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Abstract. We have performed kinematically complete investigations of molecular photodissociation of tri-
atomic hydrogen in a fast beam translational spectrometer recently built in Freiburg. The apparatus allows
us to investigate laser-induced dissociation of neutral molecules into two, three, or more neutral products.
The fragments are detected in coincidence and their vectorial momenta in the center-of-mass frame are de-
termined. We demonstrate the potential of the method at the fragmentation of the 3s A} (N = 1, K = 0)
state of triatomic hydrogen. In this state, three-body decay into ground state hydrogen atoms H+H-+H,
two-body predissociation into H4+Hsz(v, J), and photoemission to the Hs ground state surface with subse-
quent two-body decay are competing channels. In the case of two-body predissociation, we determine the
rovibrational population in the Ha(v, J) fragment. The vibrational distribution of Hy is compared with
approximate theoretical predictions. For three-body decay, we measure the six-fold differential photodis-
sociation cross-section. To determine accurate final state distributions, the geometric collection efficiency
of the apparatus is calculated by a Monte Carlo simulation, and the raw data are corrected for apparatus
efficiency. The final state momentum distribution shows pronounced correlation patterns which are char-
acteristic for the dissociation mechanism. For a three-body decay process with a discrete kinetic energy
release we have developed a novel data reduction procedure based on the detection of two fragments. The
final state distribution determined by this independent method agrees extremely well with that observed
in the triple-coincidence data. In addition, this method allows us to fully explore the phase space of the
final state and to determine the branching ratios between the two- and three-body decay processes.

PACS. 33.80.Gj Diffuse spectra; predissociation, photodissociation — 33.80.Rv Multiphoton ionization
and excitation to highly excited states (e.g., Rydberg states) — 34.80.Ht Dissociation and dissociative

attachment by electron impact

1 Introduction

Neutral triatomic hydrogen plays the role of a proto-
type to study molecular fragmentation dynamics. Rydberg
states of Hz exist [1-6]. Their bound potential energy
surfaces are embedded in the continuum of the repul-
sive ground state surface. They can undergo radiative
as well as predissociative decay: two-body predissociation
into H(1s)+Hs(v, J) fragment pairs, three-body breakup
into three neutral hydrogen atoms H(1s)+H(1s)+H(1s),
and radiative decay with subsequent two- and three-body
dissociation [7-13]. Metastable Hs molecules prepared in a
fast beam by charge transfer neutralization of Hj serve as
a platform for laser-excitation processes. Rydberg states
well-characterized in all quantum numbers can be popu-
lated, and their decay into neutral products can be studied
using time and position-sensitive detectors.

# e-mail: Ulrich.Mueller@uni-freiburg.de

The predissociation of laser-prepared Hsz into
H+Hs(v,J) fragment pairs has been investigated
by translational spectroscopy [7,9]. In these double-
coincidence experiments, evidence for three-body decay
was found [10]. Extensive modelling was required to
gain insight into the final state distributions. Triple
coincidence studies of the fragmentation of Hjs into
neutral hydrogen atoms H(1ls)+H(1s)+H(1ls) were first
performed in Freiburg [11]. A novel photofragment
spectrometer [12] was developed which allows us to
measure the positions and arrival time differences of all
fragments using multi-hit time- and position-sensitive
detectors [14,15]. New data reduction algorithms [13]
were developed to determine the momentum vectors
of the fragments in the center-of-mass frame from the
measured quantities.

The objective of this paper is to determine the
branching between the two- and three-body decay mecha-
nisms of Hsz, and to measure kinematically complete final
state distributions. We report a detailed analysis of the
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35 2A(N =1, K = 0) state. The method, however, can
be applied to systematically investigate all laser-excited
bound states of Hz. The geometric collection efficiency of
the apparatus for the different processes is calculated by
a Monte Carlo simulation, and corrections are applied to
the measured distributions. We have developed a novel
algorithm to evaluate three-body events from double-hits.
This allows us to explore the complete phase space ac-
cessible in the final state distribution and to determine
the branching between two- and three-body decay with-
out knowing the absolute electronic detector efficiency.

A comparison of the initial- and final-state resolved ex-
perimental data with the results of two-dimensional wave-
packet calculations [16,17] gives insight into the coupling
mechanisms between the excited and ground state surfaces
in the regime of the breakdown of the Born-Oppenheimer
approximation. These mechanisms play an important role
in the dissociative recombination of Hj with electrons
where two-body as well as three-body product states have
been detected experimentally [18].

2 Experimental

In the Freiburg photofragment spectrometer [11,12], a fast
beam (3 to 6 keV) of mass selected Hy ions is neutralized
by charge transfer in cesium. The remaining ions are re-
moved from the neutral beam by an electric field. Products
of dissociative charge transfer are stopped in a distance of
about 30 cm from the charge transfer cell, where a well-
collimated beam of metastable Hy 2p 2A5(N = K =0)
molecules is skimmed by an aperture of 300 ym diameter.
The metastable beam is excited in the cavity of a standing
wave dye laser. The photofagments which separate from
each other due to their kinetic energy in the center-of-
mass frame are detected in coincidence by a time- and
position-sensitive multi-hit-detector after a free-flight of
about 150 cm. The undissociated part of the neutral beam
is intercepted by a tiny beam flag in a distance of about
10 cm from the laser interaction region.

The detector for fast neutral fragments consists of two
Z-stacks of multichannel plates (MCP) with an active area
of 40 mm diameter and position sensitive delay line an-
odes [14,15]. Electromagnetic pulses are induced on a sys-
tem of waveguides by the electron charge clouds from the
MCP’s. The hit coordinates are determined by measuring
the arrival time differences of the pulses at the waveguide
terminals using time-to-digital (TDC) converters. Pulses
derived from the voltage drop at the MCP’s are used to de-
termine the arrival time differences of the fragments. Pulse
routers to distribute the pulses of consecutive events to dif-
ferent TDC input channels are provided for all position-
and timing signals. An in situ calibration of the position
measurement is performed using a stainless steel mask
with a pattern of circular holes which is placed in front
of the detector and “illuminated” by fast fragments. As
shown in Figure la, we have the choice between two de-
tector orientations in the laboratory frame:

(A) with the sensitive detector regions (MCP’s) centered
on the z-axis of the laboratory frame,

The European Physical Journal D

Detector

(a)

Neutral
Beam

(b)

€ /W-1/3

T T T f T T T
-0.3-0.2-0.10.0 0.1 0.2 0.3

(82'81)/(W \/5)

Fig. 1. Projection of the six-fold differential cross-section for
three-body decay. (a) Orientation of the plane containing the
c.m. fragment momenta. (A) and (B) show the two detector
geometries relative to the neutral molecular and laser beam.
(b) Dalitz plot. The symbols show the correspondence between
the configuration of the fragment momenta in the plane with
respect to each other and the location in the plot.

(B) and with the detector rotated by 90° about the z-axis
(fast beam axis) such that the MCP’s are centered on
the y-axis.

3 Excitation

The anisotropy in the distribution of the photofrag-
ments may be strongly correlated with the alignment
of the nuclear frame of Hs induced by the laser ex-
citation. In the following, we analyze the angular dis-
tribution of the molecular top axis in the laser-excited
35 2A1(N =1, K = 0) state of H3. We follow reference [19)
and expand the angular part of the Hund’s case b wave
function ¥ (disregarding the vibrational and spin wave-
functions) in terms of Hund’s case d wave functions ~:

gt _
Uik = Z%@{I K (=1)""MLA N-K|LNN*T — K™)
N+

X [(1 4 0g+0)/(1+ 8x00x+0)] " (3.1)
K=\A+K". (3.2)
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The expressions in brackets (|) are Clebsch Gordan coeffi-
cients. In Hund’s case b, good quantum numbers are the
total angular momentum N (disregarding electron spin),
the electronic angular momentum L, their projections K
and A on the body-fixed axis, and the projection M of the
total angular momentum on the space-fixed axis. Hunds
case d wave functions are constructed by attaching an elec-
tron wave function Y7, (f2.) with angular momentum L
and projection m on the space-fixed quantization axis to
the wave function of the H;f ion core

+ i+
v = ZYLm DK+M+
m
x{(Lm, NtM*|LNTNM) (3.3)
M=m+M". (3.4)

To describe the ionic nuclear frame, we use symmetric top
wave functions D%i 2+ With total angular momentum N
and projections K+ and M7 on the body- and space-fixed
axes, respectively (Eq. (4.1.12) in Ref. [25]). They depend
on the Euler angles (¢, 0, x):

DNy (6,0,x) = X aNT L (0) M0 (3.5)

The functions d¥ K+ i+ (0) can be expressed by the Jakobi
polynomials P(cosf) (Eq. (4.1.23) in Ref. [25])

(Nt 4+ KHI(NT - K™)!

(Nt + MHI(N+ — M+)!
% cos (0/2) M sin (9/2)% M

x P ATIEMD (cos )

dK+M+ (0) =

(3.6)

The selection rules for excitation of vibrationless Hgs
2p 2AY (N =0, K" = 0) molecules into the 3s 2A] state
(parallel transition) by linearly polarized laser light are [1]

AN=N —-N'"=1
AK =K' — K" =0,
AM =M — M" =0. (3.7)

The quantum numbers of the excited state are N’ =
1, K’ = 0, M’ = 0. Because the electronic angular
momentum L and the projections (A,m) vanish in the
3s 2A) state, Hund’s cases b and d wave functions are
identical, and the final state wave function is

LDooo(3<9) = YOO(Qe)Dcl)o(d% 0, x)-

The probability distribution of finding the molecu-
lar top axis pointing into the solid angle element
df2 =d¢ sinfdfdy is given by the absolute square of
the wave function integrated over the electronic coordi-
nates §2.:

(3.8)

2

Ps,(0)d2 = A2 / A2 [¥550 (3.9)

= ]dgo(e)]erz/|Y00(Qe)|2d96 = cos? 0d 0.
(3.10)
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Consequently, the molecular top axis is aligned with a
cos? 6 distribution with respect to the laser polarization.

It is instructive to analyze the angular distribution of
the molecular top axis in the Hz 2p 2A) (N=K =M =
0) metastable state. The electronic angular momentum is
L = 1. In the Hund’s case b basis, the projection of L on
the body-fixed axis is A = 0. According to the selection
rule (Eq. (3.2)), the projection of the core angular mo-
mentum on the body-fixed axis vanishes (K = 0). The
only non-vanishing Clebsch-Gordan coefficient in equa-
tion (3.1) is that with N* = 1, K+ = 0. In the 2p 2AY
metastable state, Hund’s cases b and d wave functions
are identical and can be expressed by

Yo00(2p) = —7= (Y1-1(£2) Diy — Y10(£26) Dgo

€
7

+Y11(£2:)Dj_y) . (3.11)
The three magnetic sublevels of the rotor are fully entan-
gled with those of the electronic wave function. By inte-
grating the absolute square of the wave function ¥gs,(2p)
over the unobserved electron coordinate making use of the
ortho-normality of the spherical harmonics

2
1 2 1 2 1 2
- (»dm(e)» + |abo @) + |ab, (0)[*) a2
2

- (]_ sin(0)/ V2| + [eos(0)

+ ’Sin(&)/ﬁf) a0
— 140

we find an isotropic angular distribution P»,(0) of the
molecular top axis in the metastable state of Hz. Note
that the 2p 2A} (N = K = 0) state is a pure quantum
state. The angular distribution in the metastable beam
remains isotropic although the population is reduced in
the laser-excitation.

4 Results

4.1 Triple coincidences following photodissociation
of Hj 3s 2A}

4.1.1 Data projection and Monte Carlo simulation

For each triple coincidence produced by three-body decay
of Hs, we determine the c.m. fragment velocity vectors u;
(see Refs. [11-13]). To gain insight into the fragmenta-
tion dynamics, the six-fold differential cross-section is pro-
jected as shown in Figure 1. In the c.m. frame, the vectors
u; are contained in a plane. For each event, we define
a new coordinate system (z’,4’, 2’) by the normal vector
ny = (ug Xug)/(ujusz) on this plane (z’-axis) and by the di-
rection of the largest momentum vector observed (z'-axis).
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As shown in Figure la, three Euler angles (1, 0¢, ¢¢) de-
scribe the orientation of the (2,7, z’)-coordinate system
within the laboratory reference frame (z,y, z), defined by
the electric vector of the laser beam (z-axis) and the di-
rection of the neutral beam (z-axis). For the remaining
three parameters, we define the fragment energies in the
c.m. frame by €¢; = mu?/2 and use the total kinetic energy
W = €1 + €5 + €3. To visualize the correlation among the
fragment momenta in the (z’,y’) plane, we use a Dalitz
plot [23] which conserves the phase space density. We plot
for each event (e3/W —1/3) vs. ((e2—€1)/(W+/3)). Energy
and momentum conservation require that the data points
lie inside a circle with radius 1/3, centered at the ori-
gin. The correspondence between the configuration of the
fragment momenta and the location in the plot is shown
in Figure 1b. The threefold rotation symmetry around the
origin and the mirror symmetry with respect to the dashed
lines in Figure 1b result from the equal masses of the frag-
ments.

To determine the geometric collection efficiency of the
apparatus, we have performed Monte Carlo simulations.
We calculate random fragment velocity vectors u; corre-
sponding to the three-body kinetic energy release of the
H; 3s 2A} (N =1, K = 0) state with a homogeneous den-
sity in the kinematically accessible space of the (z/,y’)
plane. The angles ¢¢ and ¢ have uniform distributions
within [0, 27]. The probability distribution of the angle 6
is parameterized by

P(cosfs) = [1 + Be(3cos® Oy — 1)/2]/(4n) (4.1)
with the alignment parameter f; [24]. The special values
Br = 2,0, and —1 correspond to cos?#, isotropic, and
sin? 0; distributions, respectively. From the c.m. fragment
velocities and the known primary beam energy and di-
vergence, we calculate the trajectories of the fragments.
Acceptance of an event as a triple hit is modeled depend-
ing on the position and size of the beam flag, the detector
geometry, and the finite pulse pair resolution. The posi-
tions and arrival time differences of the fragments at the
detector are determined taking into account the uncertain-
ties in the time- and position-measurements. The further
processing of the simulated data is identical to that in the
measurements.

4.1.2 Kinetic energy release and angular distribution

The spectrum of the total c.m. kinetic energy release W
poses a stringent test on the quality and precision of our
data-acquisition and -reduction procedure. Since the en-
ergy of the laser-excited initial state above the three-body
limit is laser-selected, W has to appear as a discrete ob-
servable. Figure 2 shows the kinetic energy release spec-
trum from triple coincidence data of the vibrationless
H; 3s 2A} (N = 1, K = 0) initial state binned at 10 meV
resolution. A narrow peak appears at 3.17 eV which is
very close to the known energy of the initial state [7] above
the three-body limit, 3.155 eV. Radiative processes to the
lower states (e.g. 3p E', 2p A} or the 2p E’ ground state
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Fig. 2. Measured kinetic energy release in three-body decay
of the H3 3s 2A’1 state into ground state atoms.
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Fig. 3. Alignment of the normal vector n¢ in three-body de-
cay of vibrationless Hz 3s ?A{(N = 1, K = 0). Lower panel:
experimental data. The detector was oriented in position (A).
Upper panel: results of a Monte Carlo simulation for randomly
distributed fragmentation configurations and for alignment pa-
rameters of 8 = 1.8, 1.9, and 2.0.

surface) with subsequent three-body decay play a minor
role in the case of Hz 3s 2Af (N =1, K = 0) as evidenced
by the absence of background to the distribution in Fig-
ure 2.

The alignment of the molecular top axis of Hs with
P(0)d$2 = cos? A2 with respect to the laser polarization
(see Sect. 3) produces a non-isotropic distribution in the
final state. For a set of triple coincidences, we have de-
termined the angle 6; between the normal vector ns on
the plane containing the c.m. fragment velocity vectors
(u1,ug,us3) and the laser polarization (z-axis). The mea-
sured distribution of #; is shown in the lower panel of
Figure 3. In this measurement, the detector was in posi-
tion (A) with the sensitive regions centered on the z-axis
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Fig. 4. Triple coincidences from three-body decay of vibrationless Hz 3s A} (N = 1, K = 0). The experimental data are shown
in a Dalitz plot. In (a) and (b), the detector was oriented in positions (A) and (B), respectively (see Fig. 1).

(see Fig. 1). The calculated distributions of the angle 6
for initial values ff =1.8, 1.9, and 2.0 of the alignment
parameter [cf. Eq. (4.1)] are shown in the upper panel of
Figure 3. Between 6y = 0° and 6 = 30° and between
fr = 150° and 6y = 180°, the distributions vanish due to
the finite geometric collection efficiency of the detector.
Our simulations show that the signal at 8y = 90° depends
most sensitively on the specific value of the alignment pa-
rameter. The clear minimum in the experiment at f; = 90°
is reproduced by the value B¢ = 270, which corresponds
to a cos?@; distribution. The alignment of n; in the fi-
nal state is identical to that of the molecular top axis in
the laser-prepared initial state (cf. Sect. 3). Although a
significant amount of angular momentum is transferred
from the electrons to the nuclear frame in the radiation-
less transition from the 3s 2A} (L = 0) to the repulsive
2p 2E' (L = 1) state, the plane of the fragment momenta
is identical to the molecular plane. This shows that the
dissociation dynamics on the repulsive surface occurs very
fast compared to the rotational period.

4.1.3 Fragment correlations

To study the correlations among the fragment momenta,
the experimental data are shown in a Dalitz plot in Fig-
ure 4. The data points for orientations (A) and (B) of the
detector in the laboratory frame (cf. Fig. 1) are shown
in Figures 4a and 4b, respectively. In both figures, re-
gions with high and low point densities are observed. The
differences in the intensities of these features result from
the geometric collection efficiency of the detector due to
the strong alignment in the angular distribution of the
35 2A} (N =1, K = 0) initial state. The, detection of frag-
ment triples where one of the momenta is close to zero (lin-
ear configuration) and therefore hits the space between
the two detectors is excluded by our detector geometry.
Also, fragment hits which are close in time as well as in
space (H+Hs configuration) are suppressed due to the fi-
nite pulse pair resolution of the detector. For both detector

b)
- 02

(e-€,)/(V3 W)

0.0\

02

e/W-1/3

Fig. 5. Final state correlations in the three-body decay of
H; 35 2A1(N =1, K =0). In (a) and (b), triple-hit collection
efficiencies are shown for detector orientation in positions (A)
and (B), respectively. In (¢) and (d), we show the final state
distributions of Figures 4a and 4b corrected for the collection
efficiencies.

orientations, we have calculated the collection efficiency as
a function of the fragmentation configuration by a Monte
Carlo simulation. We find that in orientation (B) the over-
all detection efficiency is higher than in (A). On the other
hand, orientation (A) is very sensitive on the value of the
alignment parameter ¢ and, therefore, is preferred to de-
termine experimental angular distributions. The collection
efficiencies as a function of the fragmentation configura-
tion are shown in Figures 5a and 5b in false color images.
These results are used to weight the experimental data
points in Figures 4a and 4b. The correct final state dis-
tributions are shown as false color images in Figures 5c
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Fig. 6. Double coincidences following fragmentation of Hs
35 2A1(N =1, K = 0). (a) Measured spectrum of the mass ra-
tio Z, (b) simulated spectrum of Z resulting from three-body
decay.

and 5d. A boxcar smoothing over 7 neighboring pixels was
applied to the images. The effect of the smoothing can be
judged from the intensity outside the kinematically al-
lowed region (black circle in Figs. 5¢ and 5d). All islands
of low and high point density which have been visible in
the raw data in Figure 4 also appear in the corrected dis-
tributions. After correction, we find that the intensities of
these features are in remarkably good agreement for both
detector orientations.

4.2 Double coincidences following photodissociation
of H3 3s 2A}

Coincident events with one fragment on each sensitive
region of the detector can be produced either by two-
body decay into H + Hs or by three-body decay into
H(1s)+H(1s)+H(1s) with one fragment missing the de-
tector. In the following, we evaluate two- as well as
three-body events contained in a set of double-hit coin-
cidence data. This allows us to determine the branch-
ing between both processes, without knowing the absolute
electronic detector efficiency. For each event, the hit co-
ordinates (y1,21), (y2,22) and the arrival time difference
AT =ty — t1 are measured. To distinguish between two-
and three-body decay, we determine the quantity Z

Z = |(R1/Rz) (1 = (v, AT)/L)| (4.2)
from the velocity vg, of the parent beam, the flight length
L, and the distances from the detector center R; =
VY2 4 22. In the case of two-body decay, Z corresponds
to a good approximation to the mass ratio Z ~ ma/m;.
The spectrum of Z is shown in Figure 6a. The events pro-
duced by two-body breakup fall into the pronounced peaks
at Z =1/2 and Z = 2. Because of the momentum carried
by the unobserved third hydrogen atom, three-body decay
appears in this distribution as a continuous broad feature
with a maximum close to Z = 1. From the spectrum of
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the time difference AT, we find that the amount of false
coincidences is almost negligible. The events fulfilling the
condition

Z €[0.45,0.55] or Z € [1.82,2.22] (4.3)

are accepted as two-body decay. The significance of the
trace labelled (b) in Figure 6 will be discussed at the end
of Section 4.2.1.

4.2.1 Three-body decay of H3 evaluated from double
coincidences

Events which fail to fulfill condition equation (4.3) are
treated as three-body decay events. In Appendix A, we de-
scribe an iterative data reduction algorithm to determine
the correlations in the final state from the measured co-
ordinates of the fragment hits and the time difference. To
make use of momentum conservation, we neglect the small
divergence of the metastable beam measured to be about
0.7 mrad FWHM. We further assume that the kinetic en-
ergy release is mono-energetic and that it’s value W is de-
termined by the energy gap between the Hz 3s 2A) (N =
1, K = 0) initial state and the three-atom limit [10,11]
(no photoemission). We determine the (apparent) frag-
ment velocity vectors u; by the algorithm described in
Appendix A. This equation system is under-determined,
and the sign of the longitudinal velocity component of
one of the fragments is chosen arbitrarily to be positive.
Still, about half of the events are evaluated correctly. We
project the distribution of the apparent fragment veloc-
ity vectors as described in Section 4.1.1. The alignment of
the angle 6y is found to be consistent with the observations
in Section 4.1.2. For each event, we determine the appar-
ent c-m fragment energies F; = muf/Q;i =1...3. To
avoid saturation of the image, only the first 60.000 of the
available 850.000 data points are shown in a Dalitz plot
in Figure 7a. The observed distribution is a convolution
of the photofragmentation cross-section with the experi-
mental uncertainties induced by the finite size of the in-
teraction region, the primary beam divergence, and the
unknown sign in the data reduction procedure. Neverthe-
less, we observe islands of high and low point densities
which correspond closely to those observed in the direct
triple-hit experiment in Figure 4. The events evaluated
with the incorrect sign produce an almost homogeneous
background in Figure 7a.

For practical reasons, we re-number the fragments of
each event such that £y < FE; < F3 and accumulate
them in a two-dimensional distribution of the energy ra-
tios A = Ey/W and B = E3/W. Figure 7b shows the
histogram of the measured data X,,(A, B) in a plot of
B ws. A. The kinematically accessible region in this plot
is marked by dashed lines. To determine the correct fi-
nal state distribution of the photofragmentation, we fit
the measured distribution X,, (A4, B) with a set of basis
functions X, (A4, B; €1, €2)

Xm(A,B) =Y ale1,€2)Xy(A, B;ey, €2).

€1,€2

(4.4)
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Fig. 7. Three-body decay of H3 3s A}(N =1, K = 0) eval-
uated from double-coincidences. The Dalitz plot (a) shows the
first 60.000 events of the measured data set. The data reduc-
tion is described in Appendix A. In (b), all events are accu-
mulated in a two-dimensional histogram of Ei/W wvs. E2/W.
A basis function calculated by a Monte Carlo simulation with
fragment kinetic energies e1/W = 0.194 and e2/W = 0.346
is shown in (c). The dashed line indicates the kinematically
accessible region in this plot.

The basis functions are calculated by a Monte Carlo sim-
ulation for sets of fixed fragment energies (eq,€2,€3 =
W —e1—é€2) on a finely spaced grid in the kinematically ac-
cessible region of the phase space. In the simulation, the
angle 0; is distributed according to equation (4.1) with
an alignment parameter J¢ = 2, and the distributions of
¢ and ¢¢ are uniform in [0,27]. The Monte Carlo sim-
ulation program calculates trajectories of the fragments,
taking into account the finite size of the interaction re-
gion, the primary beam divergence, the size and shape
of the detector, and the uncertainties of the time- and
position measurements. The data reduction and projec-
tion of the simulated hit positions and time differences is
identical to that applied to the measured data. The basis
function X3(A, B;er/W = 0.194, e2/W = 0.346) is shown
in Figure 7c. Most of the intensity in the plot is local-
ized in a single bin which corresponds to the fragment
energies €1, €2. The density which is scattered along hor-
izontal, vertical and diagonal lines is produced by those
events which have been evaluated with the incorrect sign
in equations (A.11).

The weights a(e1,€2) are shown by the size of the
squares in the Dalitz plot Figure 8a. Note that the ba-
sis functions already take the apparatus geometric collec-
tion efficiency into account. Therefore, Figure 8a is the fi-
nal state distribution of the three-body decay. For better
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Fig. 8. Final state correlations of Hz 3s 2A}(N =1, K = 0)
three-body decay evaluated from double coincidences. The area
of the squares in (a) is proportional to the weights of the basis
functions. In (b), the final state distribution is shown in a false
color plot.

comparison with the distributions resulting from triple-
coincidence measurements, the data set is shown as a
false color map in Figure 8b. A boxcar smoothing over
7 neighboring pixels was applied to the plot to remove the
modulations produced by the binning in Figure 8a. The
structured regions of high and low point density in the plot
correspond remarkably well to those observed in the triple
hit data of Figure 5. Clearly, the results of the double- and
triple-coincidence measurements are consistent. Moreover,
the evaluation of double hit data allows us to explore the
kinematically allowed range in the vicinity of the linear
configuration (see Fig. 1b) when one of the fragment mo-
menta is close to zero and fails to be detected in the triple
hit experiment.

Our Monte Carlo simulation program allows us to cal-
culate apparent spectra of the mass ratio Z in parallel with
the basis functions for the three-body decay. The apparent
spectrum of Z determined using the weight factors in Fig-
ure 8 is shown in Figure 6 spectrum (b). The simulation
is in excellent agreement with the continuous contribution
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Fig. 9. Apparent two-body kinetic energy spectrum produced
by Hs 3s 2A(N = 1, K = 0). Legend: (a) measured spectrum
of W with laser on, (b) spectrum produced by slow metastable
decay, (c) simulated spectrum resulting from three-body decay,
(d) continuum produced by radiative decay to ground state
surface.

observed in the measured spectrum. This shows that the
three-body decay is consistently described. In addition, we
find that a considerable fraction of the simulated three-
body trajectories fulfills equation (4.3) and, therefore, ap-
pears as two-body decay. Our program allows us, to eval-
uate these trajectories and to predict the contribution in
the two-body spectra which in fact originate from three-
body decay.

4.2.2 Two-body decay of H3

The events which fulfill equation (4.3) are evaluated as dis-
cussed in references [12,13]. The resulting spectrum of the
(apparent) kinetic energy release W shown in Figure 9a
contains contributions from:

e residual metastable decay,

e three-body decay with fragmentation configurations
close to the H+Hs limit,

e radiative decay to the ground state potential energy
surface with subsequent dissociation into H4+Hs and,

e predissociation into H+Ha (v, J).

The decay of the metastable 2p 2AY state of Hs pro-
duces a continuum in the kinetic energy release spectrum
in the energy range between 0.5 and 5.5 eV with a max-
imum close to 2 eV. With the laser tuned to excite the
3s 2A/ state, an appreciable fraction of the population in
the metastable state is depleted. The degree of depletion
depends on the laser intensity and the overlap between
the laser and the neutral beam. The procedure to deter-
mine the degree of depletion is described in Appendix B.
Spectrum (b) in Figure 9 shows the properly scaled con-
tribution of the metastable decay. The events resulting
from three-body decay are estimated by the Monte Carlo
simulation described in Section 4.2.1 and shown in spec-
trum (c) in Figure 9. To subtract the radiative decay, we
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Fig. 10. Predissociation of Hz 35 2A{ (N = 1, K = 0). Legend:
(a) measured spectrum, (b) fit with basis functions calculated
by a Monte Carlo simulation. The sticks mark the rovibrational
states of the Hy fragment. Only ortho levels (J =1,3,...) are
shown since only these appear in the spectrum.

follow the procedure described by Miiller and Cosby [9].
We measure the W-spectrum of the 3d 2E” state of D3 and
use this spectrum as a template for the radiative decay.
In the case of D3, the region in the potential energy sur-
face occupied by the vibrational wave function is slightly
smaller than that in Hs. This leads to a narrower distribu-
tion in the kinetic energy release spectrum. The radiative
component for Hs is shown in spectrum (d) in Figure 9.
The isolated discrete part in spectrum (a) is shown
in Figure 10. We achieve an energy resolution of 50 meV
which allows us to observe isolated peaks. They can be
individually assigned to the rovibrational states of the
Hy(v, J) fragment. We observe clearly that only the Ha
states with odd angular momentum J and total nuclear
spin Lot = 1 (ortho states) are populated in predissocia-
tion. This is a consequence of the nuclear spin coupling in
the vibrationless Hs 3s 2A(N = 1,K = 0) initial state
with Lot = 3/2 [19]. The nuclear spin alignment is not al-
tered in the predissociation process. The separation of one
H-atom from Hjs in the quartet nuclear spin wave func-
tion (Itot = 3/2) can only form Hy in the triplet wave
function (Iyor = 1). We fit the observed spectrum by a
weighted sum of basis functions calculated for individual
Hs(v, J) final states by a Monte Carlo simulation. The fit
shown in Figure 10b is in excellent agreement with the
measured spectrum. The weights which correspond to the
rovibrational population in the H» final state are shown in
Figure 11. The distribution is in excellent agreement with
that reported in a previous, independent investigation [9].
To compare our results with theoretical predictions,
we project the rovibrational distribution on the vibra-
tional axis. In Figure 12, we compare the measured vi-
brational distributions with the results of two-dimensional
wave packet calculations by Schneider and Orel [17]. The
new calculations [17] are in reasonable agreement with the
experiment considering that the rotational degree of free-
dom cannot yet be tackled by theory. To achieve this high
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Table 1. Branching between the fragmentation processes of Hs.

state Two-body (H+Hs) Three-body (H+H+H)
radiative  predissociation predissociation
3s 2A1(N =1, K = 0), this work 6% 37% 57%
35 2A1(N =1, K = 0), exp. reference [10] 4% 37% 59%
3s 2A!, theory® reference [17] 66% 34%
DRP at 10 meV reference [18] 25% 75%
DR at 5 eV reference [18] 65% 35%

* Two-dimensional wave packet calculation by Schneider and Orel [17] including accurate non-adiabatic coupling matrix el-

ements. Ratio between two- and three-body predissociation
" Dissociative Recombination of Hi with electrons.
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Fig. 11. Predissociation of Hs 3s A} (N = 1, K = 0): rovi-
brational population in the Ha(v, J) fragment.
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Fig. 12. Predissociation of Hs 3s A} (N = 1, K = 0): vibra-
tional population in the Hz(v) fragment. The measured distri-

bution is compared to theoretical predictions by Schneider and
Orel [17].

rates. The radiative component is not included in the theory.

quality, the calculations had to explicitly include the non-
adiabatic couplings between the potential energy surface
of the laser-prepared initial state and the repulsive ground
state. Only recently have such comprehensive calculations
become possible due to the progress in computer power.

The simulations allow us to estimate the branch-
ing ratios between the fragmentation processes of the
Hs 3s 2A4(N 1,K 0) state. The results are
listed in Table 1. The results of this investigation are
in good agreement with those in reference [10]. Three-
body decay is the major fragmentation mechanism of
H3 35 2A(N =1,K =0). For completeness we quote
branching values reported by theory for the 3s state
and, those obtained in dissociative recombination (DR)
at threshold and at 5 eV above threshold.

5 Conclusions

We have demonstrated the performance of the new
Freiburg photofragment spectrometer which allows us to
investigate laser-photodissociation of neutral molecules
into two, three, or more neutral products. The fragments
are detected in coincidence and their vectorial momenta in
the final state are determined. We have analyzed the frag-
mentation of the vibrationless 3s 2A} (N = 1, K = 0) state
of the triatomic hydrogen molecule which decays by three
competing processes: three-body decay into H+H+H, two-
body predissociation into H+Haz (v, J), and photoemission
to the H3 ground state surface with subsequent two-body
decay. This state is an ideal object to develop and explore
the data acquisition and analysis methods.

In the case of two-body predissociation, we have mea-
sured the rovibrational populations in the Hy(v, J) frag-
ment. The distributions are in excellent agreement with
those from a previous investigation. The vibrational distri-
butions of Hs agree comparatively well with the results of
a recent theoretical study. For three-body decay, we have
acquired triple coincidences and determined the six-fold
differential cross-section for the photodissociation process.
We observe a strong angular alignment in the final state
due to the anisotropy induced by the laser-excitation pro-
cess. In the final state momentum correlations, we observe
pronounced patterns which are characteristic for the dis-
sociation mechanism. We have developed a Monte Carlo
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simulation to determine the geometric collection efficiency
of the detector and to correct the experimental raw data.
We also show that for a three-body decay process with
mono-energetic kinetic energy release, the detection of two
fragments is sufficient to determine the final state momen-
tum correlations. Although the data reduction algorithm
is under-determined, missing information can be substi-
tuted by physically justified assumptions. To determine
correct final state distributions, we apply a fitting tech-
nique with basis functions calculated by a Monte Carlo
simulation which models the properties of the appara-
tus and the effect of the data reduction procedure. The
final state distributions determined by this independent
method agree extremely well with the direct results from
triple-coincidence data. Moreover, this method allows us
to fully explore the phase space of the final state and to
determine the branching between the two- and three-body
decay processes of Hs 3s 2A (N =1, K = 0).

This research was supported by Deutsche Forschungsgemein-
schaft (SFB 276 TP C13). We thank Prof. Ch. Schlier (Univ.
Freiburg) for carefully reading the manuscript.

Appendix A: Evaluation of three-body decay
from double coincidence data

The parent molecules with mass M and translational en-
ergy Fy of several keV propagate with velocity vg =
(voz; Voy, Vo-) along the z-direction in the laboratory
frame. The transverse components of vy are much smaller
than the longitudinal component (vo, < vogz, Vo> <K Vog ).
The dissociation into n fragments with masses m; and
center-of-mass velocities w; = (Uig, Uiy, Uiz) is initiated in
the laser-interaction region at the position (xg, yo, 20). The
positions (y;, z;) and the arrival time differences (¢; — 1)
of the fragments in the plane x = L are determined in the
experiment. These quantities are related to the fragment
velocities by the 3n equations of motion (i =1,2,...n)

(Voz + wiz)(ti — to) + o = L, (A1)
(voy + iy)(ti — to) + Yo = i, (A.2)
(UOZ + uiz)(ti — to) + 20 = z;. (A3)

In a continuous beam experiment, the time of fragmenta-
tion tg is unknown. Data reduction strategies to determine
the momenta of n fragments detected in coincidence have
been developed by Beckert and Miiller [13] and their im-
plications for the evaluation of two- and three-body decay
have been discussed by these authors.

In the following, we consider the special case of three-
body decay with equal fragment masses m = M /3 and
detection of only two of the three fragments in coinci-
dence. The five quantities y1, 21, 92,22 and to — t; are
measured by the detector. We neglect the primary beam
divergence (vg, = v, = 0) and the size of the interac-
tion region (xg = yo = zo = 0). The longitudinal compo-
nent o, is known from the kinetic energy Ey = Mv2,/2
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of the primary molecular beam. The solution of equa-
tions (A.1-A.3) for (i = 1,2) is

Ui = L/(ti — to) — Vozx, (A4)
iy = yi/ (ti = to), (A.5)
Uiy = Zi/(ti - to). (A6)

The c.m. velocity components of the third fragment are de-
termined using momentum conservation. To eliminate g,
we assume that the kinetic energy release Wy in the frag-
mentation process is monoenergetic and is known from
an independent experiment. We express the total kinetic
energy release Wy =m Y, u?/2 in the form

3
2 2 2 2 2 2
Ul + Uy + Uz, = 2VVO/Tn - E :’u’zy T U = Upy

i=1

(A7)

with the abbreviation u2, for the right hand side in equa-
tion (A.7). We introduce the velocity differences da,:

doz = Uiy — U2y

= (ts - tl)('UOx + usx)(’l}ox + le)/L (AS)

Using momentum conservation (u1, + u2, + ugz = 0),
we express U1, and us, by us, and the velocity differ-
ence dog:

Ule = (d23: - u3x)/2§

Uy = —(dgx + ’U,33;)/2. (AQ)

We eliminate u1, and wug, in equation (A.7) and find
for ugy,:

uge = £/ (2ud, —d3,) /3. (A.10)

Two solutions exist because equation (A.7) remains in-
variant under a sign change of the wu;;.

From equations (A.5-A.10) we find an iterative pro-
cedure which involves all components of the fragment
velocity vectors u;:

3
2 _ 2 2
us, = 2Wo/m — E ug, + Ui,
i=1

d293 = (t2 - tl)(”Oaz + UQI)(UOQJ + ulz)/L

Uz =+ (2’“83: - d%x) /3

Uty = (dow — U32)/2; Uz = —(dag + usy)/2

Uiy = Yi(Voo + Uiz) /L i =1,2;

U3y = —Uly — U2y

iz = 2i(Vog + i) /L 1 =1,2;

(A.11)

U3z = —Ulz — U2z

A suitable start vector is u; = 0 for 7 = 1...3. Since
we have to choose either the positive or the negative sign
of the square root, the iteration (Egs. (A.11)) converges
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Fig. 13. Depletion of the H3s metastable beam by laser-
excitation to the Hz 3s A1 (N = 1, K = 0) state. The apparent
kinetic energy release spectra with (a) laser off, flag retracted,
(b) laser on, flag retracted, (c) laser off, flag inserted, and (d)
laser on, flag inserted are used to determine the degree of de-
pletion (see text).

to the correct values of the fragment velocity vectors for
50% of the events. The algorithm is suitable to evalu-
ate measured data. The effects of the finite beam diver-
gence (voy, Vo), the distribution of the point of dissocia-
tion (g, Yo, 20), and the unknown sign in equations (A.11)
can be modeled by a Monte Carlo simulation.

Appendix B: Depletion of the metastable
beam

The decay of the metastable 2p 2AY state of Hs produces
a continuum in the kinetic energy release spectrum in the
energy range between 0.5 and 5.5 eV with a maximum
close to 2 eV. In the resonant laser-excitation process,
an appreciable fraction of the 2p 2AJ state population is
excited and no longer contributes to this metastable sig-
nal. Hence, the laser-off spectrum has to be scaled before
subtraction from the laser-on spectrum. If the metastable
and the photofragment spectrum appear in totally dif-
ferent regions of the kinetic energy release spectrum, the
scaling factor can easily be determined. In the case of
laser-excited Hs, we observe a photoemission process with
a kinetic energy release spectrum very similar to that
of the metastable decay. The origin of the photofrag-
ments, however, is localized in the laser-intersection re-
gion. The metastable decay monitored by the detector
is distributed over a comparatively large region down-
stream of the 300 ym aperture. The density of Hs 2p 2AY
molecules decreases exponentially with a decay length
A = vg7 of about 30 cm determined by the lifetime of the
metastable state 7 &~ 600 ns [26] and the velocity of the
fast beam vg. In our apparatus, a beam flag mounted on

317

a precision manipulator can be retracted and inserted re-
producibly. With the beam flag inserted, the metastable
beam is stopped in a distance of about 10 cm from the
300 pm aperture and, for the remaining part, the field of
view for the detector is geometrically reduced. The collec-
tion efficiency for photofragments does not change with
the beam flag inserted.

To determine the degree of excitation, we measure ki-
netic energy release spectra under the following condi-
tions:

e laser on, flag inserted: SE (W),
laser on, flag removed: SP (W),
laser off, flag inserted: S¥ (W),
laser off, flag removed: S™(W).

The four spectra are shown in Figure 13. Care must be
taken to acquire the data under identical laser-excitation
conditions. The spectra were normalized to the live time
of the data acquisition system which was measured with
a gated 5 MHz clock and a digital counter. The ob-
served spectra contain contributions from metastable de-
cay and photofragmentation. Generally, a spectrum S(W)
observed as a function of the apparent kinetic energy W is
a convolution of the true spectrum s(w) of the actual ki-
netic energy w with a kernel function C'(w, W). The kernel
function depends on the geometry of the apparatus and
the location of fragmentation. We define the normalized
spectra of metastable decay and photofragmentation with
and without beam flag:

Sy (W) = /dw 5 (1) Co (10, W), (B.1)
Sy (W) = / dw sy (w)Cope (1, W), (B.2)
S, (W) = / dw s, (w)C, (w, W), (B.3)
S,r() = [ dw sy(w)Cyew, W) (B.4)

The subscripts m and p label metastable decay and
photofragmentation, respectively. Spectra with the flag
inserted are labelled with an additional subscript F.
The observed apparent spectra with/without laser and

with/without beam flag S¥ (W), SE(W), SN (W), SP (W)
are linear combinations of equations (B.1-B.4)
SM(W) = I, 5m(W) (B.5)
SPW) = (1 — )l Sm(W) + oI, Sp(W) (B.6)
Sp (W) = I5,Smp(W) (B.7)
S?(W) =(1- a)I%S,,LF(W) + aI%SpF(W) (B.8)

with the total flux I, of metastable molecules passing the
300 pm aperture and the degree of dissociation «. In our
apparatus, the collection efficiency for photofragments is
solely determined by the detector geometry. No additional
photofragment loss occurs with the beam flag inserted. As
a consequence, the kernel functions for photofragments
with and without beam flag are identical:

Cp(w, W) = Cpr(w, W). (B.9)
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We insert equation (B.9) into equations (B.5-B.8) and
determine the differences between the spectra observed
without and with beam flag:

SP(W) — S2(W) = 10, (1 — a)/dw Sp(w)

% (Con(w, W) = Cop(w, W), (B.10)
N _oN _ 70
SN(W) — SN (W) = 19, / dw Sy (1)
% (Con (w0, W) — Coup(w, W)) . (B.11)

Because an appreciable fraction of the metastable beam
is intercepted by the flag, the kernel function without flag
is considerably larger than that with the flag inserted
Cr(w, W) < Cp(w,W). Therefore, the difference be-
tween the kernels in equations (B.10, B.11) is positive and
we find a by

l—a= (B.12)

The spectra shown in Figure 13 correspond to a depletion
of & = 0.3. The photofragment spectrum is then

SE(W) = (1 - a)SF(W)
I,Ona/depo(w)CpF(w, w). (B.13)

The identical spectrum appears from the relation
SP(W) — (1 — a)SN(W). In practice, however, the ac-
curacy of equation (B.13) is higher.
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