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Electron-impact detachment from ClÀ
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Single-, double- and triple-electron-impact detachments from the Cl2 ion have been investigated over a
collision energy range of 0–95 eV. The experiment was performed at the ion storage ring CRYRING at the
Manne Siegbahn Laboratory. The Cl2 ions, produced in a sputter ion source, were injected into the ring and
accelerated to 2.7 MeV. Thereafter the ions were merged with an electron beam. The electrons served to cool
the ion beam. Then they were used as a partner in the electron-ion collisions. The products of the detachment
processes, Cl atoms, Cl1, and Cl21 ions, were detected after the interaction region with surface-barrier
detectors. The shapes of the cross sections for the single, double, and triple detachments show striking simi-
larities.
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I. INTRODUCTION

Electron detachment arising from the collision of an ele
tron with a negative ion is a fundamental process. The in
electronic interaction is relatively more important than f
positive ions and experimental studies on these systems
serve as sensitive tests for theoretical models. Pionee
work was carried out by Tisone and Branscomb@1#, Peart
et al., @2# and later by Brouillard and co-worker@3#. These
investigators used crossed-beam methods to determine a
lute electron-impact detachment cross sections for sev
different anions. The advent of heavy-ion magnetic stor
rings with electron coolers serving as targets has mad
possible to measure absolute cross sections for electron
tachment following electron impact even from zero collisi
energy with a very good energy resolution. Electron co
sions with both atomic and molecular negative ions ha
been investigated@4–11# utilizing the storage ring tech
niques. The ions are accumulated in the ring and make m
tiple passes through the electron target, thus enhancing r
tion rates. Prior to the detachment measurements, the en
spread of the ions is reduced by phase-space cooling
interactions with velocity-matched electrons. This leads t
considerable improvement in the energy resolution of
measurements. Most of the previous measurements inv
the detachment of a single electron. In this paper, we re
on multiple detachment as well as single detachment.

There is currently a growing database on measu
electron-impact detachment cross sections@12#. Calculations
of these detachment processes, however, have been fa
forthcoming due to difficulties associated with the dynam
of the detachment process@13,14#, which involves extensive
electron correlation in both the initial and final states of t
collision. In the initial state, the incident electron experienc
a repulsive long-range Coulomb interaction with the nega
ion and an attractive short-range interaction with the core
1050-2947/2003/68~1!/012712~8!/$20.00 68 0127
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the multielectron final state there exist one or more detac
electrons, in addition to the scattered electron. In both
initial and final states, the incident electron experience
Coulomb potential barrier and at low energies tunneling
involved. Correlation is expected to be particularly stro
near threshold, since the electrons are receding slowly f
the core@15#.

In addition to their intrinsic importance in understandin
few-particle interactions, negative ions also play an imp
tant role in many applications. Negative ions of the haloge
for example, are constituents of low-density plasmas use
material processing@16#. The ability to model such plasma
requires a detailed knowledge of cross sections for the p
duction and destruction of their negative ion constituents
electron impact. We have previously performed one su
study involving the electron-impact single-detachment cr
section of F2 @17#.

In this paper, we present recent measurements of abso
cross sections for the electron-impact detachment of o
two, and three electrons from the Cl2 ion over a range of
collision energies from 0 eV to 95 eV. These cross secti
will be designateds0 , s1 , ands21 , respectively. Specifi-
cally, the following processes have been studied:

s0 : Cl21e2→Cl12e2,

s1 : Cl21e2→Cl113e2, ~1!

s21 : Cl21e2→Cl2114e2.

This paper is organized in the following manner. Secti
II is an overview of the facility and the experimental proc
dures. Section III is a description of the methods used
analyze the data. In Sec. IV, the experimental results
©2003 The American Physical Society12-1
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FIG. 1. A schematic diagram of the heavy-ion storage ring CRYRING.
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presented and in Sec. V a discussion of the results is gi
Finally, in Sec. VI, the results of the experiment are summ
rized.

II. EXPERIMENT

The experiment was performed at the heavy-ion stor
ring CRYRING @18#, situated at the Manne Siegbahn Lab
ratory in Stockholm, Sweden. This facility was original
designed for the storage of highly charged positive ions
has since been used to great effect also in the studie
singly charged ion. Large ion currents can be produced in
ring by a multiturn injection method and electron coolin
@19#. The energy resolution in the collision process is sign
cantly improved by the use of phase-space cooling@20#. The
experimental facility is shown schematically in Fig. 1.

The Cl2 ions were produced in a cesium sputter i
source@21#. In this type of source, liquid cesium is evap
rated in an oven and ionized on a hot anode. The resul
beam of positive cesium ions is then accelerated toward
solid cathode target. The cathode material is chosen to
ciently produce the specie of interest by sputtering. In
present work, AgCl was used. The cesium, in addition
sputtering the cathode material, deposits a few monola
on the surface of the cathode. Sputtered atoms and molec
leaving the cathode pick up an extra electron from the
posited cesium to form negative ions. The ion current,
measured after a mass-selecting magnet, was typically a
microamperes. After extraction from the source at 40 k
the ions were injected into the ring and accelerated wit
nonresonant driven drift tube. The maximum ion energy
then 96(q/mion)2 MeV/amu, wheremion is the ion mass in
amu andq is the ion charge state. This value is determin
by the magnetic rigidity of the ring. In the present case,
Cl2 ions were accelerated to the maximum allowable ene
of 2.7 MeV.

The lifetime of the Cl2 ion beam in the ring was 3.0 s, a
a residual-gas pressure lower than 1310211 mbar. The finite
beam lifetime is associated with the fact that the ions can
neutralized in collisions with the background gas, which co
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sists mainly of H2. After about four lifetimes, the ion curren
had decreased to a value that was too small to perform
experiment, and the beam was dumped. In our case, e
experimental cycle, therefore, lasted 12 s. The ring cy
consisted of five stages: injection, acceleration, cooli
measurement, and dumping of the beam. The time dep
dence of the data accumulation is shown in Fig. 2.

During the cooling period, the ions interacted wi
velocity-matched electrons in the electron cooler in a coll
ear geometry. The electron beam is adiabatically expan
by the decreasing field between the superconducting ma
surrounding the electron gun (,3 T) and the field in the
magnets which guide the electrons through the coo
(50.03 T). This expansion reduces the transverse elec
temperature@22#. The transverse and longitudinal electro
temperatures in this particular experiment were 8 meV a
0.05 meV, respectively. The Coulomb interaction betwe

FIG. 2. The dashed curve in the top figure represents the e
tron energy in the laboratory frame as a function of the time a
injection. The open circles in the figure at the bottom show a typ
count rate on the SBD. The solid line is a curve fit to the data in
regions where the electron cooler was turned off.
2-2
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ELECTRON-IMPACT DETACHMENT FROM Cl2 PHYSICAL REVIEW A 68, 012712 ~2003!
the ions and the cold electrons causes a reduction in
thermal random motion of the ions. This is called pha
space cooling. At this stage, the collision energies were
sufficient to detach the extra electron from the Cl2 ion. After
the ions had been cooled, the electron velocity was detu
from the velocity-matched condition in order to create a
nite collision energy in the center-of-mass frame,Ecm , given
by

Ecm5~AEe2AEcool!
2, ~2!

where Ee is the average electron energy in the laborat
frame andEcool is the electron cooling energy, i.e., the e
ergy of the electrons at the cooling condition when the el
trons and ions have the same average velocity. In this exp
sion, the reduced mass of the electron and ion
approximated with the mass of the electron. Furthermore,
threshold energy in the center-of-mass frame for the deta
ment reaction is much larger than the temperature of
electrons. The center-of-mass collision velocity is, therefo
taken to be the same as the detuning velocity, omitting
electron temperature. The drag force between the elect
and the ions is considered to be negligible in this case. F
beam of Cl2 ions at the full energy of 2.7 MeV, the electro
cooling energy is 45 eV in the laboratory frame. In t
present experiment, we used collision energiesEcm ranging
from zero to 95 eV.

Neutral and positively charged Cl fragments originati
from the detachment processes were detected after
emerged from the interaction region. Cl atoms were p
duced either from electron-impact-induced single deta
ment or from collisions with the background gas. These n
tral particles, unaffected by the magnetic field of the dip
magnets of the ring, followed their original trajectory an
emerged along a tangential path. They then impinged on
energy sensitive surface-barrier detector~SBD!, which was
placed in the zero-degree arm at a distance 3.5 m do
stream from the interaction region. The positive fragme
Cl1 and Cl21 were deflected out of the beam by the dipo
magnet along different trajectories due to their charge s
differences. A movable surface-barrier detector was use
this case. The signals from this SBD and the one used
monitor the production of Cl fragments were recorded us
multichannel scalers.

The magnitude of the ion current in the ring had to
determined accurately in order to establish an absolute s
for the cross sections. This was measured by the use of
transformer to be 0.055 mA directly after the accelerati
The ion current had to be determined separately from
other measurements due to the fact that the operation o
transformer required an ion current so large that it wo
have saturated the SBD. All the measurements were
normalized using the output of a scintillation detector. T
detector was capable of handling the destruction rate of
ions over a large dynamic range. The scintillation detec
was placed in the zero-degree direction in another sectio
the ring. The absolute cross section was determined by
relating the destruction rate measured by the SBD to
signal from the scintillation detector. The signal from t
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scintillation detector was then related to the absolute ion c
rent measurement recorded with the dc transformer.

III. DATA ANALYSIS

In this section, the general principles of how the expe
mental raw data were transformed into cross sections wil
described. This includes a discussion of how the data
corrected both for space charge and for the effects relate
the merging of the electrons with the ions in the cooler
gion.

The open circles in Fig. 2 show the total count rate on
SBD for the single-detachment process as a function of
time T after the ions were injected into the ring. The recor
ing of the signal started atT51.8 s when a flag in front of
the detector was opened. By this time, the ions already
been accelerated to full energy. The cooling occurred in
intervalT51.1–2.4 s. In the intervalT52.4–3.2 s, the elec-
trons are turned off. The decrease in the signal that occ
when the electrons at the cooling energy are turned off in
cates that positive ions are trapped by the electron beam
the cooler prior to this time. Collisions between the trapp
positive ions, mostly H2

1 , and the negative ions in the rin
produce neutral fragments that are detected. This contr
tion to the background disappears when the electron bea
turned off. AtT53.2 s, the electron beam is turned on aga
and the collision energy is ramped from 95 eV down to 0
in 1 s. The knee observed in the figure atT54 s corresponds
to the threshold for the electron-impact single-detachm
process. AtT54.2 s the electron beam is turned off and
T56.2 s the flag in front of the detector is closed again.

In the analysis, we define the measured count rateRmeas
as the sum of the rates for detachment due to collisions w
electrons in the cooler,Rsignal , and for collisions with back-
ground gas in the same ring section,Rbg . The time depen-
dence in all the expressions is omitted for clarity. The cro
sections is related toRsignal according to

Rsignal5Nion

lne

C
^vs&, ~3!

whereNion is the total number of ions stored in the ring,l is
the length of the region where the electron and ion beams
parallel ~the interaction region!, ne is the electron density
and C is the circumference of the ring.v is the relative
velocity between the ions,v ion , and the electrons,ve , e.g.,

v5uv̄e2 v̄ ionu. The expression̂ vs& in the equation indi-
cates that the cross section, in principle, has to be convol
with the electron velocity distribution,f (ve) @20#,

^vs&5E f ~ve!s~v !vd3ve , ~4!

where

f ~ve!5
me

2pkTe'
S me

2pkTei
D 1/2

expS 2
meve'

2

2kTe'
2

mevei
2

2kTei D .

~5!
2-3
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The quantityve is the electron velocity in the laborator
frame, me is the mass of the electron,ve' and vei are the
electron velocities due to the electron temperature,k is the
Boltzmann constant, andTe'/i are the parallel and perpen
dicular electron temperatures, respectively. It is customar
call ^vs& the rate coefficient. In this measurement, the c
lision energies for nonzero cross sections are relatively la
The temperature of the electrons are, therefore, negligi
This allows us to make the assumption that the relative
locity v is equal to the detuning velocity,vd5uve2v ionu and
^vs&5vs.

Rsignal is obtained by subtracting the exponentially deca
ing background rateRbg shown as a solid curve in Fig. 2
from the total measured count rateRmeas. The quantityRbg
is determined from an interpolation of a curve fit to the d
points accumulated before and after the electron ramp, w
there are no electrons interacting with the ions. The to
number of ions in the ring during the electron detachm
measurement,Nion , is derived from the measured neutraliz
tion rate on the scintillator detector,RN , acquired at the
same time. The normalized destruction rateRB5RN /Nion is
the same during the detachment measurement as durin
current measurement. In the latter case,RB can also be writ-
ten as

RB5
RN8
I ion

v ione

C
. ~6!

Here,RN8 is the neutralization rate measured with the sc
tillation detector during the ion current measurement,I ion is
the ion current, andv ion is the velocity of the ions in the
laboratory frame. The cross section, written in terms of
measurable quantities, can be expressed as

s5RB

C

nev l

Rmeas2Rbg

RN
. ~7!

The electrons in the cooler will not reach the energy c
responding to the potential on the anode of the cooler du
the space-charge potential produced by the electrons th
selves. This space-charge potentialVsp can be calculated us
ing the Poisson equation¹2Vsp(r )52r(r )/e0, wherer(r )
is the electron density at radial distancer from the center of
the electron beam. The space-charge potential in the elec
beam can be expressed as

Vsp5r~r !
r e

2

2e0
F0.51 lnS r ch

r e
D G . ~8!

In the equation,r e is the radius of the electron beam andr ch
is the radius of the vacuum chamber. The space-charge e
caused by the electrons in the cooler will be compensated
some extent, by positively charged rest gas ions trappe
the potential well produced by the electrons. These trap
positive ions, mostly H2

1 , will partially neutralize the space
charge and therefore diminish the predicted change in e
tron energy. The magnitude of this neutralization effect
estimated at the cooling condition when the electron velo
is equal to the ion velocity. The real electron energy can t
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be calculated from the velocity of the ions,Ee5mev ion
2 /2. At

cooling, the electron energy can be expressed as

Ee5Ecool2~12d!eVsp , ~9!

whereEcool is the electron energy at cooling as read on
power supply connected to the electron gun at cooling and
is a value of the neutralization effect. For other collisio
energies, tabulated values of the cross section for produc
of H2

1 are used to scale the neutralization effect and de
the correct electron energy. As a result of this effect,
electron energy is uniformly decreased by about 1.6
throughout the whole range of the collision energies.

Another important thing to consider in the analysis of t
cross section is that the electron beam is bent in and ou
the ion beam in the electron cooler by two toroidal magne
Detachment events from these regions will contribute sign
cantly to the signal on the SBDs. The collision energy, ho
ever, will be larger than that in the collinear part of the coo
defined by the electron and ion beams. A correction mus
made by subtracting the additional signal due to this toroi
effect. The real collision energyE(x,Ecm) is calculated as a
function of the positionx in the electron cooler and the nom
nal collision energyEcm . The rate coefficienta(Ecm)
5^vs& can be expressed in terms of the measured rate
efficient ameas(Ecm) minus a correction termDa(Ecm)
caused by the toroidal effect,

a~Ecm!5ameas~Ecm!2Da~Ecm!. ~10!

The correction can be written as

Da~Ecm!5 l 21E a„E~x,Ecm!…dx2a~Ecm!, ~11!

where the integration extends over the complete overlap
gion in the cooler.a(Ecm) is obtained from an iterative pro
cedure involving Eqs.~10! and ~11! by initially setting
a(Ecm)5ameas(Ecm). This correction reduced the cross se
tion by approximately 30% at all energies. This significa
correction is not unexpected since the toroidal regions ha
total length of 40 cm, which is an appreciable fraction of t
interaction length of 85 cm defined by the parallel beams

IV. RESULTS

Detachment arising from electron impact on the Cl2 ion
has been investigated over the collision energy range, 0
eV. Single-, double-, and triple-electron detachment cr
sections have been measured and the results are presen
this section. The error bars shown on selected cross-sec
data points in Fig. 5 represent the square root of the num
of counts in each data point. In Figs. 3 and 4, the correspo
ing error bars are smaller than the circles representing
data points.

Figure 3 shows the cross sections0 for the electron-
impact single detachment from Cl2 in the energy range 0
eV–95 eV. In this process, the incident electron detache
valence electron from Cl2, leaving a neutral Cl atom in its
ground state:
2-4
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ELECTRON-IMPACT DETACHMENT FROM Cl2 PHYSICAL REVIEW A 68, 012712 ~2003!
Cl2~3p6 1S0!1e2~e!→Cl~3p5 2P3/2!12e2~e!. ~12!

This process has a threshold according to the over-
barrier ~OTB! model around 10 eV. The OTB model is di
cussed in Sec. V. The cross section increases monotoni
from zero up to a maximum of 3.97(42)310216 cm2 at 40
eV. It then decreases linearly up to the largest measured
ergy of 95 eV. The electron affinity~EA! of Cl is 3.6 eV@23#.
The first excited state in chlorine, Cl* (3p44s 3P), has an
excitation energy of 8.9 eV@24#. The threshold for the reac
tion involving this state would then be at 3.6 eV18.9 eV
512.5 eV. Energetically this threshold is attainable, but
do not observe any structure in the cross-section curve at
energy. We, therefore, conclude that the residual Cl atom
left only in its ground state. The rise in the cross section p
to the model threshold most likely arises from tunneli
events.

Figure 4 shows the cross sections1 for the electron im-
pact double detachment:

Cl2~3p6 1S0!1e2~e!→Cl1~3p4 3P2!13e2~e!. ~13!

FIG. 3. The data points~open circles! represent the single
electron detachment cross section for electron impact on Cl2. The
solid line is a fit to the data using the OTB model in the ene
range 10–30 eV~see Sec. V!.

FIG. 4. The data points show the double-electron detachm
cross section of electron impact on Cl2. The solid line is a fit to the
data using the OTB model over the energy range 33–50 eV~see
Sec. V!.
01271
e-

lly

n-

e
is
is
r

The same argument cited in the case of the single detachm
can be used to show that the residual Cl1 ions are formed in
their ground state at all collision energies. The cross sec
increases monotonically to a maximum value of 5.7(
310217 cm2 at 60 eV. It then decreases linearly up to t
maximum measured collision energy of 95 eV.

For even higher collision energies, the incoming electr
can detach three electrons:

Cl2~3p6 1S0!1e2~e!→Cl21~3p3 4S3/2!14e2~e!.
~14!

The cross sections21 for this reaction is presented in Fig. 5
The reaction starts at 52.3 eV and rises monotonically t
value of 4.1310218 cm2 at the highest measured collisio
energy.

In Table I, we summarize the experimental results by p
senting the measured threshold energies together with
energies and magnitudes for the maximum cross section
each of the curves. Fors0, the total binding energy refers t
the electron affinity of Cl. In the case ofs1 , it indicates the
sum of the EA of Cl2 and the ionization potential of Cl~13.0
eV @25#!. In the case ofs21 , it represents the sum of the E
and the ionization potentials of Cl1 and Cl21, which is 23.8
eV @25#. The measured threshold energies are obtained
extrapolating an OTB model fit, as described in Sec. V.

The statistical uncertainties in the cross sections quote
our results originate from the signals produced by
surface-barrier detectors, the scintillation detector, and fr

y

FIG. 5. The data points show the triple-electron detachm
cross section for electron impact on Cl2. The solid line is a fit to the
data using the OTB model over the energy range 55–90 eV~see
Sec. V!.

TABLE I. The maximum cross sectionsmax for the single-,
double-, and triple-detachment processes. The error in the m
mum cross-section value is the total statistical uncertainty at thes
level.

Total binding Threshold smax Esmax

energy~eV! energy~eV! (10216 cm2) ~eV!

s0 3.6 10.1 3.97(42) 40
s1 16.6 28.6 0.57(6) 60
s21 40.4 52.3

nt
2-5
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the ion current measurement. It is, however, only the squ
root of the number of counts in the SBD signals that w
contribute to the scatter in the final cross-section data.
error bars shown in Fig. 5, therefore, represent only the
tistical uncertainties in the SBD signals. In Figs. 3 and 4,
corresponding error bars are smaller than the circles re
senting the data points. In the analysis of the cross sec
the signals from the scintillation detector and from the c
rent transformer were fitted to exponential curves. The
tistical fluctuations yielded an uncertainty in the fitting p
rameters. This contributes with an additional statisti
uncertainty of 9% and 7% at the maximum of the cross s
tion for the single and double detachments, respectively.
corresponding uncertainty in the case of the triple deta
ment is 12% at the maximum measured energy.

The dominant contribution to the systematic uncertai
arises from the measurement of the ion current~10%! and the
length of the interaction region~5%!. In addition, there is an
uncertainty in the electron current~2%!, the radius of the
electron beam~1%!, the circumference of the storage rin
~0.5%!, and in the revolution frequency of the ion
(,0.01%). The toroidal correction contributes to the to
uncertainty with 2%. Combining all these independent unc
tainties quadratically yields an estimated overall system
uncertainty of 12%. The detection efficiency is unity for bo
the SBD detectors.

The knowledge of the collision energy is limited by th
uncertainty in the estimation of the effect of the spa
charge. The space charge depends on the electron dens
the calculation of the density, one needs to know the elec
current, the radius of the electron beam, and the elec
velocity. In addition, the uncertainty in the determination
the cooling energy has to be considered. This will affect
whole energy scale, since the zero on this scale is determ
when cooling occurs. Furthermore, the nominal electron
ergy may differ from the energy defined by the power sup
due to the presence of contact potentials. An estimation o
these uncertainties adds up to 0.12, 0.18, and 0.23 eV a
threshold energies for the single, double, triple detachme
respectively.

The temperature of the electron beam and the ion be
ultimately determines the energy resolution. Since the i
are much heavier than the electrons, the ion velocity spr
does not significantly contribute to the energy resolution
comprehensive treatment of the energy resolution is mad
Neau @26#. In the present experiment, however, we do n
need the very high resolution, since the cross section va
smoothly over the whole energy range. Therefore, we col
the data in time bins of 5 ms. The change in the collis
energy during this dwell time results in an effective expe
mental energy resolution of 0.35 eV at the threshold for
single detachment and 0.71 eV at the end of the energy ra
For the double and triple detachments, we used a lon
dwell time to accumulate better statistics and the ene
resolution is correspondingly worse in these cases. It is e
mated to be 1.08 eV at the threshold for the double deta
ment and 1.25 eV at the threshold for the triple detachm
In both cases, it is 1.40 eV at the end of the ramp.
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V. DISCUSSION

In order to determine the threshold energy, it was nec
sary to apply a model equation that can be fitted to the
perimental data. For this purpose, we use a simple class
model developed by Pedersenet al. @6#. This OTB model can
be used to characterize the single-detachment cross secti
the vicinity of the reaction threshold. It makes use of t
impact-parameter formalism in which the cross section a
given collision energyEcm can be written as

s~E!52pE
0

`

P~Ecm ,a!ada, ~15!

wherea is the impact parameter andP is the probability for
the reaction to occur. In this model, the probability is rep
sented by a square distribution. If a certain reaction condit
is fulfilled, then the probability isp, otherwise it is zero. The
reaction takes place only if the kinetic energy of the inco
ing electron exceeds the electron affinity of the target at
plus the Coulomb energy lost by the electron at some ch
acteristic distancer th . This energy arises from the Coulom
repulsion between the incident electron and the negative
plus the centrifugal energy. Using this condition in Eq.~15!
allows us to write the cross section as

s~E!5ppr th
2 S 12

Eth

Ecm
D . ~16!

Similarly, the threshold for the reaction can be written as

Eth5EA1
1

r th
. ~17!

In reality, however, a reaction can take place at energies
low the predicted threshold energy as a result of tunneli
The measured cross section is not exactly zero at the mo
dependent threshold, but instead a tail is observed at
threshold energies. The OTB model can, therefore, only
applied in a region starting sufficiently above the observ
threshold so that tunneling can be neglected and ending
fore the maximum cross section has been reached.

The solid line in Fig. 3 illustrates how the OTB model h
been fitted to the experimental results for the sing
detachment process. The curve fit was made over the ra
13–30 eV. From this fit, we obtain a model threshold va
for the reaction of 10.1 eV. The EA of Cl is 3.6 eV@23#. The
additional collision energy needed to overcome the repuls
Coulomb barrier between the electron and the negative
is, therefore, 6.5 eV. The model threshold energy for
reaction is 2.8 times larger than the binding energy. This is
direct contrast to the situation of electron impact on posit
ions, where the Coulomb attraction produces a strong sig
at zero collision energy. The extra energy needed to o
come the Coulomb repulsion in the case of the detachmen
a negative ion is typically slightly more than twice the ele
tron affinity @6#.

From the OTB model, the probability for the single
detachment reaction isp50.86 if the incoming electron is
closer than 4.3 a.u. from the anion. The calculated radiu
2-6
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ELECTRON-IMPACT DETACHMENT FROM Cl2 PHYSICAL REVIEW A 68, 012712 ~2003!
a Cl atom is 1.84 a.u.@27#. Hence, this simple analysis con
firms the well-known fact that a negative ion, with its loose
bound outermost electron, is substantially more spatially
tended than the corresponding neutral atom.

The aforementioned classical OTB model is not neces
ily applicable to multiple-electron detachment but it seems
fit the cross-section data reasonably well over a limited ra
and can provide some indication of the location of t
thresholds. We performed such a fit to the data resulting fr
the double-detachment process, which is presented in Fi
In this case, we chose to fit the data in the range 33–51
The threshold energy determined from this fit is 28.6 eV.
the same way, a fit of the OTB model to the tripl
detachment data over the energy range 55–90 eV yield
threshold energy of 52.3 eV.

One rather remarkable observation is that the shape
the single, double, and triple cross sections are essentially
same. Figure 6 shows the cross section for the single
double detachments. The two curves have been norma
so that their thresholds and peak cross sections coincide.
energy scale for the double-detachment curve is shifted d
by 22.5 eV in order for the two cross sections to overlap
energy. The magnitude of the cross section for the dou
detachment is scaled up by a factor of 7. The similarity
shape of the two curves is striking. In addition, the trip
detachment cross-section curve has the same shape a
other two up to the maximum energy that was studied.

One possible explanation of this rather unusual beha
is that the final energy of the scattered electron is essent
the same for all three processes, even though the inci
electron energies are different. The scattered electron l

FIG. 6. The open circles show the single-detachment cross
tion of Cl2 by electron impact. The filled circles are the doub
detachment cross section scaled by a factor of 7. The energy
for the double-detachment curve is shifted down by 22.5 eV
order to have the two detachment curves to coincide in energy
l.

ol
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different amounts of energy in the interaction region due
the different energetics associated with each process b
appears to experience the same barrier potential exiting
interaction region as it did entering it. One should also e
pect a spread in the final velocity of the incident electron d
to the inherent momentum spread of the bound electron
the ion. Thus, some of the electrons will have energies ab
the barrier height and some below it. The similar shapes
the cross-section curves seem to be determined pred
nantly by the barrier transmission probability for the sc
tered electrons, which is the same for the single, double,
triple detachments.

The relative magnitudes of the cross sections, howe
are determined by the details of what goes on in the inte
tion region, seemingly after the incident electron has dep
ited energy and passed through. Correlation between the
equivalent 3p electrons in the closed subshell of Cl2 must
surely play an important role in the interaction. The intera
tion between the incident electron and a single 3p electron in
the Cl2 ion, for example, probably determines the shape
the single-detachment cross section. The peak in this c
section occurs when the incident electron and the elec
bound to the ion are velocity matched. Multiple detachm
may then follow from correlated shake-up processes initia
by the detachment of the first 3p electron of the Cl2 ion.

VI. SUMMARY

The processes of the single-, double-, and triple-electr
impact detachments from the Cl2 ion have been investigate
in a merged beam experiment at the ion storage r
CRYRING. Absolute cross sections were measured ove
collision energy range of 0–95 eV. The threshold energ
were found to be 10.1, 28.6, and 52.3 eV, respectively. T
maximum values of the cross sections were 3.97(
310216 cm22 and 0.57(6)310216 cm22 for the single and
double detachments at 40 and 60 eV, respectively. Our m
surements on the triple-detachment cross section were b
the maximum. A striking similarity of the shapes of the d
tachment cross sections was found.
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