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Resonances of the j hg state in the differential photodissociation cross section of H2
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Resonances in the differential photodissociation cross section of H2 are studied. Photon excitation
from the metastable c II„state occurs around resonances in the j hg state lying in the continuum of
the i II~ state. The j hg state is coupled to the continuum by the nuclear rotation. Since direct excita-
tion to the continuum can also occur, interference is present, which expresses itself as a change in anisot-

ropy of the photofragments as the photon energy is scanned over a resonance. Fano parameters,
linewidths, and anisotropy parameters are obtained from the measured differential cross sections and are
treated theoretically as outlined in the preceding paper [Glass-Maujean and Siebbeles, Phys. Rev. A 44,
1577 (1991)]. The experimental and calculated results are in good agreement.

I. INTRODUCTION

This paper deals with the photodissociation of Hz in
the metastable c H„state by excitation around reso-
nances in the j Ag state, which lie in the energy range of
the continuum of the i II state (see Fig. 1). The theory
needed to describe such a photodissociation process is
presented in the preceding paper [1]. The j b,s states are
predissociative due to the coupling to the i II state con-
tinuum by the rotational motion of the nuclei. Since both
the j 6 state and the i H state carry oscillator
strength from the c H„state, the total photodissociation
cross section as a function of energy has a Beutler-Fano
profile [2,3] showing interference eff'ects. Such profiles
have been studied earlier in H2 as a function of energy
only [4—10]. The present work deals with the relative
photodissociation cross section as a function of both pho-
ton energy and angle of dissociation with respect to the
laser polarization vector. A preliminary report has been
published earlier [11]. For higher absolute values of the
Fano asymmetry parameter interference is not easy to ob-
serve in the total cross section. The presence of interfer-
ence is more obvious in the change in anisotropy over the
absorption profile. Anisotropy parameters and relative
values of coupling matrix elements can be obtained from
the measured differential cross sections.

In our method of translational spectroscopy both the
released kinetic energy and the angle of dissociation of a
molecule can be determined. These observables consti-
tute the differential photodissociation cross section for
each specific rovibrational level of the c II„state. The
so-obtained differential cross sections are used to obtain
Pano asymmetry parameters, linewidths, and anisotropy
parameters.

This paper has been organized as follows. In Sec. II
the theoretical framework to interpret the experimental
data is sketched. In the preceding paper [1] a more

rigorous treatment of the theory is given. In Sec. III the
experimental method is described. In Sec. IV A the total
photodissociation signal is discussed and the resonances
due to the j 6 state are pointed out. The way to use a
kinetic energy release spectrum to obtain information on
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the differential photodissociation cross section is present-
ed in Sec. IVB. The differential photodissociation cross
sections are presented in Sec. IVC. Linewidths, Fano
asymmetry parameters, and anisotropy parameters ob-
tained from the experimental data are also given in Sec.
IVC. In Sec. V the experimental values are compared
with calculated results. The conclusions are presented in
Sec. VI.

II. THEORY

The excited electronic states of H2 that can be reached
from the metastable c H„state by absorption of a pho-
ton with a wavelength near 600 nm are presented in Fig.
1. The j 6 state and the i H state can very well be de-
scribed as a 3d5 and a 3dw state respectively, [12] in
Hund's coupling scheme (b) [13] and are coupled by the
nuclear rotation. This phenomenon, often called L un-
coupling, means a tendency to Hund's case (d). L uncou-
pling in n =3 Rydberg states of Hz for states lying below
the barrier in the i H state has been studied previously
[14—17]. In the g X state and the h X+ state the
outer electron has both 3s and 3d character [15]. These
states will also be coupled to the i H state by the rota-
tional motion of the nuclei. The h X+ resonances are
well separated from those of the j 5 state, thus they do
not have to be considered in the photodissociation pro-
cess. Since excitation to the continuum of the i H state
will simultaneously lead to excitation to the continuum of
the g X state, the g X+ state gives rise to a back-
ground cross section.

L uncoupling in the j 6 state is brought into account
by introducing the rotational Hamiltonian, which is

given by [19]

H~ =8(r)R'
=8(r)(N +L 2L—, N+—L N—L+), (2.1)

where 8(r) =A /2pr with p the reduced mass and r the
internuclear distance. From the presence of the level
shift operators in the right-hand expression of Eq. (2.1) it
can be seen that Hz only couples electronic states
differing by AA =+1. Furthermore Hz will couple states
with the same electronic wave functions, i.e., the same
principal quantum number, same total electronic angular
momentum, same inversion symmetry, and having the
same parity with respect to reflection in the plane of the
nuclear rotation. So the nuclear rotation couples j
rovibrational states only to the i H& state.

To obtain an expression for the cross section of the
photodissociation process [18], the following molecular
states have to be considered: the lower metastable
c II„(u,N) state with vibrational quantum number u and
rotational quantum number X, which absorbs a photon,
the intermediate predissociative j 5 (u', N') state giving
rise to a resonance, the i H energy normalized continu-
um state ~k) describing the two hydrogen atoms flying
apart with momentum Ak, and the analogous g X+ con-
tinuum state.

The total perturbation is Hz —u. ez, with u the dipole
moment operator and e& the polarization vector of the
electromagnetic field. This system is treated theoretically
in the preceding paper [1]. The transition moment for
excitation from a level in the c H„state with rotational
quantum numbers X and M to the j 6 state and the

H state simultaneously can be written as

(k~ T(E)~c 11„(u,N, M) ) = g
U', N'

+ (k~ —u. ei~c II„(v,N, M) ) .

(k~Hz j 6 (v', N', M))(j 6 (v', N', M)~ uei ~c
—II„(v,N, M))

t~t+ —) I

(2.2)

(2.3a)

+eN' 2 +v'N'
E J

2pp
(2.3b)

In Eq. (2.2) T(E) is the reaction operator [18], which
defines the final state vector produced by the interaction
of the electromagnetic field with the c H„state. E, N is
the resonant photon energy for excitation to the predisso-
ciative level j b, (v', N') with a width I, z., which is ac-
cording to Fano [3] equal to

which is nonzero for A;=A —1. The electronic wave
functions are represented by P, while the relative motion
of the nuclei is described by the wave functions g. The
matrix element which involves the level shift operator

is assumed to be independent of the internuclear sep-
aration r.

The first term in the right-hand expression of Eq. (2.2)
brings into account the dissociation due to excitation
from the c H„state to predissociative levels in the j
state. The second term corresponds to dissociation by ex-
citation to the continuum of the i H state directly. In
the j 6 state the spacing of the energy levels is large in
comparison to their width, so the sum over O', X' in the
first term of Eq. (2.2) can be approximated by only the
term corresponding to the resonance around which the
excitation takes place. As there is no level in the h
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state lying close to the selected resonance in the j bg
state, the contribution of the h X+ state coupled to the

~ 3continuum of the i IIg state to the cross section can be
neglected.

The level width I given by Eq. (2.3a) depends on the
matrix element V of the rotational Hamiltonian Hz, as
defined in Eq. (2.1), between the j b, state and the i II
continuum state. This L-uncoupling matrix element,
given in Eq. (2.3b), increases as the rotational quantum
number N' goes up. The level width reduces for a larger

component A of the electronic angular momentum on
the internuclear axis. This rejects the fact that a larger

value of A. implies less nuclear rotation for a fixed value
of N' and a stronger coupling to I to the internuclear
axis. The smaller nuclear angular momentum implies a
reduction of the L uncoupling.

For excitation above the barrier in the i II state the
recoil velocity of the hydrogen atoms will be much larger
than the rotational velocity, so the axial recoil approxi-
mation can be made. For an isotropic distribution of the
initial state, taking into account one resonance and mak-
ing the axial recoil approximation, the diQ'erential cross
section for photodissociation with linearly polarized light
can be written as [1]

do(E, B)
dQ

do (E,B) der (E,B)
dQ dQ

2 [ I+P„,Pz(cosB)]
(E E„,) +—(I /2)

2(E E„,)8—[1+P;„,Pz(cosB) ] dg, (E,B)
+ C(E )[1+P„Pz(cosB)]+

(E E„,) +—(I /2) dQ
(2.4)

(E E„,+ I q /2—)
oo oa +oh' (E— E„,)' +( I /)2'

(2.5)

o., is the probability for direct excitation to the interact-
ing continuum, which is the component of the i H con-
tinuum state with the same rotational quantum number
N as that of the resonance in the j A~ state. o-b brings
the excitation probability to all noninteracting continua
into account. Comparison of Eqs. (2.4) and (2.5) gives

2/( —,'I ) =o, (q —l)=o„, ,

B /( —,
' I ) =o.,q,

2 1/2

(2.6a)

(2.6b)

B
ar la

+1BI

1 N'

E, is the resonant photon energy for excitation to the
predissociative level with a width I .

The first term in the last right-hand expression of Eq.
(2.4) corresponds mainly to excitation to the resonance,
the second term to the interference term, and the third
and fourth terms to direct excitation to the continua of
the unperturbed i II state and the g X+ state, respec-
tively. Integrating the differential cross section

do 0(E,6)/d 0 over all angles yields a Pano-Beutler
profile [2,3]

(2.6d)

(2.6e)

M;, is to be compared with the result of Eq. (22) in the
preceding paper [1]. The disappearance of the phase fac-
tor is due to the application of the axial recoil approxima-
tion. In many cases the transition probability for dissoci-
ation via the resonance is much larger than that for
direct excitation to the continuum, implying that lq l

))1.
In such cases the photodissociation cross section as a
function of energy is nearly symmetrical and the follow-
ing approximate relation can be obtained:

2

(2.7)
res

oa

with

do (E,B)
dQ

2 2

M, [l+P, P (cosB)], (2.8a)

In Eq. (2.7) o „,—= 3 /( —,'I ) corresponds to the dissocia-
tion probability by excitation to the resonant state.

The resonance is important over an energy range I .
Within this range the contribution of the direct excitation
to the continua represented by the third and fourth terms
in Eq. (2.4) may be considered as independent of E. The
background cross section in Eq. (2.4) due to the g X~+

state is given by

M=( —1)~
m. VM;,

A, p' —AJ

1 N'

A, p —A;

with the properties of the states involved

p =A, —A, =0, p'=A —A, =1,
and the transition moments

(2.6c) P, = —3(A —A, ) +2= —1 . (2.8b)

o.„„,[1+P„„,P (cosB)],
with

Since the last two terms in the right-hand expression of
Eq. (2.4), describing the bound-free excitation, have the
same energy dependence, their sum can be written as
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(2.9a)

and

lE~Cl ™gE~Cg
l E' g6'

(2.9b)

with

P„,(q +1)—2P„

q
—1

(2.10a)

The photodissociation cross section is asymmetric as a
function of photon energy due to the presence of the fac-
tor E—E„ in the numerator of the interference term.
The change of the sign of this factor as the photon energy
is scanned over the resonance also results in a different
anisotropy for excitation below or above the resonance.
For high values of ~q ~

the occurrence of interference is

difficult to detect on the total photodissociation cross sec-
tion, but manifests itself much more clearly as the change
of the anisotropy.

The anisotropy parameters in Eq. (2.4) are derived in
the preceding paper [1] and given explicitly for P, Q, and
R branches [Eqs. (32) and (33)]. The general expressions
of the anisotropy parameters in Eq. (2.4) are

cule and the angle of dissociation with respect to the
molecular beam axis can be determined. Figure 2 con-
tains a schematic drawing of the experimental setup.

A 4—6-keV beam of H2 in the metastable c H„state is
created by charge exchange of H2+ in Cs vapor. The
ions are extracted from a Nier-type electron-impact
source and after mass selection with a Wien Alter the H2+
beam is focused on the detector. The hydrogen atoms re-
sulting from charge exchange of H2+ to dissociative
states in H2 are caught away by a diaphragm behind the
charge exchange cell. The remaining H2+ ions are re-
moved by a set of deflection plates. Behind the dia-
phragm the beam of H2 in the metastable c H„state is
crossed by a tunable intracavity used cw dye laser operat-
ed with rhodamine 6G dye. The bandwidth of the laser is
1 cm and its polarization vector lies along the molecu-
lar beam axis. The fragments resulting from absorption
of a photon are detected in coincidence with a time- and
position-sensitive detector as described in Ref. [20]. The
time and position resolution are better than 1.5 ns and
140 pm, respectively. The KER value c and the angle of
dissociation 8 can be calculated from the determined dis-
tance R and time difference of arrival ~ of the atoms imp-
inging on the detector. To a very good approximation
this can be done according to

2 1 1 2 1 1

0 0 0 N N' N'
N' iV' 2

A; —A; 0
L

0 1 1 0 1 1 N' X' 0
0 0 0 N X' N' A; —A; 0

P;„,= —3(A, —A, ) +2=2,
P„.= —3(A; —A, ) +2=2 .

(2.10b)

(2.10c)

(2.10d)

The value of the anisotropy parameter in Eq. (2.10d) for
direct excitation to the continuum is the value obtained
semiclassically within the axial recoil approximation.
For a H-H transition the electronic transition moment is
parallel to the internuclear axis and a cos 6 distribution
of the photofragments is obtained. The anisotropy of the
interference term is the same as that for the continuum as
can be seen in Eqs. (2.10c) and (2.10d). It must be noted
that for a parallel or perpendicular transition, the
differential photodissociation cross section for a continu-
um vanishes at, respectively, e=90 and O'. In such a
direction a predissociation resonance appears without a
contribution due to the continuum. The interference
term must cancel and so its anisotropy has to be the same
as that of the continuum.

[R +(vor) ],4I.
(3.1)

Re =arctan
vp7

(3.2)

detector

fragment l

neutr

4-6
flag

In these equations Ep is the beam energy, vp the beam ve-

locity, and I. the flight length from the point of dissocia-
tion to the detector. With the mentioned beam energies
and a Aight length of approximately 2 m KER values
from 50 to 1000 meV can be detected. Undissociated
molecules are removed by a V-shaped beam Aag in order
to reduce background signal.

Since for each individual dissociation c. and e are
determined, data can be accumulated in different ways.
A total absorption spectrum of the metastable c II„

III. EXPERIMENT
dye-laser beam

fragment 2

The relative differential photodissociation cross sec-
tions have been measured by means of translational spec-
troscopy, which has proven to be an excellent tool to in-
vestigate dissociative processes [8,16,20]. Both the kinet-
ic energy release (KER) in the center of mass of the mole-

FIG. 2. Schematic representation of the experimental setup.
By use of the Newton diagram the kinetic energy release and
the dissociation angle e can be calculated from the determined
distance R and arrival time difference ~.
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beam is obtained by measuring the total d.issociation rate
(irrespective of E and 8) as a function of laser wave-
length. Such a spectrum is given in Sec. IV A. The pho-
todissociation cross section of a single rovibrational level
in the c H„state is determined by monitoring the num-
ber of counts in the corresponding c, peak in the KER
spectra obtained at different laser wavelengths (accumula-
tion time one hour per wavelength). A typical KER
spectrum is presented in Sec. IVB. Since both E and 6
are determined, the angular distribution of the photofrag-
ments is thus obtained at definite laser wavelength. An-
gular spectra are presented in Sec. IV C.

The relative differential photodissociation cross section
do(E, B)ldII for a rovibrational level in the c II„state
can be obtained by controlling the number of counts 1V in
the corresponding peak in the KER spectra at different
dissociation angles 6, for several photon energies E. In
the absence of saturation the number of counts between
6 and 6+A6 can be approximated by

X=— ' cf(E,B) V,„,nfn;dt (sinB)bB AE,do (E,B)
dQ

(3.3)

where the integration takes place over the time during
which the measurement takes place. V,„, is the interac-
tion volume, nf the photon density per unit of energy, n,.

the density of molecules, c the light velocity, AE the laser
bandwidth and f(E,B) the detector efficiency for a KER
value c and dissociation angle 6. The detector efIiciency,
which brings into account the position dependence of the
sensitivity of the channelplates in the detector, has been
determined experimentally. For the determination of the
cross section at some photon energy as a function of 6
only, the value of the integral in Eq. (3.3) is not needed,
since it appears as a proportionality constant only. How-
ever, to obtain the relative cross section as a function of
photon energy too, a set of experiments has to be per-
formed and relative values for this integral have to be
determined. The integral in Eq. (3.3) is controlled by set-
ting n, equal to the average value of the number of coin-
cident counts in a unit of time just before and after each
measurement without the beam Aag and the laser. These
coincident count rates, resulting from dissociations due
to collisions of H2 in the metastable c H„state on back-
ground gas, will be proportional to n;. A relative value
for Jnfdt is obtained by integrating the output power of
the dye laser over the time of the measurement. The
overlap between the molecular beam and the laser beam
varies smoothly in time. Therefore the time dependence
of V;„, has to be brought into account. This has been
done by determining a relative value for the cross section
at a reference wavelength with an arbitrary constant
value of V;„,. The cross section so obtained can then be
used to determine a relative value of V;„, at any other in-
stant. At the other instant the number of counts X, ob-
tained at the reference wavelength, is determined again.
Since the relative value of the cross section had already
been determined the relative value of V;„, at the new in-
stant can be obtained by using Eq. (3.3).

IV. RESULTS

A. Tota1 photodissociation

700—

600—

500—

400—
~(o,6)R~o gpp— j{5,5jRi

16665 16705 16745 16785 16825 16865 16905 16945
PHOTON ENERGY (cm )

FIG. 3. Spectrum showing the total dissociation rate of H&

molecules by photon absorption from several rovibrational lev-
els in the metastable c H„state. See text for meaning of peak
indication.

Recording the total rate of photodissociation of H2 in
the metastable c H„state as a function of laser wave-
jength gives an absorption spectrum as shown in Fig. 3.
This dissociation rate is determined as the total count
rate of coincidences on the detector, irrespective of the
released kinetic energy and the angle at which the two
hydrogen atoms Ay apart. The signal not induced by the
laser, resulting from dissociations of metastable H2 on
background gas, could be subtracted by the use of a
chopped laser beam. The dissociation signal is due to
simultaneous excitation from several rovibrational levels
in the c H„state. Excitation can occur to the continua
of the i H and the g X+ states, giving rise to a signal
which does not depend much on the photon energy, or to
a resonance resulting in a peak in the absorption spec-
trum. Three different types of resonances can be dis-
tinguished in the absorption spectrum: broad ones,
which are due to predissociation by rotational coupling of
levels above the barriers of the i H and the g X+ state;
narrow resonances resulting from rotational coupling and
subsequent tunneling below the top of these barriers; and
thirdly the very sharp peaks due to fluorescence decay to
the repulsive b X„+ state. The width of these sharp peaks
indicates the optical resolution of the experiment.

The indication of a peak by, for instance, the notation
i(2, 2)R1 means excitation from (v=2, N=1) in the
c II„state to (v =2,%=2) in the i II state. The excit-
ed states populated by photon absorption, lying below the
H(ls)+H(2l) dissociation limit, can decay to the repul-
sive b X„+ state by emission of a photon. This is the case
for most of the sharper peaks in the absorption spectrum.
There are two narrow peaks due to levels with U =4 in
the j b, state, which lie above the H( is)+H(21) dissoci-
ation limit, but below the barrier in the i H state. The
small widths of these peaks show that rotational coupling
of the j 5 state to the i H state followed by dissocia-
tion through barrier tunneling is a relatively slow pro-
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TABLE I. Experimental and theoretical photon energies E and widths I in cm ' for excitation from

the c'H„ to the j'h~ state.

Transition

j(5,5)R1
j(5,5)R3
j(6,6)R1
j(7,7)R1
j(8,8)R1

Eexpt

16 833+1
16920+3
16 685+1
16 538+2

Etheor

16 829
16903
16 682
16 536
16 389

4
17

3

~expt

23+1
98+7
19+1
16+1'

24
96
18
17
15

'In Ref. [1()]a value of 29+1 cm ', obtained by use of a double-resonance technique, is reported.

cess. Excitation to levels with U &5 in the j 6 state
gives rise to the broader structures in the absorption
spectrum. Since these levels lie above the barrier in the
i Hz state, the rotation couples them directly to the
i II continuum, resulting in a shorter lifetime. An ab-
sorption spectrum gives information on both positions
and widths of resonances (see Table I).

B. Kinetic energy release spectra

If the laser wavelength is fixed, a KER spectrum as
shown in Fig. 4 can be obtained. The KER spectrum has
been taken for a dissociation angle between 88' and 90'
with respect to the laser polarization vector, which gives
the best energy resolution. The peaks in this spectrum
are due to excitation from various rovibrational levels in
the c II„state, so the distances between the peaks refIect
the energy differences between the corresponding rovi-
brational levels of the c II„state, which are character-
ized by a vibrational quantum number U and a rotational
quantum number X. In the energy range below 1.0 eV,
the peaks in the KER spectrum result from dissociation

of the molecule to the H( is)+H(2l) dissociation limit.
The relative intensities of the KER peaks are partly

determined by the populations of the lower levels, but
also by the presence of resonances, to which excitation
can occur. These resonances make the relative intensities
of the KER peaks change as the photon energy is varied.
In Fig. 4 the high intensity of the (v =6,N = 1) peak at a
photon energy of 16 699 cm ' results from an R-branch-
like excitation close to the (u =6,N=2) level in the j b,s
state. The intensity of the ( u =S,N = 1) peak is even
smaller than those belonging to the less populated
(u =5,N=2, 3) levels in the c II„state. The
(u =5, N = 1) peak will be dominated by direct excitation
to the i II and g X+ continua, while for %=2,3 reso-
nances also contribute to the photodissociation cross sec-
tions. The KER spectra can thus be used to study reso-
nances in the cross section for photodissociation of the
metastable H2 molecules.

C. Di6'erential photodissociation cross section

1. Isotropy ofc II„state

1100—

900—

700—

CO 500—

Throughout the paper it is assumed that the c H„
state is populated isotropically. In order to test this, the
angular distribution for excitation to the very sharp reso-
nance due to (v =4,N=2) in the j b, state, reached by
the J(4,4)R 1 transition, has been investigated. The

j 6 state with (u =4,N=2) gives rise to a sharp reso-
nance because it dissociates relatively slowly by tunneling
through the i H state barrier. At this energy no reso-
nance is present in the i II state and so the dissociation
process can be described as slow predissociation de-
scribed by Beswick and Durup [21]. The angular part of
the photodissociation cross section for this transition can
be written as

300—

J

0.4 0.5 0.6 0.7 0.8

KINETIC ENERGY RELEASE (eVj

FICi. 4. Kinetic energy release spectrum taken at a fixed pho-
ton energy of 16699 cm ', showing peaks due to photodissocia-
tion from rovibrational levels of the c H„state.

+~~M~=1( —,'+ —,', Doo«)+ —„',Doo«)) .

(4.1)

The Wigner matrix elements Doc(e) and Doc(e) are
defined in Ref. [19]. The right-hand expression of Eq.
(4.1) has been fitted to the experimental cross section with
the populations I'~ as parameters. It turned out that the
populations of the different M sublevels of the lower state
are equal to within 3%. From this it was concluded that
the charge exchange process results in an isotropic beam
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of H2 in the c II„state.
After having shown that the e II„state is populated

isotropically in the charge exchange process, the relative
differential photodissociation cross sections will be ana-
lyzed in Secs. IVC2 and IVC3.

2. Energy dependence
of the photodissociation cross section

In Fig. 5 relative photodissociation cross sections are
plotted as a function of photon energy at a dissociation
angle between 88' and 90' with respect to the laser polar-
ization vector. The points are experimental results, ob-

tained from the KER spectra. The solid curves are the
result of a least-squares fit of the expression in Eq. (2.4)
with the substitution of the last two terms by Eqs. (2.9a)
and (2.9b) to the experimentally obtained relative
differential cross sections at different photon energies.
From the energy dependence of the photodissociation
cross section near 90 only the resonant excitation energy
E„and the level width I can be obtained. From the an-
gular dependence, which is discussed in the next section,
in combination with the energy dependence of the photo-
dissociation cross section the Fano asymmetry parameter
and the anisotropy parameters of the different terms in
Eq. (2.4) can be determined. The results obtained by the

O

~ Pn (~)
Z 0

AJ

x
j(5,5)R1

Z AJ

4

CQ
Ct m

~O

X
X

j(5,5)R3

~O
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LLj

~ LO

o
Ct OD 0 16804 16825 16846 16867 16888

PHOTON ENERGY (cm ~)

Z
Q Lo

I
0

LLI
~m
~O
O
Ct: O
D 0 16851 16902 16953 17004 17055

PHOT'QN ENERGY (cm 1)
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Vl

(c)
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xx j(6,6)R1

CQ

&co

D
~m

(5)
C3
Ct OD

1 6656 1 6677 1 6698 1 671 9 1 6740
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FIG. 5. Relative photodissociation cross sections for transitions as indicated in the figures as function of photon energy for a disso-
ciation angle 6=90. The crosses are experimental points and the curves result from a least-squares fit. As is pointed out in Sec.
IV C 2, the fitted curves have been obtained by a fitting procedure as a function of both photon energy and dissociation angle. Due to
electronic crosstalk in the detector the values at 6=90 are relatively high and therefore the fit might seem to be unoptimized.
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TABLE II. Experimental and theoretical Fano asymmetry
parameters. The values marked with an asterisk have been tak-
en from Ref. [10].

Transition

J(5,5)R1
j(5,5)R3
J(6', 6)R1
j(7,7)R 1

J(8', 8)R1
j (12, 12)R 1

j (10,11)R1

Vexpt

—16(+1, —12)
—4(+ 1, —4)
—14(+2, —19)

—16+3
—11+3
—13+2*

9theor

—13
—5

—16
—17
—18
—26
—14

TABLE III. Ratios of background and resonant cross sec-
tions.

~cont ~res

Tran siti.on

j(5,5)R1
j(5,5)R3
j(6,6)R1

Expt.

(5+3)X10-'
0.24+0.24
(5+5)X 10

Theor.

1.3 X10-'
0.1

0.01

least-squares-fitting procedures for three lower levels in
the c II„state, with 2, B, o„„„I, E„,B„,P;, and P„„,
as adjustable parameters, are presented in Tables I—IV.

In Figs. 5(a) —5(c) and 6 the relative error in the experi-
rnental points is mainly determined by the stability of the
laser and particle beams [Eq. (3.3)] and is estimated to be
about 10%%uo. As will be seen in Sec. IVC3, the angular
profiles systematically exhibit small wiggles, due to elec-
tronic crosstalk in the detector. For example, all profiles
display a maximum at 90 . Since the least-squares-fit pro-
cedure optimizes with respect to the complete angular
profiles and energy dependence of the cross section, an
apparent mismatch results in Fig. 5 where only the fit at
6=90' is shown. The statistical error in the spectra is
less than I/o. The relative weak intensity of the N=2
peak [at most 10% for the j(5,5)R1 transition] ensures
that the error due to partial overlap of the N=2 peak
with the N = 1 peak is less than 5%.

As indicated in Fig. 5, excitation by R branches occurs
around, respectively, (u =5,N=2), (u =5,N=4), and
(u=6, N=2) in the j b,s state. The level widths ob-
tained from these data are in principle more accurate
than those from the absorption spectrum in Fig. 3, be-
cause in Fig. 3 the signal is due to simultaneous excita-
tion from several rovibrational levels in the c H„state
instead of only from the one of interest. The importance
of having the KER spectra can be appreciated from the
structure due to the (v =5,N=4) resonance [Fig. 5(b)].
This resonance is extremely weak, so it cannot be dis-
tinguished in the total absorption spectrum of Fig. 3.
Comparison of Figs. 5(a) and 5(b) shows that the level
width I of the profile increases as the rotational quantum
number goes up. This is due to the stronger rotational in-
teraction or I. uncoupling for a higher rotational quan-
tum number. From Figs. 5(a) and 5(c) it can be seen that
the width is smaller for a higher vibrational quantum

number, which has also been observed on the 3p~ 'lI„
profiles [7]. In Table I the experimental widths are given
together with calculated ones. Lembo et al. [10] have
performed double resonance experiments on the higher-
lying vibrational levels in the j Ag state. To allow a
direct comparison to the data of Lernbo et al. [10] the
width of the (v =7,N=2) resonance in the j b,s state
has been measured from the total photodissociation sig-
nal in the absorption spectrum in Fig. 7. The sharp
structure near 16538 cm ' is assigned to the i(2, 2)P2
transition.

Note that according to Eq. (2.9b) P;„,=P„=2 for tran-
sitions from the c II„state to the i H state. Thus the
second and third terms in Eq. (2.4) are proportional to
cos 0, which is zero at 6=90. At this angle there is no
interference and the profiles should by symmetric, which
is observed (see Fig. 5). At the magic angle (about 55 )

the shape of the energy dependence of the cross section is
equal to that of the total, angle integrated, cross section.
The asymmetry in the total cross section, determined by
the q parameter, is illustrated in the magic angle (6 be-
tween 54 and 56') spectrum for the j(5,5)R1 transition
(Fig. 6). The symmetric profile at 6=90' is given for
comparison.

By use of the second right-hand expression in Eq. (2.6c)
values of q can be obtained from the results of the fitting
procedures. The absolute value of q for the j(5,5)R3
transition is small in comparison to that for the j(5,5)R 1

transition. According to Eq. (2.7) a higher rotational
quantum number thus results in the decrease of the disso-
ciation probability via the resonance in comparison to
direct dissociation. From the q values in Table II it is
seen that dissociation via the resonance is relatively more
important for U =6 than for U =5, which will be partly
due to the reduction of the level width for a higher vibra-
tional quantum number.

3. Angular dependence
ofphotodissociotion cross section

The angular dependence of the photodissociation cross
sections is shown in Figs. 8 —10 for R branches and a Q
branch, respectively. These figures reAect the angular
dependence of the intensity of a peak in the KER spec-
trum obtained at a fixed laser wavelength. It is shown
that the angular dependence of a Fano profile is not the
same in each point. The present experiments by which
the change of the angular dependence with photon ener-

gy is probed are much more sensitive to the occurrence of
interference than measurements of the total cross section.
As was already pointed out in the preceding section, the
measured angular dependence of the cross sections al-
lowed us to determine Fano asymmetry parameters and
anisotropy parameters.

As has been pointed out in the preceding section, the
wiggles in the angular profiles are due to electronic
crosstalk of the detector. Note the systematic behavior
of this efFect in Fig. 8, where maxima can be seen at prac-
tically the same angles for all angular profiles. The rela-
tive error in the signal resulting from statistical noise and
partial overlap of peaks in the KER spectre is estimated
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TABLE IV. Experimental and theoretical anisotropy parameters.

Experimental Theoretical

Transition

j(5,5)R1
j(5,5)R3
j(5,5)Q3
j(6,6)R1

Pres

0.5+0.05
0.9+0.3

—0.71+0.05'
0.6+0.05

P;.s

1.3+0.3
1.7+0.3

1.7+0.3

cont

1.7+0.3
1.7+0.3

1.7+0.3

Pres

0.48
0.47

—0.90
0.49

P;.s

2.0
2.0

2.0

cont

1.5
1.5

1.4

'For this transition a photon energy of 16730 cm ' has been used, which is resonant according to Ref.
[16].

to be smaller than 6%%uo. In Fig. 8 the experimentally ob-
tained angular dependence of the cross section is present-
ed for different photon energies close to the resonant en-
ergy of, respectively, the j(5,5)R 1, the j(5,5)R3, and the
j(6,6)R1 transition. As can be seen from Fig. 5(a) and
Table I, the profile at 16 835 cm ' in Fig. 8(a) is almost at
the resonant photon energy, while the two other profiles
in Fig. 8(a) are almost one level width below and above
the resonant energy. At these energies the relative con-
tribution of the resonance is weaker, making the
inhuence of the continuum of the i II state more impor-
tant. From Fig. 5(a) it is seen that the height of the latter
two profiles at 8=90' is about one-third of the one on
resonance. In Fig. 8 the profiles are scaled to coincide at
6=90, in order to make the comparison of their shapes
easier.

It is clear from Fig. 8 that for each transition the shape
of the angular profiles changes as the photon energy is
varied. This will be partly due to the fact that changing
the photon energy alters the relative contribution of the
probability of dissociation via the resonance Ifirst term in

Eq. (2.4)] and that for direct dissociation [last two terms
in Eq. (2.4)]. But if this were the only reason for the
difference, the profiles would be the same at equal ener-
gies below and above the resonance, since the difference
of the photon energy and the energy of the resonance ap-
pears quadratically in the denominator of the first term in
Eq. (2.4). In Fig. 8(a) the profiles at 16815 and 16853
cm ' are at nearly equal distance below and above the
resonant excitation energy. The difference of their shape
only results from the occurrence of interference. The in-
terference term in Eq. (2.4), which contains the factor
E—E„, in the numerator, appears with opposite sign
below and above the resonant energy. So the angular
dependence of the cross section is different for excitation
below or above the resonance.

As can be seen from Eq. (2.4) subtraction of the photo-
dissociation cross section below the resonant photon en-
ergy from th:~t at equal energy above the resonance yields
the interference term. The result of subtracting the curve
at 16815 cm ' from that at 16853 cm ' (these curves
are to within the experimental error at equal distance

C3

~ Aj

z&~ Pl

j(5,5)R1
300—

e

CQ
CL- AJa

PJ

~ CO

U3

Ld

~ CG

o&o
U

O 16804 16825 16846 16867 16888
PHQTQN ENERGY (cm I)

FIG. 6. Relative photodissociation cross sections as function
of photon energy for j(5,5)R1 transition. The crosses are ex-
perimental points for a dissociation angle 0 near the magic an-

gle, while the solid curve is the result of a least-squares fit for
this angle as explained in the text. The dashed curve is the re-
sult of the fit at e=90 .

200—
C0

150—

100 -i,

I

16555
I I I I I I

16525 16535 16545
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FIG. 7. Spectrum showing photodissociation rate of the
metastable H& beam for photon energies around the resonant
energy for the j (7,7)R 1 transition. The sharp peak near 16 538
cm ' is assigned to the i (2,2}P2 transition.
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from the resonance) is presented in Fig. 9. Since accord-
ing to Eq. (2.9b) the anisotropy of the interference term is
such that no interference occurs for a dissociation angle
of 90, the two curves at 16 815 and 16 853 cm ' should
coincide at e=90'. Therefore the curves at 16815 and
16 853 cm ' have been scaled accordingly before subtrac-
tion. Figure 9 clearly shows that the magnitude of the in-
terference term is important and increases at smaller dis-
sociation angles. The sign of the interference term is in
agreement with the calculated one as described in Sec. V.

The off-resonant profiles in Fig. 8(c) for the j(6,6)R1
transition at 16 675 and 16 693 cm ' are about half the
level width away from the resonant energy at 16685

cm '. Although the inAuence of interference on the
profiles is now somewhat less strong, they show the same
behavior as those for the j(5,5)R1 transition. The
reduction of the importance of interference conforms to
the somewhat larger absolute value of q for the j(6,6)R 1

transition. From Eq. (2.6c) it is seen that for given rota-
tional quantum numbers the variation of q with vibra-
tional quantum number is determined by Mj /VM~, . The
increase of the absolute value of q going from j(5,5)R 1

to the j(6,6)R 1 transition is, apart from the reduction of
V, to a large extent due to an increase of the ratio
M /M„. From Eqs. (2.2) and (2.4) it is seen that the
terms taking into account the dissociation via the reso-

ca 14
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8-
GG
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c/3 6
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FIG. 8. Relative photodissociation cross sections as function of dissociation angle at photon energies as indicated. In (a) —(c) the
oton energies are close to, respectively, the resonant energies for the j(5,5}&&, the j(5 5)A3, and the j(6,6)R1 transitio .

each transition the profi]. es are scaled to coincide at a dissociation angle of 90'. The dashed curves in (b) result from a fit.
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nance become relatively more important. The larger con-
tribution of the first term on the right-hand side of Eq.
(2.4) reduces the influence of the interference term
(second term). This causes the anisotropy to change less
as the photon energy is changed from the resonant excita-
tion energy to that at half maximum.

Results for the j(5,5)R3 transition can be found in
Fig. 8(b). The dashed curves have been obtained by a

FIG. 9. Angular dependence of interference term of the
j(5,5)R1 transition, obtained by subtracting scaled profiles at
16819and 16853 cm

least-squares-fitting procedure. The curves have been
scaled such that those from the fitting procedures coin-
cide at 0=90'. The fitted curve at 17008 cm ' lies
somewhat above the experimental curve at this photon
energy, rejecting the experimental error in the deter-
mination of the total cross section.

In Fig. 8(b) the profiles at 16853 and 17008 cm ', be-
ing nearly one level width away from the j(5,5)R 3 reso-
nant transition energy, differ much more from that on
resonance at 16921 cm ' than those for the j(5,5)R1
transition. This reAects the relative weakness of the exci-
tation probability of the resonance for the j(5,5)R 3 tran-
sition in comparison to the probability for excitation to
the continuum directly, or equivalently, the smaller abso-
lute value of q. The decrease of the first term in Eq. (2.4)
due to the resonance is a consequence of the larger width
I for a higher rotational quantum number. Interference
is now more apparent, because the probability for dissoci-
ation via the predissociative level differs less from that for
direct dissociation. The major importance of interference
for the j(5, 5)R 3 transition can be seen as a larger
difference in shape of the off-resonant profiles in Fig. 8(b).

The angular dependence of the photodissociation cross
section at the resonant excitation energy of 16 730 cm
(see Ref. [16]) for the j(5,5)Q3 transition is presented in
Fig. 10. The dashed curve has been obtained by a least-
squares fit of rr [1+/3Pz(cosB) ] to the experimental curve
with o and P as adjustable parameters. The so-obtained
anisotropy parameter is given in Table IV. The shape of
the profile for this Q transition really differs from those of
the R transitions. In contrast to the R transitions the
cross section at resonance for a Q transition increases
with dissociation angle.

V. COMPARISON WITH CALCULATED VALUES
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I
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FIG. 10. Angular dependence of the photodissociation cross
section at the resonant photon energy for the j(5,5)Q3 transi-
tion. The dashed curve results from a fit.

Hz is theoretically well known and most of the dynami-
cal parameters can be calculated ab initio. The potential
curves of the c H„, i H, and the j 6 states of interest
here have been calculated by Kolos and Rychlewski [22]
and Rychlewski [23], corrected in Ref. [10]. The experi-
mental results in Tables I—IV have been obtained by
fitting procedures as described in the first part of Sec.
IV C2.

The energies of rovibronic levels in the c H„state and
the j 6 state have been calculated in the Born-
Oppenheimer approximation by a Numerov integration
method, and used to find the transition energies. The ex-
perimental and calculated resonant photon energies E are
presented in Table I. For the R 1 transitions the calculat-
ed resonant photon energies are in very good agreement.
The j (5, 5)R 3 transition lies 17 cm higher than the cal-
culated value, which may be due to an accidental pertur-
bation. The predissociation widths I have been calculat-
ed from Eq. (2.3) in a pure precession model [24], i.e.,
considering the j 5 and the i H states as pure 3d
states. This approximation has given quite good results
in Hz for the predissociation width of the 3@m. D H„ lev-
els [9,24]. The calculated level widths can be found in the
last column of Table I. The agreement with experiment
is striking. Lembo et al. [10] also measured many level
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widths for (V=7—14,%'=2) levels in the j b~ state.
However, as they have noted, their widths exceed the cal-
culated values by 30%%uo. It cannot be excluded [27], that
power broadening has influenced the widths given in Ref.
[10]. Lembo er al. [10] also calculated the level widths
and their calculated value for the j(7,7)R 1 transition
agrees with the present results,

To calculate the Fano asymmetry parameters q the
electronic transition moments between the c II„and
j Ag, and the c II„and i Hg states are needed. Recent-
ly, these transition moments have become available [28].
The relation between the electronic transition moments
at the equilibrium internuclear distance (2.0 bohr) is
given by [28]

(5 2)

The experimental and calculated ratios of the bound-
free cross section o„„,in Eq. (2.9a) and the cross section
at resonance o.„,= A l( —,'I ) [see Eq. (2.7)], which is due

to the resonance, are given in Table III. The weakness of
the bound-free transition strength explains the relatively
large experimental error. There is, except for the
j(5,5)R1 transition, no disagreement between experi-
ment and theory. An experiment more sensitive for
determination of the differential cross section for direct
excitation to the continua of the i IIg and the g Xg+

states is needed to make a proper comparison between ex-
periment and theory possible.

~u„+u g' &= —1.09&&' ~u, ~P' (5.1)
VI. CONCLUSIONS

The resulting calculated q parameters are presented in
Table II. They agree with the experimental values. The
sign of q is determined by the sign of B in Eq. (2.6c). B
corresponds to the magnitude of the interference term
[see Eq. (2.4)]. The calculated negative sign of the q
values is in accordance with the sign of the observed in-
terference term shown in Fig. 9. Apart from the
j(12,12)R1 transition the experimental q parameters of
Lembo et al. [10] agree very well with the calculated re-
sults reported here.

The experimental anisotropy parameters for the R
transitions are given in Table IV, together with those cal-
culated by use of Eqs. (2.10), (2.9b), (5.1), and (5.2). For
the R1 transitions the experimental values of the anisot-
ropy parameter P„, of the resonant term in Eq. (2.4) are
in good agreement with those from the theory. For the
j(5,5)R3 transition the theoretical value of p„, lies just
outside the estimated error interval of the experimental
value. The anisotropy parameter of the resonant term for
the j(5,5)Q3 transition is, according to Eq. (2.10a), equal
to —0.81. This is close to the experimental value, ob-
tained at an excitation energy of 16 730 cm ' and a fit as
described in the last paragraph of Sec. IVC3, which is
contaminated by a contribution due to direct excitation
to the continua. From the very small difference between
the experimental and theoretical values of the anisotropy
parameter it turns out that the contribution of the con-
tinua to the cross section must be relatively small for res-
onant excitation.

The experimental anisotropy parameters P;„, of the in-
terference term are in agreement with the theoretical
values obtained from Eq. (2.10c), except for the j(5, 5)R 1

transition. It is not clear what the origin of this
discrepancy is.

From the experiments the anisotropy parameters P„„,
due to the direct excitation to the continua of the i II
and the g X~ state have been obtained with reasonably
sized uncertainty. Theoretical values of P„„,in Table IV
have been estimated by the use of Eqs. (2.9b) and (5.2).
The transition probability for excitation to the g X+
state has been calculated using potential values of
Rychlewski [26] and treating the g Xz+ state as a pure 3d
state, which means [25]

Fast-beam photofragment spectroscopy can be used to
obtain differential photodissociation cross sections. The
effect of L uncoupling between the j hg state and the
i II state of Hz has been observed. The width of the in-

vestigated resonances in the j 4~ state increases as the
rotational quantum number goes up, rejecting the in-
crease of L uncoupling for higher rotation of the mole-
cule. The calculated widths are completely in agreement
with those found experimentally.

The occurrence of interference, due to the fact that the
i II state can also be reached directly by photon absorp-
tion, appears as an asymmetry in the total photodissocia-
tion cross section as a function of energy. The experi-
mental and calculated Fano asymmetry parameters are in
good agreement. Besides the relative magnitude of the
coupling matrix elements their relative signs, which
determine the sign of the Fano parameter, have also been
obtained and are fully in agreement with the calculated
results.

Although the occurrence of interference also appears
as an asymmetry in the total photodissociation cross sec-
tion as a function of energy only, the role of interference
is shown to be apparent in the angular dependence. The
observed angular dependence of the cross section clearly
shows the expected interference effects. The experimen-
tally obtained anisotropy of the photofragment distribu-
tion is in agreement with theory.
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