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ABSTRACT 
A new technique for performing high resolution molecular photo-

electron spectroscopy is described, beginning with its conceptual 
development, through the construction of a prototypal apparatus, to 
the initial applications on a particularly favorable molecular sys
tem. The distinguishing features of this technique are: 1) the 
introduction of the sample in the form of a collimated supersonic 
molecular beam, and 2) the use of an electrostatic deflection energy 
analyzer which is carefully optimized in terms of sensitivity and 
resolution. This combination makes it possible to obtain photoelec
tron spectra at a new level of detail for many small molecules. Three 
experiments are described which rely on the capability to perform 
rotationally-resolved photoelectron spectroscopy on the hydrogen mole
cule and its isotopes. The first is a measurement of the ionic vibra
tional and rotational spectroscopic constants and the vibrationally-
selected photoionization cross sections. The second is a determination 
of the photoelectron asymmetry parameter, B, for selected rotational 
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I. MOTIVATIONS AND CHRONOLOGY 

Molecular photoelectron spectroscopy was discovered approximately 
twenty years ago and has been used in a large number of laboratories 
to study the electronic structure of small molecules and ions. Mono
chromatic UV light, typically with a photon energy of hv = 21.2 eV, 
ionizes the molecules in a gaseous sample, and the kinetic energy 
(E K) spectra of the resulting photoelectrons are measured, thereby 
determining the ionization energy (E.) spectra through the energy 
balance equation, 

hv = E, + E k (1) 

The work of many researchers in this field has been summarized in 
several standard texts, the most notable of which are those by 

1 2 
Rabalais and by Berkowitz. The typical information derived from 
these experiments consists of: 1) the ionization energies for the 
accessible electronic states of the molecular ion at an accuracy of 
about 10 meV, which are usually compared with Koopmans1 theorem ion
ization energies derived from semiempirical or ab initio electronic 
structure calculations; and 2) a qualitative picture of the relative 
photoiom'zation cross sections leading to the various ionic states. 
Clearly there is a great deal more that could be learned if one could 
fully resolve the vibrational and rotational structure which underlies 
most unresolved photoelectron bands. The quality of the experiment 
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would also benefit from improvements in the signal-to-background 
ratio, which has traditionally been low enough to obscure many weak 
(but interesting) spectral features, and to limit the accuracy of the 
relative cross sections by necessitating a tricky background 
subtraction. 

The present work represents an attempt to come to grips with a 
number of major obstacles to further progress which had not been seri
ously addressed since the instrumentation in the field reached its 
initial maturity in the late 1960's. The design goals for the new 
instrument described here were: 1) to obtain an electron energy reso
lution of 10 meV or better, 2) to obtain sufficient sensitivity to 
work with the number density available in a collimated supersonic 
molecular beam, 3) to obtain a high signal-to-background ratio, 4) to 
maintain the transmission of the analyzer relatively constant as a 
function of kinetic energy, and 5) to protect the critical components 
of the analyzer from surface contamination by active gases. The spec
trometer which was finally produced succeeded in meeting most of the 
design goals, but not without leaving room foi further improvements. 
In many respects the course which we took had been charted in a 1978 
review article by Eland, in which he had predicted that the next 
major advance would be made by a spectrometer which used a supersonic 
beam source and a large mean-radius double-electrostatic-deflector 
with multichannel detection. The present aim was not so much to per
form a set of experiments on a particular molecular system (although 
this thesis is rather narrowly focused on hydrogen), as to build a 
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general purpose apparatus which would be useful in a variety of appli
cations. We also wished to demonstrate the feasibility of several 
rather risky design innovations which could serve as benchmarks for 
future work. 

There now follows a brief chronology of the principal events 
related to this project. The design work on the analyzer began in 
January 1979 and required about six months to complete. Fabrication 
began in April of that year. In September 1979 the lenses and pre-
analyzer were tested in the chamber for the first time. The hemi
spherical analyzer was first tested with single channel detection in 
March 1980. A 16:1 two-element lens was initially used between the 
preanalyzer and the hemispheres, but its poor focusing properties 
prevented us from obtaining the desired electron energy resolution. 
Much better performance was achieved with a three-element 8:1 lens 
which was designed and built in June 1980. During the remainder of 
1980 high resolution (ca. 10 meV) spectra of several molecules were 
recorded with single channel detection. The LSI-11/2 microcomputer 
was installed in October 1980. The newly designed helium lamp was 
built and installed in November 1980. The multichannel detector was 
first tested in an external chamber with an electron gun in April 
1980, but the problems encountered with the initial design were not 
overcome until November 1980. A milestone was reached in January 1981 
with the first tests of the hemispherical analyzer with multichannel 
detection. Experiments with the excimer laser were performed from 
February through May 1981. The experiments reported in this thesis 
were carried out between July and December 1981. 
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The structure of subsequent chapters is as follows. Chapter II is 
a detailed description of the design of the spectrometer. Chapter III 
deals with the spectroscopy and photoionization cross sections of 
hydrogen. Chapter IV covers the rotationally-resolved angular distri
butions. Chapter V deals with the rotational relaxation of hydrogen 
in a supersonic expansion. Chapter VI evaluates the performance of 
the spectrometer with an emphasis on direction."-- for future work. 
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l l . DESIGN OF THE INSTRUMENT* 

ABSTRACT 

A high resolution photoelectron spectrometer which uses molecular 
beam sampling is described. Photons from a rare-gas resonance lamp or 
LIV laser are crossed with the beam from a differentially pumped super
sonic nozzle source. The resulting photoeloccrons are collected by an 
electrostatic analyzer of a unique design co.isisting of a 90" spherical 
sector pre-analyzer, a system of lenses, and a 180" hemispherical 
deflector. A multichannel detection system based on dual microchannel 
plates w H h a resistive anode position encoder provides an increase in 
counting efficiency by a factor of 12 over the equivalent single 
channel detector. The apparatus has demonstrated an instrumental 
resolution of better than 10 meV FWHM, limited largely by the photon 
source linewidth. A quadrupole mass spectrometer is used to charac
terize the composition of the molec/'ar beam. Extensive differential 
pumping is provided to protect the critical surfaces of the analyzer 
and mass spectrometer from contamination. Because of the near elimi
nation of Doppler and rotational broadenings, the practical resolution 
is the highest yrt obtained in molecular PES. 
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A. INTRODUCTION 
Supersonic beams have achieved considerable popularity in molecular 

spectroscopy because of their potential for improved resolution and 
because of the access they afford to the study of weakly-bound com
plexes. Laser-induced fluorescence of supersonic jets is being used 
in several laboratories to obtain accurate spectroscopic information 
on simple van der waals molecules ' and to study intramolecular 
energy transfer in larger systems. ' Mu'itiphoton ionization spec
troscopy of jet-cooled molecules is being exploited both for the pur
poses of spectral simplification and to perform Hnewidth studies. 
The combination of a molecular beam with a vacuum ultraviolet mono-

chromator makes it possible to >;arry out high resolution photoioniza-
7 R tion mass spectrometry on small molecules and clusters. ' 

Molecular photoelectron spectroscopy (PES) could also be expected 
to benefit by the application of molecular beams, aid progress has 

9 11 been made, both with the PES of clusters and in the pursuit of 
12 13 

higher resolution. ' A m" .- difficulty in molecular beam photo-
electron spectroscopy (MBPES) is the rather low number density 
( 1 0 - 1 0 cm" ) in the ionization region as compared to that typic
ally used in a gas cell PES machine ( 1 0 - 1 0 cm ). Consequently 
it has not been feasible until now to work at the best attainable in
strumental resolution for reasons of sensitivity. Further, a problem 
relating specifically to the study of weakly-bound complexes arises 
because the composition of the molecular beam is rather uncertain in 
the absence of characterization by mass spectrometry. 
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We describe here an apparatus designed to make MBPES a more viable 
technique by overcoming the above difficulties. This MBPES machine 
also represents a considerable improvement over previous spectrometers 
in the areas of background reduction and protection from surface 
contamination. 

Design criteria are developed in Section B. In Section C the MBPES 
machine is described in detail with a subsection devoted to each com
ponent. In Section D the performance of the apparatus is evaluated in 
light of the design criteria. 

B. DESIGN CRITERIA 
The factors limiting resolution in MBPES were discussed by Dehmer 

1 7 

and Dehmer in connection with their work on jet-cooled ethylene. 

The principal contributions to the observed resolution (FW)W) are 

included in the expression 

4 Eobs • £*Eo + <4Ephoton>2 + ^Doppler ' 2 + ^ r o t a t i o n * 2 

+ ^ E f i e l d s > 2 3 1 / 2 • (1) 

where &E is the theoretical FWIIM of the analyzer, A E D n o t o n

 l s t n e 

linewidth of the photon source, AEry>DD]er ' s t h e "oppler broadening, 
A Erotat ion i s t n e b r o a d e n ^ n 9 due to rotational excitation of the 

target molecules, and 4 E f i 1 d is a term combining the effects of 
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non-ideal spectrometer behavior. In the latter category are the 
sources of broadening due to power-supply instability, stray magnetic 
and RF electric fields, surface contamination and charging, field-
fringing effects in the analyzer and lenses, and energy-scale shifts 
from contact potential variations during successive scans. For a 
spectrometer of moderate resolution (AE £ 20 meV) all terms except 
AE can usually be neglected when using a rare-gas resonance lamp. 
However, for high-resolution work any of these factors can become the 
major contributor to AE o bc> and careful attention must be paid to 
each. 

Supersonic beams provide the most direct method for the elimina
tion of Doppler broadening, by sampling the photoelectrons in a direc
tion perpendicular to the molecular beam axis. Because of the drastic 
cooling accompanying adiabatic expansion, rotational broadening can 
also be significantly reduced in MBPES. Molecular beam sources offer 
the additional advantage of protection from surface contamination, 
because very effective vacuum isolation can be maintained between the 
ionization region and the interior of the analyzer, by one or more 
stages of differential pumping. 

The best reported photoelectron energy resolution is 4 meV, for an 
atomic Ar sample using Ne(I) radiation, for which Doppler and rota
tional effects do not contribute. By using a supersonic beam and by 
taking great care to minimize broadening due to the photon source 
linewidth and to non-ideal behavior, it should also be possible to 
approach this resolution for molecular systems. Thus it seems 
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practical to set a design goal resolution of less than 5 meV for an 
MBPES machine. The rather low number density available in the beam 
(ca. 10 cm""-') makes it imperative that the analyzer have good 
collection efficiency if high resolution operation is to be realized. 
In addition, it is necessary to reduce the background signal from 
electrons scattered by grids or surfaces, which frequently limits the 
sensitivity of conventional analyzers. These considerations led us to 
choose an optimized double electrostatic deflector with a position-
sensitive multichannel detection system. It is desired that the 
transmission of the analyzer be fairly constant over a scan in which 
the measured kinetic energy varies by up to a factor of 10. There 
also should be provision for operation over a rather wide range of 
pass energies to allow for flexibility in the selection of resolution 
and counting rate. These requirements call for the design of a lens 
system of greater sophistication than has traditionally been employed. 
The materials used in the construction of the analyzer should be non-
permeable, should show uniform surface potentials, and preferably 
should be bakeable to maintain a clean ultrahigh vacuum environment. 
Extensive magnetic shielding is mandated by the need to operate at low 
pass energies. 

A knowledge of what species are present in the molecular beam is 
essential for the study of weakly-bound complexes. Mass spectrometry 
using a photoionization source is the most direct method for obtaining 
this information. Although our uncertainty about the degree of disso
ciative photoionization often precludes a definitive characterization 
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of the beam, a mass spectrometer should certainly be of great assist
ance in optimizing the expansion conditions to suit the production of 
a particular cluster. 

C. DESCRIPTION OF THE HBPES MACHINE 
In this section we describe in detail the design of a spectrometer 

which embodies the criteria set forth in the previous section. A sub
section is devoted to each of the principal components of the machine. 

1. Vacuum system and beam source. 
The apparatus as shown in Fig. 1 is based on a 16-inch diameter 

stainless steel cross for the main vacuum chamber, with allowance for 
access by the beam source, the electron energy analyzer, and the 
quadrupole mass spectrometer. These three flange-mounted units are 
equipped with individual differential pumping facilities. The main 
chamber is pumped by two liquid-nitrogen-baffled diffusion pumps 
(Varian VHS-6) with a combined speed of 1800 usee . A conical beam 
catcher mounted atop one of the pumps was found to be of no benefit 
except at rather low gas throughput. 

The beam source consists of a 70 vm diameter nozzle and a 1.1 mm 
diameter x 6.4 mm tall skimmer (nozzle-to-skimmer distance = 6.4 mm), 
backed by an up.baffled 4000 s. sec" diffusion pump and a 1250 cfm 
(590 i sec - ) Roots blower. The nozzle may be cooled by a liquid-
nitrogen-filled jacket or heated up to 400*C by a noninductively-wired 
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Nichrome heater cable. For a typical stagnation pressure of 1000 Torr 
at 25*C, the nozzle throughput is 0.6 Torr £sec , the exhaust chamber 
pressure is 1.5 x 10 Torr, and the main chamber pressure is 2.0 x 
10 Torr. The efficiency of the molecular beam sampling is measured 
by the ratio of the photoelectron signal from the beam to that from 
background gas, which has a typical value of 10-20 under these condi
tions. For helium-seeded beams this ratio increases due to the con
centration of the more massive component near the central beam axis. 
The maximum beam intensity is limited by scattering of the expanding 
gas in front of the skimmer when the local pressure becomes too large. 
Beyond this point the photoelectron signal actually drops when the 
stagnation pressure is increased further as the collimation of the 
beam is degraded. 

A differentially pumped nozzle source possesses certain advantages 
over the simple free jet for PES experiments. The primary advantage 
is the reduction of the background gas load into the main chamber, 
which eliminates the problem of photoelectrons being scattered by 
background molecules and also reduces the threat of surface contami
nation in the analyzer. To achieve a good number density it is neces
sary to place the free jet source very close to the ionization region, 
leading to possible effects from surface charging and making the heat
ing and cooling of the nozzle more problematic. In our source the 
differential pumping wall and the nozzle are 1.9 cm and 3.2 cm from 
the ionization region, respectively. 
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The mass spectrometer (Extranuclear Laboratories) is connected with 

the main chamber through a 0.64 cm diameter aperture for passage by 

the ions and is pumped by a 50(Hsec turbomolecular pump (Pfeiffer 

TPU-500). The analyzer is connected with the main chamber through a 

0.18 cm diameter aperture for passage by the electrons and is pumped 

in two stages by a pair of liquid-nitrogen-baffled diffusion pumps 

(Varian VHS-4, Convalex-10 f lu id) having a speed of 4601 sec - 1 each. 

Metal seal flanges and bakeable construction have permitted the u l t i -
g 

mate pressure in the analyzer to reach 1.0 x 10 Torr. With the 
beam running at a typical throughput, the pressure in the analyzer 

_Q 
increases to 3 x 10 Torr. 

2. Photon sources. 
Most of the work with this spectrometer has been carried out with 

rare-gas resonance lines from a DC discharge in a water-coo Jed Z mm 
diameter x 5 cm long quartz capillary. A 2 mm diameter x 35 cm long 
quartz collimating capillary directs the photons toward the ionization 
region. Based on the loss current from a homemade copper photodiode 
we estimate that the maximum intensity after the collimating capillary 

13 1 
for the He(Ia) line is ~10 photons sec . Two lamps are installed in 
the spectrometer to allow for a choice of angular geometries. One lamp 
is oriented normal to the plane of Fig. 1, so that the axis of the 
photon beam is orthogonal to both the molecular beam axis and to the 
direction of electron collection. The other lamp is oriented in a 
position off-normal to the plane of Fig. 1, such that the axis of the 
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photon beam is at an angle of 64.7* with respect to both the molecular 
beam axis and to the direction of electron collection. Because the 
linewidth of the photon source is expected to have a significant effect 
on the observed resolution of this spectrometer, we have followed the 
recommendations of Samson for narrowing the linewidth by using a 
short discharge capillary and by minimizing the length of the cold gas 
column between the discharge and the differential pumping port. Even 
so, it is necessary to run at quite low lamp pressures and considerably 
reduced photon output to obtain the best possible resolution. 

Recently we have also made use of a pulsed excimer laser (Lumonics 
TE-861) 1 6 operating on the ArF (hu = 6.42 eV) and KrF (hv = 4.98 eV) 
lines to perform PES via multiphoton ionization. A special problem 
arises in this experiment because all of the electrons produced by a 
given laser pulse arrive at the detector within a period of less than 
1 Msec. Since the multichannel detection system requires 6 vsec to 
process each event (see Section III.E.), it is necessary to work under 
conditions such that no more than one electron per laser pulse is 
detected. With the laser running at a repetition rate of 40 Hz the 
sensitivity of the MBPES machine is sufficient to permit the acquisi
tion of a multiphoton photoelectron spectrum in a few hours with a 
resolution limited by the linewidth of the laser (ca. 20 meV/photon 
for ArF). No electron extraction field is used in our experiment. 
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3. Electron energy analyzer. 
The selection of a 180* hemispherical deflector for this spectrom

eter is indicated by the natural configuration of the hemispherical 
analyzer for multichannel detection and by its capability for serving 
as the second stage of a double monochromator. A cylindrical mirror 
analyzer (CMA) would have the advantage of high collection efficiency, 
but even with a double-pass CMA we felt that the background would be 
higher than in the present design. Our design also offers high angu
lar resolution and the consequent capability for angular distribution 
studies. 

Let us consider the factors relating to the design of an optimized 
hemispherical analyzer, some of which have been discussed by Kuyatt 

1 7 1ft and Simpson. ' We shall restrict our attention to a system which 
operates at constant pass energy and hence at constant resolution 
throughout a scan. At least one asymmetric potential lens is therefore 
needed, to retard or accelerate the electron beam by varying amounts 
while scanning. A schematic diagram of this lens arrangement is shown 
in Fig. 2. The "pencil" half-angle a, the electron beam diameter w, 
and the beam energy E, at the object and image planes of the lens are 
related by the law of Helmholtz and Lagrange, 

. V < E k ) 1 / 2 - V o ( E 0 ) 1 / 2 (2) 
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The spherical deflector has unit magnification from the entrance to 
the exit plane, and the first nonvanishing aberration term is given by 

n 
-2a ' . The energy resolution (FWHH) is 

A V E o - V 2 R o <3> 

if aberrations are neglected. Kuyatt and Simpson chose the 
criterion 

% i < V 4 R o > 1 / 2 " ( 4 Eo' 2 Eo) 1 / 2 <4> 

to reduce tailing of the lineshape, and we adopt this requirement also. 
A limitation is thereby placed on the maximum solid angle of acceptance 
if Eq. (4) is to hold at all kinetic energies. According to Eq. (2), 
a reaches its maximum value at the maximum kinetic energy, E m a x . 
So from Eqs. (2) and (4) (using the equality) we have 

a o = a ' ( w ' / w 0 ) ( E ^ x / E 0 ) 1 / 2 = U E 0 / 2 E 0 ) 1 / 2 (5) 

.' - (w 0/w')UE 0/2E 0) 1 / 2(E 0/E^ a x) 1 / 2 (6) 

For a source volume of diameter 2r, we can use Eqs. (6) and (3) to 
obtain an expression for n, the maximum solid angle of acceptance. 
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n - ( K / 4 ) ( W ' 2 / Z 2 ) 

- (W4)(w' 2a' 2/r 2) 

- (W4)(w 2/r 2)(4E 0/2E 0)(E o/E™ a x) (7) 

- (»/2)(R 0/r) 2UE 0/E 0) 3{E 0/E£ a x) 

For an analyzer with multichannel detection, the size of the energy 
window aEg for a detector of width w D is 

AE n = E 0w n/2R 0 (8) 

We now wish to calculate the detection rate for an analyzer which meets 
the pencil angle requirement of Eq. (4). The ionization rste for 
producing electrons with kinetic energy E k is 

N(E k) = I a(Ej n V 
K * { 9 ) 

~ I o(E k) n r 3 

where I is the photon intensity, o(E k) is the ionization cross 
section for producing electrons with energy E. , n is the number 
density of molecules, and V is the ionization volume. The detection 
rate C is given by the expression 

C - N(E k) AE D n (10) 
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Using Eqs. (7)-(10) we arrive at the result 

C ~ (I0(Ek)nR0rwD4EJ|)/(E0E[?ax) (11) 

Thus to achieve the maximum sensi.. ty for a given aE , we should 
maximize R , r, and w D, and minimize E . The practical lower limit 
to E is imposed by non-ideal effects (i.e., stray fields, charging, 
etc.), and we have chosen the minimum value of 0.5 eV with this in 
mind. The limiting maximum value of R is determined by the residual 
magnetic field in a carefully shielded chamber which we estimate to be 

10 
0.001 gauss. Roy and Carette have given an expression relating the 
residual magnetic field H (gauss) to the energy E (eV), the path 
length £ (cm), and the maximum beam deviation d(cm), 

H = 6.74 E * / 2 Hz2 (12) 

To maintain a value of d less than the slit diameter in the type of 
spectrometer proposed here, a maximum value of R = 10 cm is in
dicated. The detector width w D is selected to be 3.81 cm for com
patibility with 4.0 cm diameter microchannel plates (Varian 8908A). 
The mean radius R is 10.16 cm, and the gap between the hemispheres 
is 5.08 cm. A large gap is desirable because it avoids the problem of 
overfilling the analyzer; that is, the maximum deviation of the 
electron beam passing too close to the hemispheres. In our design the 
filling factor is always less than 80%, but the large gap necessitates 
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the use of field termination electrodes (FTE's) to correct for fringing 
fields. Numerical solutions of Laplace's equation were generated for 
a variety of FTE configurations, and the equipotential plot for the 
final design is shown in Fig. 3. The FTE's are a series of concentric, 
equally-spaced rings in the equatorial plane of the hemispheres with 
voltages proportional to R , thereby simulating R variation in 
the potential across the gap. This gives excellent field termination 
in the region plotted in Fig. 3. In the critical regions near the 
entrance slit and the detector, however, the residual fringing field 
is worse, because it is necessary to cut away the FTE's for a distance 
of l-'i cm to avoid blocking the electron beam. 

The 90° spherical sector is chosen as the pre-analyzer because of 
its convenient geometry and because its properties are well understood. 
The pre-analyzer imposes a triangular slit function (neglecting 
aberrations) on the electron beam going into the hemispherical ana
lyzer, and we choose the FWHM of this slit function to just fill the 
energy t/indow presented by the multichannel detector. The resolution 
(FWHM) of the pre-analyzer is given by 

4E 1/E 1 = v1/2R1 (13) 

where E,, w,, and R, are the pass energy, the slit diameter, and 
the mean radius, respectively, of the pre-analy; ••*. By using Eqs. (8) 
and (13) along with the requirement 
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4E D « AEJ (14) 

we obtain the expression 

w: -w^^XE^'E^ (15) 

The value of E./Ei • 1/8 is selected in order to reduce the effect of 
stray fields by keeping the electron beam at higher energy prior to 
entering the hemispherical analyzer. Thus the lens which transports 
the electron beam between the analyzers also decelerates it by a fac
tor of 8. A virtual slit is used at the entrance to the hemispherical 
analyzer, so the spectrometer resolution is critically dependent on 
the focusing properties of the 8:1 decelerator. For a given value of 
AE /E , the diameter of the virtual slit, w , is determined by Eq. (3). 
The value for w, then follows from Eq. (15), and the magnification of 
the 8:1 decelerator is M-, = - w /w,. A three-element cylinder-H.is 
possessing the desired properties was designed using the focal length 

20 
data of Harting and Read. The two degrees of freedom of the three-
element lens are exhausted by the requirements of positioning the image 
and decelerating the beam, so the magnification M Q, (and hence the 
resolution hi It ) can be varied only by fabricating a different 
three-element lens. This job is considerably more difficult than for 
a conventional analyzer where AE./E. can be varied by merely changing 
the slit. Should one wish to improve the resolution by reducing M Q 1, 
the solid angle of acceptance nwill, according to Eq. (7), have to be 
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decreased as the third power of AE 0/E 0 if the pencil angle criterion of 
Eq. (4) is to be maintained. The pre-an?lyzer has a mean radius of 
R, = 3.81 cm and a gap of 1.27 cm, which is sufficient to keep the 
filling factir less than 80% for all operating conditions. Herzog 

21 field correction electrodes are placed at the entrance and exit 
planes of the 90" deflector. The pre- analyzer has virtual entrance 
and real exit apertures with diameters w. - 0.179 cm determined by 
Eq. (15). The resolution of the hemis pherical analyzer is chosen to 

i 
be AE /E = 0.0077, so that the entrance slit size is w = 0.156 cm, 
and the magnification of the 8:] decelerator is M„. = - 0.870. 

The analyzers, lenses, and detector are fabricated from bakeable, 
nonpermeable materials consisting primarily of aluminum, molybdenum, 
copper, and ceramic, but almost no stainless steel. Aluminum screws 
were used throughout to assemble the optical elements. Molybdenum and 
gold-plated 0FHC copper have become popular materials for low energy 

19 92 ?3 
electron optical elements, * ' but for the large number of com
ponents in this spectrometer, the cost and complexity of machining 
would have been prohibitive for either. The solution we have adopted 
is to construct all elements from aluminum and to apply a uniform 
coating of molybdenum (~1500A thick) by vapor deposition. The per
formance of the spectrometer, especially at low pass energies, in
dicates that this is a satisfactory method of surface preparation for 
electron optics. The background of scattered electrons is reduced so 
effectively by the double analyzer that the use of a graphite coating 
on the deflector surfaces is unnecessary. The hemispheres (S. „ _ 

inner -
7.62 cm, R o u t e r = 12.70 cm) were machined on a numerical control 
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lathe to an accuracy of ±5 urn. Two continuous layers of mumetal 
magnetic shielding material surround the ionization region and electron 
flight path, and a third innermost layer surrounds the hemispherical 
analyzer where the electron beam energy reaches its lowest value. 

4. Electron lenses. 
The kinetic energy scan and pass energy selection are performed by 

a set of lenses which transports the electron beam from the ionization 
region to the pre-analyzer entrance slit. The goals were set of being 
able to vary the pass energy by up to a factor of 16 while scanning 
from 0.2 eV to 30 eV kinetic energy. Electrostatic lenses tend to be 
strong focusing and perform poorly for acceleration or deceleration by 
more than a factor of 10, so a single-stage lens would be inadequate 
to meet these goals. The design adopted here, as illustrated in 
Fig. 4, consists of two asymmetric potential, 3-element cylinder-
lenses in series, with a field lens at the intermediate image. We 
reference the energy of the electron beam in the customary way by 
taking ground potential to be at the kinetic energy of analysis, and 
by referencing all voltage supplies to a supply set at -Vk with respect 
to ground. The first stage lens, made up of the elements \L, V 5, and 
V ?, has a voltage ratio, V,:Vk, which is determined on the basis of the 
pass energy V, and which remains constant during the kinetic energy 
scan. The second stage lens made up of V., V,, and V, performs the 
actual scan by varying the voltage ratio V1:V2 in a manner which is the 
same for all pass energies. The behavior of these voltage ratios is 
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listed in Table I. This two-stage approach affords access to a wide 
range of overall voltage ratios without the need for excessive accel
eration or deceleration at a given lens. The design of each of the 
stages is based on the theoretical focal length data for 3-element 

20 asymmetric cylinder-lenses compiled by Harting and Read. For a 
number of configurations we have calculated the "zoom lens" curves 
which relate the focusing voltages, V, and V 5, to the voltage ratios 
for their respective lenses. To maintain constant transmission we 
desire that the magnification of each lens have a constant value of 
M=-1.00 during the scan, but in principle M must vary, because a 
three-element lens has only two degrees of freedom. It was possible 
however to select optimized configurations such that the magnification 
varies only between -0.94 and -1.06 throughout the proposed range of 
voltage ratios. A field lens, made up of V„, \L, and V 2 is included at 
the intermediate image for beam angle correction and is used to 
improve the count rate at the lowest pass energies and also to correct 
the effect of misalignment of the photon beam. A set of deflectors 
located at the pre-analyzer entrance slit is seldom used. 

Because the lenses have unit magnification we have the result 
i • 

w = w,, where w is the diameter of the first defining aperture 
(see Fig. 2), and w. is the pre-analyzer slit diameter. For a given 
choice of E and E ? a x , the allowed solid angle, 52, can be calculated 
from Eq. (7). With this result the distance, z, from the ionization 
region to the first aperture is determined by 
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z - w ^ w M B ) 1 ' 2 (16) 

Typical values are z = 2.9 cm, w, = 0.179 cm, and n/4» - 2.3 x 10 , 
which corresponds to an angular acceptance of ±1.8" for a point source 
of electrons. Due to the predominant spherical aberration in electro
static lenses, the recommended maximum filling factor for good per
formance is 50%. The limitation we have placed on the pencil angle 
in the hemispherical analyzer, as expressed through Eq. (7), is 
sufficient under most conditions to keep the lenses less than 50% 
filled. The portion of the beara that makes larger excursions off the 
central axis will tend to be stopped by the pre-analyzer, so overfilling 
of ..he first lenses is in any event not a serious problem. 

The spectrometer has the convenient property that all voltages are 
in principle either constant during a scan or are linear functions of 
the kinetic energy, with the sole exception of V,, the focusing voltage 
of the kinetic energy scan lens. The voltages are provided by a system 
of highly stabilized voltage-programmable power supplies (Kepco PCX and 
Kepco ABC). For scanning over a small range (<2 eV width) we have 
found it adequate to drive V, linearly with kinetic energy. For wider 
scans V, is programmed by a digital-to-analog converter to follow a 
polynomial function that is a best fit to the empirically determined 
zoom lens curve, an example of which is shown in Fig. 5. In this way 
the transmission of the lenses can be maintained at a nearly constant 
value for scans where the kinetic energy varies by a factor of 10 or 
more. The transmission will be considered again in Chapter III. 
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5. Detection system. 

Although the capability of multichannel detection to provide 

increased sensitivity is well known in ESCA, the use of such a 

system in lower energy electron spectroscopy is a comparatively recent 
?7 31 development. We have chosen a multichannel detection system based 

32 on position-encoding by the charge division method. An assembly 

drawing of the detector is shown in Fig. 6. The electron beam is dis

persed in energy across a 4.0 cm diameter dual microchannel plate 

electron multiplier. Each incoming electron is amplified a faccor of 

10 and accelerated to a resistive anode consisting of a carbon film on 

an Al-O, substrate with an aluminum contact strip at either end of 

the resistor. The position of the charge centroid is proportional to 

X1/(X1 + X2), where XI and X2 are the quantities of charge flowing out 

the ends of the resistor. A schematic diagram of the position-encoding 

circuitry is shown in Fig. 7. Signals from the resistive anode are 

capacitively decoupled from high voltage and fed to a pair of charge-

sensitive pre-amplifiers (LeCroy TRA510). Next follow pulse-shaping 

amplifiers consisting of a single stage of differentiation with pole-

zero cancellation and three stages of integration, resulting in quasi-
33 Gaussian output pulses. The quantity XI + X2 is formed at an analog 

summing junction, and the position, X1/(X1 + X2), is calculated by 

successive approximation as an 8-bit digital word. For each valid 

count the corresponding channel of a 256-word, 14-bit buffer memory is 
incremented, and is read out by a microcomputer after a specified 

accumulation time. The time required for the position-encoding system 
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to process an event is 6 usee, which permits a maximum random count 
rate of 10-15 kHz. The resistive anode has an active area of 3.81 cm 
x 1.11 cm and is spaced 0.20 cm from the back face of the microchannel 
plate, giving a calculated distributed capacitance of 2 pF. With a 
strip resistance of 120 kfl, the calculated RC time constant of the 
anode is then 240 ns, but in practice the anode time constant is like
ly to be up to a factor of two larger than this due to additional 
stray capacitance. The integrating-differentiating time constant of 
the shaping amplifiers is selected to be 500 ns, which provides a good 
match to the actual anode time constant. Provisions exist for the use 
of a double sided resistive anode for two-dimensional imaging, but we 
have found that the positional linearity is slightly better for the 
single sided anode. The electron beam in the analyzer is sufficiently 
well defined that position-encoding in the perpendicular dimension is 
not needed. 

The detector was tested extensively in a small ultrahigh vacuum 
chamber outfitted with an electron gun. The positional resolution and 
linearity were evaluated by directing an electron beam at a mask per
forated with a uniform grid of pinholes, which was placed c/er the 
detector. Resolution and linearity were measured to be better than 1% 

except for very close to the edges where they were about 2%. These 
tests give us the assurance that any problems with positional non-
linearity observed in the analyzer must be due not to the detector 
itself but rather to field-fringing. In order to shield the electron 
beam in the analyzer from the accelerating voltage on the front of the 
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microchannel plate, a 70 line-per-inch electroformed copper mesh (90" 
transmitting) is placed across the top of the detector. Even so, we 
have found it necessary to reduce the accelerating voltage between the 
mesh and the microchannel plate to a very low level, or significant 
distortion of the deflecting field results. Typically the electrons 
strike the front surface of the multiplier with a nominal impact energy 
of only 5 eV, and the detection efficiency is reduced by 10% from the 
value when the impact energy is 100 eV. 

6. Data acquisition. 
The spectrometer is controlled by a dedicated microcomputer (DEC 

LS1-11/2) which performs the tasks of data acquisition and storage. 
The most basic operations for data collection are the control of 
accumulation by the 256-channel buffer memory and the transfer of a 
frame of data from the buffer to the computer memory. These functions 
are carried out via a 16-line parallel I/O module. Other modules are 
provided for timing, for digitsl-to-analog conversion, and for inter
faces to scalers and to a digital voltmeter. Peripheral devices in
clude a graphic terminal, a line printer, a plotter, a display scope, 
and a floppy disk unit. 

Two modes of data collection are used. In the so-called "normal" 
mode the kinetic energy is not swept, and the output consists of that 
portion of the spectrum which falls within a single energy window on 
the detector. In the "dithering" mode the kinetic energy is swept, 
and the frame of data from the buffer memory is advanced one channel 
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a f te r each accumulation period before i t i s added in to the spectral 

array. In t h i s way electrons of every energy are counted fo r an equal 

length of time in each of the 256 channels o f the bu f fe r , thereby 

el iminat ing the e f fec t of non-uniform s e n s i t i v i t y (the "signature") 

across the energy window. The k ine t i c energy step size i s not 

a rb i t r a r y , but must be an in tegra l mul t ip le of AEr,/256, where AEQ 

is the width of the energy window. I f t h i s requirement were not 

met, a loss in resolut ion would resu l t as the channels from the 

spectral array and the buffer array worked t he i r way out of phase. 

D. PERFORMANCE 

A photographic record o f the spectrometer and some of i t s p r i n c i 

pal components i s given in Figs. 8-14. The He(I) spectrum of N, taken 

with a resolut ion of 10 meV FWHM ( for Ar) i s shown in Fig. 15. This 

spectrum and those reported below are a l l taken in the 90" geometry; 

i . e . , the photon beam is orthogonal to the electron t ra jec to ry . The 

theoret ical resolut ion at t h i s pass energy (1.0 eV) i s 7.7 meV, and 

the FWHM of the peaks corresponding to the N, r,-states i s 12 meV. The 

most s t r i k i n g features of t h i s spectrum are the extremely low back

ground and the high resolut ion which i r e charac ter is t ic of t h i s appa

ra tus . The signal-to-background r a t i o i s 300:1 in the v i c i n i t y of the 

X 2 I * (v = 0) peak and is 250:1 near the B 2 E * (v ' = 0) peak. For 

the higher k ine t i c energy region the background i s due en t i r e l y to N? 

photoelectrons scattered from the surfaces of the hemispheres, whereas 

at lower k ine t i c energy there is an addi t ional background component due 
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to photoemission from wall of the main vacuum chamber. The majority 
of the latter component is removed by allowing the photon beam to 
strike a simple inndowless photodiode which serves as a trap for low 
energy electrons. In later experiments this problem was entirely 
eliminated by cutting a hole in the mumetal shields to allow the photon 
beam to exit. The total dark count rate of the multichannel detector 
is 10 sec , which adds a negligible contribution to the spectral back
ground. The molecular beam is produced by expanding N, at 298 K and 
600 Torr through a 0.070 mm diameter nozzle. The spectrum shown here 
was taken in a single scan which lasted four hours. We generally do 
not accumulate data with multiple scans, because small energy scale 
drifts between scans can degrade the resolution. When running low 
signal experiments we prefer to accumulate a set of single scans and 
add them together afterwards. The FWHH of the A n vibrational states 
is 20 meV as a consequence of the 9.3 meV spin-orbit splitting which 
can almost be resolved in this spectrum. 

The He(I) spectrum of CO shown in Figs. 16 and 17 was taken under 
conditions identical to those used for N ?. In this case the scan 

2 lasted six hours. The A n state spin-orbit splitting of 14.6 meV 
can be clearly resolved tl.anks to the rotational cooling. The spec
trum contains a number of unlabeled features which arise from the 
He(lB, J?....) photon energies and from a nitrogen impurity. 

The analyzer was operated for several months in a single channel 
mode (using a real exit slit and a Spiraltron multiplier) before 
installing the multichannel detector in order to assess the relative 



-30-

advantages of the two systems. The primary benefit of multichannel 
operation is the enhancement of the data collection rate by a factor 
of 12 over the equivalent single channel system. This is reasonably 
close to the predicted enhancement factor of 16, which is obtained from 
the ratio of the detector widths, taking into account the pre-analyzer 
slit function. As anticipated, the background is somewhat higher with 
multichannel detection, but the double analyzer system keeps it at a 
very low level nevertheless. The limitation of the multichannel count 
rate to a maximum of 10-15 kHz poses a problem for experiments where a 
weak signal of interest lies near a very strong peak (e.g., a dimer 
signal in the presence of an intense monomer peak). To avoid 
saturating the counting electronics, the rate must be kept below 10 
kHz and the counting time consequently must be lengthened. In single 
channel operation, however, the count rate could conceivably be as 
high as 100-200 kHz, above which the Spiraltron would suffer a gain 
loss. 

The best resolution we have attained is 6.5 meV FWHM in the He(I) 
spectrum of Ar as shown in Fig. 18. This spectrum was taken Lining 
single channel detection, a pass energy of 0.5 eV, and the lowest 
possible pressure in the lamp (ca. 0.1 Torr). The theoretical resolu
tion at 0.5 eV pass energy is 3.9 meV. Although at 1.0 eV and higher 
pass energies the resolution has been comparable for single channel 
and multichannel detection, at 0.5 eV pass energy the single channel 
resolution proved to be better. We attribute this discrepancy to the 
effects of residual stray magnetic fields and to fringing of the 
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deflecting field above the multichannel detector. Stray fields are 
expected to be a more serious problem for the multichannel case be
cause of the need to keep the electron beam tracking correctly across 
the entire active area of the detector. 

As an example of the capability of this instrument to perform 
molecular PES at a new level of detail, we present in Fig. 19 a portion 
of the He(I) spectrum of ethylene, C-H., which was taken using single 
channel detection, a pass energy of 1.0 eV, and an instrumental reso
lution of 11 roeV FWHM as measured for Ar (theoretical FWHM - 7.7 meV). 
The gas was expanded from a stagnation pressure of 600 Torr at 298 K. 
Because the molecules being ionized are rotationally cold, the 
individual vibrational members of this band can be observed at nearly 
instrumental resolution, and much of the vibrational structure is fully 

rssolved here for the first time. The principal vibrational excitation 
2 + 

of the B 3 u C 2 H 4 ion is in the symmetric C-C stretching mode, v., 
which appears as a progression extending out at least to v(v,) = 5. 
Each member of this progression is doubled by a concurrent excitation 
of two quanta in the torsional mode, v d. A second progression 
involving the additional excitation of one quantum in the symmetric 
H-C-H bending mode, v,, mirrors the first progression. The spectrum 
contains additional peaks indicating the excitation of one or two other 
modes of vibration. 
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TABLE I. Voltage ratios for the pass energy selector lens ;vk,V,-,V-) and 
the kinetic energy scan lpns (V?,V,,V.) 

Pass energy selector 

Pass energy, V, (eV) Voltage ratio, V„:Vk 

Kinetic energy scan 

Kinetic energy., V k (eV) Voltage ratio, V.:Vp 

0.5 

16 

32 

64 

1:2 

1:1 

2:1 

4:1 

3:1 
16 

32 

18:1 

8:1 

4:1 

2:1 

1:1 

1:2 

1:4 
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FIGURE CAPTIONS 
Figure 1. Schematic top view of the apparatus: (1) beam source, (2) 

beam catcher; (3) pass energy selector lens, (4) field lens, 
(5) kinetic energy scan lens, (6) deflectors, (7) 90° 
spherical sector pre-analyzer, (8) conductance barrier, (9) 
8:1 decelerator lens, (10) hemispherical analyzer, (11) 
multichannel detector, (12) ion extraction lenses, (13) 
quadrupole mass filter, (14) differential pumping. The 
photon sources are located above the plane of the drawing. 
Not shown are two layers of mumetal surrounding the electron 
flight path. 

Figure 2. (a) Schematic diagram of the ionization region and entrance 
aperture. The source diameter is 2r, the aperture diameter 
is w , and the distance between them is z. The pencil 
half-angle is a , and the beam half-angle is ». 
(b) Schematic diagram of a hemispherical deflector with a 
virtual slit and retarding lens. The pencil half-angle, 
the beam diameter, and the beam energy are given by a , 
w , and E k at the first aperture, and by a , w , 
and E at the deflector entrance plane. 

Figure 3. Equipotential plot for the hemispherical analyzer entrance 
region. V^,, V. t, and V are the inner sphere 
voltage, the outer sphere voltage, and the mid-sphere 
voltage, respectively. The field termination electrodes 
are six concentric, equally spaced rings lying in the 
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entrance plane. Their voltages correspond to the nominal 

1/R-values of the po ten t ia l . 

Figure 4. Electron lens system consist ing o f two asymmetric, 

three-element cyl inder- lenses in ser ies . The pass energy 

selector lens (V k , tV, V,) has a voltage r a t i o , V2:V. , 

determined on the basis of the pre-analyzer pass energy, 

V,. The k ine t i c energy scan lens (V,, V,, V,) has a voltage 

r a t i o , V , :V 2 , which i s swept during the scan. A f i e l d lens 

(V->, V-, V,) at the intermediate image allows fo r beam angle 

adjustment. A set of def lec tors , D, i s located at the 

pre-analyzer entrance. 

Figure 5. Focusing vol tage, V,, as a funct ion of k ine t i c energy, 

V k , fo r a pre-analyzer pass energy of E, = 16 eV. The 

points are determined by optimizing the signal f o r some 25 

molecular photoelectron t rans i t i ons . The lower curve is 

the least-squares f i t , fourth-order polynomial funct ion used 

to program V, v ia a D/A converter. The upper curve is 

based on the theoret ica l lens data of Harting and Read 

(Ref. 20). 

Figure 6. Assembly drawing o f the detector. 

Figure 7. Schematic of the position-encoding e lec t ron ics : 

(Ch)-charge-sensitive pre-ampl i f ie r , (Sh)-shaping ampl i fer , 

(S/H)-sample and ho ld , (Pk)-peak detector, (Sm)-suir.ming 

ampl i f ie r , (Th)-threshold detector, (Ov)-overload detector, 

(Mult D/A)-mult iplying D/A converter, (Cm)-comparator, 
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(SAR)-successive approximation reg is te r , (Ck)-2 MHz c lock, 

(Latch)-latched output d r i ve r . 

Figure 8. View of the analyzer wi th the outer hemisphere removed, 

showing the inner hemisphere, the entrance aperture, the 

f i e l d termination wi res , and the baseplate. 

Figure 9. The inner and outer hemispheres. Note the entrance s l i t 

set-up fo r s ingle channel detect ion. 

Figure 10. View of the analyzer with the outer hemisphere in place. 

Figure 11. The preanalyzer and the lens elements fo r the def lectors 

and for V j , V 3 , and Vg. 

Figure 12. The analyzer chamber. Note the ports leading down to the 

d i f f e r e n t i a l pumping stacks. 

Figure 13. View of the apparatus showing the beam source {at l e f t ) , 

the analyzer (at r i g h t ) , and the electronics (behind). The 

large pipe running overhead connects the forearm of the 

beam source d i f fus ion pump to the Roots blower. 

Figure 14. View of the apparatus showing the beam source (at r i g h t ) , 

the main chamber (at center) with i t s flange fo r the 

quadrupole mass f i l t e r (not i n s ta l l ed ) , and the helium 

i n l e t manifold (with operator attached). In the foreground 

is the tes t chamber fo r the multichannel detector. 

Figure 15. He(I) spectrum of N, at an instrumental resolut ion of 

10 meV FWHM. The stagnation pressure and temperature are 

600 Torr and 298 K. The analyzer is operated at a pass 

energy of 1.0 eV with multichannel detect ion. 
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Figure 16. He(I) spectrum of CO at an instrumental resolution of 

10 meV FWHM. The stagnation pressure and temperature are 

600 Torr and 298 K. The analyzer is operated at a pass 

energy of 1.0 eV with multichannel detection. 

Figure 17. A portion of the spectrum of CO shown in Figure 16. 

Figure 18. He(I) spectrum of Ar at an instrumental resolution of 

6.5 meV FWHM. The stagnation pressure and temperature are 

1000 Torr and 298 K. The analyzer is operated at a pass 

energy of 0.5 eV with single channel detection. 

Figure 19. He(I) spectrum of C ?H. at an instrumental resolution of 

11 meV FWHM. The stagnation pressure and temperature are 

600 Torr and 298 K. The analyzer is operated at a pass 

energy of 1.0 eV with single channel detection. Vibrational 

levels are identified by the quantum numbers of the modes 

vit up, VOJ and v^. 
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I I I . ROTATIONALLV-RESOLVED PHOTOELECTRON SPECTROSCOPY OF 

n - H 2 , p - H 2 , HD, AND D ? * 

ABSTRACT 

The 584A photoelectron spectra of n-H«, p-H-, HD, and D. were 
recorded at a resolution of 11 meV FWHM using a supersonic molecular 
beam source. Spectra were taken at several stagnation temperatures 
and pressures in order to vary the rotational population distribution 
in the beam with a corresponding variation in the relative intensities 
of the rotational transitions. Many of the 0 branch component: were 
resolved for the first time. AG(vM/2) ami B values were measured for 
all observed vibrational states of H,, HD , and D, and were used to 
determine the ionic vibrational and rotational constants: <u , u x„, 

e' e e 
"e^e' u e z e ' Be» l n d °e* ^ e r e s u' t s represent a substantial improve
ment over previous experimental determinations and were found to be 
consistent with the available theoretical rotation-vibration energy 
levels. The measurement of the intensity distribution of photoelec-
trons as a function of vibrational state yielded photoionization cross 
sections which were in good agreement with the theoretical values cal
culated by ONeil and Reinhardt. 
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A. INTRODUCTION 
The photoelectron spectra of H 2, HD, and D, can in principle pro

vide a determination of the spectroscopic constants of the H,, HD , and 
D~ molecular ions and the relative pnotoionization cross sections for 
transitions to the various ionic rotation-vibration energy levels. 
The ground state potential energy curves for H, and H« are shown for 
reference in Fig. 1. Although several measurements of the photoelec-

3 5 tron spectra have been reported, there still exists a need for 
data of higher resolution and signal-to-background ratio, particularly 
for the upper vibrational states which are usually obscured by the 
background of stray electrons. The Doppler broadening in the photo-
electron spectra of these light molecules is relatively large and has 
limited the resolution obtained in previous experiments. The Doppler 
linewidth at room temperature for H« (v = 0) with 584A (Hela) light 
amounts to 20 meV, which is several times larger than the best attain
able instrumental resolution. Asbrink used a spectrometer having a 
resolution of 4-7 meV and a Ne(I) light source (736A, 744A) to reduce 
the Doppler broadening and obtained a rotationally-resolved spec'-um 
of H, (v = 0 to 5), but the positions of only a few of the rotational 
lines could be determined accurately because of the overlapping peaks 
from the two Ne(I) photon energies. 

High quality photoelectron spectra would provide a considerable 
improvement in our experimental knowledge of the rotation-vibration 

+ + + energy levels of H„, HD , and D,. The positions of the few lowest 
energy levels are known from the extrapolation of Rydberg series. 
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Conventional absorption or emission spectra from a gaseous discharge 
havp not been observed for these ions in the visible or UV regions 
because all of the excited electronic states are repulsive in the 
vertical region of the ground state. Furthermore, the triatomic 
species (e.g. H,) becomes the predominant molecular ion in the dis
charge before the number density of the diatomic ion is high enough for 
infrared measurements. The experimental situation has improved con
siderably in recent years for HD , which, because of its dipole moment 
and the near coincidence of its vibrational frequency with those of 
certain CO and CO, laser transitions, can be observed in absorption 

7 9 by \r -beam-infrared-laser-resonance technique;. The accuracy of 
these measurements is very high (± 0.002 cm-',, but only a small number 
of rotation-vibration transitions have been observed. 

Because the hydrogen molecular ions are composed of just three 
particles, theory provides a much more complete description of the 
rotation-vibration energy levils than has been available from experi
ment. Extensive tabulations exist for the bound state levels calcu
lated in the Born-Oppenheimer and adiabatic approximations. 
Calculations have also been reported which include relativistic, radi
ative, and non-adiabatic effects for many energy levels of HD 1 3 , 1 4 

and for a few low-lying levels of the other isotopes. * 
The relative intensities of transitions to the different ionic 

vibrational states at 584A have been measured for H,, HD , and u-
2 + 4 

by Berkowitz and Spohr and for H„ by Gardner and Samson. On the 
theoretical side, tKa photoionization cross section as a function of 
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v-state has been calculated at various levels of sophistication by 
17 lft-?1 3 

Villarejo, by Itikawa, by Lee and Rabalais, by Ford, Docken, and 
?? 21 

Dalgarno, and by ONeil and Reinhardt. . The agreement between 
experiment and theory has been satisfactory in general, but a detailed 
comparison has awaited higher quality spectra, particularly for the 
upper v-states for which the limited sensitivity and unresolved rota
tional stru. :ure in previous experiments contribute to the uncertainty 
in the measured values. 

We have recorded the 584A photoelectron spectra of n-H-, p-H,, HD, 
and D, with an apparatus which uses a scpersonic molecular beam 
source to remove Doppler broadening. The spectra reveal considerably 
more rotational structure than was observed in earlier experiments, 
and, because of the very low spectrometer background, transitions are 
observed for states up to one or two vibrational quanta from the dis
sociation limit. The rotational population distribution of the 
molecules in the beam can be varied significantly by adjusting the 
stagnation temperature and pressure, and this provides a useful tool 
for enhancing or reducing transitions from rotationally-excited states 
of the neutrals. We report values for the rotational and vibrational 
constants of H,, HD , and D 2, as well as the photoionization cross 
sections for all observed vibrational states. 

B. EXPERIMENTAL 
The apparatus has received a detailed description elsewhere, 

so its characteristics will only be outlined here. Hydrogen was 
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expanded through a 70-vm-diam nozzle located 6.4 mm from the tip of a 
0.66-mm-diam x 6.4-mm-tall skimmer. After entering the main chamber 
the beam of hydrogen was crossed with the photon beam from a helium 
resonance lamp, and a fraction (- 10 ) of the resulting photoelec-
trons passed through the entrance aperture and was transported by a 
series of lenses to a 90" spherical sector pre-analyzer. F-om this 
point thp. electrons were decelerated into the main analyzer, a 10.16 
cm mean radius hemispherical deflector, and were dispersed across a 
position-sensitive multichannel detector. The principal advantages of 
this analyzer design' are 1) the reduction of background provided by 
the pre-analyzer, and 2) the enhanced collection efficiency through 
the use of multichannel detection. For these experiments the analyzer 
was operated at a constant pass energy of 1.0 eV which gave a resolu
tion of 11 meV FWHM as observed for the Ar 3p doublet with 584A light. 
All spectra were taken with the light source at the 90° geometry; that 
is, with the nominally unpolarized photon beam orthogonal to the elec
tron trajectory. 

Each spectrum was accumulated in a single scan of the kinetic en
ergy lasting tv < to four hours. Data acquisition and storage were 
controlled by an LSI-11/2 microcomputer. To eliminate the ncnuniform-
ity in the response of the multichannel detector the "dithering" pro
cedure was used, wherein each channel of the spectral array received 
counts from every position on the detector for an equal length of time. 
The scan width was determined by measuring the voltage of the power 
supply controlling the kinetic energy with a computer-interfaced pre
cision digital voltmeter (Dana 5900) at four points during the scan. 
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The ca l ib ra t ion of the scan width in the region o f importance f o r hy

drogen was checked by measuring the spectrum of nitrogen and determin

ing the Np X 2 I * (v = 0) to B h* (v = 0) s p l i t t i n g , which is accu-
1 ?5 

ra te l y known from emission spectra (25566.0 cm = 3.16981 eV). This 

s p l i t t i n g was reproducible to w i th in ± 0.001 eV (± 8 cm ) with t h i s 

apparatus. 

The n-H ? and D, samples were obtained commercially, the H, 
being UHP grade (99.999%), and the D 2 being CP grade (99.5%) which 
nevertheless had a noticeable HD impurity that appears in some of our 
D, spectra. The p-H, sample was obtained by transferring a quantity 
of liquid p-H, from a hydrogen liquefier into a standard aluminum 
gas cylinder. The purity of the p-H- gas was approximately 90-95% 
initially, and the observed half-life for conversion to n-H, was 3 
to 4 weeks at a pressure of 70 psig. HD was prepared by the reac
tion of LiAlii. with D-0, and the gas was compressed to several hundred 
psi and stored in an aluminum cylinder. Impurities of H- and D, 
amounted to about 1% each in the HD sample. 

The quadrupole mass filter was not in the chamber during these ex
periments, out the fraction of clusters in the molecular beam was ex
pected to be negligible. Even at a stagnation temperature of 77K the 
backing pressure we used (200 Torr) was an order of magnitude below 27 that needed for significant dimerization. 
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C. RESULTS AND DISCUSSION 
1. Spectra 

The 584A spectra of n-H,, p-H,, HD, and D, expanded from about 
one atmosphere at room temperature (297K) are shown in Figs. 2-5 with 
the ionic vibrational states indicated and the Q branch (J1 = J") 
rotational quantum numbers labeled for a typical vibrational band. 
The lower vibrational levels of H, also exhibit partially resolved S 
branches (J' = J" + 2) which are labeled as such. In most cases a 
separate scan with better statistics for the higher vibrational levels 
is also presented in the figure. Small discontinuities in the spectra 
at kinetic energies of 5.28 and 5.46 eV are due to Ar calibration peaks 
which have been subtracted out. These hydrogen spectra represent a 
considerable improvement over previously published results in both the 
resolution and the signal-to-background ratio (typically 200-300 near 
the strongest transitions). Even so, the Q branches are not totally 
resolved, and as a consequence the spectral analysis must rely heavily 
on deconvolution techniques, limiting the accuracy of the resulting 
spectroscopic constants. This limitation can be largely overcome by 
adjusting the nozzle temperature so as to change the rotational popula
tion distribution of the molecules in the beam. This temperature 
dependence is illustrated by three examples in Fig. 6. When hydrogen 
at 77K undergoes a supersonic expansion the molecules are left almost 
entirely in their lowest accessible rotational states. For p-H, and 
HD this is the J" = 0 level, but for n-H, there is a 1:3 mixture of 
J" = 0 and J" = 1, and for n-D, a 2:1 mixture of J" = 0 and J" = 1. 
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Thus the 77K spectra of p-H, and HD in Figs. 7 and 8 consist primari
ly of vibrational bands involving only the Q(O) rotationless transi
tions. The 77K spectrum of D„ in Fig. 9 is similar in appearance to 
a rotationless spectrum despite the - 33% Q(l) component because the 
splitting between th? Q(O) and Q(l) transitions is only 4-6 meV and is 
not resolved. The 77K spectra give us the best data on the vibrational 

+ + + properties of H~, HD , and D„, namely the AG values and photoioniza-
tion cross sections. We can also produce a rotationally relaxed hy
drogen beam starting from room temperature by running with a smaller 
nozzle at much higher backing pressure (e.g., 40-ym-diam and 100 psi) ; 

but the cooling is not as effective as with the nozzle held at 77K. 
On the other hand the rotationally excited transitions can be enhanced 
by heating the nozzle, as was done for the high temperature spectra 
which are shown in Figs. 10-12. These spectra allow us to determine 
the rotational constants with better accuracy than is possible with 
the room temperature spectra because the Q branch extends to higher 
0-states. It was not possib'e to generate a satisfactory spectrum of 
HD while heating the nozzle because the sample rapidly converted to a 
mixture of HD, H„, and Dp. The spectrum of HD with transitions out 
to Q(5) in Fig. 11 was taken with the nozzle at room temperature and a 
very low backing pressure (50 Torr), for which the degree of rotational 
relaxation was significantly less than for the HD scan at 600 Torr 
backing pressure shown in Fig. 4. A number of discontinuities are 
evident in the 50 Torr spectrum of HD, which are due to an air impurity 
that has been suDtracted out. A scan of p-H, with the heated nozzle was 
not attempted because the conversion to n-H, was expected to be rapid. 
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2. Energy Scale 
The quantity measured in the photoelectron spectrum is the elec

tron energy distribution in the laboratory frame, and to convert this 
to the kinetic energy distribution in the center-of-mass frame we must 
account for the recoil energy of the ion as given by conservation of 
momentum. This is particularly simple when the electrons are sampled 
perpendicular to a collimated molecular beam, because we may assume 
that the molecule initially has zero velocity along the detection 
direction. For a measured laboratory energy E-, ., the ionization 
energy E. (equals photon energy minus kinetic energy) is given by 

Ej - h « - ( H - m e / m + ) E 1 a b (1) 

where hv = 17119.148 c m - 1 , 2 * and 1 + m e/m + has the values 1.0002722 

for Ht, 1.0001816 fo r HD+, and 1.0001362 fo r D*. To convert the k i n 

e t i c energy from electron vo l t s t o wave numbers we have used the fac tor 

1.2398520 x 10 eV/cm given by Cohen and Taylor. The absolute 

ion izat ion energy determined in t h i s experiment i s subject t o an un

cer ta in ty of about 10-20 cm because of d r i f t i n the ..jectrometer 

o f fse t due to changing contact po ten t ia ls . However the present spec

troscopic analyses r e l y only on re la t i ve ion iza t ion energies (peak 

s p l i t t i n g s ) f o r which the uncertainty i s much less . 

3. Vibrat ional Energy Levels 

The 77K spectra of p-H,, HD, and D, in F ig . 4 were used to de

termine the pure v ib ra t iona l leve l energies of H„, HD , and 0 ? . 
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Since all transitions originate from the v = 0 level of the neutral 
hydrogen molecule, the vibrational differences of the molecular ion, 
AG(V + 1/2) = G(v + 1) - G(v), are obtained directly from the succes
sive vibrational splittings in the photoelectron spectra. The indi
vidual vibrational peaks exhibited a FWHM of 90-100 cm , and the 
centers of the transitions could be located visually to an accuracy of 
about 5 cm by plotting the spectrum on a expanded scale. We have 
been able to reduce considerably the random error inherent in the 
visual peak-finding process by a least-squares fitting procedure using 
an empirically derived lineshape function. The response function of 
the instrument was assumed to be represented by the 584A spectrum of 

+ 2 Ar P,/, taken on the same occasion as a given hydrogen spectrum. The 
+ _1 

Ar peak, which had a FWHM of 85-95 cm , was both broadened by 2-3 cm 
and smoothed via convolution with a 16 cm FWHM Gaussian function in 
order to represent the residual Doppler-broadening in the hydrogen 
lineshape. The empirical lineshape was similar in appearance near its 
mean to a Gaussian, with the addition of a small exponential tail on 
the high kinetic energy side and a larger tail on the low energy 
side. The function was stored numerically with the area and mean as 
adjustable parameters and was evaluated along with the necessary 
partial derivatives for the least-squares procedure by a quadratic in
terpolation over the stored values. The fitting of the hydrogen peaks 
was performed interactively using a derivative least-squares fitting 
routine. An example of this procedure is illustrated in Fig. 13 which 
shows the v = 2 transition in p-H 2 at 77K with the decomposition in-
Lo the four rotational components making up this peak. The o-H ? 
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impurity, as revealed by the Q(l) transition, contributes about 10% of 
the total area, and the S branch (primarily the J' = 2 « J" = 0 tran
sition) contributes about &. Because of the limited resolution, it 
proved to be impractical to obtain a fit without constraining the rel
ative positions of the rotational components in a given vibrational 
transition. These rotational splittings were calculated using the 
B and a values determined from the higher temperature photoelectron 
spectra as described in Section C.5. Thus the free parameters in the 
fitting of the 77K vibrational peaks were the position of the Q(0) 
transition, the areas of the rotational components, and the value of 
the background function which was assumed to be a constant. The least-
squares fitting located the vibrational origins to within standard de
viations of 1 cm or better for p-H- and HD, and 2 cm or better for 
D-. Based on these results we have assigned a statistical uncertainty 
(±2o) for the measured &G(v + 1/2) values of ± 2 cm for H. and HD +, 
and ± 5 cm for D,. The principal source of systematic error is the 
drift in the kinetic energy offset during the course of the scan, and 
its magnitude can be gauged from the reproducibility of the N- X-B split
ting (25566 ± 8 cm - 1) discussed in Section B . Since the &G(v + 1/2) 
values are 2200 cm or less, we obtain a corresponding systematic error 
of * 0.7 cm" or less. 

The experimental aG(v + 1/2) values for H 2 > HD , and D. are 
listed in column 2 of Tables I, II, and III, respectively. Column 3 

1? lists the theoretical values of Hunter, Yau, and Pritchard (HYP) 
for Ht and til, and of Wolniewicz and Poll 1 3 (WP) for HD +. Column 
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4 contains the available values from Rydberg series limits tabulated 
by Huber and Herzberg. The agreement between experiment and theory 
is generally quite good. The number of cases for which the theoretical 
AG(V + 1/2) falls within our statistical uncertainty is 14 out of 17 
for H*, 19 out of 20 for HD +, and 21 out of 23 for D*. The stated 
accuracy of the HYP calculations performed in the adiabatic approxima
tion is 0.1-0.2 cm for H, and D,, whereas for HD the WP calcula
tions include relativistic, radiative, and nonadiabatic corrections 
and are expected to be accurate to 0.001 cm - . The precision of our 
results is best in the case of HD for which the Q(0) transitions 
contribute about 90% of the intensity in each vibrational peak and 
worst in the case of D~ where the Q(0) components are less than 67K 
of the total intensity. 

The vibrational constants are defined by the expression 

G(v) = o.e(v + 1/2) - o>exe(v + 1/2) 2 + 
» cy e(» + 1/2) 3 + u.eze(v + 1/2) 4 + ... (2) 

and can be evaluated by fitting AG(v + 1/2) to a power series in v * 
1/2. In Fig. 14 are shown the experimental AG(V + 1/2) curves for the 
three ions. They are similar in shape to the corresponding curve for 
the X I ground state of H, obtained by Herzberg and Howe from 
the analysis of the H, Lyman bands. The Curvature is positive for low 
v + 1/2 with a point of inflection at 7-1/2, 9-1/2, and 10-1/2 for 
+ + + 

H,, HD , and D„ respectively, followed by a region of negative curva
ture as the dissociation limit is approached. This shape is made more 
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apparent by removing a linear term from the AG(V + 1/2) curve, an ex
ample of which is shown in Fig. 15 for the case of H ?. Although 
Herzberg and Howe found that the full accuracy of their AG values 
(± 0.05 cm" ) could not be represented by a single power series ex
pansion, we have been able to represent our data adequately within the 
statistical uncertainty by least-squares fitting to four-term formulas. 
The coefficients and the corresponding vibrational constants are pre
sented in Tables IV and V. We have also fitted in the same manner the 
HYP and WP theoretical energy levels, and although they are not an ex
act representation of the theoretical energies the resulting vibra
tional constants are listed for comparison in Table V. It is seen 
that agreement to within our statistical uncertainty is achieved for 
all the constants of HD and D„, and that the theoretical coastants 
of H, are slightly larger in magnitude than our measured values. 
Because of the inadequacy of the four-term formula in fitting the the
oretical energies, it is mora meaningful to make a direct comparison 
of the AG(V+1/ 2 ) values to establish the consistency between theory 
and experiment. 

An additional quantity of interest is the dissociation energy, 
D°, which we have evaluated by integrating AG(V+1/2) from v+l/2=0 
to the intercept using the parameters given in Table IV. These results 
are listed together with other experimental and theoretical values in 
Table VI. Considering the possible inaccuracies in this method of 
evaluation, the agreement reached is reassuring and constitutes a use
ful check on the accuracy of the present /ibrational constants. 
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4. Vibrational Cross Sections 

The 77K spectra of p-H-, HD, and D 2 in 'igs. 7-9 were used to 

determine the vibrational intensity distributions, because of the ab

sence of complications arising from rotational structure apparent in 

the higher temperature spectra. The areas of all observed peaks were 

determined from the peak-fitting procedure described in the previous 

section. To convert these areas into photoionization cross sections 

we must consider the effects of 1) the angular distribution of photo-

electrons, and 2) the transmission of the analyzer as a function of 

kinetic energy. 

Because the electrons were sampled at an angle of 90° from the 

photon propagation direction (rather than at the "magic" angle of 

54.7°) the observed peak areas muct be corrected to obtain the rela

tive cross sections if the asymmetry parameter, e, varies as a func

tion of vibrational state. The predominant rotational transitions in 
31 these spectra are J'=0«J"=0, for which Dill has shown that B equals 

2.0 independent of the v-state. The higher rotational components of 

the Q branch (mainly Q(l)) appearing *n the 77K spectra are predicted 
21 31 by Itikawa and Dill to have B-values close to 2.0 which change 

only slightly with v-state. The precision of the experiment does not 

warrant a correction for this smaller effect. A nore appreciable 

angular distribution effect results from the presence of the S branch 

(mainly J'=2«J"=0) seen as a shoulder on the first few v-states of 

p-H. in Fig. 5. For the S branch s is significantly less than 2.0, 

and we find that the S branch intensity decreases rapidly relative to 
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the Q branch with increasing v-state. Since the s-value for the S 
21 

branch is in some dispute (see Itikawa ), we have measured the 

rotationally-resolved angular distribution of the H„ (v=0) state 

using two lamps oriented at 90" and 54.7" from the electron trajectory. 

This measurement will be described fully in Chapter IV, but for the 

purpose of correcting the present H, vibrationdl intensity distribution 

we have used the values B Q = 2.0 and e s • 1.0 for all v-states. The 

correction turns out tr. be less than 0.5% of the area of the peak for 

all the transitions of H-, which is less than the statistical un

certainty in the areas. No attempt was made to correct the HD and D, 

intensities for the angular distribution effect because the S branch 

contributions to the areas could not be determined accurately, and the 

magnitude of the correction would be quite small in any case. 

The transmission of the analyzer as a function of kinetic energy 

provides the principal source of error in the vibrational cross sec

tions. The spectra of N- and CO at 584A were recorded during the 

course of the present experiments, and the observed intensities were 
32 compared with those measurr ' by Gardner and Samson using a 

calibrated analyzer of moderate resolution (45 meV). The resulting 

transmission curve for our spectrometer exhibits a decrease of about 

20% across the kinetic energy range covered by the hydrogen scans. 

However, there is considerable scatter in the results despite the 

likelihood that the actual transmission is a smooth function of 

kinetic energy. The discrepancies might arise from errors in <•*•; 
33 vibrationally-resolveu s-vdues forN, and CO, or more probably 
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from the fact that with our higher resolution and sensitivity the 

spectra take on a rather different appearance, and a direct comparison 

with Gardner and Samson may not be appropriate. For the case of the 

hydrogen vibrational cross sections we present both the uncorrected 

data and the data corrected with a transmission function derived by 

fitting a linear function to the results from N~ and CO. In most 

cases the two sets of cross sections differ by less than 10%, and this 

provides a reasonable estimate of the maximum systematic error in the 

results. By comparison the statistical error is always much smaller, 

being about 1% or less for H, and HD. 

The present spectra show the vibrational states with a good sig

nal-to-background ratio out to quite near the dissociation linW., thus 

permitting us to place the vibrational cross sections on an absolute 

scale by summing the peak areas and equating the sum to the total ioni

zation cross section (less the dissociative ionization cross section). 

We have taken a weighted average of the values determined by Sennet, 

et a l . 3 4 (6.51 ± 0.33 Mb), Starr and Lowenstein 3 5 (6.19 ± 0.31 Mb), 

and Brolley, et a l . 3 6 (6.48 ± 0.17 Mb) to obtain the value of 6.41 Mb 

for the 584A photoionization cross section of H,. The HD and D-

cross sections are expected to be equal to that of H- at 21.2 eV, since 

the excitation energy is well above all bound ionic states. The 
37 

assumption has been verified by Lee, Carlson, and Judge who meas
ured essentially identical absorption cross sections for H, and D, in 
the 21 eV region using synchrotron radiation. The fraction of dissoc
iative ionization at 584A has been measured for H9 (H /H- = 0.0205) 
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+ + 3R 
and D- (D /D- » 0.0080) by Browning and Fryar, and for HD we have 
used the theoretical value (H +(D +)/HD - 0.013) of Ford, Docken, and 
Dalgarno which is expected to be accurate in light of the good agree
ment between theory and experiment for H, and D,. (It should also be 
possible to determine the fraction of dissociative ionization from the 
ratio of the continuum intensity to the bound state intensity in the 
584A photoelectron spectra. From the p-H~ spectrum at 77K we arrive 
at a value of 0.01 to 0.04 depending on how the continuum intensity is 
extrapolated to zero kinetic energy.) The bound state photoionization 
cross sections at 584A are thus 6.28 Mb, 6.33 Mb, and 6.36 Mb for H?, 

HD, and D_, respectively. 
Tables VII, VIII, and IX list the measured vibrational cross sec

tions together with the theoretical values which are available in the 
case of H„ and D ?. The results are plotted in Fig. 16. The correction 
fo- the analyzer transmission is seen to be fairly small relative to 
the overall variation in the cross section by two orders of magnitude. 
Probably of greatest interest here are the cross sections for the 
higher v-states, many of which are reported for the first time. The 
relative intensities for states with v greater than 9 are rather in
sensitive to transmission effects because the variation in kinetic en
ergy is less than 1 eV over this portion of the spectrum. Whether one 
chooses to compare the corrected or the uncorrected results with the 23 theoretical values of ONeil and Reinhardt, the agreement between 
experiment and theory is quite good for all v-states. The approach of 
ONeil and Reinhardt uses : "e molecular frame, Hund's case ^descrip
tion of photoionization, where both the initial and final states are 
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described by high quality CI wave functions, and the angular momentum 
of the outgoing wave is not specified. The transition moment, which 
depends explicitly on the internuclear distance and the photoelectron 
energy, is calculated using the moment-imaging technique to extract 
the continuum oscillator strength. The vibrational cross sections are 
then obtained by numerical integration of the transition moment over 
the initial and find state vibrational wave functions. The effect of 
rotation-vibration interaction is neglected, but a direct comparison 
with the present results is still appropriate, because the spectra are 
nearly rotationless, and rotational coupling effects have been predic
ted to be rather small. 

The question might be raised as to whether the good agreement 
between theory and experiment achieved for H, and 0, would also he 
observed for HD, or whether there would oe additional complications in 
the heteronuclear case. The dipole moment of HD might have an 
effect on the vibrational cross sections due to long-range interaction 
between the vibrating core and the outgoing electron (i.e., non-Born-
Oppenheimer behavior). Another factor to consider would be the 
rotational selection rules for HD which permit AJ=±1 (R and P 
branches). Our peak fitting procedure for the 77K spectrum of HD 
indicates that most of the intensity is in the Q and S branches, with 
the R branch contributing less than about 3", so that a major effect 
on the vibrational cross sections is not anticipated. It is hoped 
that these questions will be answered when accurate theoretical 
results become available. 
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20 
The theoretical cross sections of Itikawa which were calcu

lated using a single (l = 1) partial wave are seen to be in good 
agreement with experiment for the higher v-states but are systematic
ally low for v less than 9. This situation is not changed signifi-

21 

cant ly by the inclusion of higher pa r t i a l waves, end ONeil and 

Reinhardt point out tha t the discrepancy at the lower v-states is 

due to error in I t ikawa's t rans i t i on moment. The resul ts of Ford v 

22 
Docken, and Dalgarno rely on a more approximate theory but never
theless agree fairly well with experiment for v greater than 4. 

The present cross sections may be compared with previously re
ported relative photoelectron intensities by an appropriate scaling of 
the data, and we find that the agreement is fairly good (within 5 -

2 + + + 
10%) for the results of Berkowitz and Spohr on H-, HD , and D, 
(v = 0 to 9 or 10) and of Gardner and Samson on Hp (v = 0 to 9). 
However, Gardner and Samson give intensities significantly lower than 
ours for v = 10 to 15. The source of the discrepancy is most likely 
the the noticeable background and unresolved rotational components 
falling between the predominant Q(l) transitions in their room temper
ature spectrum of n-H, (see Fig. 2 of this paper for comparison). 

i -This led Gardner and Samson to conclude that Itikawa's cross sections 
were too high at the upper v-states, whereas our data support a dif
ferent conclusion, namely that Itikawa's results are accurate for high 
v but too low for v less than 9. The good agreement between the pres
ent values and those of ONeil and Reinhardt indicates that the vibra
tional photo ionization cross sections of hydrogen have now been both 
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measured experimentally and understood theore t i ca l l y in a very s a t i s 

factory manner. 

5. Rotational Energy Levi Is 

The ro ta t iona l constants of H-, HD , and D„ were determined from 

th e higher temperature spectra shown in Figs. 10-12. In the case of H, 
the room temperature spectrum of p-H, was also used. The peaks were 
located visually to an accuracy of 5 to 10 cm , because the incomplete 
resolution made it impractical to use a fitting procedure. The Q branch 
transitions were analyzed by least-squares fitting to the formula 

B 0") J(J + 1) - (D v' - D Q") J 2(J + l ) Z (3) 

where the second order term was used only in the case of H. fo r 

which i t was j u s t i f i e d by the precision of the data. From Huber and 

Herzberg6 we obtained the B 0 " values of 59.336, 44.670, and 29.907 cm" 1 

for H 2 , HD, and D~ and the D " value of 0.046 cm for H~. The ionic 

ro ta t iona l constants are l i s t e d in Table X and are p lo t ted in Figs. 17 

and 18. The B ' curves were least-squares f i t t e d to the formula 

- a e ( v + 1/2) (4) 

and the resulting equilibrium rotational constants and internuclear 
distances are presented in Table XI. The values for B and r are 

e e 
in agreement with the Rydberg series results, to within our statistical 
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uncertainty, but the present o values are consistently lower than 

those measured previously. This is a consequence of the fact that the 

B curves initially have a slight positive curvature, so that the 

slope is steeper over the region observed in Rydberg series than it is 

for the higher v-states. Also shown in Fig. 17 is the theoretical 

B curve of H„ obtained by Beckel, Hansen, and Peek by fitting a 

fourth order polynomial in J(J +1) to their calculated rotational ener

gies (which were essentially identical to the rotational energies of 

HYP). In general the theoretical curve falls within our error limits, 

although the measured values seem to be systematically higher than the 

theoretical ones, a trend which is also apparent in the photoelectron-
5 

de-ived data of Morioka, Hara, and Nakamura. 

P. SUMMARY 

The high resolution 584A photoelectron spectra of n-H,, p-H., HD, 

and D, were measured in a molecular beam experiment to obtain improved 

spectroscopic constants for H„, HD , and D-, and to determine the 

photo ionization cross sections as a function of ionic vibrational 

state. The vibrational differences, &G(v+l/2), for the ions were 

measured to an accuracy of about 2 cm for H„ and HD and about 5 cm 

for D ?, and in nearly all cases these results were in agreement with 

the theoretical /iuvV+1/2) values to within our expected accuracy. 

These experiments do not constitute a definitive test of the theory, 

because the calculated level energies should be considerably more ac

curate than our measured values, as has been confirmed for some levels 
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+ 7 fl 

of HD by inf rared laser experiments. ' However, the present measure

ments do provide a valuable check on the correctness of the theory f o r 

many ionic level; ; that are l u e l y t o be very d i f f i c u l t to observe by 

opt ica l techniques. The AG(v+l/2) curves were least-squares f i t t e d to 

four-term formulas, thereby giv ing <u_, o „ x „ , u . y = , and » 2 for 
e e e e e e e each of the three ions. 0°, B„, o„, and r„ were also determined and 0 e e e 

found to be consistent with previous experimental and theoretical re

sults. 

The vibrational photoionization cross sections were measured for 

nearly all the bound states of H,, HD , and D ? to an accuracy of 5-10K, 

with the transmission function of the analyzer being the principal 

source of uncertainty. The results were in very good agreement with 
+ + ?3 

the theoretical H„ and D.. cross sections of ONeil and Reinhardt, 

calculated using the body-frame Hund's case ̂  description and the 

itieltjes moment-imaging procedure. The discrepancy that existed in 

the literature between experiment and theory for the high v-states of 

H, has now been resolved. 

We have not discussed the rotational intensity distributions in 

the photoelectron spectra of hydrogen, because this topic is closely 

related to the study of the rotational relaxation of the molecules in 

a supersonic expansion. We have performed measurements of the rota

tional populations as a function of stagnation temperature and pressure 

by photoelectron spectroscopy, and these results will be discussed in 

Chapter V. 
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Table I. Vibrational differences, A G ( V + 1 / 2 ) , of the H, 
2 + -1 ground state l , in cm 

Present HYP Rydberq 
v+1/2 results theory9 series^ 

.5 
1.5 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
10.5 
11.5 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 

a G. Hunter, A. W. Yau, and H. 0. Pr i tchard, At . Data Nucl. Data 
Tables, _1£. 11 (1974). 

b G. Her2berg and Ch. Jungen, 0. Mol. Spect rosc, 41 , 425 (19/2). 

2190.9 2191.32 2191.2 
2065.2 206'.09 2064.2 
1941.8 1941.08 1940.8 
1822.1 1821.64 
1706.2 1705.13 
1591.1 1590.90 
1477.7 1478.32 
1367.0 1366.75 
1257.8 1255.51 
1145.8 1143.88 
1031.9 1031.09 
913.3 916.31 
796.6 798.59 
676.4 676.86 
548.4 549.97 
415.4 416.62 
280.3 275.96 

131.26 
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Table II. Vibrational differences, A G ( V + 1 / 2 ) , of the HO 
2 + -1 

ground state S , in cm 

Present UP Rydberg 
v+1/2 results theory3 series" 

.5 
1.5 
2.5 
3.5 
4.5 
5.5 
6.5 
7.5 
8.5 
9.5 
10.5 
11.5 
12.5 
13.5 
14.5 
15.5 
16.5 
17.5 
18.5 
19.5 
20.5 

*L. Wolniewicz and J. D. Poll, J. Chem. Phys., A3, 6225 (1980). 
DK. P. Huber and G. Herzberg, Constants of Diatomic Molecuies, Van 
Nostrand Reinhold, New York (1979). 

1913.1 1912.994 1913.1 
1817.2 1816.862 1816.7 
1722.7 1723.587 1723.7 
1631.8 1632.799 
1543.0 1544.134 
1456.8 1457.231 
1372.0 1371.735 
1287.5 1287.287 
1201.7 1203.524 
1119.4 1120.066 
1035.2 1036.522 
951.3 952.469 
866.2 867.459 
779.8 781.002 

93.2 692.557 
,00.6 601.522 

507.2 507.237 
409.0 408.975 
306.1 306.048 
203.0 198.460 

90.67 
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Table I I I . Vibrat ional d i f ferences, AG(v+!/2), o f the D, 
2 + - 1 

ground state z , in en 

Present HYP ftydberi 
v+1/2 resul ts theory 3 series 1 

.5 1583.5 1577.15 
1.5 1510.0 1512.4 7 
2.5 MS0.3 1449.40 
3.5 1338.4 1387.81 
1.5 1326.3 1327.51 
5.5 1271.0 1268.36 
6.5 1211.2 1210.18 
7.5 1157,3 1152.83 
8.5 1091.7 1096.13 
9.5 1044.7 1039.95 

10.5 985.8 984.10 
11.5 927,0 928.41 
12.5 872.7 872.73 
13.5 814.3 816.S6 
14.5 759.3 760.60 
15.5 702.4 703.77 
16.5 644.7 646.12 
17.5 584.9 587.43 
18.5 523.9 527.43 
19.5 463.7 465.84 
20.5 399.6 402.35 
21.5 327.3 336.63 
22.5 271.0 268.41 
23.5 197.52 
24.5 124.61 
25.5 54.77 
26.5 11.07 

a G. Hunter, A. W. Yau, and H. 0. Pr i tchard, At . Data Hue). Data 
Tables, 14, 11 (1974) 

t"K. P. HuTjer and G. Herzberg, Constants of Diatomic Molecules, Van 
Nostrand Reinhold, New York (1979). 
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Table IV. Least squares coef f i c ien ts derived from 
f i t t i r o f the experimental data to the formula 
4G(v+l/2) = a Q + a^v+1/2) + a 2 ( v + l / 2 ) 2 + a 3 ( v + l / 2 ) 3 , 
in cm 

a 2 

&n 

H 2 HD D 2 

2257.5 1963.8 1612.7 

-132.80 -100.85 -67.11 

2.815 1.951 1.017 

-0.1232 -0.0724 -0.0308 



Table V. Hyaroqen molecular ion vibrational constants, in cm-1. Stated error limits are 
statistical uncertainties (± 2a) from the least-squares fit. Theoretical constants 
were obtained by fitting to published energy levels. 

H 2 
Present results HYP theory3 

HD 
Present results HP theory Present results HYP theory 

%y, •e'e 

'e ze 

2324.4 ±2.6 2326.6 

67.84 ±0.64 68.71 

1.000 ±0.059 1.085 

-O.0308±0.0017 -0.0332 

2014.6 ±1.8 2015.2 

51.42 ±0.39 51.58 

0.687 ±0.030 0.709 

-0.0181±0.0007 -0.0188 

1646.4 ±5.2 1645,2 

34.07 ±0.96 34.20 

0.354 ±0.065 0.371 

-0.0077±0.0014 -0.0080 

aG. hunter, A. W. Yau, and H. 0. Pritchard, At. Data Nucl. Data Tables, 14, 11 (1974). 
b L. Wolniewicz and 0. D. Poll , J. Chem. Phys., 73, 6225 (1980). 
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Table VI. Hydrogen molecular ion dissociation energies, D°, 
1 

in cm . The f i r s t two entr ies are experimental; 
the remainder are theore t i ca l . 

H* HB+ 0* 

Present resul ts 21375 21515 21687 

Huber and Herzberg 3 21379.8 21516.4 21711.9 

HYPb 21379.17 21515.91 21711.47 

Bishop 0 21379.39 21515.99 21711.51 

WP d 21516.073 

a K. P. Huber and G. Herzberg, Constants of Diatomic Molecules, Van 
Nostrand Reinhold, New York (1979). 

b G. Hunter, A. W. Yau, and H. 0. Pr i tchard, At . Data Nucl. Data 
Tables, 14, 11 (1974). 

C D. M. BisHbp, Mol. Phys., 28, 1397 (1974). 
d L . Wolniewicz and J . D. PoTT, J . Chem. Phys. U, 6225 (1980). 
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Table VII. Photoionization cross sections (in Mb) for H^X 2 Zg(V ) * W^f} r*(v"=0) 
nt 584A. Error limits are the statistical uncertainties (± 2o), 
Experimental values have been corrected for B. Columns 2 and 3 
are the results uncorrected and corrected for analyzer transmission. 
Columns 4, 5, and 6 are theoretical values. 

ONeil and Itikawa 
v' Uncorrected Corrected Reinhardta ( i = l)b Ford, et al. c 

0 .447*. 006 .477*.006 .4533 .3879 .53 
1 .868*.008 .9u7±.008 .8639 .7428 1.00 
2 1.021*.008 1.048*.008 1.0036 .8722 1.15 
3 .966*.007 .975±.007 .9313 .8206 1.05 
4 .799*.006 .793*.006 .7656 .5845 .85 
5 .611*.005 .598*.005 .5866 .5332 .65 
6 .462*.004 .446±.004 .4315 .3971 .47 
7 .329±.004 .315*.004 .3105 .2893 .33 
8 .236*.003 .223*.003 .2211 .2082 .24 
9 .168*. 003 .157±.003 .1568 .1493 .16 

10 .1183*.0007 .1095*. 0007 .1113 .1059 .12 
11 .0842*. 0006 .0773*. 0005 .07927 .0769 .08 
12 .05964.0006 .0543*.0005 .05659 .0554 .06 
13 .0416*.0012 .0377*.0011 . 04038 .0396 
14 .0293*.0003 .0264*.0003 .02856 .0282 
15 .0199*. 0002 .0179±.0002 .01969 .0197 
16 .0124*.0002 .0111*.0002 .01273 .0128 
17 .0077*.0002 .0068*.0002 .006933 .0069 
18 .002162 .0021 
19 .000098 

Sum 6.280 6.280 6.083 5.434 6.69 

a S . V. ONeil and W. P. Reinhardt, J. Chem. Phys., 69, 2126 (1978). 
°Y. Itikawa, Chem. Phys., 30, 109 (1978). 
CA. L. Ford, K. K. Oocken, and A. Dalgarno, Astrophys. J., _195, 819 (1975). 
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Table VIII. Photoionization cross sections (in Mb) for 
HD + X C £ * (v 1) « HD X 1!:* (v"=0) at 584A. 
Error limits are the statistical uncertainties (± 2o) 
Columns 2 and 3 are the results uncorrected and 
corrected for analyzer transmission. 

v' Uncorrected Corrected 

0 .283*.006 .302*.007 
1 .635*.008 .667±.008 
2 .877±.009 .907*.009 
3 .895±.008 .912*.008 
4 .809*.007 .813*.007 
5 .685±.006 .679*.006 
6 .552*.005 .541*.005 
7 .419*.004 .405*.004 
8 .321*.004 .307*.004 
9 .241±.003 .229±.003 

10 .172*.003 .162*.003 
11 .123±.002 .119±.002 
12 .0918*.0016 .0849*.0015 
13 .0662±.0014 .0608*.0013 

14 .0485*.0012 .0443*.0011 
15 .0354±.0010 .0321*.0009 
16 .0260*. 0007 .0235*.0006 

17 .O185±.00O6 .0167*.0005 
18 .0125*.0005 .0112*.0004 
19 .0084±.o004 .0075*.0004 
20 .005 7*. 0004 .0051*. 0003 
Sum 6.330 6.330 
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Table IX. Photoionization cross sections (in Mb) for 
0*2 X 2 1 *(V ) « D 2 X 1 1 * (v"-0) at 584A. Error 
limits are the statistical uncertainties (* 2o). 
Columns 2 and 3 are the results uncorrected and 
corrected for analyzer transmission. Column 4 
lists the theoretical values. 

ONeil and 
V Uncorrected Corrected Reinhardt3 

0 .171*.031 .182*.033 .1744 
1 .452±.016 .475*.017 .4597 
2 .702*.035 .728*.037 .7008 
3 .826*.031 .846*. 032 .8160 
4 .821*.030 .831*.030 .8097 
5 .738*. 027 .739*.027 .7247 
6 .631*.024 .625*.024 .6054 
7 .503*.022 .493*.021 .4825 
8 .386*.016 .374*.016 .3725 
9 .294*.013 .283*. 012 .2815 

10 .218*.012 .208*.012 .2099 
11 .161*. 010 .153*. 009 .1553 
12 .123*.009 .115*.008 .1145 
13 • 0913±.0027 .0851±;0025 .08435 
14 .0663*. 0021 .0614*;0019 .06227 
15 .0491±.0018 .0452±.0016 .04614 
16 • 0363*. 0015 .0332*. 0014 .03433 
17 .0276*.0013 .0251±i0012 .02566 
18 .0204*. 0011 .0185*.0010 .01925 
19 .0155±.0010 .0140*.0009 .01447 
20 .0109*.0009 .0098*.0008 .01087 
21 .0083*.0007 .0074*.0006 .008101 
22 .0051*.0005 .0046*.0004 .005925 
23 .0037*.0005 .0033*.0005 .004164 
24 .002680 
25 .001411 
26 .000339 
27 .000048 

Sum 6.360 6.360 6.227 

a S . V. ONeil and W. P. Reinhardt, private communication. 
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Table X. Hydrogen molecular ion rotational constants, in cm-1. 
Stated error limits are statistical uncertainties (± 2o) 
from the least-squares f i t * 

«; HD+ °; 
V Bv Dv Bv Bv 

0 29.6*2.5 .03*.08 22.6*1.7 14.9*0.2 
1 28.1±1.1 .04*.04 21.5*1.0 14.0*0.4 
2 26.4*1.1 .03*.03 20.3*1.1 13.6*0.5 
3 24.8*0.5 .02*.02 19.8*1.2 13.1*0.5 
4 23.6*1.1 .03*.04 18.7*0.9 13.2*0.6 
5 22.3*0.4 .03*. 01 18.0*0.4 12.4*0.1 
6 21.0*1.3 .02*. 04 16.9*0.6 11.8*0.2 
7 19.0*0.3 .00*.01 16.6*0.5 11.2*0.2 
8 18.3*0.5 .04*.03 15.6*0.3 10.7*0.2 
9 17.2*0.6 .054.03 14.0*0.4 10.3*0.4 

10 15.0*0.8 .00*.04 14.0*0.5 9.8*0.4 
11 14.5*0.5 14.4*1.6 9.8*0.4 
12 12.8*0.6 11.4*0.5 9.0*0.3 
13 11.1*0.5 11.9*0.8 8.4*0.4 
14 9.9*1.4 9.5*0.7 8.4*0.7 
15 8.3*1.0 9.9*1.3 7.6*0.6 
16 7.5*1.0 7.2*1.0 
17 6.1*1.0 6.4*0.3 
18 6.1*1.0 5.4*0.1 
19 6.4*0.1 
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Table XI. Hydrogen molecular ion rotational constants and internudear 
distances. Stated error limits are statistical uncertainties 
(± Za) from the least-squares fit. 

Present 
results 

Rydberg 
HDT 

Present 
results 

Rydberg Present 
resu l ts 

Rydberg 
_ . : „ a 

B e(cm _ 1) 
o e (cm _ 1 ) 
r e(A) 

29.99*.30 
1.388*. 033 
1.056*. 005 

30 .2 : 

1.68 5 

1.052 

23.03*.63 22.45 2 

0.9G1±.057 l.OOj 
1.044*. 014 1.057 

14.89*.28 15.016 
0.471*.024 0.560 
1.060*.005 1.0559 

a K. P. Huber and G. Herzberg, Constants of Diatomic Molecules, Van Nostrand 
Reinhold, New York (1979). 
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FIGURE CAPTIONS 
Fig. 1. The electronic ground state potential energy curves for H-

and H., adapted from T. E. Sharp, At. Data, Z, 119 (1971). 
Fig. 2. The 584A photoelectron spectrum of n-H. expanded from 800 

Torr at 297K. The ionic vibrational states and the rotational 
quantum numbers of a typical Q branch are indicated in the 
figure. The S branch is also labeled for the first three 
v-states. 

Fig. 3. The spectrum of p-H 2 expanded from 800 Torr at 297K. 
Fig. 4. The spectrum of HD expanded from 600 Torr at 297K. 
Fig. 5. The spectrum of D. expanded from 1000 Torr at 297K. 
Fig. 6. Three examples of the dependence of the rotational excitation 

on the nozzle temperature. 
Fig. 7. The spectrum of p-H„ expanded from 200 Torr at 77K. 
Fig. 8. The spectrum of HD expanded from 200 Torr at 77K. 
Fig. 9. The spectrum of D. expanded from 200 Torr at 77K. 
Fig. 10. The spectrum of n-H« expanded from 600 Torr at 473K. 
Fig. 11. The spectrum of HD expanded from 50 Torr at 297K. 
Fig. 12. The spectrum of D, expanded from 400 Torr at 403K. 
Fig. 13. The H. (v'=2) transition for p-H- expanded from 77K. 

(a) Experimental points with the line representing the least-
squares fit. (b) Experimental points with the decomposition 
into the four labeled rotational components. 

Fig. 14. The vibrational differences of H,, HD , and D-
determined from photoelectron spectra of p-H,, HD, and D„ 
at 77K shown in Figs. 7-9. 
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Fig. 15. The vibrational differences of H, as in Fig. 7, but with 
a linear term, 2242.6 - 116.93 (v + 1/2}, subtracted. The 
curve is derived from the HYP theoretical energy levels. 

Fig. 16. The vibrational photoionization cross sections of H ?, HD, 
and D~ determined from the 584A photoelectron spectra at 
77K shown in Figs. 7-9. Theoretical values are from ONeil 
and Reinhardt (Ref. 23). 

Fig. 17. The rotational constants of H, determined from the spec
tra of n-H 2 at 473K shown in Fig. 10 and p-H ? at 297K 
shown in Fig. 3. Error bars are statistical uncertainties (± 
2o) from the least-squares fit to Eq. (3). The solid line 
gives the theoretical B v values of Beckel, Hansen, and Peek 
(Ref. 11). 

Fig. 18. The rotational constants of HD and D, determined from 
the spectra of HD and 0. shown in Figs. 11 and 12. Error 
bars are statistical uncertainties (± 2a) from the least-
squares fit to Eq. (3) omitting the second order term. 
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I V . ROTATIONALLY-RESOLVED PHOTOELECTRON ANGULAR DISTRIBUTIONS 

FOR Hg ( v ' - O ) AT x-584 A AND 736A* 

ABSTRACT 

The photoelectron asymmetry parameter for H- (v'-O) was measured 
for the S rotational branch at X-584A and 736A using a supersonic beam 
of n-H 2. Comparison with the theoretical B-values of Itikawa demon
strates the importance of coupling between the p and f photoelectron 
waves at higher photon energy. 



-116-

ft. INTRODUCTION 
The measurement of photoelectron angular distributions for selected 

rotational transitions of molecules should be a valuable probe of the 
dynamics of the photoiom'zation process as well as a very sensitive 
test of the theoretical description of the behavior of photoelectrons 
in the continuum. The only case for which this measurement is feasible 
with present experimental techniques is the photoionization of the 
hydrogen molecule 

H 2 (X 1^, v", J") + hv > H* (X2£g, V , J') + e" (E k,*) . (1) 

In the photoelectron spectrum of H- the rotational structure of each 
vibrational band can be partially resolved if the experime'tal arrange
ment allows the energy resolution to be on the order of 10 meV. The 
rotational selection rules for this process were shown to be J'=J" (Q 
branch) and J'=J"±2 (S and 0 branches) by Sichel [1], by Dixon, et al. 
[2], and by Dill [3]. The photoelectron asymmetry parameter B, which 
characterizes the angular distribution, is defined by the expression for 
the differential cross section in the electric dipole approximation 

T & = f r ! - f (3 cos 2 o - l ) (2) 

where the light is assumed to be unpolarized, and e is the angle 
between the photon propagation vector and the direction of electron 
collection, s has been determined theoretically for specific 
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rotational transitions by Oill [3], by Ritchie and Tambe [4], by 
Chandra [5], and by Itikawa [6-8]. The essential conclusions to be 
drawn from these calculations are 1) that g.fJ'-J') has a value close 
to 2.0 and is rather 'nsensitive to which theoretical method is used, 
and ?.) that BS(J'-J"*2) has a value much less than 2.0 and depends 
strongly on the method of coupling the p(*«l) and f(e*3) photoelectron 
partial waves. 

Rotationally-resolved photoelectron spectra of H, have been 
observed by Asbrink [9], by Niehaus and Ruf [10], and by Pollard, et al. 
[11]. In accordance with the selection rules, the predominant rota
tional transition is observed to be the Q branch, with the S brinch 
intensity being lower by at least a factor of 10. N-:ehaus and Ruf [10] 
made,the only previous angular distribution measurement for specific 
rotational transitions, reporting values for the asymmetry parameters of 
BQ = 1.95 * 0.03 and s s * 0.85 ± 0.14 for H* (v'-l) at X-736A. Chang 
[12] has questioned the method used by Niehaus and Ruf in the analysis 
of their data and has published revised values of B 0 = 1.95 ± 0,01 and 
6 S = 0.45 * 0.87 based on his re-analysis. 

In this letter we report values for Bj at 584A and 736A for 
H, (v'=0), measured with a high resolution photoelectron spectrometer 
which uses a collimated supersonic beam of hydrogen to remove Doppler 
broadening. The results provide evidence for the importance of 
coupling between the p and f waves at the higher photon energy. 
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B. EXPERIMENTAL 
The apparatus has been described in detail elsewhere [13]. A 

supersonic beam of n-H~ (99.999% purity) was expanded through a 
70-pm-diam nozzle at a stagnation pressure of 200 Torr and temperature 
of 77K, and was crossed with the photon beam from a resonance lamp 
operating at the Hela (584A, 21.22 eV) and Nelo (736A, 16.85 eV) 
lines. The electron kinetic energy spectra were measured with an 
analyzer consisting of a double electrostatic deflector with multi
channel detection. The analyzer was operated at a resolution of 11 
meV FWHM (for Ar) and an angular acceptance of ±1.8* (assuming a point 
source). The angular distributions were measured by orienting the 
unpolarized photon beam at two angles with respect to the analyzer, 
which remained in a fixed position. One lamp was placed so that the 
photon beam was orthogonal to both the molecular beam axis and the 
direction of electron collection. A second lamp was oriented such that 
the photon beam was at an angle of approximately 53* with respect to 
both the molecular beam axis and the direction of electron collection. 
The experiment consisted of measuring the Q-to-S branch intensity ratio 
for H, (v'=0) at the two angles. The spectra were accumulated by 
taking a series of 1-hour-long scans of the v'=0 transition (2-3 scans 
at 90* and 10-11 scans at 53°) and summing the scans together after 
shifting the peaks as necessary to account for the drift in the kinetic 
energy offset. The angle of the off-normal lamp was subsequently 
measured to be 52.6" ± 1°. 
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C. RESULTS AND DISCUSSION 
The complete spectrum of n-H» recorded with the 90* lamp under the 

conditions used in the present angular distribution study is shown in 
Fig. 1. The hydrogen molecules in the beam consist of a 1:3 mixture of 
the J"=0 and J"=l rotational states with the fraction of J"=2 less than 
0.5%, so that the Q branch has contributions from the (0'=0 « J"=0) and 
(J'=l « J"«l) components and the S branch has contributions from 
(J'=2 « J"»0) and (J'-3 « J"«l). The simplification of the rotational 
structure achieved by running at 77K is advantageous for the purpose 
of determining the Q-to-S branch intensity ratio. 

The areas of the rotational components of the v'=0 transition were 
determined by least-squares fitting using an empirically-derived line-
shape function as we have described elsewhere [11]. The spectra at 
584A and 736A at the two angular geometries are shown in Figs. 2 and 
3. The background is higher for the 53* spectra than for the 90° spec
tra, because the 53* photons strike the inside of the vacuum chamber 
(after crossing the molecular beam) at a point which is undesirably 
close to the entrance aperture of the analyzer. This background is 
especially bad at 736A where the v'-O peak is at a low kinetic energy 
(1.4 eV). The Q-to-S intensity ratios are listed in Table I. To ob
tain the asymmetry parameters we use the formula for the differential 
cross section given in Eq. 2. Putting in the values e = 90° and 
e = 52.6* ± 1* we obtain an expression for the ratio of the photo-
electron intensities at the two angles, 
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I 9 0/I 53 - d + B/4)/(l+ EB/4) (3) 

where c would equal zero if the off-normal lamp were at e = 54.7* but 
in the present case has the value e - -0.104 ± 0.050. Eq. 3 leads to 
the expression relating the intensity ratios at the two angles to the 
Q and S branch asymmetry parameters, 

Although we apparently cannot determine e Q and B S independently based 
on the present data, it is possible to make a reasonable estimate of the 
value of B Q and thereby obtain a value for the more interesting quantity 
Br. ror the (J'=0 « J"=0) transition, which contributes 25% of the in
tensity to the Q branch, Dill [3] and Itikawa [6] have shown that B 
equals 2.0 for all v-states. The (J'=l « J"=l) transition, which con
tributes the remaining 75%, has been predicted to have a B close to 1.9 
by Itikawa [8] for both 584A and 736A. The previous experimental value 
of 60(v'=l, 736A) = 1.95 [10,12] is consistent with our expectations 
from theory. We have adopted the value B 0 ( V ' = 0 ) = 1.90 ± 0.10 and used 
it to calculate Be for both photon energies. 

There is a rather wide variation represented in the available 
experimental and theoretical values for B S which are listed in Table 
II. The present result at 584A is the only experimental value avail
able, and it is in good agreement with the theoretical value calculated 
by Itikawa [8] using coupled p and f partial waves. Our value at 735A 
is the lowest of any tabulniad and is actually in better agreement with 
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the theories which do not include the f wave. Nevertheless, the sub
stantial increase in s s as the photoelectron energy varies from 1.4 ev 
(at 736A) to 5.8 eV (at 584A) is well represented by Itikawa's coupled 
wave B-values. The source of the increase is clearly the enhancement of 
the f wave at the higher energy, because the effect is not predicted by 
the theories that use only the p wave. 

The fact that our measured Be is less than the predicted values at 
736A is conceivably a consequence of autoionization, which is not includ
ed in the theory. This effect was investigated by Raoult and Oungen 
[14] who calculated rotationally averaged s-values for H, from 790A to 
760A, a spectral region with many strongly autoionizing transitions. 
The asymmetry parameter for each v-state undergoes large oscillations 
at resonances near the corresponding vibrational threshold, but the 
effect is largely damped out for v'=0 at wavelengths of 760A or less. 
These authors also showed that the rotational branching ratio shifts 
dramatically at the resonances from the J'=0H channel to the J'=J"±2 
channel. We can use our measured intensities and B-values to determine 
this branching ratio with the results: o(S)/o(Q) - 0.095 ± 0.004 (at 
584A) and 0.061 ± 0.002 (at 736A). Clearly, at 736A for the v'=0 
channel there is no large resonance of the type considered by Raoult 
and Oungen, for which we would observe o(S)/o(Q) to be much greater 
than 0.1. The high resolution photoionization spectrum of H, by Dehmer 
and Chupka [15] exhibits some weak structure near 736A but does not 
provide evidence for a major effect from autoionization. Berkowitz 
[16] also examined the photoionization spectrum in this region and 
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reachdd the same conclusion. We should note that the present rota
tional branching ratios are significantly smaller than are predicted 
by Itikawa [8], whose theoretical cross sections lead to the values of 
o(S)/o(q) = 0.157 (at 584A) and 0.139 (at 736A) for a 1:3 mixture of 
H2(J"=0) and H 2(0"«1). 

The possibility exists that a systematic error could be present in 
our results due to a partial alignment of the rotational angular momen
tum vectors induced by the supersonic expansion. Such an alignment was 
observed in the cass of sodium dimer, Na 2, by Sinha, Caldwell, and 
Zare [17]. These authors proposed a classical model to explain the 
effect, based on the exchange of angular momentum in an inelastic 
collision between a hard ellipsoid (the dimer) and a hard sphere (the 
monomer). Me believe that there is no appreciable alignment in our 
hydrogen beam for at least two reasons. First, the hydrogen molecule 
is somewhat mora spherical in shape that the sodium dimer, which means 
that collisions are less effective in causing alignment. Second, the 
rotational levels of hydrogen at 77K are almost fully relaxed behind 
the nozzle, so that there are few rotationally-inelastic collisions 
during the expansion. 

D. CONCLUSION 
We have measured the photoelectron asymmetry parameter for the S 

branch of Hgfv'-O) with the results: BS(584A) = 0.87 ± 0.19 and 
Bc(736A) = 0.08 * 0.15. The trend toward higher u s with increasing 
photon energy is well accounted for by the theory of Itikawa [8], and 
is a manifestation of coupling between the p and f photoelectron waves. 
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Table I. Intensity ratios for H, (v'«0). Stated ei*ror limits are 
statistical uncertainties (*o) from the ieast-squares peak 
fitt ing. 

584A 736A 

I90(Q)/I90<S) 12.79 ± 0.21 23 .59*0 .29 

I53(Q)/I53(S) 10 .26*0.24 15.55 ± 0.32 
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Table II. S branch asymmetry parameters, Bs» for H$ (v'«0). 

Theory: 
Oill (direct PI) C 

Ritchie and Tambe 

Itikawa (p wave) 
Itikawa (p+f waves) 

584A 736A 

Experiment: 
Present results 0.87*0.19 0.08*0.15 
Niehaus and Ruf (v'=l) a 0.85 *• 0.14 
Chang (v'=l) b 0.45 ± 0.87 

*A. Niehaus and M. W. Ruf, Chem. Phys. Lett. 11 (1971) 55. 
bE. S. Chang, J. Phys. B: Atom. Molec. Phys. 11 (1978) L69. 
CD. Dill, Phys. Rev. A 6 (1972) 160. 
d B . Ri tchie and B. R. Tambe, J . Chem. Phys. 68 (1978) 755. 
e N . Chandra, i n : Abstracts of Papers, 10th In tern . Conf. Phys. 
Electron Atom. Co l l . (Commisariat a l 'Energie Atomique, Paris, 1977) 
p. 1210. 

f Y. I t ikawa, Chem. Phys. 37 (1979) 401. 

0.2 0.2 

1.215 0.740 

0.20 - 0.38 

0.2338 0.2069 

0.7494 0.3484 
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FIGURE CAPTIONS 
Fig. 1. The 584A photoelectron spectrum of n-H, expanded from 200 

Torr at 77K. 
Fig. Z. The H 2<v'=0) transition at 584A for two angular 

geometries. The curve is the least-squares fit, and the 
points are the data minus the fit (shifted upward for 
visibility.) 

Fig. 3. The H 2(v'=0) transition at 736A for two angular 
geometries. The curve is the least squares fit, and the 
points are the data minus the fit (shifted upward for 
visibility.) 
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V. ROTATIONAL RELAXATION I N SUPERSONIC BEAMS OF HYDROGEN BY HIGH 

RESOLUTION PHOTOELECTRON SPECTROSCOPY* 

ABSTRACT 

The rotational relaxation of n-H.., p-H„, HD, and n-D_ in a free 
jet expansion was studied by means of rotationally-resolved photo-
electron spectroscopy using a collimated supersonic molecular beam. 
Rotational state distributions were determined from the relative 
intensities of the Q branch rotational components for a wide range of 
stagnation pressures with nozzle temperatures from 30OK to 700K. Sig
nificant deviations from a Boltzmann distribution were observed for 
those cases where the degree of rotational relaxation was substantial. 
HD was found to relax after undergoing only one-tenth of the number of 
collisions required to relax H, or D„. The relaxation of p-H, was 
modeled using the state-to-state rate constants method of Rabitz and 
Lam, which was shown to be quite effective in accounting for the 
experimentally observed population distributions. 
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A. INTRODUCTION 
A free jet expansion constitutes a system in which the internal 

degrees of freedom of the molecules are initially in contact with a 
rapidly cooling translational bath. In the early (collisional) part 
of the expansion the internal modes can relax by transferring energy 
into translation until the point at which collisions become very in
frequent, and communication with the bath is cut off. The details of 
this relaxation process can be elucidated by measuring the rotational 
and vibrational state distributions of the molecules in the beam as a 
function of the stagnation conditions. Such experiments have been 
performed for a number of molecular systems using a variety of spec
troscopic techniques. We have recently succeeded in obtaining 

rotationally-resolved photoelectron spectra from supersonic beams of 
2 hydrogen, and the present investigation is an extension of this 

technique to the study of rotational relaxation in supersonic 
expansions. 

Hydrogen is in several respects an unusual system. The very large 
rotational energy spacings allow only a few levels to be thermally 
populated at room temperature. Vibrational excitation is negligible 
for H 2 belc- 1000K. The large rotational energy gaps and the small 
anisotropy of the interaction potential mean that R-T energy transfer 
is inefficient compared to heavier molecules. In addition the various 
isotopic species of hydrogen should exhibit substantially different 
relaxation behavior because of the variation in the spacings of the 
rotational energy levels and in the separation between the center of 
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mass and the center of the charge distribution. Finally, for H, and 
D ? the lack of conversion between the ortho and para forms will lead 
to large deviations from a Boltzmann distribution of rotational states 
for high Mach number expansions. 

There have been several previous experimental investigations of 
rotational relaxation in beams of hydrogen. Gallagher and Fenn 
measured time-of-flight velocity distributions for n-H, at stagnation 
temperatures from 300K to 1900K and used the energy balance criterion 
to derive rotational temperatures and collision numbers. They found 
that the rotational collision number increases from 300 to 500 over 
this temperature range. Buck et al. performed time-of-flight measure
ments on HD, n-D,, and o-D, with stagnation temperatures of 300K or 
below and assumed a Boltzmann rotational distribution to derive the 
state populations. Verberne, et al. used molecular beam magnetic 
resonance to measure the populations of n-H- with stagnation temper
atures from 300K to 1000K and found that the distribution could not be 
characterized by a unique rotational temperature. Godfried, et al. 
used Raman scattering to measure the number density and populations in 
free jets of n-H- and n-D, with a stagnation temperature of 293K. 
They compared their results with the predictions of a model which 
treats the time evolution of the state populations and uses a single 
rotational collision number. They also reported an axial density 
profile for n-H, which corresponds to that expected for a monatomic 
(C /; = 1.67) expansion. Huber-Walchli and Nibeler measured CARS 
spectra of n-H 2 and n-D- in free jets with a 300K stagnation 



134 

temperature. They analyzed their data in terms of a single rotational 
temperature which served as an input parameter in their CARS spectral 
simulation. The minimum number density required for Raman or CARS 
experiments on hydrogen is approximately 10 cmT , so that it is 
necessary to use an unskimmed free jet. The present measurements em
ploy a collimated molecular beam which more closely approximates the 
experimental arrangement common to crossed beam scattering studies. 

11 n o 
The number density ranges from about 10 to 10 cm . We report 
level populations for fully expanded jets of n-H- and n-D„ over a wider 
range of stagnation conditions than have been reported previously, and 
we also extend the population measurements to p-H, and HO for the first 
time. We observe departures from a Boltzmann distribution for strong 
expansions. The results for p-H, are analyzed in terms of the theo-

o 
retical framework of Rabitz and Lam, which uses a set of state-to-
state rate constants and combines the master kinetic equations with the 
equations of fluid mechanics. 

B. EXPERIMENTAL 
The photoelectron spectrometer used in this work was described in 

g detail in an earlier publication. The electron energy analyzer was 
a double electrostatic deflector with multichannel detection and was 
operated at a resolution of 11 meV FWHM (for Ar) with Hela (584A, 
21.217 eV) light. Photoelectrons were sampled at an angle of 90° with 
respect to the photon beam. Two beam source configurations were 
used: (1) a 70-ym-diam nozzle located 6.4 mm from the tip of a 
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0.66-mm-diam X 6.4-mm-tall conical skimmer, and (2) a 40-pm-diam 
nozzle located 9.6 mm from the tip of a 0.66-mm-diam X 12.7-mm-tall 
conical skimmer. The photon bean crossed the molecular beam at 32 mm 
downstream from the nozzle in configuration (1) and at 41 mm down
stream from the nozzle in configuration (2). The nozzles were made 
from molybdenum electron microscope apertures, and were of the con
verging type. The pressure in the beam source exhaust chamber was 
typically less than 5x10" torr, and in the main chamber the pressure 
was less than 2x10 torr. The nozzle could be heated to a maximum of 
700K with a coil of non-inductively-wound two-wire Semflex heater cable 
(Semco, Inc.). Some care was necessary when running at high tempera
ture, because the electron kinetic energy offset drifted rapidly as 
surfaces near the ionization region warmed up. For this reason the 
scan time was usually restricted to 30 minutes or less when running 
with the heated nozzle. The samples and other experimental details 
were the same as we used in our previous work on hydrogen. 

Rotational populations were determined from the relative intensi
ties of the Q branch components for a selected vibrational state of 
the molecular ion. The Q branch can be more fully resolved for the 
higher v-states, until the point at which the adjacent vibrational 
transitions begin to overlap. The optimal v-states for this experi
ment were H 2

+(v'=5), HD +(v'=7), and D 2
+(v'=8). The areas of the 

rotational components were calculated by least-squares fitting of the 
spectra using an empirically derived lineshape function which we have 
described previously. Standard deviations from the least-squares 
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fits were generally in the range of 1-3% of the area of a given rota
tional component, although for those cases where the population of the 
state was less than 1%, the standard deviation was about 10-20% of the 
area. The S branch was also included in the fit and contributed about 
4% of the total area for H, and about 2% for HD and D_. To convert the 
photoelectron intensities measured at the present 90* angular geometry 
to rotational populations it is necessary to consider the rotational 
dependence of the cross section, o., and the photoelectron asymmetry 
parameter, a,. The observed intensity of a given Q branch transition 
is proportional to the product of the rotational level population and 
the factor a,(l + 6j/4). Itikawa has given theoretical values of o, 
and B, at *=584A for H, (v'=5) which indicate that the corrections 
necessary for obtaining the rotational population from the photoelec
tron intensities measured at 90" are less than 1-2% of the intensity 
of each rotational component. An approximate experimental verifica
tion of Itikawa's cross sections'has been reported by Morioka, et al. 
In order to judge whether a correction is warranted for the present 
data, we have compared our measured intensities at 297K and 25 torr 
stagnation conditions (70 urn nozzle) with the populations derived from 
a Boltzmann distribution, assuming a 3:1 ortho-para ratio for n-H, and 
2:1 ortho-para ratio for n-D,. For n-H,, P-H,, and n-D- the results 
agreed with a Boltzmann distribution to within the statistical un
certainty of the data, although for HD a systematic deviation was noted 
because the rotational distribution had relaxed to some extent even at 
the lowest pressure. Thus we have applied no correction for the 
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rotational dependence of », and g, and have used the Q branch intensi
ties directly to determine the populations. 

Figure 1 shows a series of spectra which are typical of the data 
obtained in this experiment. The H, (v'«5) transition from n-H, at 
696K is shown for several stagnation pressures for which the rotational 
relaxation is particularly dramatic. 

Table I lists the rotational energies and degeneracies which were 
used in the analysis of the rotational population data. 

C. RESULTS 

1. n-H- and n-Dp 
The rotational populations measured for n-H, and n-D^ expanded from 

297K through the 70 ym nozzle are shown in Fig. 2 as a function of pd, 
the product of the stagnation pressure (p) and the nozzle diameter 
(d). At the lowest observed pd there is only a slight relaxation of 
the rotational energy, and the populations are very close to those 
expected for a Boltzmann distribution at 297K. As pd is increased the 
levels relax, but the populations cannot generally be described by a 
unique Boltzmann temperature. This is demonstrated in Fig. 3, which 
shows ln(n,/g,) vs. E, at two nozzle temperatures for n-H, and n-D ?. 
These plots would be linear if there were a unique rotational tempera
ture, but in fact a positive curvature is observed in each case. The 
R-T energy transfer is therefore less efficient for the higher rota
tional levels, which is in accord with the fact that the energy gaps 
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are higher for these states. Another way of visualizing the non-
Boltzmann nature of the population distributions is to use the two-
level temperature relative to the J»0 level, T, 0, which is defined by 

V n 0 " (9j'3o» e x P (" Ej/ k TJ0 ) W 

T,j, is shown in Fig. 4 for the same data sets that were presented as 
Boltzmann-type plots in Fig. 3, and it is apparent that T,Q increases 
appreciably with increasing J. 

The average rotational energy is a well defined quantity in all 
cases and is given by E = £ n j E j - W e w i s n t o correlate the measured 

J 
rotational energy with a parameter that includes the effects of the 
three variables investigated in this work — the stagnation pressure, 
temperature, and nozzle diameter. The inverse Knudsen number, (Kn ) , 
is an appropriate scaling parameter for this purpose. (Kn ) is the 
ratio of the nozzle diameter, d, to the mean free path, A , and is 
given by 

( K n 0 ) - 1 = d/AQ = V F * a 2 p d / k T 

= 36800 x p(torr) x d(cm) / T(K) (2) 
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where a - 2.93A is the gas kinetic collision diameter (from Gallagher 
3 1 and Fenn ). (Kn ) is very roughly the number of collisions that a 

molecule undergoes in the expansion. Figs. 5 and 6 show the results of 

plotting the fraction of retained rotational energy, (E - E Q)/(E T - Eg), 

against the inverse Knudsen number for n-H, and n-D,. Ej and Eg are 

the rotational energy at the stagnation temperature and at zero K, 

respectively (assuming no ortho-para conversion). These plots are seen 

to be fairly successful in correlating the final rotational energy with 

the stagnation conditions, although some systematic deviations are 

noted. With the exception of the results for n-H 2 at 297K, the data 

points corresponding to the 70 urn nozzle have higher rotational energy 

than those for the 40 urn nozzle at the same (Kn ) . A likely source 

of this difference is the skimmer interference, which we expect to be 

less important for the configuration used with the 40 ntn nozzle 

(described in Section B). Using (Kn ) as the scaling parameter does 

not take into account the variation of the rotational collision number 

with temperature. The data for n-H, in the high (Kn )~ region are 
•a 

consistent with the observation of Gallagher and Fenn that the rota
tional collision number increases slightly over our temperature range. 
The data for n-D, do not exemplify this trend however. A difficulty 
which applies only to D, is that the rotational levels above J=6 are 
not observed, because they overlap with the next vibrational state. 
Although these levels contribute only about 4% of the total intensity 
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even at 694K, the fraction of the rotational energy residing in these 
states is about 0.5% at 297K, 5% at 475K, and 15% at 694K. 

Before leaving n-H, and n-D, we list in Table II the rotational 
populations for each data set at the pressure for which the relaxation 
was most complete. In general we observed that the intensity of the 
beam was reduced and the rotational energy of the beam was increased 
for pressures higher than those listed, due to collisions with the 
background gas molecules in the region between the nozzle and the 
skimmer. It will be noted that the ortho-para ratios exhibit some 
variation around the expected values of 3:1 for H, and 2:1 for D». 
This is attributed to error arising from the deconvolution of the J=0 
and J=l transitions which are not resolved in the spectra. We general
ly obtained the correct ortho-para ratio for the less fully relaxed 
cases where the intensity is spread out over several well-resolved 
transitions. 

2. HD 
The rotational populations of HD as a function of pd are shown in 

Fig. 7 for the case of the 70 vim nozzle at 297K. High temperature 
scans for HD were not feasible because the sample was found to convert 
to a mixture of HD, H„, and D, when the nozzle was heated. The 
populations measured at the lowest pd in Fig. 7 have relaxed somewhat 
from the initial thermal distribution, even though H, and D, do not 
show any relaxation under these conditions. The departure from a 
Boltzmann distribution is also more pronounced for HD, as is seen in 
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Fig. 8 which shows ln(n,/g,) vs. E, at several stagnation pressures. 
We again observe positive curvature in these plots, showing that the 
relaxation is least effective for the highest rotational levels. 
Figure 9 shows the rotational energy as a function of (Kn Q) , comparing 
the results for HD and p-H,. These molecules are alike in the sense 
that both would have a rotational energy of zero at zero K, so that 
there are no complications from an "ortho-para" effect. The major 
difference between them is that the rotatio:al constant is effectively 
four times larger for p-H, than for HD. The result of this difference 
in energy gaps is reflected in Fig. 9, which shows that to remove half 
of the rotational energy ten times as many collisions are needed for 
p-H- as for HD. The relaxation of HD is alsc facilitated by the 
fact that it rotates about a center of mass which is displaced from 
the geometrical center of the molecule. This additional anisotropy in 
the interaction potential for HD leads to a larger rotational relaxa
tion cross section than is found for the homonuclear species. 

3. Modeling the relaxation of p-H~ 
o 

Rabitz and Lam have given a theoretical method for simulating 
the rotational relaxation of hydrogen in a free jet expansion, which 
we have applied to p-H- to gain a better understanding of the present 
observations. This model starts with the theoretical rotational energy 12 transfer cross sections of Zarur and Rabitz, which were calculated 
using an effective potential formalism. State-to-state energy transfer 
rate constants are determined for a given translational temperature by 
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integrating the energy dependence of the cross section over a Maxwell-
Boltzmann velocity distribution. The rate constants are used in the 
master equations of kinetics, which are coupled to the fluid mechanical 
equations appropriate to a one-dimensional uniform flow under steady-
state conditions (Ref. 8, Eq. 25). The unknowns in this set of first 
order differential equations are: P J ( X ) , the population of state i; 
T(x), the translational temperature; v(x), the flow velocity; p(x), 
the local pressure; and P { X ) , the number density, x is the distance 
along the flow from the orifice, which is assumed to be thin or at 
least rapidly converging. Following Rabitz and Lam we have assumed 

13 the Ashkenas-Sherman formula (with either two or three terms) for 
f-.e Mach number at x greater than x*, and an exponential form at x 
less than x* (Ref. 8, Eqs. 37,38). The parameter x* is typically 
chosen to be equal to one nozzle diameter. p(x) can be calculated 
from the isentropic equation relating it to the Mach number, 

P(X) = P 0 (1+ (1/2) (Y- 1) H(x) 2) 1 / ( 1 " ^ (3) 

where p is the stagnation number density, M(x) is the Mach number, 
and Y = C /C . With this assumed form for p(x), one of the equations 
in the set can be eliminated, and the remaining equations can be 
manipulated into the following new set which is convenient for 
numerical integration, 

3F " 7 ? ? Si(~ P/jMiĴ T) + P^Msn-iJiT)) G(1jm) (4a) 
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dT 2 , / 1 do 1 v U IAK\ 
d7 = 3"T 7 ^ ' ^ T ? c i air) ( 4 b ) 

dv 
37 --^(I 'S^'iar) <*) 

where G(ijJim) is a symmetry factor, E, is the rotational energy of 
state i, m is the mass of H 2, and k(ijnm;T) is the rate constant 
for the process, 

H ?(i) + H 2(j) > H 2(«) + H 2(m) (5) 

The rate constants must be recalculated for the new T(x) at each step 
in the integration. To make this more convenient we used a cubic 
least-squares fit to the cross sections, o(ij2m;E) vs. E in Table V of 
Ref. 12, so that the necessary integral:, over the velocity distribution 
could be evaluated analytically. It should be noted that only the low 
kinetic energy region (E k less than 0.3 eV) is of importance when 
calculating k(ijlm;T) for T less than 300K. Eqs. (4) were integrated 
with a fourth-order Runge-Kutta routine for -4 <_ (x/d) < +4, for a 
range of initial values which included the starting conditions used in 
the present measurements. These calculations included the rotational 
levels of p-H, with J-0, 2, and 4. 

Fig. 10 shows the rotational populations of p-H, measured with the 
70 um nozzle at 297K, together with the calculated curve. In Fig. 9 
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th<; calculated curve for the rotational energy as a function of (KnJ 
appears with the experimental points for p-H 2. The comparison between 
theory and experiment is somewhat clouded by the uncertainty in the 
assumed form of p(x) in Eq. 3. The adjustable parameters at our dis
posal are y, x*, and the number of terms in the Ashkenas-Sherman form
ula (either two or three). The heat capacity ratio appropriate to this 
problem is liktly to lie somewhere between the monatomic (T = 1.67) and 
the diatomic (-y » 1.40) values. Rather surprisingly, the number density 
measurements of Godfried, et al. for pd - 300 torr-mm suggest that the 
monatomic value is the correct one for n-H, at x/d > 1. It will be 
seen below that the rotational relaxation is essentially confined to 
the region where x/d < 1.5, for which the Ashkenas-Sherman formula may 
not be correct. Therefore the choice of x*, which is the point where 
the exponential extrapolation to smaller x begins, is expected to have 
an appreciable effect on the results. Because of the importance of 
the small x region, it seems advisable to use the three term formula 
for H(x) (which is valid down to x/d = 1.0, according to Ref. 15) 
rather than the two-term formula which was adopted by Rabitz and Lam. 
The calculated curves in Figs. 9 and 10 were generated by using y = 
1.40 and x*/d = 0.8 with the tnree-term formula for M(x). The rota
tional energy curve in Fig. 9 shifts downward for larger values of y 

or x*, yialding poorer agreement with experiment. The curve shifts 
upward if the two-term formula is used, yielding somewhat better agree
ment with experiment. The model of Rabitz and Lam is thus seen to be 
a fairly realistic one, but the remaining uncertainty about p(x) seems 
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to preclude a more definitive test of the correctness of the rotational 
energy transfer cross sections. 

A very valuable aspect of this model is the detailed picture that 
it gives of the dynamics of the free jet expansion. As an example of 
this we show in Fig. 11 the populations P Q(x), P~(x), and P.(x), and 
the values of p(x), T(x), v(x), and p(x) calculated for a stagnation 
pressure of 1600 torr. It can be seen that the rotational populations 
have approached their asymptotic values for x/d = 1.5, at which point 
the temperature 1s about 65K and the Mach number is about 3. The 
temperature actually continues to cool until much further downstream, 
and the Mach number reaches a terminal value estimated to be between 
10 and ?0 (cf. Ref. 4). Rotational relaxation ceases for x/d greater 
than 1.5 primarily because the energy transfer rate constants have 
dropped by several orders of magnitude from their room temperature 
values (see Ref. S, Fig. 1). In this model the temperature profile, 
T(x), is nearly independent of the stagnation pressure. Thus the 
effect of increasing the pressure is simply to increase the number of 
collisions that occur before the temperature is too low for R-T energy 
transfer. This point is reached at x/d = 1.5 for all stagnation 
pressures. 

We have shown that the theoretical approach of Rabitz and Lam can 
give a rather good account of the rotational relaxation in o free jet 
of p-H-. It would be of interest to apply this method to HD if the 
necessary cross sections become available, to see how wel I it predicts 
the much more facile relaxation that we have observed for this system. 
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Table I. Rotational energies (in cnrl) and degeneracies for the v=0 level in the ground 
electronic state of n-H2, HD, and n-D^. 

n-H 2 HD n-D 2 

J E J 9 J E J 9 j E J 9 j 

0 0 . 1 0 . 1 0 . 6 

1 118.49 0 89.24 3 59.77 9 

2 354.37 5 267.09 5 179.04 30 

3 705.51 21 532.36 7 357.26 21 

4 1168.76 9 883.26 9 593.63 54 

5 1740.09 33 1317.48 11 887.05 33 

6 2414.74 13 1832.28 13 1236.18 78 

Energies 
Diatomic 

are derived from the ro ta t ' 
Molecules, Van Nostrand Re 

ional constants of K. P 
inho ld , New York (1979) 

. Huber and G ;. Herzberg, Constants of 



Table u Rotational populations for n-H? and n-Dg. For a given nozzle diameter, d, and 
temperature, T, the populations are listed for the stagnation pressure, p, at which 
the most complete relaxation was observed. 

p(torr) d(gm) T(K) 0=0 0=1 J=2 J=3 0=4 0=5 0=6 

H 2 

1830 70 297 19.5 70.8 6.8 2.8 
2350 70 480 14.2 59.0 12.3 12.8 

11100 40 297 21.2 75.1 2.9 0.8 
19000 40 492 19.4 69.6 7.3 3.7 
32000 40 696 23.0 63.0 8.7 5.3 

D2 
1830 /O 297 33.2 28.5 31.0 4.5 2.5 
1420 70 475 18.6 19.9 34.6 12.0 11.2 

8600 40 297 46.2 31.8 19.8 1.3 0.9 
24000 40 505 41.5 31.7 23.7 1.8 1.2 
40000 40 694 34.3 31.8 2*. 2 3.6 2.0 
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FIGURE CAPTIONS 
Fig. 1. The v'«5 transition from n-H, expanded through a 40)im 

nozzle at 696K for several stagnation pressures. The 
transitions are labeled with the Q branch rotational quantum 
numbers. 

Fig. 2. Rotational populations of n-H- and n-D- expanded through 
a 70 Hm nozzle at 297K. 

Fig. 3. Boltzmann plot of the populations for n-H, and n-D, 
expanded through a 70gm nozzle at 1830 torr. 

Fig. 4. Two - level temperatures, T J o , for n-H ? and n-D-
expanded through a 70iim nozzle at 1830 torr. 

Fig. 5. Fraction of retained rotational energy vs. inverse Knudsen 
number for n-H~ with the nozzle diameters and stagnation 
temperatures indicated. E- is the initial energy, and E Q 

is the energy at zero K for a 3:1 ortho-para ratio (88.87 
cm" 1). 

Fig. 6. Fraction of retained rotational energy vs. inverse Knudsen 
number for n-D ? with the nozzle diameters and stagnation 
temperatures indicated. E T is the initial energy, and E Q 

is the energy at zero K for a 2:1 ortho-para ratio (19.92 
c m - 1 ) . 

Fig. 7. Rotational populations of HD expanded through a 70 wm nozzle 
at 297K. 

Fig. 8. Boltzmann plot of the populations for HD expanded through a 
70iim nozzle at several stagnation pressures. The lines are 
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weighted least-squares fits to the data. They correspond to 
temperatures of 273K, 210K, 145K, and 99K, for 25, 100, 400, 
and 1830 torr, respectively. 
Fraction of retained rotational energy vs. inverse Knudsen 
number for p-H. and HD with a 70|im nozzle at 297K. The 
curve is the result of the calculation which is explained in 
the text. 
Rotational populations of p-H, expanded through a 70ym 
nozzle at 297K. The curves are the results of the 
calculation which is explained in the text. 
Model calculation of the p-H„ expansion with a 70MH> nozzle 
at 297K and 1600 torr stagnation pressure, x/d is the 
distance in nozzle diameters along the centerline from the 
orifice. The upper graph shows the populations of the J=0, 
2, and 4 rotational states. The lower graph shows the 
number density p, the translational temperature T, the flow 
velocity v, and the local pressure p, all normalized to the 
same scale. This calculation uses the three-term 
Ashkenas-Sherman formula for the Mach number and assumes 
Y = 1.40 and x*/d =0.8. 
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VI. CONCLUSIONS 

In this chapter I will give an evaluation of the performance of 
the apparatus and indicate what steps should be taken to improve on 
this prototype. It seems fair to say that many of the rather adven
turous aspects of the design have worked out well, in spite of mis
givings expressed by some of the visitors to our lab during the period 
of construction. The following points are particularly to be stressed: 

1) The use of supersonic beams will be a necessity for future 
efforts in the realm of high resolution molecular photoelectron spec
troscopy. We have demonstrated that the number density in the beam is 
adequate for the experiment and that the resolution is significantly 
enhanced by the elimination of Doppler and rotational broadenings. 

2) The use of a double analyzer with an intermediate retarding 
lens has made a major improvement in the quality of the spectra by 
greatly reducing the troublesome background of stray electrons. The 
expetiments reported here would have been seriously compromised with
out this feature. 

3) Multichannel detection has made it feasible to obtair .iigh 
resolution spectra typically in a matter of a few hours. An added 
benefit is the ease with which the instrument can be tuned up, by 
virtue of looking at a large energy window at all times. 
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4) The two-stage retarding/accelerating lens system has generally 
performed as designed, giving access to a wide range of pass energies 
and kinetic energies. 

5) Constructing the electron optical elements from molybdenum-
coated aluminum has the advantages of low cost, ease of machining, and 
light weight. A notable disadvantage is that the alignment surfaces 
are prone to damage by galling. Although we have not made a compara
tive study of the relative merits of Ho/Al and other standard materi
als, our experience suggests that this is a satisfactory surface 
preparation for low energy electron optics. 

6) The vacuum system in the present instrument has several very 
desirable features. Molecular Learn sampling eliminates the problem of 
pressure effects caused by photoelectrons scattering from the gas 
molecules. The analyzer and detector are maintained at ultrahigh 
vacuum while the experiment is running, thereby avoiding the problems 
of surface contamination and gain loss. 

There nevertheless remain a few unsolved problems, some of which 
seem to be inherent in the design and some of which may yield to 
further efforts: 

1) The kinetic energy offset is large. The electrons typically 
appear at 0.5 eV below their true kinetic energy, with the result that 
the very low energy portion of the spectrum is not observable. The 
photoelectrons are presumably retarded by 0.5 eV as they traverse the 
distance between the ionization region and the entrance slit of the 
analyzer. The offset becomes even larger if the beam source reducer 
is heated slightly. 
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2) The transmission of the analyzer is not as constant as we had 
hoped. The N, and CO spectra (described in Chapter III) indicate 
that the transmission probably changes by 20% over the region covered 
in the complete spectrum of hydrogen. Also, the transmission is 
rather low in the regions above 10 eV and beiow 0.5 eV kinetic energy. 

3) The dispersion of the analyzer is less than expected at the 
lower pass energies. The observed resolution is thus worse than the 
theoretical resolution even when the electron beam is focused to the 
correct spot size at the entrance aperture of the hemispheres. This 
problem may be an effect of contact potentials or stray magnetic 
fields. 

4) At low pass energy the signal is lost for the upper 20% of the 
energy window presented by the multichannel detector, presumably be
cause the electron beam moves off the active area. This effect is 
likely the result of a stray magnetic field, because it is not as 
apparent at the higher pass energies. Another possible source is a 
physical misalignment of the lenses and analyzer. 

5) The absence of an isolation valve on the analyzer requires 
that it be vented along with the rest of the chamber when performing 
routine maintenance on the lamp or beam source. This feature is at 
the vsry least a nuisance, and at worst it introduces the hazard of 
surface contamination after frequent pump-down cycles. 

6) The assembly of the analyzer in its vacuum chamber is an 
awkward procedure and poses many risks of damage to the instrument. 
The problem stems in a large part from the complexity of the mumetal 
shielding and the arrangement for differentially pumping the analyzer. 
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7) The position encoding system currently requires 6 usee to 
process each event, which limits the maximum random count rate to 
about 15 kHz. This is not a serious limitation for most experiments, 
but it does pose a problem when looking for features arising from 
clusters in the presence of an intense monomer signal. 

I believe that a second generation apparatus could be made to work 
as well at 5-6 meV resolution as the present one works at 10-12 meV. 
The photon linewidth of the helium lamp would present a limitation at 
about 2-4 meV, which might be overcome in the future by high resolution 
VUV lasers or by very intense synchrotron radiation scjrces (neither of 
which are presently feasible, however). The route to better resolution 
is likely to be contained in the following points: 

1) Construct a double analyzer with multichannel detection simi
lar to the present one. The hemispheres could be somewhat larger (ca. 
15 cm mean radius) if better magnetic shielding were devised. 

2) Decrease the length of the electron flight path and simplify 
the design by using a single-stage kinetic energy scanning lens. This 
would likely restrict the operation to pass energies of 0.5 and 1.0 ov 
only, but the transmission function would be better behaved than at 
present. A shorter flight path would also permit the entire analyzer 
to be more compact and thereby fit within a single set of mumetal cans. 
These cans wc Id be simpler to fabricate and would do a better job than 
the present shields which consist of multiple interlocking shapes. In 
addition the physical alignment of the lens and analyzer would be 
easier to achieve if the system were more compact. 
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3) Move the beam source further away and use UHV construction 
around the ionization region in order to overcome the problem of the 
kinetic energy offset. The reduced number density could be compen
sated to some extent by better pumping speed on the beam source ex
haust chamber, thus permitting higher nozzle throughput. 

4) Add a second stage of differential pumping on the beam source 
viith an isolation valve that would be used to close off the ionization 
region and analyzer from the beam source for maintenance purposes. 
With an additional stage on the beam source there would be less need 
for keeping the analyzer and ionization chamber as separate vacuum re
gions. An enormous simplification in the design of the mumetal shields 
would be possible if the analyzer and ionization region were contained 
in single differential pumping region. 

5) Increase the speed and accuracy of the position encoding system 
through the use of the newer wedge-and-strip metal anode designs. 
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