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Absolute differential scattering cross sections have been determined for single and double electron-capture
collisions of 0,5- to 2.5-keV D+ and D in Cs vapor. Integration of the differential cross section over the
scattering angles yielded the total electron-capture cross sections. Angular distributions were peaked in the
forward direction, and the angular width increased as the particle energy decreased. Cross sections for both
single and double capture processes decreased with increasing energy.

I. INTRODUCTION

Formation of high- intensity negative- ion beams
has long been of interest in tandem electrostatic
accelerators. Within the past few years the in-
terest has been expanded to other fields where
needs have developed in meson factories, high-
energy ion implantation, surface studies, simula-
tion of neutron damage in reactor materials, and
heating of fusion reactor plasmas. A method
proposed to heat a magnetically confined toroidal
plasma above temperatures obtainable with Ohmic
heating is to inject 150-1000-keV D atoms. These
atoms are trapped in the magnetic field by ion-
ization and transfer energy to the low-energy
Maxwellian plasma through Coulomb collisions,
thereby heating the plasma. Cross sections for
D formation in this energy range are small for
either electron- capture or dissociative collisions.
To overcome this difficulty the suggestion has
been made to accelerate D ions to 150-1000 keV
and pass the negative ions through a gas stripping
cell whose conversion efficiency for D' is 70-80%.
Two methods presently exist for production of D
beams: (1) direct extraction from an ion source,
and (2) passage of 1-5-keV D', D, ', or D,' ions
through an alkaline vapor cell which has a high
conversion efficiency for D production. The
cross sections for D production by electron cap-
ture collisions have been measured by several
investigators. ' ' The D ions formed in this man-
ner would be accelerated to the higher energies
before reaching the stripping cell. Until only re-
cently' the yield of D from sources has been very
modest. Thus it seems that the most attractive
route to obtain D was through electron-capture
collisions in Cs vapor with deuterium ion beams
that are presently available.

If D is to be efficiently accelerated, the angular
distribution of D emerging from a vapor cell must
be known, such that cell geometry and beam optics

will be optimized. In this paper we report the
absolute differential scattering cross sections for
D formation in Cs vapor in the energy region 0.5-
2.5 keV. These differential scattering cross sec-
tions are integrated over the scattering angles to
obtain the total single and double elecron- capture
cross sections. Obtaining the total cross sec-
tion by integration of the differential cross sec-
tion differs from the method of other investiga-
tors, ' ' who have measured the total cross sec-
tion directly for D production under single-
collision conditions.

Angular scattering measurements are described
for multiple collisions under near-charge-equilib-
rium conditions. Measurements of D equilibrium
fractions are discussed along with the difficulties
encountered in obtaining the data. Single and
multiple scattering has been characterized by de-
termining the cone angle into which 50%[8(0.5)]
and 90%[8(0.9)] of the D are scattered.

II. APPARATUS AND MEASUREMENTS

A. General description

The apparatus shown in Fig. 1 is essentially the
same as that used for the study of angular dis-
tributions of H' and D' in the electron stripping of
H' and D' atoms in N, ."' The apparatus consists
basically of four parts: ion source, neutraliza-
tion cell, scattering chamber, and detector cham-
bers.

A deuterium ion beam was extracted from a
duoplasmatron ion source, accelerated to 0.5-2.5
keV, magnetically mass analyzed, and collimated.
The desired ions entered the argon neutralization
cell, where electron-capture collisions converted
a fraction of the beam to D . The beam on emerg-
ing from the gas cell was passed through a set of
transverse electrostatic deflection plates which
deflected the charged component of the beam and
also quenched the metastable D(2s) state. The
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FIG. 1. Schematic dia-
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argon cell was evacuated for D' cross-section
measurements. Either ions or atoms entered the
Cs interaction cell, where D ions were formed.

The entire detector assembly rotated about the
axis of the Cs-vapor cell. Provisions were made
for rotations up to + 45', although the exit aperture
of the Cs cell limited useful scans to +7'. Between
the Cs cell and detector assembly, a retractable
Faraday cup for secondary emission measured the
total beam. The detector chamber housed a para-
bolic 45' electrostatic analyzer with two funnel-
type channel electron multipliers.

Attached to the sides of the collision chamber
were two mater-cooled copper plates which quickly
reduced the cell temperature when water flowed
through the cooling system. To prevent Cs vapor
from contaminating the vacuum 'system and de-
tectors, the Cs cell and oven were placed inside a
water-cooled cylinder 12 cm in diameter. This
entire assembly was pumped with a liquid-nitxo-
gen-trapped diffusion pump. For Cs- vapor px'es-
sures of 10 ' Torr the pressure in the region sur-
rounding the cell was less than 5 ~ 10 ' Torr.

8. Cesium ceH

The cesium cell was made of a stainless-steel
block 3.9 cm wide and 2.8 cm long. Mounted by
a screw connection to the collision chamber was
the cesium reservoir, 2.5 cm long and 1.5 cm in
diameter. The 1-mm-diam entrance aperture was
milled to a knife edge to minimize slit scattering,
whereas the exit aperture was a 2 ~ 6 mm slit. The
scattering chamber was heated by four tantalum
wire coils wound on a quartz rod and placed in
four cavities bored lengthwise in the stainless-
steel block. With the screw-type connection the
temperature in the collision chamber was always
greater by a few degrees than that of the Cs res-
ervoir, such that the Cs-vapor density could be
determined from the reservoir temperature.

Chromel-Alumel thermocouples mere attached
to the Cs cell and the xeservoir. The thermo-
couples were calibrated at 100 and O'C, with the
temperature being known to an accuracy of better
than 0.5'C. Data were taken for reservoir tem-
peratures from 75 to 160'C. The Cs-vapor den-
sity was calculated from available vapor-pressure
data. ' ' Cesium-vapor density-temperature data
mere taken from thse papers, and a curve was
fitted to the data points, as shown in Fig. 2; we
used these values in relating temperature to Cs-
vapor density.
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FIG. 2. Vapor pressure of Cs as a function of the oven
temperature. The data have been derived from an eval-
uated set of Cs-vapor pressures of Hultgren, published
values by Nesmeianov and measurements by Marino
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C. Detection system

The detection system is the same as that de-
scribed previouslye and included a Faraday-
eup secondary-emission detector. The D' was
measured directly, and the D' flux was mea-
sured first by determining the secondary emission
coefficient for D' on the copper target and then
assuming that the emission coefficient was the
same for D' and D' in this energy range. "
During the measurements with Cs in the colli-
sion cell and with incident Do, the total D beam
was assumed to be the sum of D' and D', as mea-
sured by seconda, ry emission. The secondary-
emission coefficient was measured frequently;
when changes greater than 10% mere observed,
the detector was cleaned.

The 45' parabolic analyzer has been described
by Harrower. " An aperture was cut in the rear
plate of the analyzer such that the neutral beam
entering through the entrance aperture (1 mm)
could be monitored. Both the ion and neutral
components were counted by funnel-type charmel
electron multipliers. Since the total beam was
measured by a secondary- emission detector, care-
ful precautions were taken in converting the D-
multiplier counting rate to current flow. To make
this conversion the D and D+ counting efficiency
was calibrated by comparing a known D or D'

beam, as measured by a Faraday cup, with the
multiplier counting rate. Since channel electron
multipliers saturate at low counting rates, it
was necessary to calibrate the multiplier at count-
ing rates less than 10' sec ' and operate in the
charge- saturated mode.

Shown in Fig. 3 are the counting efficiencies as
a function of energy for both D and D' when the
front end of the multiplier was grounded and the
collector end was maintained at -3 kV. In addi-
tion, the front of the multiplier was covered with
a 94% transmission grid to ensure uniform re-
sponse over the multiplier aperture. The data
shown were corrected for this transmission fac
tor.

In this experiment the basic angular distribu-
tion is smeared owing to three factors: the angu-
lar distribution of the beam entering the cesium
cell (8a), the finite resolution of the ion detection
(8~), and the finite size of the reacting volume
(8„), which can contribute to the smearing owing
to the beam radial dimensions and the vapor cell
length. From the geometric configuration the
resolutions were calculated as follows: e~ = 0.5
mrad; 8~=1.9 mrad; 8~~1.8 mrad (for angles
less than 1'). The total resolution can be char-
acterized by the root-mean- square resolution of
2.7 mrad (0.15'). The expected resolution cor-
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FIG. 3. Efficiency of a funnel. -type channel electron
multip1ier for D and D+ iona. Multiplier entrance
grounded.

responds closely to the measured resolution of
the neutral beam.

Several sources of errors are present. Possible
sources of systematic errors are as follows: (1)
effective path length, (2) density determination,

Kith D' or D' incident on the Cs cell, the total
current Io was measured by the secondary-emis-
sion detector The .D [I(8, P)] scattered through a
solid angle dO was determined by the channel
multiplier as the assembly was rotated about the
Cs-cell axis. Both sides of the 0 scattering
angle mere scanned to ensure symmetry and to
locate the 0' angle. The differential scattering
cross section mas determined by the relation da
=I(8, P) dQ/Igd, where n is the target density
corrected to standard temperature (272'C) and I
is the effective path length. The total cross sec-
tion mas derived by integrating the differential
cross section over 8 and (tb:

o,- =2m sined8,d(F]

0

where i is the incident charge state, 0 or +.
Equilibrium values mere determined by increasing
the Cs-vapor density to the values where I (8, $)l
Io wa, s independent of n. Integrating these values of
I (8, @) and dividing by I, resulted in the equilib-
rium fraction of D .
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(3) measurements of total beam (4) ulangular

th
resolution and integration (5)
he scattered beam, and (6) detector calibration.

o e s cell mas 2.54The geometric path length of the Cs
cm. Because of molecular streaming of the Cs,
the geometric path length mu t bus e increased.

entrance
is length has been increased b th

en rance aperture diameter and the effective exit
diameter, which was defined th d'as e iameter of a
circle whose area is equal to thato a of the 2x6 mm

these
slit. The effective path length was 3 03 cm when

len th.
ese corrections were added to the o e geometric
ng . This is a 19% correction. The er

engt from this correction was estimated
to be no more than + 4%.

Thhe largest source of error in the r
surements r

r in e present mea-
en s arose from the determination of th

nsi y. o assess this error is very dif-
ion o e

ficult' ; probably the best assessm t ' then is e scatter

in the
of the data points in Fig. 2. At 105'C the scatter
in he vapor-density data is +23% The uncertainty
in the temperature added thano er +2~ to this
error, giving a total uncertainty of + 25%.

In determining the incident D' intensity, the
assumption was made that th das e secon ary-emission
coe icients of D' and D were equal at the same
energy. Previous measurements" ha
that the see secondary-emission coeff' '

nt for H'

was greater than that of H' f
th an 20 keV.

or energies greater
V. Extrapolation of this data to the

present energy indicated that we underest' t deres imated
ux y +&0. This error did not apply to the

D' flux determination.
cross section toIn integrating the differential cross t

to multi l do b
obtain the total cross secti th f'ion, e irst step was
o multiply do by sin8 before integrating over 8.

In essence this gave the scattering into an anRn Rng ' Ri'

s approaches zero, the quantity I (8)
xsin8 approaches zero, as shown F' 4 f' energies. This behavior is a result of the
finite solid angle of the detector and
lution

an r reso-
ion of the finite solid angle of the do e etector and

angu ar resolution of the beam geometry. How-
ever, in a followinowing gaper we have shown that
if one integrates the f(8)s 8 8in vs curve, total

a few erc
cross sections were obtainable th te a were within
a ew percent of the total cross sections mea-
sured dirirectly. No corrections to the data have
been made for this feature.

Cross sections'ons would be underestimated if the
energy acceptance window of the mult' l'
less th

m ip ler WRS

han the energy spread of the D b
ener res

e earn. The
gy resolution of the analyzer was 11% A

5 keV thV the energy window was 55 eV wide, which
was greater than the energy spread of the D
scattered beam
the D beam

This was verified by scann'
am across the analyzer exit aperture
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(1 cm and determ'etermining the beam profile. The
profile was Qat in the central region, indicatin
that the total Da beam was being measured b

region, indicating

the detector. The detector calibration was r b-
y

ably within + 3
was pro-

i in + . The total error involved in the
cross-section data is best expressed as the root-
mean-square error of + 26%.

An additional difficulty mas encountered in mea-
suring the particle currents t h h
densities (nl-6&&10' cm ) At tar et d

a ig cesium target

D -fract
roac ing equilibrium charge conditions th

action data points scattered by + 30%.
e

III. RESULTS AND DISCUSSION

In measuring the double electro - t
section

ron-cap ure cross

that the m
tions, precautions must be take en to assure

~ ~ ~ ~

e measurements mere mad de un er single-
y e procedure in-collision conditions. . Usuall the

vo ves detecting the formation of the ne
as the collision-

'on o e negative ion
co ision-cell pressure is increased h

d result in R linear slope for the ne
w ich

fraction as a fun
or e negative

electr
a function of the pressure F dor ouble

ctron capture of protons in h din y rogen, the linear
section of the curve is valid onlo y over a small
region above the residual pressure. In th
me

re. e present

sin le-
asurements a more sensitivi ive in ication of

sing e- collision conditions exists. The sha p

be inde end
i scattering cross sections sh ld

p ent of the cesium target density.
s ou
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Shown in Fig. 5 are the differential scattering
cross sections for double electron capture for
1-keV deuterons in cesium at target densities (nl)
between 2.8 x 10 and 2.2 x 10 cm . For the
lowest densities both the magnitude and shape of
the cross sections are the same within the ex-
perimental error. All cross sections were taken
with target densities less than 3 ~ 10" cm '. Sim-
ilar results were obtained for 1.5-keV D' in
cesium vapor; the differential cross sections are
shown in Fig. 6 for the single-capture process. In
this case the cross sections were less sensitive
to target density than for the double electron-
capture process. As can be seen in both Figs. 5
and 6, the scattering from the electron-capture
processes is predominately in the forward
direction, which is characteristic of small mo-
mentum transfer in electron-capture collisions.
In all cases, as the target density is increased
to the pressure at which multiple collisions pre-
vail, the angular distributions become wider. For
example, as the target density was increased
from 2.8X10" to 9.6&&10" cm ', the angle at
which the differential cross section was 9 x 10""
cm lncx'eased from 0.6 to 2.2 .

The differential scattering cross sections for
the double electron capture (D'+ Cs- D + Cs")
are shown in Fig. 7 for energies of 0.5-3.0 keV.
It is inteI esting to obseI ve that the cross sec-
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FIG. 6. Differential scattering cross sections for D
formation by 1.5-keV Do incident on Gs vapor as a func-
tion of the scattering angle for three Gs target densities.
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FIG. 5. Differential scattering cross sections for D
formation by 1-kev D+ incident on Gs vapor as a func-
tion of the scattering angle for five Gs target densities.

tions for 0' scattering fluctuates only 10%% from
a mean value for the five different energies,
whereas at 2' scattering the cross section de-
creased by a factor of 2.5 as the energy was in-
creased from 0.5 to 2.5 keg. Similar data. for
the single electron-capture process (D'+ Cs-D
+Cs') are shown in Fig. 8.

Integration of the differential cross sections to
obtain the total cross sections involves first
plotting the quantify f(8) sm8d8 as a function of 8
and obtaining plots similar to those shown in Pig.
4. The value of f(8) sin8d8 is the scattering cross
section into an annular cone of width d8. These
curves are integrated over 8 to obtain the total
cross sections, as shown in Fig. 9 for both the
double and single electron-capture processes.
The data indicate that the single electron-capture
cross section o~ is a maximum at energies of
0.5-1.0 keg. As the incident energy decreases,
the double electron-capture cross section in-
creases down to the lowest energy at which the
cross section ls measured. This energy depen-
dence was unexpected, since the second Cs
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electron is bound by 25.1 eV. This behavior
suggests that the single collision is a two-step
process involving curve crossing. At some dis-
tance B„as the deuteron approaches the Cs atom,
the separated atom potential curve crosses the
2s or 2P level of the D(n =2)cs' curve. For some
collisions the D atom penetrates further until
a crossing of the D Cs" curve forms a D ion
and leaves a Cs2' ion. Thus it is possible through
curve crossing to have a two-step process in a
single collision. This process is examined in more
detail for double electron capture of D,' to form
D in one of the following papers.

Also shown in Fig. 9 are the results for single
electron-capture cross sections as measured by
Schlachter et al. ' for D in Cs. At 2 keV their
results are 50 jp greater than the present results,
and the cross sections decrease more slowly with
increasing energy than in the present measure-
ments. The double electron-capture cross sec-
tions are compared with GrQebler et al. ' in Fig. 9.
Again the cross sections of GrQebler et al. are
higher, but the energy dependence is approxi-
mately the same as in the present results. Both
measurements of v, , are within the experimental
error.

D equilibrium fractions were determined as a

10 2O

e (deg)

FIG. 8. Differential scattering cross sections for the
inelastic collisions D +Cs D +Cs+.

function of D' and D' incident energy. The frac-
tion decreased from 0.10 at 0.5 keV to 0.04 at
2.5 keV. These values are less (a,s much as a
factor of 2-3) than the equilibrium fractions mea, —

sured by Schlachter et al, ' and Meyer and Ander-
son' for incident deuterium particles and by
Bohlen et al. ' and GrQebler et aL' for equivelocity
protons. The energy dependence of the present
measurements and those of GrGebler et al. and
Meyer and Anderson are essentially the same.
No evidence was found of a maximum in the neg-
ative fraction at 1.5 keV, as found by Schlachter.

D fractions for incident D' were consistently
less than those for incident D' by approximately
10%, which implies a Cs-vapor density less than
that required for charge equilibrium. Measure-
ments by Pradel et al."indicated the minimum
cesium target thickness for charge equilibration,
using a 1-keV D beam, was at least 1.2 &&10"
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FIG. 9. Total cross sections for double electron cap-
ture (o'& &) and single electron capture (op &) for deu-
terium particles in Cs vapor. Plotted for comparison
are the D measurements of Schlachter et a/. for op
and H' measurements of Gruebler et al. for o1 g. The
H+ energies have been multiplied by 2 for comparison.

is small compared to the electron-capture cross
section. Thus the target thickness would be
greater for producing charge equilibrium for D,'
than for D' or D,+.

Of great importance to the designer of a neg-
ative-ion accelerator in which the negative ions
are produced in a vapor cell is the angular di-
vergence of the negative-ion beam as it leaves the
vapor cell. We have chosen to characterize the
angular divergence as the cone angle into which
50% [8(0.5) J and 90Vo [8(0.9)] of the negative beam
is scattered. The cone angles for D formation as
a function of the D' incident energy are shown in
Fig. 10, and for the D' incident energy in Fig. 11

cm '. Because of the cesium-cell geometry, the
maximum cesium target density was 9 x 10" cm '.
This lower density would result in an underestima-
tion of the D fraction by 17 jg. However, a plot
of the D differential cross sections integrated
over all scattering angles as a function of the Cs-
vapor density indicated saturation of the D frac-
tion within the scatter (+ 30/o) of the data points
at the higher vapor densities. Other equilibrium
measurements with D,' incident on the cesium cell
indicated that charge equilibrium was not achieved
at the highest cesium density obtainable. With
incident D, the D fraction per incident nucleon
was the same as that D' or D' at comparable tar-
get densities [(7-9)x 10" cm ']. These obser-
vations suggest that the D,' ion captures an elec-
tron with a high degree of probability into the
repulsive ground state of the D, molecule, which
immediately forms three D', whereas D, captures
an electron into the stable ground state. At these
energies, the probability or cross section of D,
collisional ioinization or direct D,' dissociation
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FIG. 11. Cone angl. es into which 50% and 90% of the
D are scattered for single and multiple collisions.
D incident on Cs. nl -8x 10~4 cm for multiple-col-
l.isions measurement.
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for both single and multiple collisions. For both
D' and D incident the D ions were contained in a
cone less than 0.4' at 0.5 keg and less than 0.1' at
2.5 keV under single- collision conditions. For
single collisons the cone angles into which 50%
of D is contained were essentially the same for
either D' or D incident. For multiple collisions
(nl-9 x 10" cm ') the 8(0.5) curves are the same,
within experimental error, for D' and D' incident
on the cesium cell. However, both the magnitude
of the scattering angle and energy dependence are
different for 8(0.9) with D' and D' incident. These
results were repeatable within the experimental
accuracy of the measurements. One would expect
that under equilibrium target densities the 8(0.9)
curve would be independent of the charge of the
incident particle.

The discrepancy in the magnitude of the D

equilibrium fraction by a factor of 2-3 is sur-
prising, since this is a rather easy parameter to
measure. In the present measurements the tar-
get gas density needed to produce charge equilib-
ruim may be low, such that the quoted equilib-
rium fractions are low by 20/g. However, the
largest uncertainty probably arises from the
difficulty in determining the absolute D' current
in the presence of Cs vapor. %e are unable to
elucidate the D scattering into 8(0.9) cone angles
at the present time. Further experimentation
is planned to explore the interactions of D', D',
D,+, and D,' at the higher Cs-vapor pressures.
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