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Threshold photodetachment of H
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The electron amenities of atomic hydrogen and deuterium have been determined by tunable-laser
threshold-photodetachment spectroscopy: the electron amenities of H {F=O) and D (I' = —') are

6082.99+0.15 and 6086.2+0.6 cm ', respectively. The value for H is a 20-fold improvement over
previous experimental determinations.

INTRODUCTION

The ion H is unique among negative ions in that its
photodetachment spectrum was observed in space before
it was observed in the laboratory. The continuous ab-
sorption of H was proposed by Wildt' in 1939 to be the
main source of solar opacity in the region between 0.6
and 1.6 pm. Later comparisons between theory and solar
observations confirmed this hypothesis. In 1953, the hy-
drogen negative ion became the first negative ion to be
studied by photodetachment in an ion beam. The elec-
tron affinity (EA) of the hydrogen atom has been deter-
mined experimentally by a variety of methods. Feld-
mann employed a 3-keV H beam crossed by the output
of a laser-pumped optical parametric oscillator to deter-
mine the photodetachment threshold, obtaining an EA of
6081+16 cm '. McCulloh and Walker determined the
threshold wavelength for ion-pair formation in H2, using
this energy to obtain the EA of the hydrogen atom via a
thermochemical cycle. The ion-pair threshold was com-
bined with the ionization potential of the hydrogen atom
and the bond dissociation energy of Hz to obtain a 1ower
bound to the EA of 6081+16 cm '. Chupka, Dehmer,
and Jivery determined this same threshold energy to
somewhat greater accuracy, obtaining a value of 6083
(+ 11, —3) cm '. Scherk derived an EA of 6085.5+3.3
cm ' from an analysis of H decay rates in the weak
electric field of a particle accelerator.

The hydrogen atom is the only atom whose electron
affinity is better known from ab initio calculations than
from experiment. The two-electron H ion has invited
elaborate ab initio calculations of both its nonrelativistic
and relativistic energy. Pekeris has performed extensive
Hylleraas-type variational calculations on H and has
obtained a value' of 6083.04 cm ' with a reported accu-
racy of ~0.01 cm ' for the EA of the hydrogen atom.
Aashamar" has also calculated the EA of H (including
relativistic corrections) using Hylleraas-Scherr-Knight
variational perturbation wave functions, obtaining a
value 0.05 cm ' higher than Pekeris. Even at the nonre-
lativistic level, the two results diA'er by 0.06 cm . The
reasons for the discrepancy are not obvious at present.
Clearly it would be valuable to measure the EA of hydro-

gen to greater accuracy in order to provide a better ex-
perimental test of the quantum-mechanical results.

One of the most direct methods for measuring the EA
of an atomic species uses a tunable light source to photo-
detach an electron from the negative ion. The cross sec-
tion for the process

H +hv~H+e (k, l)

is obtained as a function of photon energy, where k and l
are, respectively, the linear and angular momenta of the
detached electron. For a small energy region above
threshold, Wigner has shown' the energy dependence of
the cross section to be

~ I 2l +1 ~ g~ I +1/2

where AF is the energy above threshold and l is the orbit-
al angular momentum of the escaping electron. As an s
electron is removed in H photodetachment, the outgo-
ing electron has l = 1 (p-wave threshold). The cross sec-
tion rises with a AE dependence and has zero slope at
threshold. This very small cross section near threshold
makes precise measurements of the photodetachment
threshold energy particularly difficult. Moreover, the
difficulties are compounded by the presence of the hydro-
gen hyperfine structure, giving rise to two photodetach-
ment thresholds within 0.05 cm

In this paper, we report high resolution (0.03 cm ')
threshold photodetachment measurements for H and
D ions. While individual hyperfine structure thresholds
are not resolved, the cross-section data are fit to obtain
electron affinities of H and D to accuracies of 0.15 and
0.6 cm ', respectively.

EXPERIMENTAL APPARATUS

The coaxial laser-ion beam photodetachment ap-
paratus used in this study has been described in detail
previously, ' and will only be briefly outlined. Hydride
ions are produced by dissociative attachment of electrons
to NH3 in a hot cathode discharge. The ions are extract-
ed, accelerated to between 2 and 3 keV, and mass select-
ed. The H ions are merged with the output of a tunable
laser along a 30-cm coaxial interaction region. The

6104 Ot- 1991 The American Physical Society



43 THRESHOLD PHOTQDETACHMENT QF H 6105

F~+ CENTER LASER

Hg LAMP

Nd: YAG
1.064', rn

(TE MOO)

Au /'-

l

THIN
ETALNaCI

CRYSTAL

DE 0/AR

= LASER
MODE
MON ITORS

=2.5-keV ion-beam energy provides a Doppler shift of
approximately +14 cm ' when the ion and laser beams
are counterpropagated (1'1) through the interaction re-
gion and —14 cm ' when copropagated (11). As dis-
cussed in the following section, both modes of operation
and two ion-beam energies (2700 and 2160 eV) are em-
ployed to reduce several possible systematic errors. The
products of photodetachment (both electrons and neu-
trals) are detected and counted as a function of photon
energy.

The laser used in this experiment is a specially con-
structed F-center laser, shown schematically in Fig. 1.
The laser uses an (Fz+)z NaC1:OH crystal, developed
by Pollock and co-workers, ' that is pumped by 5 W
from a cw 1.06-pm Nd +:YAG (yttrium aluminum gar-

net) laser. The filtered 365-nm light from a 100-W Hg
lamp provides an auxiliary light that keeps the F2+
centers active. The laser can be configured as a
standing-wave cavity wi. th a linewidth of 1 GHz, a max-
imum output power of 500 mW, and a tuning range of
1.45 to 1.75 pm. It can also be configured as a single-
frequency ring laser with an output power of 200 mW.
The wavelength of the laser light is measured using a
traveling Michelson interferometer lambdameter' using
a polarization stabilized He-Ne laser as a reference. In
addition, the 1.6-pm methane 2v3 absorption' was mea-
sured simultaneously with the threshold detachment,
enabling the accurate determination of the laser frequen-
cy to within 0.01 cm

Two problems exist that hamper the eA'ort to obtain
the EA of the hydrogen atom to high precision. The first
is the magnitude and functional behavior of the cross sec-
tion itself. Since the functional form of the threshold
cross section is AE, the cross section is zero at thresh-
old and rises slowly above threshold. Absolute cross-
section calculations ' indicate that the photodetach-
ment cross section 1 cm ' above threshold is only 10
cm . The second problem is that the F = 1~F=0
hyperfine splitting in the hydrogen atom of 0.047 cm
gives rise to a second photodetachment channel coupling
very near the desired threshold. At the energy of the
F =1 channel opening, the cross section for the F =0
channel (which has been open for 0.047 cm ') is only
10 cm ~ This extremely small cross section rendered
the very high resolution, single-mode laser, near-
threshold data of little value in determining an accurate
threshold energy. As a consequence, all of the data re-
ported here were obtained with the standing-wave cavity
configuration and a laser linewidth of 1 GHz. Approxi-
mately ten independent-threshold cross-section data sets
were obtained for the H ion; a more limited set of pho-
todetachment data was obtained for the D ion.
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ANALYSIS AND DISCUSSIC)N

Figure 2 shows the H photodetachment cross section
over a 100-cm ' region (1-GHz laser linewidth) near
threshold, obtained with counter propagating ion and
laser beams. The solid line is a fit to the Wigner thresh-
old law. The data were least-squares fit to the following
equation:

o (E)= 3 +8 [(E E, ) U(E E,—)—
FIG. 1. Schematic diagram of the F-center laser. The active

NaC1:OH crystal is pumped by the Nd:YAG laser and the I'
centers are continually subjected to near-uv ionizing radiation
from the Hg lamp. Other major elements include the following:
M mirrors; Au, gold mirrors; L, lenses; BS, beam splitters; YIG,
yttrium-iron garnet optical diode; LN, liquid nitrogen. The
heavy line indicates the laser optical cavity when operated in
the single-frequency ring configuration. In the broadhand (1-
6Hz linewidth) setup, the mirror M3, etalons, and the YIG and
Brewster plates are removed; the mirror M2 is rotated to form a
standing-wave cavity with the grating and M2 as end mirrors
and M 1 as a folding mirror. The mirror M4 reAects the
tunable-laser radiation, while eliminating residual 1.06-pm
pump radiation.

+ W[E —(E(+5)] U(E (E, +5))I, —

where o (E) is the relative photodetachment cross sec-
tion, E, is the threshold energy, E is the photon energy in
cm ', 8'is the relative strength of the photodetachment
cross sections to the two hyperfine levels in H, 5 is the
hyperfine splitting (0.047 cm ' in H, 0.011 cm ' in D),
2 is a background o6'set, and B is a normalization con-
stant. The Heaviside step functions U(E) serve to cut off
the threshold forms below each threshold. The data fol-
lows the AE3 threshold law to at least 60 cm ' above
the photodetachment threshold. The apparent threshold
occurs at approximately 6069 cm ', redshifted approxi-
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mately 14 cm ' due to the Doppler effect for counterpro-
pagating photons and 2.7-keV H ions. The upper trace
in the figure shows a portion of the R branch in the
methane 2v3 overtone absorption spectrum, obtained
simultaneously as a frequency calibration standard. A
solid-line fit to the AE threshold law almost totally ob-
scures the experimental data. The quality of the fit is
very insensitive to changes of 0.25 cm ' in the threshold
energy, and an accurate threshold determination must
utilize a more narrow energy range. Figure 3 gives exam-
ples of two sets of 1-GHz resolution photodetachment
data taken over the more narrow energy range actually
analyzed to obtain accurate threshold energies. One set
was obtained with the laser propagating antiparallel (t.L)

to the ion beam and the second with the laser parallel
( 1 t') to the ion beam.

The true threshold energy, correct to first order in the
Doppler effect, is given by

h v, h,
= h vs "( 1 —u /c ) = h vo i

( 1+u /c ) .

the uncertainty of hv, h, to first order in the Doppler
effect. The threshold, correct to both first- and second-
order Doppler shifts, is given by

(1 —u/c)
h+0

I1—(u/c) ]
(1+u/c)

[1—(u/c) ]'/

The second-order Doppler effect adds approximately 0.02
cm ' to the first-order threshold energy. The uncertain-
ty in the ion-beam energy makes a negligible contribution
to the second-order correction.

Several scans were obtained both parallel and antipar-
allel at two different beam energies. Since we want to ob-
tain the threshold energy, two different beam energies
were used to get a proper methane 2v3 transition near the
corresponding threshold. The R (5) line appears near vo~

~

The first-order Doppler effect contributes approximately
14 cm ' at the 2- to 3-keV beam energies used. The
average of the apparent threshold energies h vz and h vo
obtained in the two different directions gives the true
threshold energy h v,h, correct to first order in the
Doppler effect. Since the velocity terms cancel, the un-
certainty of the ion-beam energy does not contribute to

l. 2

0.8

(a)

O

C3
w
M
Cf)

60—
CA
O
CC

w 40—

I—
w~ 20—
O
I—
O

METHANE 2v

D
I
—0.4—
UJ
(A

0—CO
(A
O
CL

6066I—

QJ

C3

Ld

I,2—
O
CL

s 0.8—

6068 6070
PHOTON ENERGY (cm )

6072

I

0

60S0
I i I l I

6070 6090 6 I I 0
PHOTON ENERGY (cm ~)

6I 30

FIG. 2. A 100 cm ' scan of the H photodetachment
threshold cross section (arbitrary units} at 2.7-keV ion-beam en-
ergy. Dots represent the experimental results and the solid line
is a fit to the Wigner (AE ) threshold law. The apparent
threshold is redshifted approximately 14 cm ' to 6069 cm
due to the antiparallel (f $) laser and ion beams. The simultane-
ously obtained methane absorption spectrum shown at the top
of the figure is used as a frequency calibrant.
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FIG. 3. Scans of the H (F =
—,') photodetachment threshold

cross section (arbitrary units) at 2.7-keV beam energy with the
laser and ion beams (a) antiparallel (f $) and (b) parallel ( f f). In
both cases, the dots represent the experimental results. The
solid line is a fit to the data using a hE' threshold law, and
weighting transitions to the H (F =0}and H (F =1) thresholds
by their 1:3statistical weights.
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for E& =2700 eV, and the R (8) line appears near vot t for
2160 eV. The parallel and antiparallel data sets were sep-
arately analyzed to obtain hvo~~ and hvo . These two
values were averaged to obtain h v,&, to first order in the
Doppler effect, and to this result was added the second-
order correction to obtain the EA of 'H (F =0) of
6082.99+0.15 cm '. The EA was found to be insensitive
to the F = 1 to I' =0 photodetachment channel weighting
used in the fit: varying the strength of the F =1 channel
from one to ten times the intensity of the I' =0 channel
did not change the EA obtained from the fit within the
error limits quoted. The quoted results and fits use the
expected 3:1 statistical weight.

A smaller number of scans of the H (D ) threshold
region were undertaken and the data were fit to a similar
threshold law to the one described in the preceding para-
graph. In 0, the I' =

—,
' and —', levels are separated by

0.011 cm '. Similarly, the EA of D (F=—,') is deter-
mined' to be 6086.2+0.6 cm . The difference in elec-
tron a%nities of the two isotopes of 3.2+0.7 cm is in
good agreement with the predicted ' shift of 3.6 cm

The EA of 6082.99+0.15 cm ' obtained in this work

agrees' with both ab initio value of 6083.04 cm ' given
by Pekeris and of 6083.09 cm ' by Aashamar, "but the
experimental uncertainty is still a factor of 3 greater than
the 0.05-cm ' discrepancy between the ab initio values.
In order to improve the accuracy of the experimental
determination to the point that this disagreement could
be tested, the threshold should be scanned with the
single-frequency laser. The present version of the ap-
paratus is not sensitive enough to perform this experi-
ment, but plans are under way to incorporate a laser
buildup cavity around the interaction region that will in-
crease the available laser power by one to two orders of
magnitude.
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