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Differential cross sections for the production of D~ and D° 4+ D,° + D;° are given for electron-capture
collisions into D; ~ and D;° repulsive states by bombardment of Cs with D;* ions in the energy range 1.5-7.5
keV. A theory is presented for the angular distributions of dissociation fragments in the special cases in
which the dissociation (i) produces two fragments, or (ii) produces three fragments, one of which has a small
energy in the molecular center-of-mass frame. In both cases a scaling law is predicted: (y,E;) ™' do,/do =
f(y,E;02), where do,/dw is the differential cross section for finding fragment n at angle 0,, E,; is the
incident energy, and 7, is a mass ratio. The D~ distributions are observed to fit this scaling law. Peaks are
found in both the D~ and D° 4+ D,° 4+ D,° distributions for which 1/2E;0>~15 keV deg® and 14 keV deg?, -
respectively. A corresponding peak is also found in the neutral distribution for which 2E;0? ~ 14 keV deg.
The peaks indicate a repulsive state in D; ~ which decays into D~ + D,° and a repulsive state in D;° which
decays into D° 4+ D,° and which has an energy surface close to that of the D;~ repulsive state. An energy
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surface of a repulsive singlet state of D, ~ is presented which does decay into D~ and D,°.

I. INTRODUCTION

In a previous work,! measurements were re-
ported on the angular distributions of dissociation
fragments which result from one- and two-elec-
tron capture by D,* to repulsive states of D,” and
D,°. (D,* was used as the incident projectile be-
cause the experiments were motivated by an
interest in D™ formation for use in injection heat-
ing of a thermonuclear plasma.?*®> However, all
results, both experimental and theoretical, hold
as well for H," as for D,*.) In addition, the theory
of the angular distribution was presented which
indicated that a scaling law

1 do, _ 2

should hold, where do,/dw is the differential cross
section for fragment n, E; is the energy of the in-
cident D,* ion, and 6 is the angle between the
observed fragment and the incidentbeam direction.
Since the electron-capture process causes a
negligible deflection, this angular deflection is
entirely due to the transverse component of the
dissociation velocity ¥, of the fragment. The
scaling law was experimentally verified and pro-
vided a powerful tool for checking consistency
in the experimental results.

In the present work both the experiment and the
theory are extended to single- and double-elec-
tron-capture processes by the triatomic molecular
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ion D;*. Again, H;" could equally well have been
used in the experiment. In particular, the theory
has been extended to the two-fragment dissociation
of a triatomic molecular system and to the three-
fragment dissociation where one of the fragments
has a negligible dissociation velocity in the mole-
cular center-of-mass frame. A scaling law is
predicted for each of these two important cases.

In Sec. II, the apparatus and experimental pro-
cedures are briefly described, while Sec. III
presents the experimental results. In Sec. IV,
the theory of angular distribution of dissociation
fragments is generalized to cover the case of
breakup into fragments of unequal masses, and
the data of Sec. III are analyzed in terms of the
scaled variables.

II. APPARATUS AND MEASUREMENTS
A. General description

Figure 1 shows the experimental arrangement,
which has been described previously.? A D;*
beam is generated in a Von-Ardenne-type ion
source, accelerated to the desired energy, mag-
netically focused, and mass analyzed. The mass-
and velocity-analyzed beam passes through ad-
ditional ion optics and enters the collision cell,
which is filled with Cs vapor at very low pressure,
to assure single collisions. The Cs vapor density
is determined from the oven temperature, using
the vapor pressure-temperature curves for Cs
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FIG. 1. Schematic diagram of the apparatus.

vapor.2*5% The details of the collision cell and
the Cs oven are given in Ref. 2.

The Cs cell geometry permits the measurement
of the angles made by dissociation fragments with
respect to the incident beam direction, up to
angles of +7°. The detector assembly can be ro-
tated about the center of the scattering chamber
to obtain angular distributions. Pathlengths and
apertures were chosen such that the root mean
square of the angular resolution of the system is
0.1°

The dissociation fragment then enters at 45°a
parabolic electrostatic analyzer® that employs
separate multipliers for the neutral and ion com-
ponents of the beam. The multiplier counting
efficiencies for D~ and D* have been determined
previously’ and have been used to correct the
experimental data in this work.

B. Procedure

The procedure was the same as that described
in Ref. 1. The measured quantities were I,, the
number of D, ions incident per unit of area per
second; n, the number of Cs atoms per unit
volume; I, the effective length of the scattering
chamber; and I;(6), the number of fragments of
type f (where f stands for D™ or D,°+ D,°+ D% per
unit solid angle per second detected at angle 6
with respect to the incident beam direction. With
these measurements, the quantity

dog_ L (6) ‘ 1)
dw Ignl

was calculated. As Ref. 1 points out, although
dof/dw formally looks like a differential cross -
section and is measured like one, the fragment
detected at angle 6 has not been “scattered.” The
substantial angle at which a fragment is found is
due to the transverse component of the velocity

acquired in the dissociation process.

Several sources of error are present in each .
of the measured quantities and have been discussed
in previous papers.? These involve the effective
length of the gas cell, the measurement of the in-
cident ion current, the absolute-density deter-
mination, the angular resolution, and the detector
calibration. Although data were corrected to
account for most of these uncertainties, a total
error of +30% in the final data has been estimated.

" II. RESULTS

Angular distributions of D™ formed from single
collisions of D;* on Cs at collision energies of
1.5, 3.0, 4.5, 6.0, and 7.5 keV were obtained by
setting the energy analyzer in the detector as-
sembly at 3 of the total D,* incofing beam en-
ergy. Figure 2 shows do/dw obtained from the
measured angular distributions using Eq. (1).

At 1.5-, 3-, 4.5-, and 7.0-keV incident ener-
gies, angular distributions were also taken for
D°+D,°+D,’. Figure 3 shows these results. It
was not possible to separate each of the three
components from the total neutral component.
However, it may be confidently expected that the
D,° component will be found only at very small
angles.? As is discussed below, the D,° com-
ponent is expected to be responsible for the first
peak in the neutral angular distributions, while
the second peak in the neutral angular distribution
is due to D° only. It is interesting to note that
the first peak appears at half of the angle of the
second one for all the energies at which runs were
made. Figure 4 shows the results for D,* incom-
ing beam energy of 4.5 keV.

Previous investigations®® have shown that H*
formation cross sections from dissociative col-
lisions were dependent upon the ion source pa-
rameters. Williams and Dunbar® found similar
results for the production of H™ from H,* passing
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through H,. These studies have shown that the
cross sections could be dependent on the state of
vibrational excitation of the ion prior to the col-
lision. In the present work changes were observed
in the absolute values with respect to the ion
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. FIG. 2, Differential
cross sections for the for-
mation of D" for 1.5—,
3.0-,4.5—-,6.0—, and 7.5
— keV Dy* incident on cesi-
um vapor,

source conditions. Consequently, great care was
taken to use the same ion source parameters in
all runs. When this was done, the cross sections
were reproducible to within 15%. All data were
taken at a target density of 2.56x 10** atoms/cm?.
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FIG. 3. Differential cross sections for the formation
of D°+ D%+ D’ for 1.5 ~, 3.0—, 4.5—, and 7.5—keV D;*
incident on cesium vapor. In the present experiment the
individual constitutents in the neutral beam were not
separated. .

IV. THEORY OF THE ANGULAR DISTRIBUTION

In Ref. 1, a theory of fragment angular distribu-
tions produced by molecular dissociations was
derived for the special case of a homonuclear
binary molecule. The theory is, however, easily
generalized to cover diatomic molecules for which
the masses are not equal and to describe the dis-
sociation of a polyatomic molecule into two frag-
ments. The generalized theory is based on the
same five assumptions that were made in Ref. 1.
(i) The capture process is fast comparéd with the
periods of both vibrational and rotational motion.
The incident molecule can therefore be considered
to have a fixed orientation and a fixed geometry
during the electron capture process. (ii) Ro-
tational energies are negligible compared with
dissociation energies, so that the dissociation
direction is that of the line joining the two frag-

ments. (iii) All orientations are equally probable.

(iv) Dissociation velocities are very small com-
pared with incident beam velocities. (v) The
center of mass of the molecular ion suffers a
negligible deflection due to the electron-capture
process. Thus the angular difference between

the direction of motion of a fragment and the in-
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FIG. 4. Differential cross sections for the formation
of D~ and for the formation of D%+ D,%+ D,? for 4.5 — keV
D4* incident on cesium vapor.

cident beam direction is due entirely to the trans-
verse component of the velocity of the dissociating
fragments.

The first part of the derivation follows rather
closely the derivation given in Ref. 1 and will be
discussed only briefly here. Let V4 and V5 be the
dissociation velocities of fragments m, and m g
in the molecular center-of-mass frame of the
molecule AB. Either of these quantities may be a
composite system, provided that it does not itself
dissociate before detection. (The detector, of
course, is insensitive to the system’s center of
mass; it detects only particles.) In the following
treatment A denotes a D™ fragment, and B denotes
a D,° fragment in the dissociation of D,;~. In the
molecular center-of-mass frame, the dissociation
energy E, is equal to

-1 2 1 2
E =3m 04+ 3mplg, (2)
where conservation of momentum requires that
MmaVa=~-mpVp. (3)

. It should be noted that E,; is the kinetic energy

of the dissociating fragments. If a fragment is
composite, it will generally have a vibrational-
rotational energy E,, which must be taken into
account in the energy equation. Thus, for example,
in the dissociation D," - D~ +D,°, we have

EDS— =ED- +ED20+ Ev+Ed .

It easily follows from (2) and (3) that
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/2
2E;,  mp\'
={—— —= 4a,
Va (mA+mB mA) (4a)
and
1/2
v =(_2E_d__”'£i> . (4b)
B \ma+mp mp
Since
E;=3(ma+mp)vi, (5)

where E; and v; are the energy and velocity of
the incident ion in the laboratory, Eqgs. (4a) and
(4b) yield the relations

(v{/UA)2= (mA/mB)(Ei/Ed) s (6a)

and
(vi/UB)2= (mVB/mA)(Ei/Ed) s (6D)

needed in the derivation which follows. Assuming
that dissociation velocities are very small com-
pared with the incident beam velocity, we can
determine, from the same approximations de-
scribed in Ref. 1, that in the laboratory frame
the directions of fragments A and B relative to
the incident beam direction are given by

ma E.\Y? .

6, sind, =~ (v,/v;)sin® =(—B —1) sin® (7a)
m 4 E‘

and

1/2

6= sinfg = (vg/v;)sin® 5(_@_& —E-g-) sin® (7o)
UF) E‘

with

¢B =T+ ¢A =, . (8)

Here 0 is the angle made by the vector R3 ﬁA
- RB with the incident beam direction (see Fig. 5),
and ® is the azimuthal angle of the projection of
R3 in the plane perpendicular to the beam di-
rection.

The relationship between the differential solid
angles is easily derived! from Eqgs. (7) and (8):

do="14 50 5 /11— ma/mp)E62/E)V
mp Eq4

=72 2L dwg/[1 - ma/m DESF/ELE, ©)
where Q (i.e., © and ®) describes the orientation
of the molecular ion at the time of electron cap-
ture and where W, and wy (i.e., 64, ¢4, 65, and
¢p) are the angles at which the fragments A and
B are found in the laboratory frame of reference.
An exact treatment of the relation between the
differential solid angles in the center of mass and
the laboratory frames, not restricted to small 6
and E,/E; <1, can be found in Fluendy and Law-
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FIG. 5. (a) Schematic diagram of the collision showing
the coordinate system. Also shown are the fragment
dissociation velocities VA and vB (b) Velocity diagram
showing the relation between the angle 6 in the molecular
reference frame and the angles 6, and 0y of fragments A
and B in the laboratory frame.

ley.°

The number of fragments dN, of type A found
in the differential solid angle d in the molecular
center-of-mass frame is proportional both to the
number of projectiles N and the number of tar-
gets N, per unit area. It is also proportional to
the cross section o, for the appropriate electron-
capture process, which is a function of both
molecular shape and orientation as the projectile
passes by the target. Because the orientation
angle ® is averaged over in the experiment, the
cross section o, used here will also be averaged
over all azimuthal directions & of the vector R;.

» Thus

Ny =N, [ dR,, [ aRyp(R 5 Ry)
X0, (R, Rs,©)dQ/4m (10)

where p(R,,, R;) dR ,dR, gives the probability
that the molecular configuration lies in the range
dR,,dR3, and dQ/4n gives the probability that the
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orientation of ﬁs lies in d2 at the time-of passage.
Since neither R, nor R; is measured in this ex-
periment, both must be integrated over the entire
range of R, and R;.

Equation (10) gives the angular distribution of
fragments in the molecular center-of-mass sys-
tem. However, the angular distribution in the
laboratory frame is desired, so the transforma-
tion (9) must be used to yield

NNt

AN, dem de3p(RIZ’ R;3)0; (R )3, B3, ©)

ma E dwga
>(m,_;, E5 [Eq— Oma/mp)E03]2 "

(11)

In order to facilitate comparison with experiment,
a “cross section” is defined:
dOA - 1 dNA _ IA(Q) (12)
dw NNy dw, Ipl *
With the definition (12), (11) becomes, after di-
viding through by NN, (m o/m g)E;dwy:

mp 1 dog
ma E; dw

Rla’ Ra)oc (Rlzs R3’ e)
T4 f dezf s T2, — (na/m p)E,65) 7

=f(ma/mp)E;63). (13a)

The integration is understood over the entire
range of R,, and R, for which E;> (m/mp)E;03%,
remembering that the dissociation energy E, is a
function of both R, and R,.

In a similar manner, the angular distribution of
fragment B is found to be

my 1 dop
mp E d(.d

P(R 5, R0, (R 15, R, o)
de‘Zde3 EY?[Eq - mp/ma)E;03]"°

=f( (ma/mA)E¢93)~ | (13b)

A consequence of Eqs. (13a) and (13b) is that if
fragments A and B come from the same decay
channel, the curves Y, =f(X,) and the curves Y
=f(X ) must be identical, where

XA":ln"A‘Eiei, XB'-"—E;Q
s (14)
-ma 1dog -

mp 1 dog
mpg By dw ~

YA: ma Ei dw ’
It also follows from Eqs. (13a) and (13b) that a

peak in the fragment A distribution at angle 64

should be associated with a peak in the fragment

B distribution at angle 65, where
M a 2 _Mp 2
—*~£FE;054=—=E;0
mp VA my, VB

or more compactly written,
GA/GB=mB/mA- (15)

It further follows that the peak heights (above
backgrounds due to other processes) should be
in the ratios

hA/thmi/m% . (16)
Two special cases are of interest in this work.
Case A: D,”-D"+D,° or D,°~D°+D,°. For both
of these dissociations, m,/mp equals 3, where
A represents the D™ or D° fragment and B repre-
sents the D,° fragment.

2do
64=20p, X,=%3E;6%, Y,= B, dc:.
) (1m
-do
hp=4h,, Xp=2E;6%, Y= 3, d:.

Case B: One of the fragments C acquires a negli-
gible velocity in a three-particle dissociation:
D;”—~D°+ D%+ D~ or D,°~ D°+D°+D°. For both

of these dissociations, m 4 =mp, so that

04=0p, 6-=0,

ha=hp,
XA=XB=Ei92; where 0=9A or 93 (18)
1 do
YB_ dw .

The negative-ion data in Fig. 2 are replotted
in terms of the scaled variables in Fig. 6. In
this case, the angular distributions followed the
scaling law previously discussed. As in the case
of D," studies,' a monotonically decreasing con-
tribution, possibly from other processes, was
assumed and such contribution was subtracted
as background. Figure 7 shows the peak plotted
in terms of the scaled variables $E;62 with the
background subtracted out. In this case, absolute
values for the reduced differential cross sections
were calculated, since all the quantities which
appear in Eq. (1) are known, as well as detector
efficiencies for all the energies.” In the energy
range studied, Figs. 6 and 7 clearly show that
the capture process which leads to D~ is inde-
pendent of velocity. This is in accord with mole-
cular theory in this energy range. Basically, the
process has a large probability if the impact pa-
rameter is less than the appropriate level-crossing
radius and has essentially zero probability other-
wise, independent of the velocity. At high inci-
dent velocities, however, this approximation is
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expected to break down.

The neutral angular distributions were treated
in the same way: monotonically decreasing con-
tributions from other processes were assumed.
The two different peaks which appear in the angular
distributions shown in Fig. 2 were isolated after
the background subtraction. As Egqs. (17) show,
no single scaling law applies. Fragments with
different masses scale differently. In the case of
the D° products which appear at the larger angles,
it was possible to calculate the absolute differen-
tial cross sections. However, an extra source
of error has to be taken in account: the detector
efficiency was not directly determined. A rough
approximation was made, and the detector ef-

ficiency was taken to be between that measured

for D* andfor D~ inRef. 7. Figure 8 shows there-
sults for the neutral case. It can be seen from
this figure that the reduced curves have similar
shapes: they all show a peak at 3E6%=14 keV deg?,
but the heights change with the incident energy.
From this fact, it is possible to conclude that the
main process which leads to D° background is
velocity dependent, as opposed to the D~ curves
which scale completely, background and all. Be-
cause the height of the scaled D™ curve is about
one order of magnitude lower than that of D° it
cannot at this time be completely ruled out that
the D™ could come from a three-body decom-
position with one slow D° and one fast D° at the
same laboratory angle as the D~. This possibility
would yield-a component to the D° distribution
slightly shifted from the observed distribution.
However, because it would be so small, it could
be missed. Nevertheless, the most likely con-
clusion from the data is that electron capture to
repulsive D,° states and D,” states occurs in a
ratio which lies between 10 to 1 and 50 to 1 and
that both repulsive states decay into a D,°, with
the other fragment being a D° or D”. In the case
of D,° the absolute value of the differential cross
section, do/dw, was not calculated, since the
peak appears at very small angles. In this angular
region, a large error can be introduced, since
the overall neutral component will be a mixture
of D,° plus D° at half of the energy and the data
cannot be properly corrected for the detector
efficiency. However, the peak position 2E;0?

=~ 14 keV deg? shows a contribution of D,° coming
together with D° from the dissociation of D,°.
Figure 9 shows the two neutral peaks. The one
that appears at small angles is plotted as a func-
tion of 2E62, and the one that appears at greater
angles plotted as a function of $E£62, according to
the scaling law for a D,°+ D° dissociation. Both
are normalized to have the same height. As is
seen from Fig. 9, the peak which has the D,° con-
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tribution is wider than the corresponding D° peak.
A possible reason for the anomalous width of this
peak is that it contains contributions from other
processes in addition to some D°. The rather
difficult problem of properly subtracting the “back-
ground” makes the experimental results too un-
certain to draw any definite conclusions. To sup-
port the contention that the observed D™ comes
from the dissociation D;” - D~ +D,°, the lowest
singlet dissociating state of D,~, taken from
Garcia G. et al.,'! is shown in Fig. 10. The equili-
brium configuration of the incident D,* ion is in-
dicated by an X. In its equilibrium configuration
this state clearly dissociates into D™ +D,°, each
in its respective ground electronic states, but
with D,° in a distribution of excited vibrational
states.

A peak in the distribution for any given frag-
ment is due to the singularity in the Jacobian
of the transformation (9), which relates the dif-
ferential solid angle in the center-of-mass frame
to that in the laboratory.**:!? It occurs when

1-yE{62/E.=0, (19)

where y is the mass of the detected fragment di-
vided by the mass of the other fragment. Using
(19), the dissociation energy can be determined
from the location of the peak in the fragment angu-
lar distribution:

E, =}/E‘9§eak . (20)

Equation (20), which is valid when e, is small
and E,/E; <1, is an approximation to the exact
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FIG. 9. The D, and D peaks plotted in terms of the
scaled variables given in Eqs. (17). The D peak is taken
from Fig. 8 (b). The D,’ peak is normalized to have the
same height as the D’peak, on the assumption that dif-
ferénces in peak heights are most probably due to in-
accuracy in background subtraction.
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FIG. 10. Energy surface at the lowest repulsive singlet state taken from Garcfa ef al.1 The solid and dashed lines
are energy contours in atomic units (1 a.u. =27.2 eV). This surface shows a bound Hy"(or D) state at —1.58 a.u. and
a dissociated H, (log?)+H" (1s?) state at —1.61 a.u. The equilibrium configuration of the incident D,* ion is indicated

by an x,

result® 12

Opeax = SIN"N(E,/yE;)?. (21)

From Fig. 10 it can be seen that if H,” is formed
approximately at the equilibrium configuration of
the incident H;* ion, then the maximum energy
which can be liberated is 0.21a.u. (i.e., 1.61 —1.40)
or 5.7 eV. The dissociation energy E, will be less
if the H, is vibrationally excited in the dissocia-
tion process. On the other hand, from Fig. 7 it
can be seen that the peak in the angular distribu-
tion occurs when yE;6%=15 keV deg?, which yields
a value 4.6 eV for E,;, indicating that the H, frag-

ment emerges with approximately 1.1 eV of vi-
brational plus rotational energy.
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