
VOLUME 55, NUMBER 8 PHYSICAL REVIEW LETTERS 19 AUGUST 1985

One- and Two-Photon Dissociation of Na2.'Angular, Velocity, and Internal-State
Distributions of Atomic Fragments Studied by Doppler Spectroscopy
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(Received 26 April 1985)

We report on the photodissociation of neutral diatomic molecules in a molecular-beam experi-
ment where all the relevant quantities are well defined. The velocity and angular distributions and
the internal states of the fragments were determined by Doppler spectroscopy. The quasibound
level v'= 31, J'= 42 of the 8 'II„state of Na2 dissociates into Na' 3 P3~2 and Na 3 Sly2 atoms with
an angular distribution characterized by P = —1. Direct dissociation of the 8 H„state yields only
Na 3'Py2 fragments, which does not support reported P3~2 and Pl~2 fragment emission. From
two-photon dissociation we obtain Na 3 P~y2 fragments with much larger kinetic energy and a dif-
ferent angular distribution.

PACS numbers: 33.80.Gj, 33.80.Wz

The photodissociation of alkali-metal dimers, partic-
ularly of Na2, has recently attracted considerable in-
terest and has been studied by several groups experi-
mentally' as well as theoretically. 2 So far the photodis-
sociation has only been studied by measurement of the
fluorescence of excited fragments. Rothe, Krause,
and Duren have reported a polarization of —(5 + 1)%
of the Na 3 P3l2-3 Stlz line emitted from the photodis-
sociation products of Na2(8 'II„) molecules. Vigue
et a/. have observed an unexpectedly high degree of
polarization (64%) of the fluorescence of excited Ca
atoms resulting from photodissociation of Ca2
molecules, which they explained by a coherence effect
between the sublevels of the excited state. But the
most detailed and important information on photofrag-
mentation dynamics is provided by the analysis of the
angular, velocity, and internal-state distributions of the
fragments. The most advanced photofragment experi-
ments have been carried out in recent years with small
ion molecules by several groups. 5

Pho to fragment experiments with small neutral
molecules were first done by Wilson, Bersohn, and
their co-workers, and more recently by several other
groups. We report the first measurements of angular,
energy, and internal state distributions of atomic frag-
ments resulting from photodissociation of a state-
selected quasibound level of a neutral diatomic
molecule (Na2 8 'II„). This has been done by applica-
tion of the technique of Doppler spectroscopy to the
study of photodissociation processes occurring in neu-
tral diatomic molecules. Despite the long lifetime of
the dissociating quasibound level (1.6 ns) the anisotro-
py of the molecular excitation, which is a perpendicu-
lar 0 transition, is completely preserved (P= —1).
This situation has not been found before.

In the course of our experiments three different
photodissociation processes were observed and identi-
fied: direct photodissociation by excitation from the
X'Xg+ ground state to the dissociation continuum of
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FIG. 1. Experimental arrangement for Doppler pho-
tofragment spectroscopy. The Na2 molecules are dissociated
by an Ar+ laser while a dye laser serves to analyze the disso-
ciation products.

the 8 'H„state, dissociation of quasibound levels of
the 8 state, and induced two-photon dissociation of
Naz leading to Na'(nl) fragments.

The basic experimental setup, partially described
elsewhere, ' consists of a sodium molecular beam
crossed by two laser beams, all three being perpendicu-
lar to each other as shown in Fig. 1. The sodium beam
was generated by an oven operated at 800 K. The
beam was collimated by a heated skimmer and by aper-
tures resulting in a residual Doppler width of about 40
MHz. Na2 molecules were dissociated by the Ar+
laser, while the dye laser served to analyze the frag-
mentation. With several Ar+ laser lines, both mul-
timode and single mode, Na2 was photodissociated into
an excited Na 3 P3~2 atom and a Na 3 5~~2 ground-
state atom, recoiling in opposite directions. In our ex-
periment dissociation was analyzed perpendicular to
the molecular beam, as indicated in Fig. 1, by mea-
surement of the velocity component in direction of the
analyzing laser so that the measured fragment velocity
distribution coincides with the center-of-mass distribu-
tion. The velocity component v, of the atomic frag-
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ments was derived from the Doppler shift At = t u, /c
by tuning of a single frequency rhodamine-6G dye
laser over the Na 3 P3i2-4 D3i2 5i2 transitions at 568.82
nm. The fragments were monitored by the emission
of the 4'P, i, 3i2-3'S&i2 lines at 330 nm, part of the
4D 4P -3S -cascade. This detection scheme is shown
on the right-hand side of Fig. 2, together with the
schematic representation of the dissociation of a quasi-
bound level by tunneling through the potential barrier
of the 8 'II„state. The kinetic energy of the resulting
fragments is given by the energy 8'of the quasibound
level referred to the dissociation limit. The quantum
numbers of the quasibound state v' = 31, J' = 42, ex-
cited by a single-mode Ar+ laser at 457.9 nm, were
determined by double-resonance spectroscopy. The
linewidth of this state was found to be =100 MHz
corresponding to a lifetime of 1.6 ns.

Doppler spectra due to photodissociation with the
457.9-nm single-mode laser are shown in Fig. 3(a).
Traces B and C are Doppler spectra obtained for paral-
lel and perpendicular laser polarizations relative to the
direction of observation. As has been shown previous-
ly, " the angular distribution in the center-of-mass sys-
tem can always be represented by f (B)= (—,m) [I
+PP2(cosO) ], where 8 is the angle between the elec-
tric vector EL of the polarized light and the fragment-
recoil direction. The anisotropy parameter P depends
on the type of the transition (X-X or X-II) and varies

between +2 and —1 corresponding to the limiting
cases of recoil parallel and perpendicular to the direc-
tion of the transition moment of the parent molecule
resulting in distributions f (8) —cos 8 and f (6)

2—sin 0, respectively. Trace A in Fig. 3(a) shows the
unshifted excitation spectrum of the monitored transi-
tions 3 P3i2-4 Dy2 zi2. Since the two fine-structure
components are only 1.02 GHz apart, spectra B and C
are the sum of two overlapping Doppler spectra. They
represent the distribution of the z component of the
fragment velocity given by

for EL, ll z, and

g (u, ) = 1+—,P ——,P(u, /v)

for EL iz, where v is the fragment velocity. In order
to describe the spectra B and C of Fig. 3(a) by these
distributions, we have to subtract the contribution of
the direct dissociation of Na2 via the B-state continu-
um also induced by the 457.9-nm single-mode Ar+
laser. This contribution was determined in separate
measurements with slightly changed excitation fre-
quencies. For the case of perpendicular polarization
ELiz the result is shown in Fig. 4. The spectrum
represents the velocity distribution g(u, ) of atomic
fragments arising from the quasibound level v'=31,
J' = 42, which was excited by a 0 transition from
u" = 8, J"= 42. It can be described by a distribution
calculated with the parameters v=465 rn/s (corre-
sponding to W = 400 cm ' kinetic energy) and

4p(J=3/2, V2)
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FIG. 2. Schematic representation of the excitation process
and the dissociation of a quasibound level of the Na2'II„
state. The applied scheme for the detection of the atomic
fragments (including observation of the 330-nm line) is
shown on the right-hand side.

FIG. 3. (a) Doppler spectra of Na' 32Py2 fragments due
to one-photon dissociation of Na2. Trace A shows the fine-
structure components of the monitored 3P 4D transition.
(b) Doppler spectrum of Na' 3 Piiq fragments due to two-
photon dissociation of Na2.
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FIG. 4. Doppler spectrum of Na' 3 P3~2 fragments result-
ing from dissociation of the quasibound level v'= 31, J'= 42
of the 8 'H„state of Na2. The solid curve represents a frag-
ment distribution with H = 400 cm kinetic energy and

p = —1 anisotropy parameter.

p= —1 (solid line in Fig. 4). The obtained value
8'=400+ 20 cm ' agrees well with the energy of the
quasibound level v'= 31, J'= 42 above the 8-state dis-
sociation limit, E = 397.7 cm ', which was determined
by use of the ground-state molecular constants of
Kusch and Hessel' and the dissociation energy
D, (X) = 6022.6 cm ' of Barrow et al. '

The value p= —1 of the anisotropy parameter is
surprisingly large in view of the quasibound-state life-
time v = 1.6 ns. Under these conditions of "slow
predissociation" the anisotropy is in general strongly
reduced since the initial orientation is substantially al-
tered by the rotation. '4 However, for the particular
case of a perpendicular 0(AJ =0) transition, where
the transition moment p, is parallel to the angular
momentum J'5 and perpendicular to the internuclear
axis, the electric vector EL of the polarized light is
parallel to J. The rotation, therefore, cannot change
an angular distribution having rotational symmetry
around the El axis, thus preserving the initial anisot-
ropy p= —1 of our excitation process.

The influence of aligned parent molecules in the Na2
beam'6 on the determined p parameter is negligible
under our experimental conditions (800-K oven tem-
perature and 0.2-mm nozzle diameter).

Direct dissociation by excitation from a manifold of
X'Xg+ ground state levels to the continuum of the
8 'H„state was also observed. With all applied Ar+
laser lines only Na' 3 P3t2 fragments with continuous
energy distributions could be observed. The energy
and angular distributions were found to depend on the
wavelength (457.9, 454.5, 488.0, or 476.5 nm) of the
exciting laser line. Calculated Franck-Condon factors
for bound-continuum transitions, ' including the
correct 8-state potential barrier region, ' indicate that
excitation of the 8-state continuum can only be per-
formed from levels v" ~ 10 of the ground state. The
energy of the 457.9-nm line is just sufficient to reach

the continuum out of v"=10 for low J. For the less
energetic Ar+ laser lines much higher v" levels are in-
volved. Direct dissociation with these lines, even in a
molecular beam, is still possible because of the large
number of weakly populated v", J" levels. The vibra-
tional and rotational temperatures in our experiment
are T„;b=400 K and T„,=200 K, respectively.

Another interesting result of our molecular-beam
experiments is that we observe Na' 3 P&~2 fragments
neither by direct dissociation via the 8 H„continuum
nor by tunneling through the 8-state potential barrier
with any of the Ar+ laser lines 454.5, 457.9, 476.5, or
488.0 nm. This is in contrast to the findings of Rothe,
Krause, and Duren and Janson and Papernov'9 who
have reported Na2 photodissociation via the B state
with the 488.0- and 476.5-nm lines leading to the
emission of both the Na D2 ( P3t2- Stt2) and D,
( Ptt2- Stt2) lines. However, in an additional experi-
ment with higher oven temperature (pd = 0.7 Torr
cm), we did observe Na' 3 Ptt2 fragments after excita-
tion with the 488.0- and the 476.5-nm lines. The 2Pttz
fragments were detected by inducing the 3 P&~2-4 D3/2
transition at 568.26 nm and subsequently recording the
4P-35 fluorescence at 330 nm. The Doppler spectrum
of Na' 3 Ptt2 fragments obtained with the 488.0-nm
line and perpendicular laser polarization, shown in Fig.
3(b), clearly demonstrates the different angular distri-
bution and higher energy of the P &~2 fragments.
Moreover, the much weaker P&~2 signal increases with
higher pd values relative to the decreasing P3~2 signal.
If a wavelength of 457.9 nm is used for the photodis-
sociation under the same experimental conditions only
Na 3P J = —', atoms, but no Na 3P J = —,

' atoms, are ob-
served. This excludes an effect by fine-structure
changing collisions. The analysis of the 488.0-nm
fragmentation process leads to the conclusion that the
Na' 3 P ~~2 fragments result from a two-photon excita-
tion of a high-lying Na2 state dissociating into two Na
3P atoms.

The anisotropy of the two-photon process is reflect-
ed in the angular distribution f (0) of the photofrag-
ments

f(0) = (—,m) [I+PDP2(cos0) +yDP4(cos0) j.
Since the Franck-Condon factors for the Na2X

'X+-
3 'X+ transitions with 488.0 nm are vanishingly small
( ( 10 s), we need only consider X tXs+ 8'II„ transi--
tions. From symmetry considerations it follows that
only 'Xs+, 'Xs, 'IIs, and 'b,

s states can be reached by
two-photon excitations out of a 'Xs+ state. From the
different possible transitions X-II-X, X-II-II, and X-
II-b, we can exclude the X-II-X and X-II-b, processes,
since in these cases the two perpendicular transitions
result in an angular distribution f'(0) —sin 0 (classical
limit), which is definitely not observed. With the as-
sumption of a X-II-II process it was found that the ob-
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served Doppler spectrum [Fig. 3(b)] can be described
by a distribution with a kinetic energy of W = 1900
+300 cm ' and parameters PD ——2.37 and yD =0.49

taken from Ref. 20. However, because of the low
statistics of the measurement it was not possible to ob-
tain these parameters from a fit to the observed distri-
bution.

The two-photon excitation with the 488.0-nm line
proceeds via the B 'II„state, the dominant first transi-

tion being (u"=3, J"=43)-(u'=6, J'=43). Since
the excitation energy is just 1870 cm ' above the Na
3P+Na 3P dissociation limit, the dissociation into
two Na' 3P atoms is strongly suggested by the mea-
sured photofragment energy of W'= 1900 cm '. The
symmetry of the upper state must be 'IIg as is inferred
from the observed angular distribution [Fig. 3(b)]. It
should be mentioned that Na2+ formation has been re-
ported ' for two-step excitation of Na2 with the 488.0-
and 476.5-nm lines, a process which might be in com-
petition with the dissociation process observed by us.

In summary, our experiments demonstrate that the
technique of Doppler spectroscopy is ideally suited for
the study of the photofragmentation of neutral diatom-
ic molecules. For Na2 it has been found that single-
photon dissociation with wavelengths between 450 and
490 nm proceeds via the B 'II„state and yields Na'
3 P3~2 as the only excited fragment state, indicating
that there are no (or very weak) nonadiabatic interac-
tions between molecular states converging to the Na'
3 Py2 and Na' 3 P~~2 states. The completely different
angular distribution, kinetic energy, and temperature
dependence of the observed Na' 3 P~~2 fragments lead
us to the conclusion that they result from the dissocia-
tion of a high-lying Na2 state excited in a two-photon
process. The best agreement with our experimental
data is found for a 'IIg state dissociating into Na'
3P +Na 3P atoms. The reported dissociation of the
quasibound level v'=31, J'=42 of the 8 'II„state
(Fig. 4) represents the first example where for a neu-
tral diatomic molecule all the quantities governing the
process are well determined. The quantum numbers
v' and J' and the lifetime v were obtained, and the en-
ergy and angular distributions as well as the internal
states of the atomic fragments were analyzed.

This research was supported by the Deutsche
Forschungsgemeinschaft.

~R. H. Callender, J. I. Gersten, R. W. Leigh, and J. L.
Yang, Phys. Rev. A 14, 1672 (1976); V. B. Grushevskii,
S. M. Papernov, and M. L. Yanson, Opt. Spektrosk. 44, 809

(1978) [Opt. Spectrosc. 44, 475 (1978)]; E. W. Rothe,
U. Krause, and R. Diiren, J. Chem. Phys. 72, 5145 (1980);
J. L. Gole, G. J. Green, S. A. Pace, and D. R. Preuss, J.
Chem. Phys. 76, 2247 (1982); M. L. Janson and S. M. Pa-
pernov, J. Phys. B 15, 4175 (1983); and J. Keller and
J. Weiner, Phys. Rev. A 29, 2943 (1984).

E. A. Gordeev, E. E. Nikitin, and A. I. Shushin, Mol.
Phys. 33, 1611 (1977); and W. S. Struve, S. J. Singer, and
K. F. Freed, Chem. Phys. Lett. 110, 588 (1984).

E. W. Rothe, U. Krause, and R. Duren, Chem. Phys.
Lett. 72, 100 (1980).

4J Vigue, P. Grangier, G. Roger, and A. Aspect, J. Phys.
(Paris) Lett. 42, L531 (1981).

5A. Carrington, Proc. Roy. Soc. London, Ser. A 367, 433
(1979);J. T. Moseley and J. Durup, Ann. Rev. Phys. Chem.
32, 53 (1981); and P. C. Cosby and H. Helm, J. Chem.
Phys. 76, 4720 (1982).

K. R. Wilson, in Excited State Chemistry, edited by J. N.
Pitts, Jr. (Gordon and Breach, New York, 1970), Chap. 2.

7R. Bersohn, IEEE J. Quantum Electron. 16, 1208 (1980).
R. Schmiedl, R. Bottner, H. Zacharias, U. Meier, and

K. H. Welge, Opt. Commun. 31, 329 (1979); H. Zacharias,
R. Schmiedl, R. Bottner, M. Geilhaupt, U. Meier, and K. H.
Welge, in Laser Spectroscopy IV, edited by H. Walther and
R. W. Rothe (Springer-Verlag, Berlin, 1979); E. J. Stone,
G. M. Lawrence, and C. E. Fairchild, J. Chem. Phys. 65,
5083 (1976); A. E. de Vries, Comments At. Mol. Phys. 11,
157 (1982); R. Vasudev, R. N. Zare, and R. N. Dixon, J.
Chem. Phys. 80, 4863 (1984).

9J. L. Kinsey, J. Chem. Phys. 66, 2560 (1977); K. Berg-
mann, U. Hefter, and P. Hering, Chem. Phys. 32, 329
(1978), and references therein.

G. Gerber and R. Moiler, Chem. Phys. Lett. 113, 546
(1985).

R. N. Zare and D. R. Herschbach, Proc. IEEE 51, 173
(1963); R. N. Zare, Mol. Photochem. 4, 1 (1972); S. C.
Yang and R. Bersohn, J. Chem. Phys. 61, 4400 (1974).

P. Kusch and M. M. Hessel, J. Chem. Phys. 68, 2591
(1978).

R. F. Barrow, J. Verges, C. Effantin, K. Hussein, and
J. d'Incan, Chem. Phys. Lett. 104, 179 (1984).

t4C. Jonah, J. Chem. Phys. 55, 1915 (1971).
~5M. P. Sinha, C. D. Caldwell, and R. N. Zare, J. Chem.

Phys. 61, 491 (1974).
6A. G. Visser, J. P. Bekooy, L. K. Van der Meij, C. de

Vreugd, and J. Korving, Chem. Phys. 20, 391 (1977).
G. Gerber, R. Moiler, and H. Schneider, J. Chem. Phys.

81, 1538 (1984).
H. J. Vedder, G. K. Chawla, and R. W. Field, Chem.

Phys. Lett. 111,303 (1984).
M. L. Janson and S. M. Papernov, J. Phys. B 15, 4175

(1983).
S. J. Singer, K. F. Freed, and Y. B. Band, J. Chem. Phys.

81, 3064 (1984).
V. S. Kushawa and J. J. Leventhal, J. Chem. Phys. 75,

5966 (1981); K. Bergmann and E. Gottwald, Chem. Phys.
Lett. 78, 515 (1981); E. W. Rothe, F. Ranjbar, D. Sinha,
and G. P. Peck, Chem. Phys. Lett. 78, 16 (1981).


