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The differential scattering cross sections have been determined for electron detachment from a 
C1- ion colliding with an argon or sodium atom or with a CO molecule at energies of45,100, and 
200 keV. A dynamic detachment mechanism acting at high impact parameters was found to play 
a considerable role. Inelastic scattering of chlorine atoms was observed for the Cl--Na pair. 

Detachment of an electron from a negative ion, which 
usually does not have long-lived excited states, represents a 
transition from the only bound state to a continuous spec- 
trum and therefore represents a suitable topic for experimen- 
tal and theoretical studies. The interest in such detachment 
is partly due to the fact that in the case of the H- ions it is one 
of the main processes used in injectors suitable for thermo- 
nuclear reactors. 

The detachment mechanism depends on the collision 
velocity. For ugu,, where v, is the 'orbital" velocity of a 
weakly bound electron, in the case of internuclear distances 
R < R,, where R, corresponds to the equality of the potential 
energies of the quasimolecular systems (AB)- and 
(AB + e ) ,  a weakly bound electron goes over to a contin- 
uous spectrum. This mechanism will be called quasimolecu- 
lar and it can be described by the complex-potential method1 
or by a zero-radius  potential,'^^ and in the latter case it is 
possible to allow for the contribution of transitions under the 
barrier which occur when R > R,. 

In the velocity range v > v, detachment results from the 
scattering of a weakly bound electron on an atom or mole- 
cule in a target. We shall call this the dynamical mechanism: 
it can be described both quantum-mechanically4 and by clas- 
sical models.526 For v$v,, the detachment problem can be 
solved by the Born method. 

The velocity range v<v, is intermediate between the 
two other cases. In our earlier paper6 we analyzed the total 
cross sections a, for the detachment of an electron from a 
C1- ion and we concluded that both these mechanisms were 
active simultaneously, and that the contribution of the dy- 
namic mechanism increased with the velocity. The possibil- 
ity of simultaneous action of both mechanisms in the case of 
the H- ions was pointed out also in Ref. 7 reporting work 
carried out independently and simultaneously with us. 

An investigation of the scattering in the course of de- 
tachment of an electron from a negative ion provides more 
detailed (compared with measurements of the total cross 
sections) information on the process and in particular on the 
transition from one detachment mechanism to another not 
only when the velocity is varied, but also when the impact 
parameter is altered. 

We determined the differential scattering cross sections 
du/dR of C1- ions of energies 45, 100, and 200 keV corre- 
sponding to velocities of 0.23,0.34 and 0.48v0, where u, is the 
atomic unit of the velocity. The orbital velocity of a weakly 
bound electron in a C1- ion is u, = 0 . 7 3 ~ ~  (Ref. 6). Our 
targets were the atomic Ar and Na, which we used earlier,6 
as well as CO molecules. These targets were selected because 

the scattering of the C1- ions by the atoms of Ar and Na had 
been investigated in the range v -4 v, and reported in Refs. 8 
and 9, respectively. It was shown in Ref. 8 that at ion ener- 
gies 0.75(E(2 keV the detachment process is governed by 
the quasimolecular mechanism, which is the reason (in par- 
ticular) for the threshold value of the angle. When the ions 
of C1- were scattered by Na in the energy range 0.5(E( 1 
keV (Ref. 9),  only the elastic scattering was observed and 
the inelastic cross section was too small to measure. We dem- 
onstrated earlier6 that in the energy range 20 < E < 200 keV 
the cross sections were ui > 1 X 10 - l6 cm2. They increased 
with the velocity, in accordance with the dynamical mecha- 
nism model developed in Ref. 6. 

Collisions of negative ions with some molecules 
(C0,N2,C02) make it possible to observe a third mecha- 
nism of detachment via charge exchange, yielding an un- 
bound resonant state of a molecular negative ion, which then 
decays. Our determination of the total cross sections for the 
detachment of an electron from various negative ions collid- 
ing with CO molecules indicated that these cross sections 
have a strong maximum at ion velocities close to the veloc- 
ities corresponding to a shape resonance (2rI) in the scatter- 
ing of a free e l e ~ t r o n . ' ~ ~ ' ~  The recent investigations of the 
detachment of an electron from the C1-, F-, and H- ions 
colliding with  molecule^'^-^^ also demonstrated that charge 
exchange plays an important role, yielding an unbound dis- 
crete state (this was deduced from an analysis of the energy 
spectra of the atoms and free electrons formed in the detach- 
ment process), but there are practically no data on the scat- 
tering of atomic particles at velocities close to the resonance 
value. 

EXPERIMENTAL METHOD 

Ions were generated using a high-frequency source by 
admission of carbon tetrachloride vapor into a chamber. 
Negative ions were formed as a result of charge exchange 
with suitable positive ions in the output channel of the ion 
source. Next, a beam of negative ions was focused and accel- 
erated to the required energy. After magnetic analysis and 
collimation a beam entered a collision chamber filled with a 
gas or a vapor. The scattered particle beam emerging from 
this chamber crossed a transit region and reached a fixed 
detector in the form of a chevron array of two 60-mm micro- 
channel plates. The collimator consisted of two vertical slits 
10 pm wide and 0.6 mm high separated by a distance of 80 
cm. The length of the collision chamber used in the case of 
gas targets amounted to 16.5 cm. A sodium vapor target was 
constructed as described in Ref. 16 and in this case the length 
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of the collision chamber was 1 1  cm. The length of the transit 
region (from the center of the chamber to the detector) was 
327 cm. A measuring slit 35 p m  wide and 4 cm high was 
placed in front of the detector. The thickness of the gaseous 
target used in the cross section measurements was less than 
or equal to 2 X  1014 cm-2 and the thickness of the sodium 
vapor target was 0.5 X loL4 cm-', which ensured that the 
collisions were single. 

The angular dependences were obtained by applying 
steplike voltages to a pair of vertical plane-parallel plates 
located directly in front of the collision chamber. The signal 
intensity was measured for each value of the potential differ- 
ence between the plates. This was a modification of the fa- 
miliar method used in determination of the beam divergence 
(see, for example, Ref. 17). The signals from the detector 
and the step voltages from the plate were picked up by an 
automatic system controlled by a microcomputer which was 
linked to a counter and a digital-analog converter. The pro- 
file of a beam scattered by the target (representing the de- 
pendence of the beam intensity on the deflection angle of the 
primary beam) was defined as the difference between the 
profiles obtained at working and residual pressures in the 
collision chamber, which made it possible to avoid the errors 
associated with the scattering on slits and in the residual gas. 

The angular dependence of the differential cross sec- 
tions was investigated by subjecting the experimental curves 
to a reconstruction procedure similar to that described in 
Ref. 18. This was necessary because ribbon-shaped beams 
and an extended slit in front of the detector were used in our 
experiments. The absolute values of the differential cross 
sections of the detachment process were obtained by cali- 
brating curves normalized to the total cross sections we de- 
termined earlier6; the absolute elastic scattering cross sec- 
tions were formed from the geometrical parameters of our 
experiments. By way of control, we determined the absolute 
differential cross section for electron detachment in the case 
of a CI-Ar pair at an energy of 100 keV and we compared the 
results with the cross section obtained by the calibration 
method; the curves disagreed by less than 20%. 

RESULTS OF MEASUREMENTS AND DISCUSSION 

CI--Ar pair 

The measured differential cross sections for the detach- 
ment of an electronpi, and of the elastic scatteringpi, of the 
C1- ions are plotted in Fig. 1 using reduced coordinates 
p = (dc/dR) B sin B and T = BE ( 8  is the scattering angle). 
For comparison, this figure includes also the results of Ref. 8 
for E = 2 keV, normalized to the total cross section using the 
data from Ref. 19. Figure 2 shows the dependence 

deduced from the experimental data. Using model represen- 
tations developed in Refs. 8 and 20, we concluded that the 
function Pd (T)  approximately described the detachment 
probability, whereas the relationship between the impact pa- 
rameter b and the reduced angle .r could be obtained by cal- 
culating the elastic scattering on the Cl--Ar potential.' In 
this approximation the value R, = 3.39a, (a, is the Bohr 
radius) corresponds to a reduced angle T, = 1.26 keV.deg. 
The curves in Figs. 1 and 2 show that an increase in the 
collision velocity increased the contribution made to the to- 

FIG. 1 .  Differential cross sections of the processes of detachment (contin- 
uous curves) and elastic scattering (dashed curves) obtained for theC1-- 
Ar pair at energies E = 45 keV ( a ) ,  100 keV ( 0 ) ,  and 200 keV ( A ) .  The 
chain curves represent the results of Ref. 8 for E = 2 keV. 

tal scattering by those processes which occured at values of 
the parameters considerably exceeding R,. This was in con- 
flict with the conclusion reached in Ref. 21, viz., that the rise 
of the total cross section in the range E > 10 keV was due to a 
growing contribution of the detachment via the formation of 
excited states Cl* and Ar*, because (as shown in Ref. 22) , 
such processes occured at parameters much smaller than R,. 

As shown in Ref. 3, some increase in the detachment 

FIG. 2. Electron detachment probabilities for a Cl-Ar pair at energies 
E = 45 keV ( a ) ,  100 keV ( O ) ,  and 200 keV ( A ) .  The chain curve repre- 
sents the calculated probability of subbarrier transitions at energies 
E = 45,100, and 200 keV (an increase in the probability at a fixed value of 
T corresponds to an increase in the energy ); the dashed curve represents 
the results taken from Ref. 8 and obtained at E = 2 keV. 
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probability in the r < r, case with increasing velocity can be 
attributed to an increase inthe contribution of subbarrier 
transitions. We used a calculation method developed in Ref. 
3 to obtain the relevant estimates and we employed param- 
eters determined on the assumption that in the range T < T, 

at E = 2 keV the dependence Pd (7) was governed by subbar- 
rier transitions. The results of our calculations, also plotted 
in Fig. 2, demonstrate that a strong increase in the probabili- 
ty of detachment in the range r < r, as a function of the ve- 
locity cannot be explained simply by an increase in the con- 
tribution of subbarrier transitions. Moreover, the 
contribution of subbarrier transitions cannot account for the 
experimentally observed monotonic rise of the differential 
detachment cross section doio (6)/dfl  as the scattering an- 
gle decreases down to 6 = 0 [allowing for the resolution 
amounting to At9 = (2-3) x 10' rad]. 

The rise of the detachment probability in the range 
r < r, which we observed and the associated shift of the 
maxima of the reduced cross sections toward lower reduced 
angles can be explained by an increase in the contribution of 
the dynamical detachment process typical of fast collisions. 
Estimates of the differential detachment cross section as a 
function of the scattering angle,' based on the scattering of a 
weakly bound electron, confirmed the monotonic rise of the 
cross section in the limit 8 - 0. 

In the range r > ro we can see from Fig. 2 that the func- 
tion P, ( r )  agrees well (at the energies used in our study) 
with the corresponding dependence for E = 2 keV. Hence, 
we may conclude that at low impact parameters the quasi- 
molecular detachment mechanism predominates. There- 
fore, the results of our measurements confirm our earlier 
conclusion6 that two detachment mechanisms exist simulta- 
neously in the intermediate range of velocities and a transi- 
tion takes place from the quasimolecular to the dynamical 
mechanism as the particle velocity increases. Rough esti- 
mates of the contribution of the dynamical mechanism to the 
total detachment cross section, obtained from the depen- 
dence Pd (7) (Fig. 2),  demonstrate that an increase in the 
energy from 50 to 200 keV changes the contribution of the 
dynamic mechanism from 30 to 75 %, which is in satisfac- 
tory agreement with the results of a calculation reported in 
our earlier paper.6 

CI--Na pair 

The results of measurements of the differential cross 
sections for the detachment of an electron at energies of 
E = 45, 100, and 200 keV and also of the elastic scattering of 
E = 45 keV C1- ions are plotted in Fig. 3 using the reduced 
coordinates. This figure includes the elastic scattering cross 
section calculated by a semiclassical method described in 
Ref. 9. The dependencepii ( r )  reveals clearly a maximum of 
the rainbow scattering at a calculated position correspond- 
ing to a reduced angle of r, = 0.107 keV.deg. 

Thepi, ( r)  curves have two maxima. The first, lying in 
the range r > 1 keV.deg and corresponding to small impact 
parameters, makes the dominant contribution to the total 
detachment cross section, which-as shown in Ref. 6-is 
governed by the dynamical mechanism. Note that the posi- 
tion of the plateau on the calculation dependence pi7 (7) 
corresponds to the internuclear distance at which the 3p 
shell of the C 1  ion overlaps the 2p shell of the Na atom. 

FIG. 3. Differential cross sections of detachment and elastic scattering 
processes for the C1--Na pair. The continuous curves represent detach- 
ment at energies E = 45 keV (@), 100 keV (O), and 200 keV ( A ) .  The 
black triangles represent elastic scattering at E = 45 keV. The dashed 
curve is calculated for the elastic scattering by the semiclassical method. 

The second maximum, located in the range of reduced 
angles close to r, , is due to rainbow scattering. The appear- 
ance of a rainbow in the inelastic interaction case is in this 
case due to the fact that the loss of an electron for impact 
parameters close to 5a, i.e., close to the value of R corre- 
sponding to the reduced angle r,, causes a transition of the 
system to the ground term (Na+ClP)  resulting from the 
ionic binding and exhibiting a minimum in the above-men- 
tioned range of the internuclear  distance^.^ 

On the whole, the behavior of the differential detach- 
ment cross section for the Cl--Na pair exhibit the same 
characteristics typical of the dynamical mechanism as does 
the Cl--Ar pair: the reduced cross section rises with energy 
at low reduced angles, the main maximum (which is not 
associated with the rainbow) shifts toward lower values of r 
as the energy increases from 45 to 100 keV, and the differen- 
tial cross section doi, ($ ) /do  rises in the limit 6-0. 

CI--CO pair 

The results of measurements of the differential detach- 
ment cross sections for this pair are presented in Fig. 4. This 
figure also includes, for the sake of comparison, the depen- 
dences pio (7) for C1--N2 ( 148 eV) and F--N2 ( 1 keV) 
pairs, which are plotted using the data taken from Refs. 13 
and 15, respectively. The similarity of the structures of the 
C1- and F-  ions and also of the properties of the N? and CO 
molecules allows us to use these data in rough comparisons. 

The dependencepi, (7) determined in the present study 
for E = 45 keV has two maxima; raising the energy increases 
the first maximum corresponding to low values of T, whereas 
the second maximum located at r z  1 keV.deg falls steeply. 
The main contribution to the total cross section comes from 
the first maximum and, as pointed out above, in this range of 
energies the total cross section is governed by the process of 
charge exchange creating an unbound state 211 of the CO- 
ion. Hence it is natural to assume that the first maximum of 
the dependence pi, (7) corresponds to charge exchange pro- 
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FIG. 4. Differential detachment cross sections for the Cl-CO pair at ener- 
gies E = 45 keV (O), 100 keV (O), and 200 keV ( A ) .  The chain curve 
represents the detachment cross section in arbitrary units for the CI--N, 
pair ( 148 eV) taken from Ref. 13, whereas the dashed curve is the detach- 
ment cross section, in arbitrary units, for the Fp-N, pair ( 1 keV) taken 
from Ref. 15. 

ducing an unbound state at higher values of the impact pa- 
rameters, whereas the second maximum represents detach- 
ment resulting from the crossing of a surface representing 
the potential energy of the original C1- + CO system by a 
surface representing the boundary of the continuous ipec- 
trum (C1+ CO + e). This view is supported by the posi- 
tions of the maxima of the dependences pi, (7) observed for 
the CI--N2 and F--N2 pairs at low energies when the quasi- 
molecular detachment mechanism predominates. 

The opposite assumption, that the initial term first in- 
tersects the boundary of the continuous spectrum and then 
charge exchange occurs at low parameters when the surfaces 
of the potential energy of the C1- + CO and C1+ COP sys- 
tems intersect, cannot explain the large value of the cross 
section of this process. Hence, we may conclude that the 
process of detachment as a result of charge exchange to an 
unbound discrete resonant state should be regarded as the 
result of a direct interaction of a weakly bound electron with 
the target molecule and the description of this process 
should probably be based on the momentum methods, as was 
done in Refs. 14 and 23. 

We conclude with the following comments. Investiga- 
tions of the process of scattering of the C1- ions, accompa- 
nied by the detachment of an electron due to collisions with 
Ar or Na atoms and CO molecules, show that in the range of 
velocities (0.23-0.48)~~ the detachment may be due to sev- 
eral simultaneous mechanisms and their relative contribu- 
tion to the total cross section depend on the collision veloc- 
ity. In the case of the C1--Ar and Cl--CO pairs at velocities 
close to the lower limit of the range under consideration a 
considerable role is played by the quasimolecular mecha- 
nism which is due to a shift of the initial term to the contin- 

uous spectrum. An increase in the velocity in the case of the 
Cl--Ar pair causes the dynamical mechanism to dominate. 
The latter is characterized by a high probability of detach- 
ment at parameters greater than R, and an increase in the 
differential cross section doio (O)/dlR the scattering angle 6 
is reduced down to OzO. In the case of the C1--Na pair this 
mechanism is the only one throughout the rangeof velocities 
investigated. In the case of the C1--CO pair at velocities of 
(0.34-0.48) v, the dominant mechanism involves charge ex- 
change to the unbound state 'II of the CO- ion. Such charge 
exchange occurs at parameters exceeding R , which is the 
distance corresponding to the crossing of the C1- + CO and 
C1+ CO- terms. 

Collisions of the C1- ions with the Na atoms revealed a 
rainbow not only for the elastic scattering, but also for the 
inelastic scattering, which is explained by a similarity of the 
form of the interaction potential as a function of R for the 
Cl- + Na and C1+ Na systems. 

The authors are deeply grateful to V. V. Afrosimov for a 
valuable discussion of this work. 
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