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Proton angular distribution following multiphoton dissociative ionization of H,
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The angular distribution of protons ejected following resonant (2+ 1)-photon dissociative ionization of
H, by 193-nm radiation through the E, F state has been obtained. The analysis shows that the II charac-
ter of the degenerate continuum states is approximately eight times larger than the = character, which is
consistent with previous single-photon measurements. The analysis presented here, together with a pre-
vious analysis of the proton energy distribution, reveals the ionization channel to be significantly
stronger than both the dissociation and dissociative ionization channels.

PACS number(s): 33.80.Rv, 33.80.Gj, 33.80.Eh, 33.80.Wz

I. INTRODUCTION

Resonant multiphoton excitation in diatomic systems
offers a unique opportunity to study competition between
ionization and dissociation channels not possible in
single-photon experiments. This is due to the simple fact
that the wave function describing the intermediate state
can be very different from that describing the ground
state. In a previous paper we demonstrated how the dis-
tribution of final products, ions and neutrals, can be
manipulated by a judicious choice of the intermediate
state [1]. Specifically, in a (2+ 1)-photon process through
the E state (H,) or F state (HD), the third photon excited
continua at either short (H,) or large (HD) internuclear
distances. We observed that when the intermediate state
wave function was localized in the E well, the fragments
originate primarily from states built upon the 1so, core
of Hy. On the other hand, when the intermediate state
wave function was localized in the F well, we observed an
increase in the products originating from states built on
the 2po, core. Whereas in our previous study we fo-
cused on the energy distribution of protons (a measure of
the intensity) of the various channels, in this paper we
will turn our attention to their angular distribution,
which lifts the degeneracy between = and Il continuum
states. Our analysis of the angular distribution, together
with our previous analysis of the energy distribution, pro-
vides the evidence necessary to conclude that resonant
(Zt 1)-photon excitation at 193 nm leads primarily to
H,™ .

II. EXPERIMENT

The apparatus employed in this study was nearly the
same as that described in Refs. [1,2]. A broadband
(AA~100 cm™!) ArF* excimer laser composed of an os-
cillator and an amplifier was used to produce 70% linear-
ly polarized 12-ns pulses with a peak focused intensity of
~5X%10' W/cm? at 193 nm (6.4 eV). The experiment
was performed in a vacuum chamber that housed an ion
time-of-flight (TOF) detector used to measure the number
of each fragment produced and its kinetic energy. The
ion detector consisted of extraction and acceleration re-
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gions (20 and 100 V/cm, respectively), a 30-cm field-free
drift tube, and a pair of microchannel plates (MCP). The
detector collected ions over a solid angle of 1.5X 1073 sr
with a temporal resolution of 1 gigasample/s to give an
energy resolution of about +12%, 0.3 eV at 2.5 eV. Fig-
ure 1 shows a typical proton TOF spectrum with the po-
larization axis of the laser aligned with the TOF axis. It
consists of fast and slow protons. The slow protons are in
the peak marked S. The peaks marked with F and B con-
tain the fast protons initially directed toward and away
from the detector, respectively. Figure 2 shows the rela-
tive proton yield versus initial kinetic energy obtained by
converting the proton TOF into kinetic energy and
correcting for the energy-dependent collection efficiency
[1,3].

To measure the angular distribution of the ionic frag-
ments, we mounted two rotatable fused silica Brewster
windows inside the amplifier cavity of the laser. This
provided a way to rotate the polarization direction rela-
tive to the TOF axis. This method also accounts for the
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FIG. 1. Typical TOF broadband proton spectrum composed
of 64 laser shots. The peaks marked by F, B, and S indicate fast
forward, fast backward, and slow proton components, respec-
tively (see text). Operating conditions: TOF axis aligned with
the laser polarization direction (®=0°); extraction field is 20
V/cm, acceleration field is 100 V/cm, and front MCP plate volt-
age is 1900 V.
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FIG. 2. Relative proton yield vs initial kinetic energy. The
trace corresponds to the TOF spectrum of Fig. 1 but has been
corrected for the collection efficiency of the TOF detector as
discussed in Ref. [1]. The templates above the trace indicate the
allowed ranges for the ionization (I), dissociation (II), and disso-
ciative ionization (III) channels (see text).

modest polarization of only 70%. A TOF spectrum was
obtained every 15° between 0° and 90° with a H, pressure
of (3-4)X107% Torr. Since ions were collected over
such a small solid angle, we were able to determine the
number of fast ions at the various angles without correct-
ing for the flight time dependence on angle. Figure 3
shows the number of fast protons ejected along the TOF
axis as a function of angle between the E vector of the
laser and the TOF axis.

The kinetic energy represented by each peak was deter-
mined by computer simulations (as outlined in Refs. [1,2])
using the fact that the forward and backward going com-
ponents have different flight times. Specifically, the
difference in flight times At gives

(qV 1, AL)?

E(eV)=9.649X 10" ——
(811,M)

) (1)

where g is the number of electron charges on the ion, M
is the mass of the ion (in amu), /, is the length of the ex-
traction region (in cm) and ¥V, is the voltage applied
across the extraction region (in volts).

III. DISSOCIATIVE IONIZATION OF H,

Before analyzing the angular distribution in Fig. 3, it is
worthwhile reviewing the interpretation of Fig. 2. A de-
tailed analysis of dissociative ionization is presented in
Ref. [1]. It showed that there are three distinct fragmen-
tation channels that are influenced by the
E,F '3 (v=6,J =0) state (see Fig. 4) [4]. These chan-
nels are labeled channel I, three-photon ionization,

Hz(X);;»Hz(E,F);»H;(X)+e' , @)

channel II, three-photon dissociation,

H,(X)—> Hy(E, F)>H(1s)+H(nl) , (3)

POLARIZATION ANGLE 6-0, (deg)

FIG. 3. Relative proton yield for the fast protons (channels I
and II) vs polarization angle. The open circles and vertical bars
are the mean value and standard error of the yield taken from
eight measurements (each similar to Fig. 1) for each angle. The
solid curve is the fit to Eq. (30) with ® being the angle between
the laser polarization and the TOF detector and ®, (=13.2°)
the shift of © determined by the fit.

with n =2 and channel III, dissociative ionization (i.e.,
excitation of H, into the continuum of the 2po, state of
H;),

Hz(X)z—};»HZ(E,F)TH( Is)+H +e ™ . 4)
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FIG. 4. Selected potential curves of H, and H;". The solid
and dashed curves correspond to Sharp’s calculation of the neu-
tral and molecular ion, respectively [13]. The doubly excited
states converging to the *=f(2po, ) state of H," are located in
the dotted region between the '=;(2po,2s0,) and 22} (2po,)
curves and are taken from Guberman’s calculation [14]. Several
neutral dissociation thresholds are indicated to the right of the
molecular curves. The arrows represent the transitions induced
by 6.4-eV (193-nm) photons. The three originating at the E,F
state (from the left to the right) indicate the ionization (channel
I), dissociation (channel II), and dissociative ionization (channel
III) regions, respectively. The vibrational wave function for the
v =6 level of the E, F state as well as that for the X state are also
sketched in the figure [5].
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Each channel leads to a characteristic proton energy
spectrum. For channel I, a fourth photon produces pro-
tons through dissociation,

hv+HI(X)—>H(1s)+H' ", (5

with kinetic energies ranging from 1.88 to 3.20 eV de-
pending on the vibrational level of the molecular ion gen-
erated via Eq. (2). For channel II, the excited hydrogen
atoms are ionized,

hAv+H(nl)—HY+e ™, (6)

to produce protons with kinetic energies ranging from
0.56 to 2.25 eV depending on the principal quantum
number of the excited atomic state. For channel III, no
additional photons are required to produce protons with
energies between 0 and 0.56 eV.

The allowed ranges of kinetic energies for the channels
are indicated in Fig. 2. We note from Fig. 2 that (i) chan-
nels I and II have overlapping proton spectra and thus
cannot be distinguished from the proton kinetic energy
spectrum alone, while the spectrum of channel III is iso-
lated and (ii) the contribution from channel III is small
compared with that of channels I and II—it contributes
less than 7% to the entire proton yield. As discussed in
Ref. [1], this is due to the fact that the wave function of
the v =6,J =0 level of the E, F state of H, is more local-
ized in the inner E well with a 150,250, configuration
[5,6]. In the absence of coherence in the excitation or
correlated electronic motion to reduce the cross section,
the dominant transitions in a single-particle picture are
expected to be to states built upon the H; (1so g) core:

hv+H2(1s0g2scrg)—>H2+(lsag)+e_(el)») . (7

When the v =7 vibrational level of the E, F state is excit-
ed, which is more localized in the F well, channel III
makes a larger contribution [1]. The dominant single-
electron transitions from the F well, with a 2po?
configuration, would be to states built upon a H, (2po )
core:

hv+H,(2pol)—H) (2po,)+e " (n,eld) . (8)

These would include the doubly excited states that lead to
dissociation of H, (—H-+H with one of the hydrogen
atoms in an excited state, channel II) and dissociative
ionization of H, (—H+H" +e ™, channel III) [1].

IV. ANALYSIS OF THE PROTON
ANGULAR DISTRIBUTION

The angular distribution of the fast proton peak shown
in Fig. 3 has a maximum at ®=0°, where the directions
of the electric field of the laser and the TOF axis coin-
cide. Since the rotational energy of the parent molecule
prior to dissociation is small (J ~ 1) and the translational
energy of the departing proton and hydrogen atom is
considerably larger ( ~2 eV), the semiclassical axial recoil
approximation is valid [7]. This means that the parent
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molecule, H, or H,', preferentially dissociates along the
internuclear axis. Since the production of protons in-
volves several photons, the internuclear axis will be nei-
ther parallel nor perpendicular to the polarization direc-
tion in general. Consequently, to determine the contribu-
tion to Fig. 3 from channels I and II, it is necessary to
trace the various paths for each channel one step at a
time, which we do below.

It is convenient, in the following analysis, to refer to
the laboratory-fixed, XYZ, and the rotating molecule-
fixed, xyz, coordinate systems in Fig. 5. The molecule is
oriented along the z axis, while the laser beam is incident
along the X axis and polarized along the Z axis. The
XYZ frame, as we have defined it, is not fixed in space
but, instead, is linked to the polarization vector of the
laser. The radiation induces a dipole moment either
along the z axis for AA=0 transitions (parallel type) or
along the y axis for AA==1 transitions (perpendicular
type) [8]. The unit vectors for these two dipole moments
are

8, =(sin6 cos¢ )X + (sin@sing)Y +( cos6)Z ,
fi,= —( cos cosé siny+sing cosy)X
—(cosf sing siny— cos¢d cosy)¥Y + (sin6 simp)i .

)

The fragments are collected in the YZ plane at an angle
©® with respect to the Z axis. This direction is given by

A(0)=( cos®)Z +(sin®)Y . (10)

Both channels leading to the fast proton peak involve a
two-photon transition to the bound E, F state and a one-
photon transition into the continuum (ionization and dis-
sociation). Since the second step involves only one pho-
ton and is less complicated, we will begin with it.

A. One-photon step

We will first consider the case when a laser is 100%
linearly polarized in the Z direction. In the frame of the
molecule the transition rate can be written as

R(6,4)=const X |{ f|H|i }|?, (11)

FIG. 5. The space-fixed, XYZ, and molecule-fixed, xyz, coor-
dinate systems with the 0, ¢, and i Euler angles indicated. The
internuclear axis of the molecule is aligned with the z axis while
the laser propagates along the X axis and is polarized along the
Z axis.
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FIG. 6. The four (2+ 1)-photon excitation paths responsible
for the fast protons of channels I and II.

where H is the radiation Hamiltonian. When expressed
in the “length” form we can write

R(6,¢)=R|e-A?, (12)

where R is the transition rate integrated over all space, €
is the polarization direction, and I is the direction of the
induced dipole moment. As discussed above, we have
two orientations for fi. For AA=0 (f,) the transition
rate takes the form

R (6,¢)=R|&-|*=R,|Z-@)|*=R cos’6 , (13)
while for AA==1 (fZ,) we have
~ Rl 2T A A 12
R,(0.¢)=—= [ "eplrdy
R R
= sin® [ sin’ydy=—"sin0 . (14
For AA=+1 transitions, fi, can be anywhere in the xy
plane perpendicular to the z axis. Consequently, we must
average over all possible orientations (1) in the plane.
To adjust for the fact that our laser is only 70% polar-
ized, we will treat the unpolarized part as two orthogonal

linearly polarized beams with a random relative phase.
The transition rates for each polarization take the form

— R A A\
Ry(0,4)==10Za, 2+ 1Y 1y
R
=—2—“(1—sin29cos2¢) (15)
and
—_ _Rl 27,08 A 2 T
Rﬁ@,d))—;fo (Z-B, 2+ Y-8, 1dv

R
=Tl(1+sin26cos2¢) , (16)
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respectively.

In general, for the case where a beam has a degree of
polarization « ( <1), the transition rate for AA=0 transi-
tions would be given by

R (6,6)=R [k cos’0+(1—k)(1—sin’0 cos’d)] 17)
and then
R(6,6)=R,f(6,6) . (18)

Equations (17) and (18) define our angular distribution
function, f(6,¢). For AA==*1, we have a similar ex-
pression,

R(6,¢)=R f(6,¢) . (19)

B. Two-photon step

There are two possible paths, labeled 2-2-3 and =-II-
3, to consider for the two-photon Hy(E, F'3))
~—H,(X 12‘.; ) transition. It should be remembered that
neither path has an intermediate state that is resonant
with the radiation wavelength (see Fig. 6). The general
two-photon transition rate is given by

(=, [Hy A (A H, 2 P
R(0,4)= L g
(6,¢)=const X ? E,—hvo g
(2/H,I=,, (=, [H{|Z;)
=const X S m “ l|'
p” E, —hv,

(2, ]I, (I, ] 2) |* )
n En_h'VO g ’
(20)

where g‘? is the two-photon coherence factor. In the
second line, we have separated the AA=0 and *1 terms.
As in the preceding section, we can express the Hamil-
tonian in the “length” form and write the rate in terms of
the transition amplitudes, ¢, (a=/|| for the 2-2-X path or
a=1 for the =-II-Z path), as

1 2) 27 2T A A A A
R(e,(p):z;r?fo fO |C||(€2'[l'2“)(€1'ﬂ1n)
+C1(?2'ﬁ21)(@1'ﬁu)|2d¢1d¢'z -

2n

After a considerable amount of algebra, it can be shown
that the cross terms cancel. The rates for AA=0 and *1
are then separable and can be written as

R{(6,¢)=Ic,|%g @&, iy |?1&, iy |?
=R (g ?f,(6,8) 22
for the 2-3-2 path and

=(2) _ lcll2g(2) 2T (2T AN A 2(A A (2
RP0,0)=——— [ 7 [ T1erhul e paldg.dy,

=R®¥g¥f (6,4) (23)
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TABLE I. One-photon and two-photon transition rate parameters for 70% linearly polarized excita-

tion beams.
Two-photon One-photon
transition type® f2(6,¢)" g? K° transition type f(6,¢) K
I,(P,P) ct 2 0.7? I,P c? 0.7
|I,(P,U) or (U,P) CY1—X%)/2 3/2  0.7X0.3
(U, U) (1—X22/4 3/2 0.3? I, U (1-x%/72 03
L,(P,P) S*/4 2 0.7% LP S? 0.7
L,(P,U) or (U,P) S2(1+X?%)/8 3/2 0.7X0.3
L(U,U) (1+X2)2/16 3/2 0.3? LU (1+Xx%/2 0.3

2||=AA=0 transition, L=AA==1 transition, P denotes linearly polarized photon, U denotes unpolar-

ized photon.
®C =co0s0,S =sinf, X =sinb cosg.

‘k is the polarization factor: 0.7 for polarized photon and 0.3 for unpolarized photon.

for the =-II-= path. As in the one-photon case, f(6,¢) is
the angular distribution.

Before we can evaluate the transition rate, we must
consider how coherence will affect the excitation. This
information is contained in the two-photon coherence

factor g». The g factor depends solely on the laser po-
larization as follows [9]:
1 I—1,
2)= 2 |
=-—(3+P2), where P= |-l — 24
g 2( ), where 1,+1, (24)

For two-photon transitions, g;2’=2 if both photons are

polarized along the Z axis and g{3 =2 if both photons
are polarized randomly. In the case where one photon is
polarized along the Z axis and the other is polarized ran-
domly, we can obtain a value for g2’ statistically. Name-

ly,

g'¥=3 (probability of g;) X g/ (25)
Specifically,
13+P%)=P%P+(1—P)g{y) +2P(1—P)g . (26)

Asaresult, gi2)=3.

Accounting for the 70% polarization of our laser is
J

N,(6,4,7)=R,(6,6)7R > (6,4)7N,(6,4,0)=R

N,(6,4,7)=R (6,$)7R > (6,4)7N,(6,$,0)=R
.(6,¢,7)=R(6,4)rR? (9,¢)TN,-(9,¢,0)=R”R

N,(6,6,7)=R (6,¢)rR'>(6,6)7N,(6,¢,0)=R

The parenthetical superscript 2 indicates parameters as-
sociated with the two-photon transition and 7 is the pulse
length. Values for the angular distribution function
(f),1) and coherence factor (g'?) are given in Table I for
specific transition combinations. We point out that a rate

more difficult in the two-photon case because of the many
different two-photon combinations. To aid in bookkeep-
ing, we present the relevant combinations in Table I from
which it is possible to determine the desired rates one at a
time.

V. DISCUSSION

We are now in a position to estimate the branching ra-
tio between the degenerate multiphoton ionization and
multiphoton dissociation channels. We will determine
these by solving the rate equations for the (2+ 1)-photon
transition. There are four distinct (24 1)-photon excita-
tion paths that lead to H, " states that are responsible for
the production of the fast protons; they are illustrated in
Fig. 6. Without losing the relevant physics, we can sim-
ply refer to these molecular ion states collectively as the
final level with a population of N, which can be estimat-
ed from rate equations. Our analysis takes into account
the contribution from each path such that
N;=N,+N,+N.+N,;, where N, (p=a,b,c,d) is the
number of molecular ions generated via each path. It can
be shown that the number of molecules oriented with a
specific 6 and ¢ for each path is given by

R{PgD7f(6,6)f (7 (6,4)N;(6,4,0) ,
R‘|2)g‘2)1'2f1(9 #)f*(6,4)N,(6,4,0) ,
g P72 f,(6,4)f P (6,4)N,(6,4,0) ,
RPg?72f (0,6)f?(6,4)N,(6,64,0) .

(27)

I

equation approach is valid here because (i) our laser is
broadband, (ii) the two-photon transitions in the neutral
molecule are relatively weak and not saturated at our in-
tensities, and (iii) the final state is a molecular ion
state—free-bound transitions that could repopulate the
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neutral states are improbable at our intensities. Conse-
quently, coherence only modifies the angular distribution
as discussed in the preceding section and not the total
population.

To estimate the branching ratio from our angular dis-
tribution measurements, we must evaluate the rates in
Eq. (27). It turns out to be sufficient to consider two ra-
tios of rates,
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and
r= —Rl (29)
R’

which can be extracted from a numerical fit to our data.
To this end, we first define four combination rates,
R,=RR{®, R,=R,R{®, R,=RR{¥, and R,=R R
and note that R,/R.=R,/R,;. Next, we write an
analytical expression for N, along the detecting direc-
tion, 6=0, ¢=m/2. With the values in Table I and as-
suming the initial population in the ground state of the
neutral molecule is isotropic, additional algebra leads to

R(®
r= R{'Z) (28)
1
J
Ny |®, 7,7 | =N;7[(1.1295R, +0.0996R,, +0.00727R . +0.0006R 4 ) cos°®

+(0.5245R, +0.5933R, +0.0826R . +0.0101R ;) cos*® sin’®
+(0.0861R, +0.1650R, +0.2968R , +0.0659R ;) cos’® sin*®
+(0.0051R, +0.0143R, +0.0499R . +0.1414R ; )sin°®] . (30)

Numerical fits to Eq. (30) yield
r?=1.710.6 31

for the relative strength between the two-photon paths
and

r=0.1210.06 (32)

for the relative strength between the one-photon paths
(see Fig. 6).

Since four photons are involved in the production of
the fast protons, it is necessary to show that the fourth
photon does not affect the orientation produced by the
first three photons. For channel I, the first three photons
produce H," primarily in low-lying vibrational levels of
the 1so, state [10], while the fourth photon dissociates
H," through the 2po, state. The calculated single-
photon dissociation cross section for these levels is of the
order of 107!® cm? [11]. At our intensities, the
lsag—>2pau transition will be saturated, thus there will
be a one-to-one correspondence between the H," orienta-
tion and the proton angular distribution. For channel II,
the first three photons dissociate H,, producing two neu-
tral atoms, with one in an excited state. The fourth pho-
ton ionizes the excited atoms without altering the flight
direction by any significant amount. Again, the proton
angular distribution will reflect the molecular orientation
after the absorption of the first three photons.

A value of 1.7, determined by our fit, for ' is not too
surprising since there are two 'II, states at or below the
E,F state and only one =, state. At the same time, the
small value for r indicates that the AA=O0 transition is
nearly ten times weaker than the AA==1 transition for
the third photon. The final state before the electron
departs would have II character mostly. Since the final

f

H2+ state is a X state, the departing electron would have
to carry away this angular momentum in the form of a p
wave. To the extent that ionization dominates, this
would be consistent with single-photon ionization mea-
surements in the 64-nm region in which a 8 parameter of
nearly 2 is observed, indicating strong p character [12].

Our data suggest that the dissociation channel (II) is
weaker than the ionization channel (I). This deduction is
based in part on the fact that the singly excited singlet
Rydberg states of the form 1so,nlo,, m,, which asymp-
totically approach the ground state of Hz+ and couple to
H(1s)+H(nl) separated atoms, all lie below the ground
state of H2+. Consequently, excitation to these states
from the E state will leave the system well in the dissocia-
tion continuum. Such a dissociation would be highly un-
favorable since the system would have to go from a state
in which the protons have relatively low kinetic energy,
in the E well, to one in which they have much higher
kinetic energy. It would be more favorable for the elec-
tron to carry off the excess kinetic energy while produc-
ing a molecular ion in a low vibrational level of the lso
state as is observed experimentally [10]. We should em-
phasize that the E well has nearly the same shape as the
X state of H, ™.

Dissociation could originate, however, from the doubly
excited Rydberg states with the same separated atom lim-
its (i.e., a ground state hydrogen atom and an excited
atom) but asymptotically approaching the 2po, state of
H,*. With a 6.4-eV photon, the doubly excited states ac-
cessible from the E, F state cannot be reached until the in-
ternuclear separation places the system near the max-
imum of the barrier between the E and F wells. Al-
though the lowest of these states is a = state, there are Il
states that are also accessible as we move into the F well.



51 PROTON ANGULAR DISTRIBUTION FOLLOWING ...

However, one must remember that the probability of
finding the system in the F well is small. In fact, the pro-
duction of slow protons from channel III, which origi-
nates from the F well (see Fig. 4) is 13 times weaker than
that of the fast protons (see Fig. 2). We also have evi-
dence that suggests that if the doubly excited states are
excited, they evidently autoionize more rapidly than they
dissociate. This is because if dissociation were to occur,
hydrogen atoms produced in states with n =2-6 would
be ionized with near unit probability at our intensity [1].
We only observe, however, protons coming from low
n( <3, see Fig. 2) states. Since the slow protons from
channel III (dissociative ionization) result from excitation
of the 2po, continuum, which lies above all the doubly
excited states of interest, we must conclude that all the
doubly excited states can be reached, albeit at different
internuclear distances. With the plethora of curve cross-
ings at large R between these doubly excited states, it is
likely that dissociation would lead to hydrogen in many
different n states, specifically those with higher n states.
(Such a statement cannot be made too strongly without
knowing the cross section to each state as a function of
internuclear distance from the F state.) Consequently, our
angular distribution measurements together with the pro-
ton energy distribution of Fig. 2 suggest that multiphoton
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ionization (direct and indirect) of H, at 193 nm is more
likely than multiphoton dissociation.

VI. CONCLUSION

The wave function describing the nuclear motion of
ground state H, molecules is only partially delocalized
when the system passes through the E,F intermediate
state. Thus the strengths of the additional open channels,
dissociation (channel II), and dissociative ionization
(channel III), are weak compared with that of the ioniza-
tion channel (channel I). This conclusion is based on our
analysis of the proton angular distribution that shows the
character of the continua excited by the absorption of
three 193-nm photons favors II states over X states by a
ratio of 1:0.12.
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