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The total cross section for charge exchange or breakup when D;' is incident on Cs has been mea-
sured in the energy range 3.0-23 keV. The cross section has a value of (1362 = 80) X 107! cm?® at
3 keV and falls rapidly with increasing energy, reaching a value of (594 = 40) X 107" cm® at 23
keV. The equilibrium fraction of D~ obtained when D," is incident on Cs has also been measured.
The equilibrium fraction of D™ is (10.5 = 2.0)% at 3 keV, (7.3 = 1.6)% at 5 keV, (3.4 £ 0.7)% at
11.5 keV, (2.0 = 0.4)% at 17.3 keV, and (1.5 = 0.3)% at 23 keV. The equilibrium fraction of D~
obtained when D" is incident on Cs at an energy E is shown experimentally to be the same as the
equilibrium fraction of D~ obtained when D™ is incident on Cs at an energy $E. The angular
distribution of the reaction products when D," ions are incident on Cs includes appreciable scattering
into angles which are larger than 1°. An explanation of these large scattering angles is offered.

1. INTRODUCTION

An understanding of the atomic collision pro-
cesses involved in the formation of D~ ions is of
great interest in the areas of accelerator tech-
nology and controlled thermonuclear reaction re-
search. In the production of high-energy D* beams
by tandem accelerators, for example, an intense
D~ ion source is required. In the controlled ther-
monuclear reaction (CTR) program, the injection
of fast D° atoms has been proposed as a method
of heating plasmas. The fast D° beam can be ob-
tained in the following sequence: (i) production
of D™ ions at low energy, (ii) subsequent accelera-
tion of the D~ ions to high energy, and (iii) forma-
tion of D%s by electron stripping of the fast D™
ions.

One method of producing D~ ions is by charge
exchange with a D*, D,*, or D,* ion beam incident
on a gas target. The total and differential cross
sections involved in producing D~ ions, and the
equilibrium fraction of D™ ions emerging from the
target determine in part the intensity and emittance
of the D™ ion beam produced in the target.

The total charge-exchange cross sections and
equilibrium fractions for the reactions that occur
when D* (or H*) are incident on Cs vapor have
been measured by numerous workers.!”® These
experiments have shown that the equilibrium frac-
tions of D™ (or H™), when D* (or H") is incident
on Cs vapor at energies less than 5 keV, are very
large. Cs vapor is thus an attractive charge-ex-
change medium for the production of D™ (or H™)
ions. Similar experiments have not previously
been reported for D,* or D,* incident on Cs.

The Barnett report® on the atomic and molecular
data needs for the CTR program points out the
immediate need for measurements of the total cross
sections, differential cross sections, and equilib-
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rium fractions for the formation of D~ when D;
and D,* are incident on Cs vapor. The present
paper reports experimental values of the total
charge-exchange cross sections and equilibrium
fractions for D™ when D,” is incident on Cs vapor.
An interpretation of the results is offered in the
final section of the paper.

II. EXPERIMENTAL APPARATUS AND ANALYSIS

The experimental setup used is identical to that
used previously by Meyer and Anderson'® except
that the number of suppressed Faraday cups in the
detection chamber downstream of the Cs target has
been increased from two to four, to permit simul-
taneous measurement of the currents of the D,*,
D*, D™, and D, ions produced in the target. The
Faraday cups each subtend an angle of approxi-
mately 1° as seen from the target, and are posi-
tioned symmetrically to the left and right of the
beam axis at +4° and +8° with respect to the center
of the analyzing magnetic field located between the
Cs target and the detection chamber. The mag-
netic field momentum analyzes the beam emerging
from the target, thus spatially separating the
beam into its constituent ionic species. Since all
the ions leave the target with very nearly the same
velocity, the magnetic field which is required to
deflect the D; beam component emerging from the
target into the Faraday cup located at +4° with
respect to the magnet center, also deflects each
of the D*, D™, and D,” beam components into the
remaining Faraday cups located at +8°, —8°, and
-4°, respectively. The fast D° and D,° particles
emerging from the target strike a secondary emis-
sion detector also located in the detection chamber
along the beam axis. The electrons ejected by the
incidence of the fast neutral particles on the sec-
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ondary emission detector are collected by a posi-
tively biased ring.

The Cs density in the target is measured by two
hot wire gauges, one inside the target and the
other in an auxiliary chamber as described in
Ref. 10. The gauge in the target (called hot wire
gauge 2 in Ref. 10) is used to measure directly
the Cs density at low densities. The gauge in the
auxiliary chamber (called hot wire gauge 1 in Ref.
10) is used to measure the Cs density at high den-
sities where the hot wire gauge 2 is space charge
limited. The gauge in the auxiliary chamber is
calibrated against the gauge inside the target as
described in Ref. 10.

Experimentally, at a particular energy of the
incident D,* beam, we measure the D,” ion current
before the Cs target, the ion currents to the vari-
ous Faraday cups in the detection chamber down-
stream of the Cs target, and the electron current
in the secondary emission detector for various
values of the Cs ion current in the hot wire de-
tector (i.e., for various values of the Cs target
thickness).

The currents measured in the Faraday cups
downstream of the Cstarget are I, =N,e, [,=N,e,
and I,=N,e, where I,, I,, and I, are respectively
the D,* ion current, the D* ion current, and the
D~ current; N,, N,, and N, are respectively the
number of D, ions, D* ions, and D~ ions emerging
per second from the target and being collected in
the Faraday cups; and e is the electronic charge.
We observe no D,” current for any values of the
energy and Cs-target thickness investigated in this
paper. The current in the D,” Faraday cup is less
than 107° of the incident ion current and was not
measurable with a Keithley electrometer. The
current to the neutral detector is I, =1,+1,=R,Ne
+R, Nge, where I, and I, are respectively the
secondary electron currents in the neutral de-
tector produced by the incidence of fast D° and D,°
particles on the neutral detector, N, and N; are
respectively the number of D® and D,° particles
emerging per second from the target and striking
the neutral detector, and R, and R, are respec-
tively the number of secondary electrons emitted
from the neutral detector per incident D° and D,°
particle. The current to the Faraday cup located
before the Cs target is I =N.e, where N; is the
number of D2+ particles incident on the target.

The total number of deuterium atoms incident
on the target is 2N,. These atoms must either be
detected after the target or be scattered in the
target so that they do not strike the detectors down-
stream of the target. Stray electric and magnetic
fields may also deflect the charged particles so
that they do not strike the detectors. Thus we
find that

2N. N, N. N, 2N,
2Ns=#+72‘+?3"+,r—4+—71—5', 1)

1 2 3 4 5

where T,_; are factors that take into account that a
particle may acquire a sufficient amount of trans-
verse velocity in the production process, by scat-
tering, or by deflection due to stray electric and
magnetic fields that it misses the Faraday cup.
Thus the different T’s are all less than or equal
to one. We shall call 7}, T,, T,, T,, and T trans-
mission factors for the D,*, D*, D™, D°, and D,°
particles, respectively. The factors of 2 stem
from the fact that the deuterium molecule contains
two atoms. T,_; may all be different since the
angular distribution of each of the reaction prod-
ucts when D,* collides with Cs may be different.
Rewriting Eq. (1) in terms of the currents, we
obtain

21 1 I I 21 .
2[j=—L1 4 2 4 S84 —4 5 (2)
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The fractions of the total number of incident deu-
terium atoms at the end of the target in the forms
D,", D', D", D° and D,° are given respectively
by
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From Eq. (2) it follows that F, +F, + F, + F, + F, =1.
The total neutral beam fraction is F, =F, + F,.

The differential equation describing the beam
fraction F, is given by

dF,
Adn =—(0,+0,+0,+0,+0,) F, + 0., (3)
where 7 is the target thickness in atoms per cm?,
The cross sections ¢,_, refer to the reactions

D," +Cs~D°+D* +Cs (7)),

D," +Cs=D"+D™ +Cs” (0,),
D,"+Cs—=2D" +Cs +e” (0,),
D," +Cs—-D,+Cs" (0,),
D,"+Cs~2D° +Cs* (o),
D,°+Cs—~D," +Cs+e” (0,).

We ignore charge-exchange reactions which in-
volve two or more electron pick up such as Dz* +Cs
~D°+D” +Cs*", and we recognize explicitly in the
differential equation that once the molecule or
molecular ion is broken up the probability for two
fast deuterium atoms or ions reuniting is negligi-
ble. Thus the reaction D* +D°—’D2+ does not occur
in the fast beam. There are similar differential
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equations for the beam fractions F,, F,, F,, and
E,.
II. EXPERIMENTAL RESULTS AND INTERPRETATION

The transmission factor 7, of the D,* beam
through the target is greater than 95% when 7=0
for all the energies of the incident D,” ions inves-
tigated in this paper. This indicates that deflec-
tion of the ions by stray electric and magnetic
fields is negligible. The value of I,/I, falls from
one to zero almost exponentially as 7 increases
from zero to large values as shown in Fig. 1. We
interpret this as indicating that any fast D,° mole-
cules formed are broken up into fast D° atoms or
into D* and D~ ions before they can be stripped of
an electron and regenerate a D2+ ion [i.e., the
term o, F, in Eq. (3) is negligible]. We believe that
the elastic scattering of the D,* ion into an angle
not accepted by the D,” ion Faraday cup (i.e., an
angle greater than 1°) is small. The angular
spread of the beam can be estimated from the
variation of the current to the Faraday cup as a
function of the analyzing magnetic field. If the
beam is broad the current will change gradually
as a function of the magnetic field. The measured
D," ion current is observed to be insensitive to
the analyzing magnetic field when this field is
varied by as much as x10% about the value re-
quired to center the D,” beam into its Faraday
cup. The ion current falls sharply to zero outside
this range in magnetic field indicating that the D,*
beam is deflected so that it entirely misses the
Faraday cup. Therefore we conclude that the ef-
fect of elastic scattering on the angular divergence
of the D,* beam is small. Furthermore,
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FIG. 1. Ratio of the D,* current emerging from the
target I; and the source current I as a function of the
target thickness 7 for D,* incident on Cs at 3 keV. The
curve through the data points is drawn for clarity only.
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Here we recognize that F, =1 at 7=0. From the
experimental linear dependence (see Fig. 1) of
In(1,/1,) upon 7 for all values of 7, we obtain T,
and the total cross section for charge exchange

or breakup of D," ions in Cs, 0,=0, +0, +0,+0, +0;.
Experimentally we observe that the fraction of D*
or D~ ions emerging from the target at low values
of 7 is much smaller than the neutral fraction
emerging so that 0, ~0,+0,. The values obtained
for o, at the energies investigated are shown in
Fig. 2.

We now discuss the beam fractions in the limit
of high Cs density, i.e., when 7 is large. The
beam fractions in the limit of very thick targets
are called the equilibrium fractions and we denote
them by Fy, F;, F,, F;, and F;. There are nu-
merous processes by which a D,” ion or a D,°
molecule may be brokenup. However, the probabili-
ty of two fast atoms or ions recombining to produce
a fast D," or D,° particle is essentially zero. Thus
after passage through a thick target there remain
only atoms and atomic ions (i.e., F{ =0 and F; =0).
Consequently the equilibrium fractions for D,*
incident on Cs are expected to be the same as the
equilibrium fractions when D* is incident on Cs,
provided that the velocity of the incident D* ions
is the same as that of the incident D,” ions. In
addition, for a thick target, each emerging par-
ticle will have undergone several charge changing
collisions so that the transmission factor of each
charge component will be the same (i.e., T,=T,
=T,=T). The total fraction transmitted T is a
function of the energy E of the incident particle
and the target thickness 7. Thus when 7 is suffi-
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FIG. 2. Total cross section for charge exchange or
breakup o, for D,* incident on Cs as a function of the
incident ion energy. The curve through the data points
is hand drawn for clarity only.
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ciently large

I,=1,=TR,N,e

and
1 I
2[8=—T-<12+13+'Ej—> .

The equilibrium beam fractions then are

B =51,

Turning now for a moment to the case where D*
ions are incident on a very thick Cs target at an
energy 3E, we have, by arguments similar to
those presented in the previous paragraph,

?

1;:71,-<[;+1;+7§4>—>,
where I is the current of D ions incident on the
Cs target, I, and I} are the currents of D* and
D™, respectively, emerging from the target and
entering the “+” and “-” Faraday cups, I} is the
electron current to the neutral detector, and 77
is the fraction of the incident ion beam transmitted
through the target and into the detector Faraday
cups. R, is the number of electrons emitted from
the neutral detector per incident D° atom and thus
R, is the same for D, incident at an energy £ and
for D' incident at the energy 3£. The equilibrium
beam fractions when D* is incident on a very thick
Cs target are

Fe _5_ ° ._I_:;__ e __I_é_.q

2 =7 o Fo =, and Fo = e

If our assertion that the equilibrium fractions
are the same when D2+ is incident on Cs at an
energy E as when D¥ is incident at an energy 3E
is correct, we should find that when 7 is very
large I,/1,=1}/1]. As a test of our theory, the
following experiment was performed. Using a very
thick Cs target we have measured I, and I, with
D,” incident at an energy E. We then rapidly
switch to a D* ion beam of energy 3E and measure
I; and I;. This experiment was carried out at
energies E=3, 5, 11.5, 17.3, and 23 keV. At all
these energies we find that 1,/1 =1}/I} with rea-
sonable accuracy. For example with £=23 keV
(3£ =11.5 keV) we find 1,/1,=0.00739 and I;/I
=0.00732 and with £=11.5 keV (E =5.75 keV) we
find 1,/1,=0.0255 and I,/I]=0.0236. The results
of this experiment indicate experimentally that to
a reasonable degree of accuracy the equilibrium
fractions for D,* incident at the energy £ on Cs
are the same as the equilibrium fractions when D*
is incident on Cs at the energy 3E. This experi-
ment is consistent with the result that T =7, =T, =T,
and that R, is the same for both sets oi measure-

ments. This experiment is especially important
since it does not depend on knowing 7', T', or R,.

We observe R, to change slowly with time. The
measurements of /,, I,, I; and I) are made very
quickly (~2 min. for measurement of I,, I,, I}
and I, at a given energy). On this time scale R,
does not change significantly. In order to know the
actual values of F;, F; and F; one must measure
R,. This measurement requires more time and
R, may change somewhat on this time scale. Thus
the actual values of F; we obtain are somewhat less
accurate than our determination that the equilib-
rium fractions are the same when D,” and D* are
incident on Cs with the same velocity.

In order to measure R, we use D" incident on a
very thin target of Cs at an energy 3£, and mea-
sure [;/I], I}/I!, and I}/I as a function of 7.
Since 0,. <0k, I;/I]is much smaller than I}/I].
Consequently we can use the equations 1}/I]
=T'(1 —o0,,m) and I}/I}=R,T'70,, to determine
R,, 0,4, T' from the variation of I}/ and 1]/I
with 7. The values of o, obtained in this manner
are consistent with those obtained by Schlachter
et al!

Having determined R,, we subsequently use a
D,” ion beam incident on a very thick Cs target
at an energy E. We determine T using the equa-
tion 21,=(1/T)(I,+1,+1,/R,). Knowing R, and T
we obtain the equilibrium fractions Fy =1,/27,T,

F =1,/2TI,, and Fy =I,/2R,TI, from measure-
ments of 1,/I;, I,/I, and I,/I  when 7 is very
large. Using this procedure we have measured

F3 for D,* energies 3, 5, 11.5, 17.3, and 23 keV
and for D* energies of 1.5, 2.5, 5.75, 8.65, and
11.5 keV. The values of F; for both D,* and D*
incident on Cs are shown in Fig. 3 and are tabu-
lated in Table I for the energies investigated. The
value of 7 necessary to obtain the value of I, which
is 90% of the F7, is called 7”. We find that for
D," incident on Cs, 77 is in the range 5x10*-
10' atoms/cm? for all the energies investigated.
It should be noted that, while the equilibrium frac-
tions with D,” incident on Cs are equal to the equi-
librium fractions when D" is incident on Cs with
the same velocity, the values of 7 can not be
determined from measurements using D" incident
on Cs, but instead must be measured using D,"
incident on Cs. It is observed that the maximum
negative fraction occurs at high density and is

the equilibrium fraction. The equilibrium frac-
tions F; when D,” is incident on Cs with an energy
E are in reasonably good agreement with the re-
sults of Schlachter et al.' and Gruebler ef al.? on
the equilibrium fractions of H™ when H¥ is incident
on Cs at an energy +E. It seems reasonable to
assume that if D,* ions were incident on Cs with
an energy E, the equilibrium fractions would be
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FIG. 3. Equilibrium fraction of D”, Fy, for D," inci-
dent on Cs (open circles), and for D* incident on Cs
(solid circles) as a function of the incident ion energy.
The curve throughthe data points is hand drawn for
clarity only. Note that within experimental uncertainty
the equilibrium fraction of D~ when D2+ is incident on
Cs at an energy E is equal to the equilibrium fraction of
D~ when D* is incident on Cs at an energy 3E.

the same as those for D incident on Cs at an
energy 3E.

The measurements of 7 when D," is incident on
a very thick target of Cs show that 7' is small and
that 7' decreases as 7 increases. Also T is smaller
when the incident beam has a low energy than when
the incident beam has a high energy. The small
value of T implies that the range of angles into
which the reaction products are scattered exceeds
the 1° angle which the Faraday cups in the detec-
tion chamber subtend as seen from the center of
the Cs target. We speculate that the cause of this
large angular scattering is twofold. The first
cause is the transverse velocity acquired by the
product atoms or ions when a fast D,° molecule
breaks up; the second is the additional transverse
velocity acquired in numerous small angle scat-
terings of the atomic products formed when the
molecular ion breaks up. This causes T to fall
as 7 increases.

TABLE 1. Equilibrium fractions of D~ for D,* and D*
incident on Cs as functions of the incident ion energy
(keV) and velocity (10° m/sec). The equilibrium fraction
of D™ is denoted by F3 (in percent).

D* D,*
v Energy Fy Energy Fy
3.79 1.5 11.8+2.0 3.0 10.5+2.0
4.89 2.5 8.5+1.8 5.0 7.3+1.6
7.44 5.8 4.1+£0.8 11.5 3.4+0.7
9.08 8.6 2.3%:0.4 17.3 2.0£0.4
10.5 11.5 1.5+0.2 23.0 1.5+0.3

The ion source in our experiment is a duo-
plasmatron. The D,” is extracted directly from
the ion source. If the Dz+ is produced in an ionizing
collision of an electron and a ground-state D,°
molecule in the ion source plasma, the Franck-
Condon principle indicates that most of the D2+
should be in vibrational levels with v=2,3, or 4.
The D, incident on the target might make a colli-
sion with a Cs atom and be neutralized producing
a fast D,° molecule. The D,° could be in the re-
pulsive b2 Z72po state or in a state such as the
a32;280 state that can radiatively decay to the
b*Z, state.' In either case the Franck-Condon
principle indicates that the two deuterium atoms
would come apart with a total energy of about 6-8
eV or 3-4 eV per atom produced. The atoms would
therefore acquire a transverse velocity and be
distributed in angle about the incident direction up
to angles like

v, 4 \V2

-o-(7m) -
where E is the energy of the incident D,* particle
in eV so that 3E is the energy of each individual
D° atom. As a numerical example if E =3 keV, then
6~3°. If the fast D,° molecule is produced in a
singlet state, then a subsequent spin exchange
collision may leave the molecule in the repulsive
b°Z; state. The D,” ion may also pick up two
electrons in a single collision. The resulting D,”
ion might be in the repulsive 6 +e™2Z; state!! pro-
ducing a D~ ion and a D° atom. We observe a few
D ions produced at low Cs density. In the energy
range 3-23 keV we find F, < 0.01F, when 7 is low.
At 3 keV F; is very small so that F, increases,
reaches a maximum of less than 1%, and then
falls to almost zero as 7 increases from 0 to 5
X 10 atoms/cm?. The D* ions may arise by colli-
sion of a D,” ion with a Cs atom such that the Cs
atom hits one end of the D,* ion and leaves the ion
in a high enough vibration rotation state to dis-
sociate the molecular ion into a D* and D pair.
Another possibility is that the collision of a D,”
ion is such that the center of mass of the Cs atom
passes between the two nuclei of the D2+ ion snap-
ping the bonding orbital. Both of these processes
might produce a large angular deflection. After
the molecule breaks up the atomic products formed
undergo subsequent charge exchange collisions
which produce further small angle scattering.

In general we see there are many ways of break-
ing up the fast incident D," ion or a fast D,° mole-
cule into two atoms or ions. Most of these pro-
cesses will produce an appreciable angle of scat-
tering (i.e., 6~3°). Thus it is clear why the trans-
mission is low. This interpretation is strengthened
by the experimental observation that the beam com-
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ponents D* and D™ both have broad distributions

in angle. The existence of these distributions is
determined by varying the magnetic field that de-
flects these beams into their Faraday cups. How-
ever, the exact angular distribution was not ob-
tained. The currents to these Faraday cups show
broad peaks and drop to zero slowly as the D* and
D™ beams are swept across their respective Fara-
day cups. The slow drop to zero indicates a beam
width appreciably greater than the 1° angle sub-
tended by the Faraday cups. The beam divergence
of greater than 1° for the D" and D~ beams was ob-
served for all values of 7 and for all the energies
investigated. This distribution in angle is not
observed at any values of 7 for the D2+ particles
emerging from the Cs target.

IV. CONCLUSIONS

We have measured the total cross sections for
charge exchange and breakup when D2+ is incident
on Cs. The equilibrium fractions when D,” is in-
cident on Cs at an energy E are experimentally
very large and in fact are equal to the equilibrium
fractions when D" is incident on Cs at an energy
3E. This result is encouraging for making D~
ion sources since a higher extraction energy gen-
erally gives more beam intensity with less space
charge blow up. We also observed that the trans-
mission of the reaction products out of our target
is low. We explain this result in terms of the
large scattering angles resulting from the break up
of D,° molecules produced in a repulsive state and
other processes. If one wishes to use D,* incident
on Cs to make a beam of negative ions, one proba-
bly should focus the D,” beam, forming a cross over
in the Cs target. The Cs target should be dense
but short and permit particles to leave at large
angles (a few degrees). A lens following the Cs

target can focus the emerging beam and helps
prevent excessive spreading. The emittance of
the D™ beam leaving the Cs target will be some-
what poorer than the emittance of the D,* beam
entering the target because of the angular scat-
tering [0~ (4/%E)"2] unless the scattering all oc-
curs at a point. However, for an actual ion source
the higher energy (and hence higher intensity) of
the incident D,* beam may more than compensate
for the poorer final D™ emittance. The ion cur-
rent from a space charge limited source is pro-
portional to E¥¥/m"2 so that for the same velocity
of extraction the D2+ current from a space charge
limited source is twice as intense as the D" cur-
rent. The D,” beam thus contains four times as
many D atoms as the D* beam. Also even for the
same extraction voltage many ion sources yield
larger outputs of D,* or D, than D*. Thus a D~
ion source using D,* incident on Cs may have
some advantages over a D~ ion source using D*
incident on Cs.

Note added in proof. Two additional references
concerning D,* incident on Cs are the following:
Carmen Cisneros, C. F. Barnett, and J. A. Ray,
Bull. Am. Phys. Soc. 19, 911 (1974), and C. F.
Barnett (private communication). In these two
references differential scattering cross sections
and equilibrium fractions of D~ when D,* is inci-
dent on Cs in the energy range 0.5-5 keV are re-
ported. The equilibrium fraction reported in the
above references are in satisfactory agreement
with the results of our research.
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