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Angular distributions in dissociative collisions of 82+ ions at 400 kev
and effects of the vibrational states
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The angular distributions of H, + fragments produced in dissociative collisions in a gas target were measured
using an iris aperture. The various dissociation channels were identified by measuring the two fragments and

by checking their time coincidence. We have analyzed the statistical moments of the angular distributions in
the various dissociation channels and the dependence of these moments on the pressure of the gas target.
This analysis presents experimental evidence for the dependence of the dissociation cross sections on the
vibrational states of H~, and yields information on the dissociation process.

I. INTRODUCTION

Recent years have evidenced a growing interest
in the investigation of atomic reactions by means
of molecular projectiles.

'
The use of a molecular

projectile enables one to obtain more information,
including details of dissociation processes and of
the interaction of the projectile with the target
atom or. the foil. The measurement of the energy
profile and the angular distribution of fragments
emerging from a foil have yielded information on
the interaction in the foil and after it." The
measurement of the angular distribution and the
energy profile in a dissociative collision of H, '
in a gas target in the tens of keV energy region
has shown that the dissociation mechanism in
this energy region is excitation into dissociative
states. ' This information extends our understand-
ing of the basic 'atomic processes of charge ex-
change and dissociation. It also has implications
for the applied area of plasma fusion reactors
where such processes as charge exchange and
scattering of molecular fragments take place.

The angular distribution in the ionization of
H, ' into two H' is the resultof the electrostatic
repulsion between the fragments after ionization.
This phenomenon is called Coulomb explosion
and it depends on the intramolecular distance
before the collision; this distance is a function
of the vibrational state of the molecular ion. A
similar phenomenon will occur for any repulsive
potential. The study of the angular distribution
of the dissociation channel H~'- H'+ H' will con-
tain information on the dissociation mechanism
of this channel and its dependence on the vibra-
tional state of H, '. Riviere and Sweetman' have
already shown that the dissociation cross section
is not thesame for a H, ' beam obtained directly
from an accelerator, and a secondary beam ob-
tained from the dissociation of H, '. They argued
that the difference resulted from the different

occupation of the vibrational states in the two
beams.

In the present work we show by analysis of the
statistical moments of the angular distributions
and by determining their dependence on the gas-
target pressure, that the dissociation cross
sections of the higher-vibrational states are larger
than those of the lower ones. The results are in
accordance with the assumption that the mechanism
of the dissociation process is excitation into a
dissociative state. W'e will also compare the re-
sults with theoretical calculations based on the
Born approximation' and with the analytic ex-
pression for the dissociation cross section in
Gryzinski's theory. ' The theoretical calculations
are able to reproduce only some of the many as-
pects of the dissociation process.

II. EXPERIMENTAL SYSTEM

A H,
' beamat 400 keV was obtained from a Van

de Graaff accelerator. The beam was analyzed
magnetically, resulting in a clean H, ' beam with
an energy defined to within a few keV. The per-
centage of H+ in the beam was about 1%. The
beam's diameter was less than 1 mm and its de-
termination is described below. The beam passed
through a cylindrical dissociation chamber, whose
length and diameter were both 5 cm (see Fig. 1).
The system is similar to a previous one (cf. Ref.
7), with several improvements in the dissociation
chamber, which could be rotated and elevated.
The diameter of the entrance aperture was 1 mm
and that of the exit aperture was 3 mm. The
optimal direction for the dissociation chamber
was chosen empirically by rotating it to both sides
and determining the angle at which the beam does
not reach the detector. By this measurement it
was determined that the apertures were almost
concentric with a deviation of only 0.2 mm.
Geometrical considerations show that 98% of the
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FIG. 1. Schematic description of the experimental
system.

dissociation fragments can come out at angles up
to 0.9'.

The target gas was air' at pressures in the range
5-35 gm, measured directly in the dissociation
chamber by a thermocouple gauge. The ratio of
pressures in the dissociation chamber and in the
detectors's chamber was 150:1.

The dissociated fragments and the undissociated
molecules were separated according to their mass
and charge by an electrostatic deflector (see Fig.
1) and counted by three detectors at the appropriate
angles. The distance of the detectors from the
dissociation chamber was 810 mm and their spacing
was 30 mm. The detectors were Si surface bar-
rier detectors. Those of the fragments had an
active area of 300 mm2 and those of the undis-
sociated molecules had an active area of 50 mm'.
The latter had a collimator 6 mm in diameter.
One of the fragments detectors(according to the
needs of the experiment) had a collimator 19 mm
in diameter, whereas the other had on it an iris
aperture with a variable diameter controlled from
outside.

The accurate 0' direction (the beamh direction)
was determined empirically as the direction at
whichmaximum counts of 8,' were obtained at the
neutral fragments detector with an iris aperture
set to O.V mm, while the dissociation chamber was
emptied of air and the deflection voltage was set
to zero. By this method we also measured the
height of the iris center with respect to the in-
coming beam. The height of the O' detector was
also checked by deflecting a beam of undissociated
ions into this detector (doubling the deflection
voltage). Closing the iris aperture to 1 mm did
not lower the number of counts. We also measured
the minimal and maximal voltage at which undis-
sociated ions entered the 8' detector with an almost
closed iris, and it was estimated that the diameter
of the incoming beam is less than 1 mm. We had
checked the ratio of counts at the peaks 2H'/H'
(the ratio of counts of proton pairs and single
protons) and H, '/H'(the ratio of counts of molecules
at their detector and the counts of a single neutral
fragment at the appropriate detector) as a function
of the deflection voltage with an open iris. This.
check showed that all the molecules and their
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FIG. 2. Spectrum obtained at the charged fragments
detector II' . Two peaks are observed; the lower-energy
one arises from a detection of a single H' and is de-
noted H'; the higher-energy peak arises from the sim-
ultaneous detection of two protons (i.e., usually frag-
ments of the same molecule) and is denoted 2H

fragments enter the appropriate detector. ' The
deflection voltage for the experiment was set at
the point in which the ratio 2H'/H' was maximal
(the ionization channel has the broadest angular
distribution, and losing one fragment enlarges
the denominator).

The integral angular distribution was measured
by counting the number of fragments at a certain
dissociation channel as a function of the opening
of the iris. The differential angular distribution
was evaluated by substraction. The calibration
of the iris, namely, determining its diameter as
a function of the scale outside of the chamber,
was carried out several times during the experiment.
There were only small differences between dif-
ferent calibrations and an almost linear relation-
ship between the iris diameter and the external
scale. The calibration used for calculations was
the one measured at the nearest time or an average
of two measurements.

Figure 2 shows the spectrum obtained at the
charged-fragments detector O'. There are two
peaks: the higher-energy one (denoted 2H') appears
at the energy of the incoming molecule and is ob-
tained from a simultaneous count of two molecular
fragments. Therefore it characterizes the ioniza-
tion channel H,'- H'+ H+. The lower-energy peak
appears at half the incoming energy and therefore
it corresponds to the count of only one fragment
at the detector. Similarly we obtained two peaks
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PRETABLE I. Summary of the experimental conditions for

measuring the angular distributions of H2 fragments
dissociated in air. The particles whose angular distrib-
ution was not measured are in parentheses.
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FIG. 4. Electronic system for measuring the disso-
ciation charnel II2 -- H H' by measuring the angular
distribution of H' . The coincidence condition with the
neutral fragment is checked and the coincidence signal
serves as a gate to the MCA.

H

yes

at the neutral-fragments detector (although the
number of 2H0 is much smaller than those of H').
All the results were normalized to the number of
undissociated H, ' counted in the appropriate
detector.

Further coincidence conditions were set in order
to characterize the dissociation channel H,'- H
+H' (denoted H'H'), as described below Thr.ee
experimental setups were used in order to measure
the angular distributions of all the fragments and

they are summarized in Table I. The parameters
characterizing each experiment are the location
of the iris and the coincidence conditions.

Figure 3 shows the electronic setup for measur-
ing the angular distribution of the ionization chan-
nel H, ' -2H' (first row in Table I). The counts
of the H' detector enter the multichannel analyzer
(MCA) whereas those of the undissociated H,

' enter
a fast sealer, both operated from the control
system of the MCA. The detector of the neutral
fragments was not used in this setup„as the two
H' fragments enter the same detector.

Figure 4 shows the electronic setup for measur-
ing the dissociation channel H2' -H H' by measur-
ing the angular distribution of the H+ fragments
(second row of Table I). The signals from the H'
and the H detectors entered a slow coincidence
circuit serving as a gate to the MCA. The MCA
counts the signal from the H+ detector, whereas
a fast sealer counts the undissociated molecules.

The quality of the coincidence was checked by the
ratio of the two peaks in the MCA 2H'/H' mea-
sured both under and free of coincidence conditions
with the Ho detector. It was found that 98.5% of
the 2H' events were eliminated by the coincidence
condition.

Figure 5 shows the electronic setup for mea-
suring the dissociation channel H, ' -H'H' by mea-
suring the angular distribution of H (third row of
Table I). The signals from the two fragments
detectors were fed in parall, el into a coincidence
unit and a summing amplifier. The signal from
the coincidence unit served as a gate to the sum
signal which entered the MCA. The counts were
normalized to the counts of undissociated H, ' ions
in the appropriate detector or sometimes to the
counts of the 2H' in the charged particles detec-
tor. This complicated arrangement enabled a
better check of the quality of the coincidence. The
sum peak O'H' appears at different channels in
the MCA than those of H' and 2H', and therefore
the remaining spurious counts after the coincidence
(I.5'%%up) are not added to the true ones. It should
be emphasized that the coincidence condition
between the two detectors from the HDH' dis
sociation channel is the most efficient one in re-
ducing the background from single detector events
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FIG. 5. Electronic system for measuring the dissocia-
tion channel H2' —H H' by determining the angular dis-
tribution of H . The coincidence condition with the
charged fragment is checked and the coincidence signal
perves as a gate to the sum signal in the MCA.

FIG. 3. Electronic system for measuring the ioniza-
tion channel H2' —2H+. The H' fragments are counted
in the MCA and the undissociated H 2'" ions are counted
in a fast sealer,
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as 2H' and 2Ho dissociation channels and H and
H' single particles which come with the beam.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Method of analysis

In this experiment we measured the integra].
angular distribution of the dissociation fragments
in each dissociation channel as a function of the
diameter of the iris aperture. As described above,
the ionization channel is given by the peak denoted
2H+ in the spectrum of the charged fragments
detector; having the full projectile energy. The

dissociation channel H'H' was separated by a
coincidence condition of the two fragment detec-
tors from the single proton arriving with the beam.

The integral angular distribution is evaluated
directly from the ratio between the number of
counts in a dissociation channel and the number
of undissociated molecules. The distribution was
arbitrarily normalized to 1.0 for an open iris
(0.7'). The differential angular distribution was
calculated by a subtraction of two nearby mea-
surements of the integral distribution. For the
ionization channel, the differential angular dis-
tribution is explicitly written with its error:

H2+ 2H+
~ H2+, H2+ 2H 2 H2+

/

Here, 1 and 2 denote the two measurements,
and 9, the opening angles of the iris, H, ' and 2H'
are the number of counts in the appropriate peaks,
and (2H'/H, ')o is the ratio for a completely open
iris. The calculated error includes only the sta-
tistical error. It is about 3% and is the dominant
one. In atomic-hydrogen beams, H and H' charge
exchange is almost entirely unidirectional (H'
-H') in this energy range In a .H, ' beam in this
energy range the probability of ionization is two
times larger than dissociation. ' An addition of
a few percent of spurious counts coming from the
H H' channel to the 2H' channel will not change
its angular distribution, whereas the H'H' angular
distribution is not affected due to the direction of
the charge-exchange process.

The fraction of dissociation was obtained from
two complementary measurements: the signal
from the neutral fragments detector being in
coincidence and in anticoincidence condition with
the signal from the H' detector. (The counts were
normalized to the number of undissociated ions. )

The gth-order statistical moment of the experi-
mental angular distribution and its error were
calculated by the following expression [5f is the
experimental error given in eq. (I)j:

emax emax

e"=Q e fte )ae * Z [eg ef(egleeil )
~

e& =o

(3)

The index j runs over the measured points, and
the sum was truncated at g . 8 is the angle
at which the value of the angular distribution was
(2-3)/o of its maximal value. We calculated the
moments of order 0, 1, 2, 4 and their errors.
Further reduction of the errors was achieved by
calculating the ratios between the moments which
are less sensitive to all kinds of errors. This is
due to the numerator and denominator being quan-
tities of positive correlation. The coefficient of
linear correlation between the errors of the various
moments was calculated and was found to be
larger than 90%%u~. A derivation of an analytical
expression of the error in the ratio of the moments
is not simple. The problem was circumvented
by preparing sets of pseudorandom numbers which
represented the errors in the values of the various
f(g, ). For several dozens of these sets we checked
the propagation of the error in each of the mo-
ments separately and in their ratios. It was found
that the probable error in the ratios 8'/go, 8'/8,
8'/8 is smaller by a factor of 2—3 than the prob-
able error in the higher moment; both for random
numbers with equal probability in the interval
[0, I] and for random numbers with a larger prob-
ability near 0. The error shown in the figures
(and used in the calculations) for the ratio of the
moments is one-half of the probable error of the
higher moment, computed according to Eq. (3).
We usually have about 12 points in the angular
distribution. It follows tha, t there is a total re-
duction of the random error in the ratios of the
moments by a factor of about 2~, and also a
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8", = [1/(n+2) J8"" .
In the dissociation channel H'H' the angular dis-
tribution is different, and the multiplication fac-
tor was calculated for each couple of moments by
using an angular distribution proportional to

(4)

large reduction of systematic er'rors, such as
variations in pressure, variation in the accelerator
parameters, or variation in the counting rate.
We can therefore observe effects which are not
large. In order to obtain overlapping data from
the various moments, the ratios of the various
moments in the ionization channel were multiplied
by constant factors. The constant factor for each
couple of moments was obtained by using the mo-
ments of the angular step distribution (which is a
reasonable approximation to the experimental
distribution). These moments satisfy

g '~', which satisfies

8H ~ = [l/(~+ & 5)18.""'
~

The data, overlapping 8'/8', was plotted versus
the dissociation fraction D.

B. Results

The differential angular distributions of the
dissociation channels were calculated from the
integral ones by the method described above, and
the results are presented in Fig. 6. The H, ' energy
is 400 keV, and the dissociation channel and the
dissociation fraction are shown in the figure. The
particles in the dissociation channel whose angular
distribution was not measured appear in parentheses.
In the channel H2' -2H', we see clearly the dis-
tribution resulting from the Coulomb explosion;

50-

40-
D= 144/o

Hg H+(H )

D=19% D 52% D &51%

50-

20-

10-

0-
I
CP
0)

50
Cl'a

c 40
0

~~
~ 50-
CO

~~
& 20-
O

10—
C

0-

20-

I I l I l l l

244/o

I I I I l I I

I l l I I l l

Hq+ H'+ (H+ )

= 48% 7%

l I I I I I I I I I I I I I

Hf —H'+ M'

FIG. 6. Summary of the
measurements of the
angular distribution in the
two dissociation channels.
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FIG. 7. Dependence of
the ratios of the statistical
moments of the angular dis-
tribution (see text) in the
various channels on the
dissociation probability.
The channels are indicated
near the solid lines which
are the lines of linear re-
gression of the experimen-
tal points. Particles whose
angular distribution was not
measured are in paren-
theses. The ratios of the
higher moments are scaled
to the value of 8 /~ as des-
cribed in the text (for the
identification of these mo-
ments, see table in the
figure). The dashed lines
denoted by G and by the ap-
propriate dissociation chan-
nel are the theoretical pre-
dictions using the Gryzin-
ski formula (see text).
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at an angle of about 0.28' there is a maximum
whose position is insensitive to changes in the
pressure. The angular distributions in the H H'
channel which were measured for both H and H+

are very similar and in general they broaden with
an increase in the pressure.

Figure 7 shows the ratios of the various moments
(corrected as described above), plotted versus
the total dissociation fraction. The ratios of
moments yielded a large amount of independent
data, whereas the systematic and the random
errors were reduced. The corrected ratios of
the various moments are indicated in the figure by
different characters, and the dissociation channels
are also indicated. 8'/80 in the 2H' channel rises
very slowly, whereas in the H H' channel there
is a large increase in 8'/8 of the neutral frag-
ments H (H'), and a similar increase for the
protons H' (H'). The dashed lines and the G de-

note the theoretical calculations of the moments
by a formula of Gryzinskie as described below.

IV. DISCUSSION AND COMPARISON WITH THEORY

A. Discussion of the results

In the channel H, ' -2H' the loss of the electron
results in electrostatic repulsion between the two
fragments. There is a minimum in the angular
distribution at 8 =0 (Fig. 6) and a maximum at
8-(E,/E)'~' (E, is the repulsion energy of the two
protons in the molecule). This phenomenon is
called Coulomb explosion and its cause is transfer
of internal potential energy into kinetic energy of
the fragments. '2 The phenomenon was investigated
and the corresponding angular distribution is
known. " In the other dissociation channel, H, +

H H', the electron is excited from the 180g
level into the 2Pa'u level which is dissociative;
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the fragments repel one another and the molecule
dissociates into a hydrogen atom and a proton. '
The angular distribution is similar to that of the
2H+ channel, but it is narrower' due to a smaller
potential energy in the center-of-mass system. '
Using the functional form of the angular distrib-
ution of the Coulomb explosion, ' we obtain an
expression for the angular distribution in a dis-
sociation channel as a sum over the various vi-
brational states of H, '.

"'max

f(g) g ~ - (I &-ar, v N)
v=0 &r.v

we can use the moments to check theories for
o„. Three types of expressions were checked:
(a) o„=o independent of the vibrational state;
(b) o„at E„i =400 keV was taken as proportional
to g„calculated by Berkner et ~~.' in the Born
approximation at E„,+ =20 MeV. In this approx-
imation the dominant energy dependence is through
a factor E ' yielding a multiplicative factor. A
rather mild energy dependence entering through
the change of the integration limits was not taken
into account. (c) a„ is taken from the correspond-
ing analytical expression of Gryzinski [Ref. 6,
Eq. (29)]:

x~ 1 —~ 8' (6) o„= (U+ 3E,), E2 ~E~+U.2W(ggg2)

2

Here v denotes the vibrational state and P„ its
occupation probability, calculated according to
the Franck-Condon principle. ' E„ is the potential
energy transformed into kinetic energy after ex-
citation or ionization (for the dissociation channel
H H', E„=E,*~,„—E„).E is the kinetic energy of
the molecule in the laboratory system and 9 the
scattering angle in that system. o~„ is the total
dissociation cross section of H, + in the vibrational
state g, and N is the number of scatterers per
unit area; hence 1 —e ~,~~ is the fraction of dis-
sociated molecules. N is pressure dependent and

o~„may be different for each vibrational state,
therefore the fraction of dissociated molecules
changes with the vibrational state and pressure.
The fraction that goes into a specific channel is
o„/or „(g„is the cross section for dissociation
into this specific channel). The statistical mo-
ments of the angular distribution are given by

8"f(8)sing dg .

Since f(8) vanishes rather fast, there is no con-
tribution from large angles and sin8 may be re-
placed by 8. Changing variables: (E„/E) '~'8
=sin~ we obtain

"max

gn —Q ~ v (I e-az;v N)
f 0 . O'Py

g/2 m/2

x sin"+' ~ d (6)

The integral
w/2

Sln

is easy to solve: Io=l, I, =-,'n, I, =3, I~=~5. From
the expression for the moments of f(8) [Eq. (8)]
we may reach certain conclusions about the dis-
sociation processes and compare them with the-
oretical predictions. As E„and P„are known",

Here E, =(m, /2m~)Es, , E, is the kinetic energy
of a target electron, and U is the minimum ioniza-
tion energy. For N, the energy of a 2g electron
is 10.3 eV and that of a 2P electron is 6.1 eV
(see Ref. 5); henceE, = V.8 eV. [In the formula
an expression whose order of magnitude is
U/(E, —E,) which is much less than I for our
projectile energy, was neglected. ]

The number of scatterers per unit area, N, may
be deduced from the pressure measured by a
thermocouple in the dissociation chamber. However,
we preferred to take several values for N and to
calculate the moments for each of them. The
proper value of N was chosen as the one reproduc-
ing the sum D =8„0„++82on+which gives the total
dissociation.

If or „=g (cross-section independent of the vi-
brational state), it follows that the ratios of the
statistical moments of the angular distribution
should be independent of the gas pressure. The
increase of the ratios of the moments in the HOB+

channel with increasing pressure shows that the
cross section rises with the vibrational state.
The possibility that the increase is due to multiple
scattering is ruled out because the average number
of collisions (I —D) ' is between I and 4 in our
case. The similarity between the angular dis-
tributions of the protons f«o&„+ and of the neutral
fragments f „0~a+& in the H H' channel shows that
the internal energy is equally divided between the
two fragments, conforming to the model of
excitation to a dissociative state. The physical
significance of the effect which broadens some-
what the angular distribution of H' compared with
that of H is not clear. Because the systems mea-
suring the distributions are different and the iris
is mounted on a different detector, we cannot
exclude the possibility of a systematic experimen-
tal error.

The dependence of the moments on the percentage
of dissociation is different in the 2H' and H'H'
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TABLE If. Comparison of experimental results with various theoretical predictions (see
also Fig. 7). The first row of the table compares charge-state probabilities. The rest of the
table contains comparisons of the ratio of moments 9 /9 and its D dependence.

Quantity compared result independent of e theory

Experimental Besult assuming O„oryzinski's Born

approximation

f. (probability of H'H )/
(probability of 2H+)]
at D =20%

0.82
(taken from
Bef. 7)

3.30 0.60

Slope of linear
regression of the
H (H ) channel

0.044 0.034 0.005

Ordinate of the
regression line of
H (H ) atD =2570

0.178 0.153 0.127 0.146

Slope of linear
regression of the
(H )H channel

0.053 0.034 0.005

Ordinate of the
regression line of
(H )H at D =25%

0.194 0.153 0.127 0.146

Slope of the linear
regression line of the
2H channel

0.004 0.007 0.002

Ordinate of the
regression line of
2H at D =25%

0.247 0.226 0.224 0.225

channels. This difference cannot be attributed
to any experimental cause, and it supports the
conclusion that the dissociation cross section
increases with the vibrational state. If o„depends
on the vibrational state, the moments of the two
channels will show different trends. This is
further enhanced by the fact that the dependence
of E„on the initial vibrational states is quite
different in the two channels. E„ in the ionization
channel changes by a factor of 2 between the lowest
and highest vibrational states, whereas in the H'
H' channel E„changes by a factor of 10 and more
(see figure in Ref. 8).

A quantitative comparison with the various
calculations is shown in Table II. The charac-
teristic values chosen for comparison are (i) the
ratio of probabilities of the different channels
(charge states of pairs); (ii) the ratio of moments
8/' at 25% dissociation; (iii) the slope of the
linear regression curve of the ratio of moments
8'/8' vs D. The feature common to all the cal-
culations is that the theoretical value of the ratio
of moments is lower than the value derived from
the experimental angular distribution. In the 2H'

channel it is 0.23' as compared with 0.25', and
in the H H' channel 0.11'-0.14' as compared
with 0.18'- 0.21'. This is probably caused by the
dissociation-chamber entrance aperture having
a diameter of 1 mm which is equivalent to 0.07'.
The differences in broadening in the various
channels reside in the form of the angular dis-
tribution. It, is not clear how to take this broaden-
ing into account, and therefore we preferred to
compare the results with the theory without any
corrections.

Assuming that the cross sections are proportional
to the cross section calculated by the Born ap-
proximation at 20 MeV yields a ratio between the
charge states of the various channels which is
near the experimental value. But in each channel
there is no dependence on the gas pressure and
on the dissociation fraction. Use of Eq. (9),
which is an analytic expression from Gryzinski's
theory for our energy range, shows effects of
dependence on the gas pressure. In the 2H' chan-
nel the theoretically expected increase in the ratio
of moments is very small (as is also obtained
experimentally). For the H'H' channel, calcula-
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tions using cross sections based on Eq. (9) pre-
dict a monotonic increase in the ratio of moments
with the dissociation fraction. At high D the
ratio of moments is 30/~ more than at low D.
Approximations in Eq. (9) (such as E, »U or
E, «U) change the moments by approximately
10%. However, the Gryzinski formula in (9) does
not reproduce the experimental charge states (it
predicts that O'H' is three times more probable
than 2H'). This discrepancy stems from the very
nature of Eq. (9) because the excitation energy
into the dissociation channel H H' is always lower
than that of the ionization channel 2H'. Therefore
Gryzinski's theory does not describe properly
the dissociation of H, ', and one has to postulate
either additional contributions to the ionization
channel 2H' which increase its cross section or
some constraints on the dissociation channel
H H' which diminish its cross section. Indeed,
various corrections, such as adding a constant
term to the ionization cross section or lowering
the H'H' cross section by a factor of 3 yield
reasonable agreement with the angular distribution
and the charge states. The experimental data,
however, do not tell us the necessary modification
of the theory.

Figure (7) shows also the comparison with
Gryzinski's theory without corrections to the cross
sections in Eq. (9). The dashed lines describe
the statistical moments of the angular distributions.

The ratio of the measured moments is larger than
the calculated ones (probably due to the finite
widths of the apertures), but the calculated de-
pendence on the gas pressure is similar to the
experimental one.

V. SUMMARY AND CONCLUSIONS

Several interesting phenomena were exhibited
in the charge states and in the statistical moments
of the angular distributions of the 8,' fragments.
The probabilities of the charge states are almost
equal in the two channels. The statistical mo-
ments of the angular distribution in the 2H+ chan-
nel is almost independent of the gas pressure; in
the O'H' channel they increase with the pressure.
Checking the theories, it turned out that the mo-
ments of the angular distribution depend signif-
icantly on the pressure only when there are large
differences in the cross sections for the various
vibrational states [such as in (9)]. However, a
dependence of the cross sections on the excitation
energy as in (9) yields a. wrong prediction of the
charge states.
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