or Xe-filled propor-

IO

tional counter (Sec. II C).
Very high gas purity is essential because of the

smallness of the K photoelectric cross section,
which is four orders of magnitude smaller than
that of nitrogen, for example. Traces of impuri-
ties can therefore lead to excessive measured
cross sections. In this experiment the helium
leak-tested apparatus was filled with ultra-high-
purity (UHP) hydrogen "through a Pd-Ag alloy
hydrogen diffusion purifier; this process has been
found" to reduce the impurity content to below a
few parts in 10". Gas pressure was measured
with a Heise 0-3800-Torr Bourdon-tube pressure
gauge of accuracy +3.8 Torr.

Pulses from the hydrogen proportional counter
were processed through a field-effect transistor
(FET) preamplifier, linear amplifier, and base-
line restorer, and recorded in a 512-channel
analyzer. Similar standard electronics and a sec-
ond multichannel analyzer were connected mith the
beam-monitoring devices. "
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C. Operation and procedure

Alignment

For the purpose of alignment the beryllium win-
dows were removed from the beam path and the
LiF diffraction crystal was replaced with a front-
silvered mirror; a laser beam was used to adjust
all components so that the beam axis coincided
with the centers of windows and beam tubes.
Alignment of the x-ray beam was verified photo-
graphically at intervals throughout the experi-
ment. Crossed wires were mounted at the en-
trance and exit windows of the hydrogen propor-
tional counter and at the beam-monitor exit port,
and Polaroid Type 5'? film was exposed in the
latter location. The image of the beam on the
film showed that the &1.0-cm-diam beam was
centered in the 2.5-cm-i. d. beam tube. Typical
unages of the beam (without cross wires) are
shown in Fig. 6.

Z. Gas Purity

FIG. 4. Hydrogen photoelectric cross sections as a
function of photon energy. Values derived by subtracting
theoretical scattering cross sections from measured
total absorption cross sections form the basis for the
older tabulations by Veigele et al. (Ref. Sa, curve 1) and
Storm and Israel (Ref. 9a, curve 2). Theoretical atomic
cross sections (curve 3) are listed in the compilations of
McMaster et al. (Ref. 10), Plechaty and Terrall tRef. 11),
and in the latest revisions of the tables of Veigele et al.
(Ref. Sb) and of Storm and Israel Puef. 9b). The data
points at 5.4 and 8.4 keV are the measured 82 photo-
electric cross sections {per atom) from the present
work.

The gas-filling system" and counter were pre-
pared by prolonged evacuation and flushing mith
diffusion-purified hydrogen for more than one
meek. The flushing rate was in excess of one
detector volume per hour. To avoid possible con-
tamination of the hydrogen by outgassing of counter
components, measurements at -760 Torr were
conducted mostly in the flow mode, continually
passing -I cm'/sec of diffusion-purified hydrogen
through the counter. Measurements at other than
atmospheric pressures mere made immediately
after prolonged vigorous flushing.
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FIG. 5. Schematic repre-
sentation of experimental
apparatus, with one of two
alternative beam-monitoring
arrangements.

Photoelectric cross sections at 5.41 keV mea-
sured with commercial UHP hydrogen" that had
not been taken through the Pd-Ag diffusion purifier
exceeded results from diffusion-purified gas by
7%. The manufacturer indicates that this gas has
been produced from liquid-hydrogen boil-off.
Impurities, due to air contamination during the
cylinder filling operation, are listed by the man-
ufacturer as & 1 ppm oxygen, & 4 ppm nitrogen,
and & 2 ppm water. Batch analysis also indicates

& 50 ppm helium. Other impurities are expected
to be present in proportion to their concentration
in air. For example, 1% argon in the atmosphere
yields 0.05 ppm argon in the gas sample. From
tabulated cross sections, ' the impurities in the
UHP hydrogen contribute a calculated s 7.8% to
the effective photoelectric cross section of the
UHP gas, in agreement with the measured dif-
ference of 7% between the cross sections of this
sample and of diffusion-purified hydrogen. We
infer that the latter gas does indeed contain only
a negligible amount of impurities.

Ie
I' '
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FIG. 6. Images of collimated Cr Ka x-ray beam, (a)
at entrance window and (b) at exit window of hydrogen
chamber. Polaroid Type 57 film was exposed for (a)
210 min and (b) 240 min. Position of the edges of the
2.54-cm-diam beryllium windows is indicated by solid
lines; the dot-dash lines intersect at the window centers.

3. Operating characteristics of Hz

ProPortional counter

Well-defined photopeaks could be obtained from
the proportional counter over a hydrogen-pres-
sure range from 100 to 1500 Torr, the limit set
by the strength of the beryllium windows. A typ-
ical spectrum is illustrated in Fig. 7(a). Con-
sistency of cross sections measured at different
pressures indicates that electron attachment"
does not noticeably affect the photoelectron-collec-
tion and gas-multiplication processes in this sys-
tem.

Proper adjustment of the field-tube voltage re-
sults in a symmetric photopeak [Fig. 7(a}]. In the
present apparatus the optimum field-tube poten-
tial is 70% of the cathode potential. When the field-
tube voltage is increased to 75% of the cathode
voltage, the photopeak begins to show a high-
energy tail, and the measured photoelectron pro-
duction rate increases by 2%; with the field tubes
at 80% of the cathode potential, a very pronounced
high-energy tail on the photopeak and an increase
of 7% in the measured photoelectron production
rate is observed. The increased photoelectron
production can be ascribed to a lengthening of the
active counter volume at the radius of the x-ray
beam, due to the fact that the electric field lines
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order diffraction peak at
10.8 keV is made relatively
more prominent by the ab-
sorbers; in the beam
traversing the hydrogen
chamber, the intensity of
10.8-keV photons is «0.1%
of the Cr Xo. intensity. The
Cr-anode x-ray tube was
operated at 50 kV and 40
mA during this run.
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XP-1010 photomultiplier tube. A typical spectrum
from this detector is reproduced in Fig. 7(b). In

many runs the scintillation detector was replaced
by a xenon-filled proportional counter, "character-
ized by better resolution and lower background
(Fig. 8).

%ith either monitoring arrangement, the number
of x-ray photons that traverse the active region
of the hydrogen proportional counter during a run
is deduced from the number of counts recorded
in the relevant portion of the background-corrected
monitor-counter spectrum. Account is taken
of the calibrated sampling efficiency of the mon-
itoring device, of dead-time losses in the counter
and electronics, and absorption in material en-
countered by the x rays between the edge of the
active volume and the monitor counter.

Accurate determination of the sampling effi-
ciencies of the beam monitoring arrangements
requires accurate foil absorption measurements-
of the single foil in arrangement A and of each
of the two to four aluminum absorbers in B. These
measurements were made by the "foil-in-foil-
out" technique. Account was taken of the effect
of the dead time v'of counter and electronics. Let
the measured foil absorption factor 8 be the ratio
of the measured counting rate N, (with the foil out
of the beam) to the measured counting rate N,
(with the foil in the beam). In each case the "true"
counting rate is 1U(l —riV) '. The dead time of
the counting apparatus was measured and its ef-
fect accounted for by a simple method due to
Chipman": The factor B is measured for various
beam intensities and plotted as a function of N, .
The slope of a straight line fitted to the data points
is then 7(1 —Il«„,), and the zero-count-rate in-
tercept is A„„,.

Uncertainties in foil absorption for monitoring
method B ranged from 0.28 to 1.09/p of the absorp-
tion factor for each foil; uncertainties in the cor-
rection for absorption by the H, and monitor-
counter Be windows were 0.81 and 0.58%, re-
spectively; the air-scattering correction was
known to within 0.18%, but the uncertainties in

the analysis of the H, photoelectron spectrum
ranged from 1.03 to 2.70% of the total number of
photoelectric events; and the uncertainty in the
analysis of the beam-monitor spectrum was be-
tween 0.10 and 0.22%. The errors stated in the
"final result" lines of Table I are the sum of the
average systematic error (2.4 mb/atom at 5.4
keV) and of the standard deviation (0.5 mb/atom
at 5.4 keV).

& ~ cotan

o& =64m(137)' — ~, ~ xor, (2)

IV. DISCUSSION

It is interesting to compare the present experi-
mental results with theoretical predictions. The
nonrelativistic differential photoelectric cross
section for hydrogen atoms has been derived by
Heitler" through perturbation theory. With a plane
wave for the continuum state (Born approximation),
the result is

o+ = 32(137)'a,(f/u)", (1)

where I is the ionization energy, or =(8r/3)(e'/mc')'
is the Thomson cross section, and k is the
energy of the incident photon divided by Sc. If a
Coulomb wave function is used to describe the
ejected electron, "'"rather than a plane wave,
the following result is found for the photoelectric
cross section of atomic hydrogen:

III. RESULTS

Twenty-five runs were made under varying con-
ditions, as detailed in Table I. Errors listed for
the results of individual runs are systematic er-
rors, computed from the following uncertainties"
for measurements at 5.4 keV: 2.53% in the length
of the active counter volume, 0.50% in the gas
pressure, 0.34% in the temperature, from 0.01
to 0.25% in foil absorption (monitoring method B),
1.74% in the correction for absorption by the H, -
chamber Be exit window, 1.40% in absorption by
the detector Be window, from 0.16 to 0.68% in
the air-scattering correction at the beam-flux
monitor, from 0.23 to 1.70% in the analysis of the

8, proportional-counter spectrum, and from 0.04
to 0.16% in the analysis of the beam-monitor spec-
trum. The same uncertainties apply to the 8.4-
keV measurements, with the following exceptions:

where ( = [I/(k —I)] ' ~'.
The result of a relativistic calculation of the

photoelectric cross section of atomic hydrogen
has been reported by McCrary, Looney, and
Atwater' for the photon energy 5.9 keV. These
workers used a modified version of a method due
to Brysk and Zerby, "with a bound-state wave
function from a relativistic Dirac-Slater self-
consistent field program. " Most recently, Sco-
field" has performed extensive relativistic Har-
tree-Slater calculations of photoionization cross
sections. As can be seen from Table II, the cross
sections calculated by McCrary et al. ' and by
Scofield29 are very c1ose to the nonrelativistic
value obtained with a Coulomb final-state wave
function.

The rather remarkable result of the present
measurements is that the photoelectric cross sec-
tion of the hydrogen molecule exceeds that of two



TABLE I. Summary of 82 photoelectric cross-section measurements.

Pressure
(atm 82) Mode

Beam flux
monitor

Beam flux
detectors~

Resul. t~

(mb/atom)

5.41-keV Cr ICe x rays

1
2
3

5
6
7

9
10
11
12
13
14
15
16
17

Final. result

40
40
40
20
10
10
20
20
40
20
20
40
10
10
10
10
10

r

F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

A
A

8
8
8
8
8
8
8
8
8
8

8
8
8

8cin- scln
Xe-scin

Xe
Xe
Xe
Xe
Xe
Xe
Xe
Xe
Xe
Xe
Xe

Bein
scin

Xe
Xe

55.80+ 5.58
55.10+4.41
56.41 + 1.98
55.45 + 1.96
55.07 + 1.97
54.24 + 1.95
55,14~ 1.94
53.33 + 1.87
52.34+ 1.90
52.51+1.84
54.26+ 1.84
52,45+ 1.83
54.48+ 1,91
52.33+ 2.79
53.33+ 2.85
52.58+ 1.85
54.32+ 1.91
54.0 + 2.9

8.39-keV %Lo x rays

1 100
2 100
3 400

400
5 100
6 100
7 200
8 200

Final result

8
8
8
8
8
8

A

Xe
Xe
Xe
Xe
Xe
Xe
Xe

Xe-Xe

12.25+ 0.43
12.50+ 0.43
12.17+ 0.39
12.15+0.42
11.67+ 0.41
11.84 + 0.41
12.47 + 0.43
11.50+ 0.61
12,0 + 0.6

F:continous H2 flour. I:8& chamber isol.ated.
See Sec. II C4 for description of monitoring arrangements.
Scin:scintillation spectrometer. Xe:xenon-filled proportional counter (Sec. IIC4}.
Errors estimated as described in Sec. III.

TABLE II. Hydrogen photoelectric cross sections {in mb/atom).

Photon
energy
{keV)

Hg

Scoheldd

H2

Kaplan and
Narkm
g+ g

Hp

Experiment

5
5.41
5.895
8.39

105.04
48.99
37.40
27.87
8.29

28.11

105.25
49.07
37.5* 54.0 +2.9

12.0 + 0.6

'According to Ref. 25, Born approximation.
According to Ref. 25, vrith exact Coulomb vive function for the free electron.
Reference 5.
Reference 29. Interpolated values are identified by asterisks.
Reference 32. Here cr' corresponds to formation of the 82' ion in the lowest electronic

state, and 0'" to its formation in the repulsive electronic state, The total photoionization
cross section is e'+ 0 . Values for 5.41 keV frere derived by extrapolation from results in
Ref. 32.

Present work.
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hydrogen atoms by 44% at 5.4 keV and by essen-
tially the same amount at 8.4 keV. This result
should be considered in conjunction with that of
measurements by Henke, Elgin, Lent, and Leding-
ham, ' who found an excess of 60-70% of the H,
cross section, measured by absorption, over
twice the calculated H, photoionization cross sec-
tion between 109 and 898 eV. (At these latter
energies, the total cross section is virtually all
photoelectric, and some six orders of magnitude
larger than in the energy range of the present
measurements, so that accurate photoelectric
cross sections can be determined by careful
absorption measurements. )

Very little theoretical work has been done on
the photoionization of molecules. Cohen and Fano'
have considered interference effects in the cross

~t
section at low energies. Flannery and Opik '
have treated the photoionization of the hydrogen
molecule from the ground electronic and vibra-
tional states, over the energy range from thresh-
old (15.4 eV for a rotationless initial state) to 28
eV. The only calculations of which we are aware
of the photoelectric cross sections of H, molecules
for higher photon energies are due to Kaplan and
Markin, "who cover the range from 80 eV to 5

keV. These workers describe the initial ground
state of the H, molecule by a wave function which
takes account of both the covalent and ionic as-
pects. They compute two cross sections: 0' for
the formation of an H, ' ion in the lowest electronic
state (threshold 15.4 eV) with a wave function
proportional to P, + P, (where P, and @, are the
Slater 18 orbitals centered on atoms a and b,
respectively), and the cross section o for forma-
tion of the H, ' ion is the repulsive electronic state,
with a wave function ~(p, —P, ) and ionization
potential 32.9 eV." The emitted electron is de-
scribed by a plane wave.

Some of the numerical results of Kaplan and
Markin are included in Table II, as well as extra-

polations to 5.4 keV. It is noteworthy that Kaplan
and Markin's theoretical photoionization cross
sections, per atom, for the H, molecule exceed
calculated atomic cross sections by an amount
roughly comparable to that found experimentally:
Kaplan and Markin's total H, photoelectric cross
section, o +0, extrapolated to 5.4 keV, is 68
mb/atom. The H, atomic photoelectric cross sec-
tion is lowered if a Coulomb wave function is
used to describe the free electron, instead of a
plane wave; the theoretical molecular cross sec-
tion may also decrease if this refinement is intro-
duced in the calculation. We are testing this
hypothesis. The basic mechanism for the in-
creased H, cross section may well be due to the
greater charge density near each nucleus, com-
pared with H„ashas been pointed out by Fano."

The effect of molecular bonding on the photo-
electric cross section, even far above threshold,
clearly calls for further exploration. We are ex-
tending this investigation to other energies and
other low-Z substances.
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