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Photoelectron energy and angular distributions are measured for the 2+1 multiphoton ionization process. H2 Xt z&u = 
0,~)+2hv-,E,Ft~~(v~.I~=I)+hv-,H~X~~~((v~+e-. foruE=O,~.or2atIdfOr~E=Oorloftheinnerwe~ofthe 
double-minimum E,F state. Although a strong preferen~ is found for u* = WE, the detailed Hz vibratinal distribution does 
not exhibit Franck-Condon behavior, and the photoelectron angular distributions vary markedly with both the JE value 
of the intetmedtate state and the v+value of the ion. 

I _ Introduction 

Molecular hydrogen provides an important test 
system upon which a detailed understanding of molec- 
ular photoionization dynamics can be built _ For this 
reason, there have been a number of experimental 
studies of the vacuum-ultraviolet photoionization of 
Hz [l-9], a task requiring relatively narrow-band, 
high spectral brightness sourcesbelow 8Onm. Because 
H, is the simplest neutral molecule, the interpreta- 
tion of photoionization experiments is the most ad- 
vanced [lo-121. Ofpakicular interest [8.13] is the 

role that autoionization plays in the angular and 
energy distributions of the ejected photoelectrons, 

sir&e these ionizing resonances involve the coupling 

between nuclear and electronic motions ignored in 
a simple Born--Oppenheimer treatment _ 

It is als6 possible to use resonant multiphoton 
ionization (MPI) to study ionization of H2 from vari- 
ous electronicaUy excited states [ 14,15]_ The selec- 
tion rules governing multiphoton excitation make 
possible the study of states of symmetry identical or 

opposite to that of the ground state, depending on 
whether the number of photons absorbed is even or 
odd respectively. One such resonant MPI process 
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which has received recent attention involves the two- 
photon excitation E F lC+ , g t- X 1 xl followed by sub- 
sequent absorption of one photon to cause iomzation 

[14] _ Fig. 1 shows a schematic diagram of the relevant 
potential curves and associated wavefunctions ofthe 
E,F state. This process has been studied both experi- 

mentally [14] and theoretically 117,181 and is of in- 
terest for at least two rather different reasons. The 
frost reason is that the double-minimum nature of the 
intermediate E,F state should manifest itself in several 
ways in the ionization. For example, both the homo- 
geneous perturbations between vibronic levels asso- 

ciated with the ionic inner (E state) and covalent 
outer (Fstate) wells and the expected large variation 
of the transition moment with H-H internuclear 
distance should cause interesting effects m the photo- 
ionization.The second reason is that this resonant 2+ 1 

process is conveniently employed to determine inter- 

nal-state populations of H2 (and its isotopic variants) 

in molecular dynamics experiments involving gas-phase 
[19] and gas-surface scattering [20] _ ‘Ihe most accu- 
rate and general use of this technique, however, re- 

quires that the details of the ionization process be 
knOWIt_ 

In the present study we report the energy and an- 
gular distributions of photoelectrons produced in the 
resonant 2+1 MPI of Hz via the E,F state. We employ 
a timeaf-flight (TOF) technique [21] to determine 
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Fig. l_ Schematic potential-energy diagram for the ground and 
first three excited states of& and the ground state of Hz_ 
Also shown are wavefunctions calculated by Peek [16] for the 
three vibrorie levels of the E tinner) potential well- 

the photoelectron energies and use a rotating Fresnel 

rhomb to measure the angular distributions of the 
electrons as a function of (1) the final ionic vibration- 
al level u* and (2) the rotational quantum number of 
the intermediate state,+. We perform measurements 
for excitation through each ofthe three bound vi- 
bronic levels of the inner or E well. We have adopted 
the convention of labeling these three levels as v, = 0, 
1 and 2 although they are in fact the levels IJ = 0,3 
and 6 of the full potential. 

2. Experimental 

High-intensity radiation tunable in the region from 
193 to 202 nm is required to cause two~hoton exci- 
tation to levels of the E,F state. These wavelengths 
are generated by frequencydoubling the output of a 

dye laser pumped by the second harmonic of a Nd3+r 
YAG laser-The frequency-doubled dye laser is focused 
with a 60 cm focal-length quartz lens into a czll con- 
taining 5 atm of Hz gas, thereby generating UV and 
VIJV wavelengths via stimulated Raman scattering_ 
The desired fourth anti-Stokes wave is separated from 
all other Stokes and anti-Stokes orders with a Pellin- 
Broca prism and then focused into the photoelectron 
spectrometer with a quartz lens having a focal length 
of 25 cm. Typical VUV pulse energies are 70430 9 
into a bandwidth of 19 cm-l representing a conver- 
sion efficiency of 13 X low3 based on the dye pulse 
energy_ Beam quality is too poor to estimate meaning- 
fully the effective power densities_ Laser polarization 
is normally parallel to the detection axis of the pho- 
toelectron spectrometer. Photoelectron angular dis- 

tributrons are measured by rotating the laser polariza- 

tion with respect to the (fixed) detector ~XI.S usin a 
double Fresnel rhomb retarder which attenuates the 
fourth anti-Stokes beam energy by =lO% 

Photoelectron energies are measured in a time-of- 
&ght spectrometer which has been briefly described 
1223; only ~p~vements incorporated in the spec- 
trometer wiII be summarized here_ The stainless-steel 
vacuum system now contains a double-wall mu-metal 
flight tube, the inside of which is graphitecoated- 

The system is evacuated through a mu-metal baffle by 
a 110 P/s turbo pump and its flight tube is divided by 
aconical bafflewhichserves to reduce the background 
signal level ansmg from scattered light and photoelec- 
trons. Hydrogen gas is sampled from a pulsed free jet 
expansion_ The pulsed valve (Lasertechnics LPV) is 
located just outside the mu-metal flight tube, SS cm 
from the axis_ Typical operating conditions are: stag- 
nation pressure of 5200 Torr, O-3 mm nozzle diam- 
eter, = 150 w temporal pulse width fwhm, time-aver- 

aged background pressure of 2 X 10e6 TOIT and an 
estimated laser-jet interaction region pressure of 
=Z lob3 Torr_ Ionization occurs on the axis of the 
flight tube at the intersection of the free jet and the 
laser focal volume. The electron detector, a channel 
electron multiplier array with 50 ohm anode (Galileo 
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FTD 2003) is located at the other end of the flight 
tube, separated from the field-free region by a double 
shieldmg grid. The field-free flight path 1s 50 cm. : 

No collection or acceleration fields are used in 
these experiments; thus the detection efficiency (~5 
X 1O4) is determined by the solid angle subtended 
by the detector_ Electron TOF distributions are col- 
lected after amplification of the detector output and 
are stored in a Tektronix 7912AD transient digitizer. 
Arrival times range from a few hundred nanoseconds 
to nearly 5 ps, depending on electron energy. Resolu- 
tion in these experiments is =S 150 meV due to the 
combined effects of timing resolution and spacecharge 
broadening. 

The spectral transformation from time to energy is 
accomplished with the aid of a computer_ The energy 
scale is determined by calibration to MI’1 photoelec- 
tron spectra ofxenon and iron, the source of the latter 
being the photodissociatlon of iron pentacat’bonyl 

p I- 
2 The spectra reported here are not corrected for 

any dependence oft ransrnission on photoelectron 

energy. This is believed to be a small effect since all 

measured spectral features are well above the trans- 
mission cut-off for the instrument (0.1 ev). 

3. Results aud discusdon 

We have measured the TOF spectra of photoelec- 
trons produced in the photoionization of H, through 
the three vibronic levels of the inner well of the E,F 
1Zlstate. Fig;2 p resents the resulting photoelectron 
energy spectra. It should be noted that the signal irn- 
mediately to lower energy (longer arrival time) of 
the largest peak in each spectrum is somewhat distort- 
ed by ringing of the detection system following the 
sharp (9 ns fwhrn) main peak. An attempt to correct 
for this by subtraction of the similar ringing waveform 
observed in MPI photoelectron spectr of Xe was un- 

successful but suggests that the effect on peak heights 
in the H, spectrais less than 10% 

The most obvious feature in each of-the three 

spectra of fG:2 is that the most probable fmal ion 
vibrational level, ut, is indent&J to the intermediate 
vibronic level of the E,F state. Fig. 1 shows that in all 
cases there is sufficient energy in the ionization pro- 

cess to populate all the bound vibrational levels cf @ 
and even to cause dissociation. However, the strong 
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Frg. 2. Photoelectron specka following ionization via the three 
vibronic levels of the two-photon resonant intermediate E,F’Ci 
state ofH1: (a) Hz ‘Z@=O,J=O) + 2hv - H2 E,F(q = 0. 
~~=O)+hv~H~XzZg(v~.~;(6)H2’~~(v=0.J=1)+ 
2hv - H2E,F(~~=1,/~=1)+h~--,H~Xz~g(u*,~;~d 
(c)HZ~~g+(~=0,~=1)+2hv-,HqE.F(~=l,JE=l)+ 
hv+H:X”Zp(u+.n_ 

preference for the diagonal u+ = us transition is ex- 
pected qualitatively from application of the Franck- 

Condon principle to the H2 E, F and Hz X potential 
curves. 

It is also observed that there is a non-negligible 
fraction of structureless photoelectron-intensity at 
low energy. The intensity of this broad background is 

sensitively dependent on both the alignment of the 
laser with respect to th‘e light baffles and also on the 
background pressure of H,, suggesting that this frac- 
tion of the photoelectron flux is produced by the 

chamber walls or perhaps by colons of H2 photo- 
electrons with background gas molecules near the jet_ 
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It is doubtful that this background can be attributed 
to dissociative ionization, i-e_ the process H2 + hv + 
H* + H + e-. Using a separate apparatus which incor- 
porates a TOF mass spectrometer, we are able to sup- 
port this contention by noting that the upper limit to 
dissociattve ionization based on the appearance of 
the H+ mass is 5% when a similar iomzation process is 
employed, although with tighter focusing conditrons 
and all ar.ti-Stokes wavelengths. 

Quantitative attempts to understand the observed 
u* distributions were made by employing overlap 
integrals between wavefunctions associated with the 
three E well vibrational levels and those associated 
with the X state of the ion as calculated by Peek [ 161. 
The wavefunctions corresponding to the H, E,F and 
H; X state potentials were generated from the poten- 
tials of Koros and Wolniewicz [23] and Beckel et al. 
[24] respectively_ The values of these overlap inte- 

grals were then squared and weighted by the quantity 
e-l where E is the final photoelectron energy corre- 
sponding to agiven u*. Prevrous calculations by O’Neil 
and Reinhardt [ 121 on photoionization of the H, X 

state demonstrate that the above prescription is ac- 
curate to within 8% of a more complete calculatron 

Table 1 
Comparison of experimentala) and calculated ion vibrational 

distributions. Entries less than 10e3 are not listed 

0 O-865 
1 0.135 
2 _ 
3 _ 
4 _ 

5 _ 

6 _ 

7 _ 

8 - 
9 _ 

10 _ 
11 _ 

12 _ 

13 - 
14-16 - 

0.963 0 073 0.031 0007 
0.035 0580 0.910 0.072 
0002 0.208 0.048 0.396 
_ 0.102 0.011 0.074 
_ 0.038 - 0 100 
_ _ 0.001 0.058 
_ _ _ 0.044 
_ _ _ 0 030 
_ - _ 0.034 
_ _ _ 0.019 
_ _ _ 0.035 
_ _ _ 0.024 
_ _ _ 0.016 
- _ _ 0.028 
- _ 0.054 

_ 
0.032 

0 633 
0.001 
0.045 
0.001 

0.002 
0.016 
_ 

0.016 
_ 

0.017 

0.036 
0.175 
0.026 

a) Note that exwpt for w= 1 the tabulated quantities are nor 
corrected for the dependence of the angular distribution on 
ion vibrational level. 

which includes a radial aswell as photoelectron-energy- 
dependent transition moment. The e-l weighting 
may account for the sharp increase in the electronic 
transltron moment wrth decreasing photoelectron 
energy, although the true E *X weighting may differ 
from this form. c 

Table 1 hsts the normalized experimental u* drstri- 
butions and those calculated in this manner It is clear 
from table 1 that the simple Franck-Condon calcula- 
tion overestimates the variation with u+ and does not 
reproduce the drstribution of ion vibrational levels 
measured. The electronic transition moment between 
the broad E,F state and the X state of the ion is ex- 
pected to have a large dependence on internuclear sep- 
aration which, to our knowledge, has not been cal- 
culated The u+ dependent photoelectron angular dis- 
tributions, which are discussed below, also indicate 
the existence of interactions between the departing 

electron and the vibrating ion core, jgnored in the 
Franck-Condon picture. 

In fig- 3, we show angular distributions measured 
for each of the five u+ levels detectable in the photo- 

electron spectra of H, ionized via the Q. and Q1 ex- 
citation lines of the (1,O) band. The results were ob- 
tained by rotating the retarder through 2x, averaging 
the data into one quadrant and reflecting that one 
quadrant across 0 = 0 to form fig. 3. Quick inspection 

of this fiiure shows that there are significant varia- 
tions in the distributions as a function of u+ and as a 
function of the intermediate rotational quantum 
number_ In the general cake of a three-photon ioniza- 
tion process the angular distribution can include even 
Legendre polynomials up to P6(cos 0). However, be- 
cause we are investigating a resonant 2 + 1 multipho- 
ton ionization, this description may be simplified. In 
particular for Q. excitation, the JE = O,Af, = 0 inter- 
mediate level is isotropic and the photoelectron distri- 
bution can only be of the form 1 +Bp?(cosB)_ On the 
other hand for QL excitation, the JE l 1 ,ME = 0, +l 
intermediate levels may be aligned and the photoelec- 
tron disrribution can have the form [25] 1 +flP?(cos 0) 
+ yP4(cos0). This is borne out by the fact that at- 
temptmg to fit the Q. data wrth both fl and r yields 
y values no larger than 3% of the /3 values. In contrast, 
ionization of the aligned E,FJE = 1 level exhrbrts an- 
gular properties which contain higher moments of 
cos0 and typical y values are ~30% of the fi values 
for a given distribution_ 

25 
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Fig_ 3_ Angular distnbutions oiphotoeIectro~ assodated 
with the fti Hz ion Xcvcls v‘ = O-3 for ionization via the 
procesr E,F~X@E= 1) +X’E$u= 0). Data are presented 
ior lo&cation V-M both the Q. and Q1 exaltation lines. 

Table 2 
Bestilt photoelectron angular titzibution parameters=) 

‘E,F “’ Gl J=O EB u' = 1 J=1 
"+ B -7 8 B 7 

Table 2 gives the values of 0 and y for u* = O-3 
when both Q. and Ql excitation are employed. It is 
expected on theoretical grounds that the angular dis- 
tribution can vary with laser intensity [26], but no 
systematic studies of this kind were attempted. Fig. 4 
compares the measured and best-fit angular distribu- 
tions for v+= 1 for ionization via QO or QI excitation_ 
For Q. excitation the measured distribution is clearly 
much sharper than the best-fit even though terms 
higher than cos*6 are not expected _ This probably rep- 
resents the presence of systematic errors in the data, 
perhaps caused by changes in the laser beam shape 
and directlon as the retarder is rotated. Nonetheless. 
it is clear that there exist sign&cant chfferences be- 
tween the various v* angular distributions. 

Expt. --- 

Fit - 

cl 0.59 0 10 0.71 AL32 
l- 129 0 I * 144 -0.18 
2 0.75 0 2 0.85 4-23 
3 0.68 0 3 _I 02 -018 

a) Au armracy of 30% or 0.1, whichever is greater, has been 
assigned to the fl and 7 parameters. 

Fig. 4. Camp-n of experimental and best-fit aogular mS- 
tributions for v+ = 1 produced in the QO-and Qt excilation 

prousses of Iii_ 3. The a~rresponding pr and 7 parameters 
on bc. Found in table 2. 
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A full investigation of the vibrational-dependent 
angular distributions suggests the use of a twocolor 
experiment in which the twophoton resonance wave- 
length of the fmal ionization step is varied. Indeed, 
we have carried out preliminary experiments of this 

kind, using various combinations of the fixed anti- 
Stokes wavelengths as the two colors. Ample signal- 
to-noise is readily achieved 1 owing in part to the rela- 

tively long lifetime (100 2 20 ns) of the H2 E,F state 
[27] _ The feasbrhty of this experiment suggests that 
the photoionizatmn dynamrcs of H, can be investi- 

gated in the detail appropriate to this simplest of all 
molecules. 
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