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Molecular effects in charge-state distributions from dissociative collisions of 300—900-keV
H2+ ions
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Charge states of the two fragments produced in a single dissociative collision of H, + {energy range 300 to
900 keV} in gas targets, {H„He, air, and Ar} have been determined by coincidence techniques. The
dependence of the charge-state distributions on the energy of the incoming H, + and on the pressure of the
various targets has been determined. Correlation coefficients between the distributions are deduced, and a
simple model for the dissociation is discussed.

I. INTRODUCTION

The dissociation processes of H, ' are of great
interest because of their implications for obtaining
H' for beams in various accelerators, H for tan-
dem accelerators, and H for injection in tokamak
fusion reactors, f.tc. A discussion of their ira-
portance and of the cross sections for charge ex-
change in an atomic hydrogen beam may be found
in many works (see, e.g. , Tawara and Hussek').
Total cross sections for various dissociation
channels in gas targets and their energy depen-
dence were measured in the range of tens' of keV
and of hundreds of keV. ' At the lower energies the
angular and velocity distributions of the fragments
were also measured. The results in this low re-
gime are in accord with a model in which dissoci-
ation occurs via electronic excitation of H, ' into
autodissociative states. The theoretical calcula-
tions were carried out separately for each dissoci-
ation channel and did not consider relationships
among the various channels. '

The charge states of fragments from H, ' trans-
mitted through foils were measured recently. '
They were found to differ from those of H' passing
through the same foil. This differen. ce was attrib-
uted to molecular effects. '

The purpose of the present work was to measure
and correlate all the heavy dissociation fragments
produced in a single collision of H, . This was
carried out by using electrostatic separation and
electronic coincidence techn. iques.

Our data (together with data obtained from a
compilation of experimental dissociation cross
sections') are presented in terms of charge-state
distributions instead of cross sections. This form
of presentation throws into sharp relief the charge-
state effects. It emphasizes the correlations
among the various charge states and enables a
comparison with charge states obtained in foils.
Finally, it should be noted that the H, ' dissociation
problem is amenable to theoretical treatment be-

cause the molecular structure of H, ' is well known

theoretically. However, other molecular ions,
such as H, ', N, ', 0,', are far more difficult to
treat theoretically. It is therefore advantageous
to treat the H, ' within a framework which can be
easily extend d to the analysis of charge states of
more complicated ions.

Equations for the dis"ociation process are de-
veloped and solved for two extreme cases: (i) col-
lisions in a thick foil; (ii) collisions in which one
of the proton fragments of H, ' is merely a specta-
tor (i.e. , it cannot exchange charge with the ta, r-
get). Two forms of correlation factors are tested
and both indicate the existence of correlations. A

simple semiempiricai model usin. g geometrical
considerations for the dissociation process is de-
veloped. The various dissociation processes are
discussed in terms of this model.

II. EXPERIMENTAL SYSTEM

An H, ' beam in the energy range 300-900 keV
was obtained from a J. N. Van de Graaff accelera-
tor. The beam was analyzed magnetically, re-
sulting in a clean H,

' beam with an energy defined
to within. a few keV. Its intensity was reduced to
1000 particle/sec by means of a slit in front of the
magnet. The beam was stable, with a diameter of
1 mm and angular dispersion less than 0.1 . The
length of the dissociation chamber was 5 cm and it
had a diameter of 5 cm. A differential pumping
system was arranged on both sides of the chamber.
The ratio of pressures between the inside and out-
side was 100:1, approximately. A 1-mm entrance
aperture and a 3-mm exit aperture permitted frag-
ments scattered at angles up to about 2' to pass
out of the chamber.

The undissociated ions and the neutral and
charged. fragments were separated by an. electro-
static deflector and counted by a system of three
detectors at the appropriate angles. The geometric
arrangement is shown in Fig. 1. The distance of
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FIG. &. Experimental arrangement for detecting
charge states of pairs of molecular fragments. It in-
cludes a differentially pumped dissociation chamber,
an electrostatic deflector, and a set of detectors.

2H+

H H+

V
~ ~

H

y
+e

~ ~

~ ~

g) 10
~-

R
D
O
O

2H

~ ~
~ceo

the detectors from the dissociation chamber was
900 mm. The two fragments's detectors are Si
surface barrier detectors (300 mm' active area)
and have collimators 19 mm in diameter. The de-
tector of the undissociated beam is a Si surface
barrier detector (50 mm' active area) and has a
collimator 6 mm in diameter.

The signals from the undissociated beam were
counted with a fast sealer. The signals from the
detected neutral and charged fragments were
matched in timing, and were added in a summing
amplifier (alternative with advantages to a coinci-
dence unit). The amplification gains of the two
electric branches of the H' and H' detectors were
set to 3:2, thus the sum signals of different events

were not overlapping. Five peaks appeared in the
MCA, which described the counting of H', H', 2H',
H'H', 2H'. These peaks are shown in Fig. 2. The
probability for H fragments in this energy range
is very small. ' Their detection in addition to the
other fragments would require a much more com-
plicated experimental system.

Various checks on the accuracy and the consis-
tency of the measurements were carried out. The
0' direction of the beam was determined for every
experiment, using a small aperture for the detec-
tor, to ensure proper experimental geometry. The
deflection voltage was set at the point at which the
counting ratio 2H'/H" was maximal. The depen-
dence of the ratio H, '/H' on the deflection voltage
was also checked to ensure proper geometry. The
dissociation caused by residual gases and scatter-
ing from the slits was checked for each run and
did not exceed 1%. This percentage increased as
expected with the pressure of the gas in the disso-
ciation chamber, probably due to additional disso-
ciation in the region before the chamber. How-

ever, this additional dissociation did not disturb
the measurements as it contributed only to the
peaks of a single particle H' or H'. The separation
between the peaks corresponding to different events
was usually better than the ratio 5:1 of peak to val-
ley as seen in Fig. 2. The experiments were per-
formed at low pressures in a region where single
collisions were by far most probable. As we see
in Ref. 1, the charge exchange cross section is
not larger than the dissociation cross section. In
the experiments the percentage of the dissociated
ions was kept below 10-15%. Therefore multiple
collisions and charge exchange are improbable.
The dependence of the charge states on the pres-
sure was measured in this work and the experi-
ment was carried out at a region below the point
at which rapid changes were observed. Extrapola-
tion of charge state curves to zero pressure does
not change the values of the charge states by more
than 2%. The statistical error was about 2%, and
the probable error in the measured values is 3/o.
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FIG. 2. Sum spectrum of the detectors for neutral
particles and H . Seen in the spectrum are peaks cor-
responding to H, H, 2H', H H', and 2H .

By adding the signals from the two detectors of
the fragments and matching the timing and ampli-
fication gains, five peaks were observed. These
peaks correspond to the detection of fragment
groups H', H, 2H', H H', 2H. The H and H'

come mostly from the beam additional dissociation
before the dissociation chamber as discussed
above. Their dependence on the target gas pres-
sure differs from that of the peaks corresponding
to dissociation products. It should be emphasized
that the apertures and geometry allowed the en-
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FIG. 3. Charge-state probabilities of H2' fragments
versus projectile energy. W, is the ratio of positively
charged fragments to total number of fragments and Wo
is the ratio of neutral fragments to total number. For
various gas targets the results are very close: present
data (0), Ref. 3 (+). For a H2 target there is a remark-
able difference (the lines are merely guide for the eye).
Present data (k), Ref. 3 (6).

The results for the targets (which do not include

H, ) are similar, although the W„ for Ar is a little
bit higher. Wop drops by an order of magnitude in
this energy region, whereas W„goes down from
45 to 33%. W„goes up from 47 to 67%. An extra-
polation of the curves indicates crossing of the

Wp and W„curves at an H, ' ion velocity of 5 && 10'
cm/sec. The solid lines are the predictions of the
model discussed below.

Figure 5 shows the dissociation channels on an

H, gas target. At energies above 100 keV, W,, is
more than 50/o and decreasing, whereas W,. is
lower than 50% and slowly rising. It seems, how-

ever, that the curves do not cross. W00 decreases
very fast from 44% at 100 keV to 1% at 500 keV,
and becomes negligible. The solid lines are the
prediction of the model discussed below.

Figure 6 shows the dependence of the charge
states on the pressure of the gas target (air in
this case). As expected, the W» and W,.curves
decrease, whereas W„ increases, towards equi-
librium values. The percentage of dissociation is
also shown in the figure, since the pressure was
measured by a cold cathode gauge at a point out-
side the chamber and was calibrated only approxi-
mately. The effective thickness of the gas target
at maximum pressure is approximately 0.2 pg/cm'.

trance of all outgoing fragments at angles up to
0.7, whereas measurements show that the frag-
ments, including those undergoing "Coulomb ex-
plosion" (scattering due to Coulomb repulsion of
the charged fragments), do not scatter to more
than 0.3'.

The areas of the peaks of 2H', H'H', 2H' events
divided by their sum give the normalized probabil-
ities denoted W00 Wp and W„, respectively.
The fraction of positive fragments out of all frag-
ments is denoted by W, and is equal to W„+ 2 W„.
The neutral fraction denoted W,

' is equal to Wpp
1+ gWo, .
Figure 3 shows the dependence of W, and W, on

the incoming H, ' energy. The measured points
coincide with those deduced from cross-section
measurements. ' The results for He, Ar, and air
are very similar (W, for an Ar target is slightly
higher), and the differences are within the experi-
mental errors. . The percentage of neutral parti-
cles decreases from 30 to 17%. On the other hand,

W, in the dissociation of H, on H, is very near to
25%, and these experimental results form a dis-
tinctly different curve.

Figure 4 shows the probabilities for the various
dissociation channels: W«, W„, and W„mea-
sured for several gas targets Bt various energies.
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FIG. 4. Charge-state probabilities of pairs {CSPP)
of fragments: W„—two charged fragments, Wpp —two
neutrals, Wo,—one neutral and one charged. The lines
are the prediction of the model as discussed in the text.
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FIG. 5. Charge-state probabilities of pairs (CSPP) of
fragments in a hydrogen gas target. Notation. as in Fig.
4. The lines are the prediction of the model as discussed
in the text.

This figure shows also that the charge exchange
cross section is not high.

IV. DISCUSSION AND INTERPRETATION OF
THE RESULTS

A. Dissociation process at high energies

We have observed several effects in the charge
states of collisionally dissociated H, ' fragments.
The charge states after collisions in He, air, and
Ar are similar, and therefore it is reasonable to
assume that the dissociation process is similar.
In an H, target the results are different from all

the others, and the dissociation process is also
probably different.

An accepted model for the analysis of the disso-
ciation of H, is excitation to autoionization states.
There is little doubt that this is indeed the main
mechanism at low energies. This is shown by the
angular distributions and velocity profiles of the
fragments' and by many theoretical calculations. 4

When the velocity of the incoming ion increases,
the situation is no longer so clear. Molecular
processes, such as electron capture and formation
of H, ' or H'+ H', decrease rather fast and become
negligible at 400 keV. The similarity seen at low

energies between the angular distribution of the
fragments in the O'H' and 2H' dissociation chan-
nels disappears at higher energies. The 2H' dis-
tribution is predicted by the Coulomb explosion,
whereas the H'H' branch has a Gaussian distribu-
tion, as is shown by our measurements. Another
indication of the diminishing importance of molec-
ular processes at higher energies is the equality
of the electron-loss cross sections for atomic hy-
drogen and H, ' found in Ref. 6. Experiments
studying the electrons emitted in the dissociation
of H,

' (Ref. 7) have also shown that in our energy
range the two protons and the electron behave as
three independent particles. Furthermore, a de-
tailed calculation may be useful for H, ', for which
the wave functions are well known. It is not very
useful for heavier or more complicated molecules,
such as N, ', 0,', H, '. Also, the behavior of charge
state produced after transmission through a foiL5

cannot be described by such calculations. We
therefore attempt to describe the collisionally
produced H,

' fragments by focusing attention on the
charge states, instead of dealing with the indepen-
dent dissociation channels. In this way, useful ex-
pressions can be obtained that may be extended to
heavier and more complicated molecules.

B. Equation for the dissociation process
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FIG.. 6. Charge-state dependence on the target gas
pressure (air target). Notation as in Fig. 4. The dashed
line shows the dissociated fraction of the molecular
beam:

I,et us consider a simple model for the descrip-
tion of the charge- state distributions. Its basic
assumptions are that (i) upon approaching the tar-
get atom, the electron has an equal probability of
being with each proton fragment and it cannot hop
from one to the other during the dissociation pro-
cess; (ii) the charge state of a fragment may be
changed only inside a well-defined region around
the target atom, which we call the dissociation re-
gion; (iii) the final charge state of a fragment de-
pends on the original one, and may be influenced
by the presence of nearby fragments. According
to the results on cross sections for electrons
emitted in the dissociation of H, (Ref. 7), the
chemical bond determines essentially the distri-
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W,.= (-.'(1- P„)P„)+(-.'(1-P„)P„),
W„= (—(1 —P, )(1—P, )+ P, P, —)

+ (g(l —P2c)(1 —P~q)+ 2P2c P~q),

Woo= (2(1 —P2~)P, c)+ (g(1 —P~~)P~c) .

(4 1)

(4 2)

(4.3)

The angular brackets in Eqs. (4.1) (4.3) indicate
an average over the impact parameters of one of
the fragments and over the spatial orientation of
the molecule.

Equations (4.1)-(4.3) yield different results cor-
responding to different limiting situations. The
limiting situations are as follows:

1. Passage through a thick foil

In this case, there are many collisions and
charge exchanges, and therefore there is little de-
pendence on the incoming charge state. The aver-
age charge state of fragments from H, ' traversing
a very thick foil is equal to that of protons or neu-
tral hydrogen atoms traversing the same foil
(molecular effects appear only in a thin foil' ). The
particles are independent and the probabilities
factor [e.g. , ((1—P, )P, ) = ((1 —P, )) (P, )]. As
for H' and H' beam traversing the foil, the proba-
bility for no-capture by a charged fragment is
equal to the loss probability of a neutral one:
((1 —P,c))=(P,~), etc. Substituting into Eqs.
(4.1)-(4.3), we readily obtain

W.,= (P„)',
W„=2(P„)(J'„),
W„=(P„)',
w. =(J„),
W, =(P„),

(4.4)

(4 5)

(4 8)

(4.7)

(4.8)

where the average indicated by the brackets in-
cludes an averaging over many collisions. For
this case, in which the particles are independent,
the following two correlation factors will vanish:

W, W, —W,./2
W, WO+ Wo, /2

' (4.9)

bution of the electron before dissociation. The
velocity of the H, ' electron in the H, ' frame is
much smaller than the translational velocity of the
ion itself. These observations form the basis for
assumption (i).

Using (i)-(iii), we can obtain expressions for
the charge- state distributions, as follows. Assume
a probability P, ~ for electron capture by the first
fragment (when it is without an electron), proba-
bility P» for electron loss by the second fragment
(when the electron is attached to it), etc. Then we
have

W„W„(W,.')/4
W„W„+(W„')/4

' (4.10)

The experiments show that R, and R, do not van-
ish. The value of R, is small and is about -0.1
above 400 keV. The value of R, varies between
-0.6 at 300 keV to -0.9 at 900 keV. Hence, there
are correlations between the two fragments and
their charge states are not independent.

Figure 6 shows that these correlations exist
even in a gaseous target of thickness 0.2 pg/cm'
and probably also after collisions in thin foils. '

W„= g(P~~) —~g

Woo = g (P~ c) 0

(4.11)

(4.12)

(4.13)

Using these expressions, we get W, - & and Wp

%hen obtaining these results, one should note that
the particles here are not equivalent because
particle No. 2 does not participate in the charge
exchange process. The results summarized in
(4.11)-(4.13) are similar to those obtained for the
dissociation of H, in an H, target, and it is rea-
sonable to assume that the dissociation mechanism
in the case is indeed of this nature; i.e. , one
particle is a spectator when the other one ex-
changes charge.

C. Semiempirical geometrical model for the dissociation process

The probabilities for capture and loss of elec-
trons in the equations for dissociation given above
can be calculated by a semiempirical geometrical
model.

In this model we assume that the dissociation
region may be characterized by a sharply defined
radius R, around the target atom. Every fragment
entering this region may exchange charge, where-
as a fragment that does not enter cannot exchange
any charge. In the extreme case, any fragment
which enters the dissociation region emerges posi-
tively charged.

The dissociation problem is then simplified and
becomes analogous to the problem of the probabil-
ity of passing a rod of length d through a ring of
radius Ro, when the center of mass of the rod and
its orientation are random. The problem was

2. Spectator particle case

Suppose that whenever fragment No. 1 is ex-
changing charge so that either P,~ 10 or P,~ WO,

fragment No. 2 is outside the dissociation region
and cannot exchange charge (thus, P,c=P,~= 0).
In our projectiles energy range we also have very
low electron-capture probability P»- j., P,~ 0.
Therefore Eqs. (4.1)-(4.3) yield
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solved exactly numerically, and for any practical
purpose we may write G(2, 2) the probability of
two rod ends (out of two) passing inside the ring, as

Wo, = G(2, 2)2EO(V, 2)[1—EO(V, 2)]

+ —,'G(2, 1)[1—E,(V, 1)]

+ —,'G(2, 1)E,(V, 2), (4.17)
. G (2 2) e-d/ Ro (4.14)

E,(V, Z, ) =exp(-V/V, Z', "), Z, )1 (4.15)

For Z, = 1, the analytic formula (4.15) does not
reproduce the experimental results, and the latter
are used in our calculation. s for this case.

We foun. d that the best fit to all the experimental
results is obtained by using the following rules:
(i) When both fragments enter the dissociation re-
gion, Z, =2, one fragment affects the electron
capture probability of the other. (ii) For a posi-
tively charged external fragment, Z, =2, the ex-
ternal fragment affects the electron capture prob-
ability of the internal one. (iii) For a neutral ex-
ternal fragment, there is no influence and Z, = 1.

The probability of coming out without an electron
after entering the dissociation region is the rela-
tive average ionization, 1 —E,(V, Z,).

Defining G(2, 1) as the probability for one frag-
ment being inside the dissociation region while the
other is outside [i.e. , the complement of G(2, 2)]
we have

Woo= G(2, 2)EO(V, 2)'+ ~G(2, 1)EO(V, 1), (4.16)

This expression is 4% less than the exact result
for d/R, = 2. For other values of d/R„ the approx-
imation is closer to the exact result. In the dis-
sociation case, d is the intramolecular distance,
R, the dissociation radius, and G(2, 2) the proba-
bility that two fragments (out of two) pass inside
the dissociation region. For the extreme disso-
ciation case when no neutral fragments come out
of the dissociation region, we get: lVpp 0 Wp,
= —,'(1 —e ~i"'), and W,.= —,'(1+ e "i 0). For reason-
able values of d/R, we obtain values for W„which
are not far from the high energy values in air and
Ar targets. However, the energy dependence is
wrong, because capture probabilities have not
been taken into account.

A possible estimate of the electron capture prob-
ability may be obtained by using a universal func-
tion for relative average ionization after traversing
a foil. This function is well known both experi-
mentally and analytically. For a projectile of ve-
locity V we define the function E,(V, Z, ) as the re-
lative average number of electrons accompanying
an outgoing particle of atomic number Z, . For
Z, )1, it is given by the analytical expression

W„= G(2, 2) [1—E,(V, 2)]'

+ —G (2, 1)[1—E (V, 2) ] . (4.18)
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Because I'p vanishes for high incoming energies,
we can find G(2, 2) and G(2, 1) from the results of
Berkner et al. ' without fitting any parameters.
However, we preferred to use G(2, 2) as an ad-
justable parameter (this is equivalent to changing
d/R, ).

The fit of the model for H, with G(2, 2) = 0 is
shown by a solid line in Fig. 5. The fit is good at
the higher energies. A fit to the results of Ref. 6
gives a consistent value G(2, 2) =0.05. At low en-
ergies the theoretical curves do not reproduce the
experimental results. If we assume that the ex-
ternal fragment does not influence the internal one,
we get in the whole energy region W„=0.50.

The results for the other gases can be repro-
duced only by assuming a mutual influence of the
fragments when both are in the dissociation region.
However, the results may be also fitted without
assuming that the external. fragment influences the
internal one. Only the result for H, clearly indi-
cate such an influence.

The model calculation assuming such an in-
fluence is shown as a solid line in Fig. 4, for
G(2, 2) = 0.50(5). A fit to the results of Ref. 6
yields a consistent value G(2, 2)=0.49 for an Ar
target. This value means d/R, =0.7. Assuming
an average intramolecular distance d= 1.3 A (Ref.
9), we get R, = 1.7 A, in good agreement with the
average radius of the external shell of Ar (Ref. 10).

Theoretical calculations of cross sections for
various dissociation channels using the Born ap-
proximation and the Gryzinski model are presented
in Refs. 6 and 4. Their agreement with the exper-
imental data is not too good. It appears that the
geometric dissociation model, concentrating di-
rectly on charge state distributions and using only
one adjustable parameter, is able to reproduce
the experimental data much more accurately.
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