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Electron-impact detachment from CI™
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Single-, double- and triple-electron-impact detachments from thei@i 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 Cions, 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, Gl and CP' 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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[. INTRODUCTION the multielectron final state there exist one or more detached
electrons, in addition to the scattered electron. In both the
Electron detachment arising from the collision of an elec-initial and final states, the incident electron experiences a
tron with a negative ion is a fundamental process. The interCoulomb potential barrier and at low energies tunneling is
electronic interaction is relatively more important than forinvolved. Correlation is expected to be particularly strong
positive ions and experimental studies on these systems cdgar threshold, since the electrons are receding slowly from
serve as sensitive tests for theoretical models. Pioneerin§e core[15].
work was carried out by Tisone and Branscofify, Peart In addition to their intrinsic importance in understanding
et al, [2] and later by Brouillard and co-work¢B]. These few-particle interactions, negative ions also play an impor-
investigators used crossed-beam methods to determine abdant role in many applications. Negative ions of the halogens,
lute electron-impact detachment cross sections for sever#pr example, are constituents of low-density plasmas used in
different anions. The advent of heavy-ion magnetic storagénaterial processinfll6]. The ability to model such plasmas
rings with electron coolers serving as targets has made fequires a detailed knowledge of cross sections for the pro-
possible to measure absolute cross sections for electron dduction and destruction of their negative ion constituents by
tachment following electron impact even from zero collision€lectron impact. We have previously performed one such
energy with a very good energy resolution. Electron Co||i_StUdy involving the electron-impact Single-detachment Cross
sions with both atomic and molecular negative ions havesection of F [17].
been investigated4—11] utilizing the storage ring tech- In this paper, we present recent measurements of absolute
niques. The ions are accumulated in the ring and make muFross sections for the electron-impact detachment of one,
tiple passes through the electron target, thus enhancing read@o, and three electrons from the Tlon over a range of
tion rates. Prior to the detachment measurements, the energgllision energies from 0 eV to 95 eV. These cross sections
spread of the ions is reduced by phase-space cooling vi&ill be designatedry, o, ando,, , respectively. Specifi-
interactions with velocity-matched electrons. This leads to &ally, the following processes have been studied:
considerable improvement in the energy resolution of the
measurements. Most of the previous measurements involve
the detachment of a single electron. In this paper, we report
on multiple detachment as well as single detachment.
There is currently a growing database on measured o,: ClT+e —Cl"+3e", (N]
electron-impact detachment cross sectidi. Calculations
of these detachment processes, however, have been far less
forthcoming due to difficulties associated with the dynamics
of the detachment procegt3,14], which involves extensive
electron correlation in both the initial and final states of the This paper is organized in the following manner. Section
collision. In the initial state, the incident electron experiencedl is an overview of the facility and the experimental proce-
a repulsive long-range Coulomb interaction with the negativelures. Section Ill is a description of the methods used to
ion and an attractive short-range interaction with the core. lranalyze the data. In Sec. IV, the experimental results are

og: CI"+e”—Cl+2e,

0,,: ClT+e —CIP"+4e".
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FIG. 1. A schematic diagram of the heavy-ion storage ring CRYRING.

presented and in Sec. V a discussion of the results is giveRists mainly of H. After about four lifetimes, the ion current
Finally, in Sec. VI, the results of the experiment are summahad decreased to a value that was too small to perform an
rized. experiment, and the beam was dumped. In our case, each
experimental cycle, therefore, lasted 12 s. The ring cycle
consisted of five stages: injection, acceleration, cooling,
measurement, and dumping of the beam. The time depen-
The experiment was performed at the heavy-ion storagdence of the data accumulation is shown in Fig. 2.
ring CRYRING[18], situated at the Manne Siegbahn Labo- During the cooling period, the ions interacted with
ratory in Stockholm, Sweden. This facility was originally velocity-matched electrons in the electron cooler in a collin-
designed for the storage of highly charged positive ions buear geometry. The electron beam is adiabatically expanded
has since been used to great effect also in the studies & the decreasing field between the superconducting magnet
singly charged ion. Large ion currents can be produced in theurrounding the electron gun<@ T) and the field in the
ring by a multiturn injection method and electron cooling magnets which guide the electrons through the cooler
[19]. The energy resolution in the collision process is signifi-(=0.03 T). This expansion reduces the transverse electron
cantly improved by the use of phase-space codl#@. The  temperaturg22]. The transverse and longitudinal electron
experimental facility is shown schematically in Fig. 1. temperatures in this particular experiment were 8 meV and
The CI" ions were produced in a cesium sputter ion0.05 meV, respectively. The Coulomb interaction between
source[21]. In this type of source, liquid cesium is evapo-
rated in an oven and ionized on a hot anode. The resulting s T T T T T T T T
beam of positive cesium ions is then accelerated towards i__
solid cathode target. The cathode material is chosen to effig, 2
ciently produce the specie of interest by sputtering. In thew® 100}
present work, AgCl was used. The cesium, in additon to  |======-==--~=
sputtering the cathode material, deposits a few monolayer: E——
on the surface of the cathode. Sputtered atoms and molecule
leaving the cathode pick up an extra electron from the de-
posited cesium to form negative ions. The ion current, as
measured after a mass-selecting magnet, was typically a fe\
microamperes. After extraction from the source at 40 keV,
the ions were injected into the ring and accelerated with a
nonresonant driven drift tube. The maximum ion energy is
then 966/m;,,)? MeV/amu, wherem,,, is the ion mass in
amu andq is the ion charge state. This value is determined TN TG T S0 W A
by the magnetic rigidity of the ring. In the present case, the 1 : ¥ 4 : ° ?
CI™ ions were accelerated to the maximum allowable energy Tl
of 2.7 MeV. FIG. 2. The dashed curve in the top figure represents the elec-
The lifetime of the CT ion beam in the ring was 3.0's, at tron energy in the laboratory frame as a function of the time after
a residual-gas pressure lower thaxi 10~ ** mbar. The finite  injection. The open circles in the figure at the bottom show a typical
beam lifetime is associated with the fact that the ions can beount rate on the SBD. The solid line is a curve fit to the data in the
neutralized in collisions with the background gas, which con+egions where the electron cooler was turned off.

II. EXPERIMENT

Number of counts x10*
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the ions and the cold electrons causes a reduction in thgcintillation detector was then related to the absolute ion cur-
thermal random motion of the ions. This is called phasetent measurement recorded with the dc transformer.

space cooling. At this stage, the collision energies were in-

suffi_cient to detach the extra electron from th§ @in. After IIl. DATA ANALYSIS

the ions had been cooled, the electron velocity was detuned

from the velocity-matched condition in order to create a fi- In this section, the general principles of how the experi-
nite collision energy in the center-of-mass frarg,,, given  mental raw data were transformed into cross sections will be

by described. This includes a discussion of how the data are
corrected both for space charge and for the effects related to
Eem=(VEe— VEcoon?, ) g:gnmerging of the electrons with the ions in the cooler re-

where E, is the average electron energy in the laboratory The open c!rcles in Fig. 2 show the total count rate on the
frame andE.,,, is the electron cooling energy, i.e., the en- SBD for the single-detachment process as a function of the

ergy of the electrons at the cooling condition when the eleclime T after the ions were injected into the ring. The record-

trons and ions have the same average velocity. In this exprel1d Of the signal started &t=1.8 s when a flag in front of
.the detector was opened. By this time, the ions already had

sion, the reduced mass of the electron and ion i X )
approximated with the mass of the electron. Furthermore, thB€€n accelerated to full energy. The cooling occurred in the

threshold energy in the center-of-mass frame for the detacfitervalT=1.1-2.4 s. In the intervdl=2.4-3.2 s, the elec-
ment reaction is much larger than the temperature of th&ons are tumned off. The decrease in the signal that occurs
electrons. The center-of-mass collision velocity is, thereforeWhen the electrons at the cooling energy are turned off indi-
taken to be the same as the detuning velocity, omitting th&(es that positive ions are trapped by the electron beam in
electron temperature. The drag force between the electrofi@® cooler prior to this time. Collisions between the trapped
and the ions is considered to be negligible in this case. For BOSitive ions, mostly ki, and the negative ions in the ring
beam of CT ions at the full energy of 2.7 MeV, the electron Produce neutral fragments that are detected. This contribu-
cooling energy is 45 eV in the laboratory frame. In thetion to the background disappears when the electron beam is
present experiment, we used collision enerdigs, ranging turned off. AtT=3.2 s, the electron beam is turned on again
from zero to 95 eV. and the collision energy is ramped from 95 eV down to 0 eV
Neutral and positively charged Cl fragments Originatingin 1 s. The knee observed in the figureTaM §corresponds
from the detachment processes were detected after thd9 the threshold for the electron-impact single-detachment
emerged from the interaction region. Cl atoms were proProcess. AfT=4.2 s the electron beam is turned off and at
duced either from electron-impact-induced single detach] =6.2 s the flag in front of the detector is closed again.
ment or from collisions with the background gas. These neu- [N the analysis, we define the measured count Ryte,s
tral particles, unaffected by the magnetic field of the dipole@s the sum of the rates for detachment due to collisions with
magnets of the ring, followed their original trajectory and electrons in the cooleRsgnai, and for collisions with back-
emerged along a tangential path. They then impinged on a@round gas in the same ring sectid®,. The time depen-
energy sensitive surface-barrier deteat8BD), which was ~dence in all the expressions is omitted for clarity. The cross
placed in the zero-degree arm at a distance 3.5 m dowrBectiono is related toRgjgna according to
stream from the interaction region. The positive fragments
CI* and CF* were deflected out of the beam by the dipole B Ing
magnet along different trajectories due to their charge state RS‘Q“E"_N‘O“F<UU>‘ @)
differences. A movable surface-barrier detector was used in

this case. The signals from this SBD and the one used thereN;,, is the total number of ions stored in the rirfigs
monitor the production of CI fragments were recorded usinghe length of the region where the electron and ion beams are
multichannel scalers. parallel (the interaction region n is the electron density,

The magnitude of the ion current in the ring had to beand C is the circumference of the ring: is the relative
determined accurately in order to establish an absolute scalg|ocity between the ions;;,,, and the electrons;,, €.g.,

for the cross sections. This was measured by the use of a dc_

; 3Gy ~vion]. The expressiova) in the equation indi-
transformer to be 0.055 mA d|rectl'y after the aCC‘EIer""t'On'cates that the cross section, in principle, has to be convoluted
The ion current had to be determined separately from th

fith the elect locity distributiorf 20
other measurements due to the fact that the operation of the: & electron velocity distributiorf(ve) [20),

transformer required an ion current so large that it would

have saturated the SBD. All the measurements were then <Uo'>=f f(ve)g(v)vd3ve, (4)
normalized using the output of a scintillation detector. This

detector was capable of handling the destruction rate of the

ions over a large dynamic range. The scintillation detectoi’V"€®

was placed in the zero-degree direction in another section of

2 2
the ring. The absolute cross section was determined by first f(v)= Me me |V _ Mebe  Mebg
relating the destruction rate measured by the SBD to the ' ¢ 27kT,, 27k Ty 2kT,, 2kTe|)’
signal from the scintillation detector. The signal from the (5)
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The quantityv, is the electron velocity in the laboratory be calculated from the velocity of the iorB,=mw? /2. At

on
frame, m, is the mass of the electron,, andvg are the cooling, the electron energy can be expressed as
electron velocities due to the electron temperatires the
Boltzmann constant, andl, ; are the parallel and perpen- Ee=Ecoo—(1—d)eVs, 9

dicular electron temperatures, respectively. It is customary to . i
call (vo) the rate coefficient. In this measurement, the col-WN€r€Ecooi is the electron energy at cooling as read on the

lision energies for nonzero cross sections are relatively largd?©Wer supply connected to the electron gun at coolingcéand

The temperature of the electrons are, therefore, negligibldS @ value of the neutralization effect. For other collision
This allows us to make the assumption that the relative ve€Nergies, tabulated values of the cross section for production
locity v is equal to the detuning velocityy=|ve—vion and of H, are used to scale the neutralization effect and derive

(voy=va. the correct electron energy. As a result of this effect, the

Resignal iS Obtained by subtracting the exponentially decay_electron energy is uniformly decreasgq by abo.ut 1.6 eV
ing background ratdR,; shown as a solid curve in Fig. 2, throughout _the whole range of the_ coII|_3|on energies.
from the total measured count rae, The quantityR, Another important thing to consider in the analysis of the

eas g L . .

is determined from an interpolation of a curve fit to the dataC"0SS Section is that the electron beam is bent in and out of
points accumulated before and after the electron ramp, wheif€ ion beam in the electron cooler by two toroidal magnets.
there are no electrons interacting with the ions. The totaP&t@chment events from these regions will contribute signifi-
number of ions in the ring during the electron detachmen€antly to the signal on the SBDs. The collision energy, how-

measurement\. ., is derived from the measured neutraliza- €V€" will be larger than that in the collinear part of the cooler
on» - . .
tion rate on the scintillator detectoRy, acquired at the defined by the electron and ion beams. A correction must be

same time. The normalized destruction rRig=Ry /N, is made by subtracting the additional signal due to this toroidal
. on

the same during the detachment measurement as during tA§ect: The real collision energg(x,E.) is calculated as a

current measurement. In the latter caBg,can also be writ- function of the positiorx in the electron cooler and the nomi-
' nal collision energyE.,. The rate coefficienta(E.,)

ten as
=(vo) can be expressed in terms of the measured rate co-
Ry’ Vion€ efficient amead Ec) mMinus a correction termAa(E; )
Re=1——¢ - (6)  caused by the toroidal effect,
on

@(Ecm) = @mead Ecm) —Aa(Ecm). (10

The correction can be written as

Here, Ry is the neutralization rate measured with the scin-
tillation detector during the ion current measuremegt, is
the ion current, and,, is the velocity of the ions in the

laboratory frame. The cross section, written in terms of the .
measurable quantities, can be expressed as Aa(Ecn) =1~ f a(E(X,E¢m))dX—a(Ecm),  (11)
C Rmeas Rug @) where the integration extends over the complete overlap re-

=R . L ) . . :
®nevl Ry gion in the coolera(E,) is obtained from an iterative pro-

_ ) cedure involving Egs.(10) and (11) by initially setting
The electrons in the cooler will not reach the energy COl-o(E¢pm) = amead Ecm) . This correction reduced the cross sec-
responding to the potenti_al on the anode of the cooler due tggp, by approximately 30% at all energies. This significant
the space-charge potential produced by the electrons themaprrection is not unexpected since the toroidal regions have a
selves. This space-charge potentig) can be calculated us- tota| length of 40 cm, which is an appreciable fraction of the

ing the Poisson equatiof*V,(r)=—p(r)/€o, wherep(r)  interaction length of 85 cm defined by the parallel beams.
is the electron density at radial distarccéom the center of

IV. RESULTS

the electron beam. The space-charge potential in the electron
beam can be expressed as
Detachment arising from electron impact on the @n
I'ch has been investigated over the collision energy range, 0—-95
r_e : (8) eV. Single-, double-, and triple-electron detachment cross
sections have been measured and the results are presented in

In the equationr is the radius of the electron beam angl  this section. The error bars shown on selected cross-section
is the radius of the vacuum chamber. The space-charge effedata points in Fig. 5 represent the square root of the number
caused by the electrons in the cooler will be compensated, tof counts in each data point. In Figs. 3 and 4, the correspond-
some extent, by positively charged rest gas ions trapped img error bars are smaller than the circles representing the
the potential well produced by the electrons. These trappedata points.
positive ions, mostly B, will partially neutralize the space Figure 3 shows the cross sectier, for the electron-
charge and therefore diminish the predicted change in ele¢mpact single detachment from Tlin the energy range 0
tron energy. The magnitude of this neutralization effect iseV—-95 eV. In this process, the incident electron detaches a
estimated at the cooling condition when the electron velocityvalence electron from C|, leaving a neutral Cl atom in its
is equal to the ion velocity. The real electron energy can theiground state:

2

r
Vep= p(r)z—:O 0.5+In
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FIG. 3. The data pointgopen circles represent the single- FIG. 5. The data points show the triple-electron detachment

electron detachment cross section for electron impact on The  cross section for electron impact on CiThe solid line is a fit to the
solid line is a fit to the data using the OTB model in the energydata using the OTB model over the energy range 55-90se¥
range 10—30 eV\(see Sec. ¥ Sec. V.

CaB1 —(e) s 59 _ The same argument cited in the case of the single detachment
Cl"(3p”"So) te ()~ Cl(3p> "Pap) +2€ (e). (12) can be used to show that the residual @ins are formed in

] ) their ground state at all collision energies. The cross section
This process has a threshold according to the over-thgpcreases monotonically to a maximum value of 5.7(6)

barrier (OTB) model around 10 eV. The OTB model is dis- 5 10-17 cn? at 60 eV. It then decreases linearly up to the
cussed in Sec. V. The cross section |ncrez{sle(ss monotonicallytaximum measured collision energy of 95 eV.

from zero up to a maximum of 3.97(42)10 *° cn?” at 40 For even higher collision energies, the incoming electron
eV. It then decreases Ilnearly_up to the Iargest measured e@zp detach three electrons:

ergy of 95 eV. The electron affinitfEA) of Cl is 3.6 eV[23].

The first excited state in chlorine, 'qBp*4s°3P), has an ClI~(3p®1Sy) + e (e)—CIP* (3p3 *Sy) +4e (e).
excitation energy of 8.9 eY24]. The threshold for the reac- (14

tion involving this state would then be at 3.6 ¢\8.9 eV i _ o o
=12.5 eV. Energetically this threshold is attainable, but wel he cross sectionr,, for this reaction is presented in Fig. S.
do not observe any structure in the cross-section curve at thishe reaction starts at 52.3 eV and rises monotonically to a
energy. We, therefore, conclude that the residual CI atom j¥alue of 4.210”*® cn?* at the highest measured collision
left only in its ground state. The rise in the cross section prio€Nergy. _ _

to the model threshold most likely arises from tunneling In Table |, we summarize the experimental results by pre-

events. senting the measured threshold energies together with the
Figure 4 shows the cross section for the electron im-  €nergies and magnitudes for the maximum cross section for
pact double detachment: each of the curves. Fary, the total binding energy refers to

the electron affinity of Cl. In the case of, , it indicates the

Bl ()l (3043 _ sum of the EA of CT' and the ionization potential of C13.0
Cl(3p° "Sp)+e ()= Cl"(3p"°Py) +3e (e). (13 eV [25]). In the case ofr,, , it represents the sum of the EA

and the ionization potentials of Cland CF*, which is 23.8

—_ — eV [25]. The measured threshold energies are obtained by
“e . extrapolating an OTB model fit, as described in Sec. V.
. i - The statistical uncertainties in the cross sections quoted in
"o Rans our results originate from the signals produced by the
% _' surface-barrier detectors, the scintillation detector, and from
(@] -
g . TABLE I. The maximum cross sectiomr,,, for the single-,
g . double-, and triple-detachment processes. The error in the maxi-
S . mum cross-section value is the total statistical uncertainty atshe 1
S - level.
Total binding Threshold Omax Eoae
Collision energy [eV] energy(eV)  energy(eV) (107®cm?)  (eV)
FIG. 4. The data points show the double-electron detachment o 3.6 10.1 3.97(42) 40
cross section of electron impact on"CIThe solid line is a fit to the o 16.6 28.6 0.57(6) 60
data using the OTB model over the energy range 33-50seé Ot 40.4 52.3
Sec. V.
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the ion current measurement. It is, however, only the square V. DISCUSSION

root of the number of counts in the SBD signals that will - "o 0 oo o the threshold energy, it was neces-

contribute to the scatter in the final cross-section data. Thgary to apply a model equation that can be fitted to the ex-
error bars shoyvn. n ,F'g' 5 therefore, repres_ent only the Sta;Serimental data. For this purpose, we use a simple classical
tistical uncertainties in the SBD signals. In Figs. 3 and 4, thg,,qqe developed by Pedersenal.[6]. This OTB model can
corresponding error bars are smaller than the circles represe ysed to characterize the single-detachment cross section in
senting the data points. In the analysis of the cross sectiofme vicinity of the reaction threshold. It makes use of the

the Signals from the scintillation detector and from the Cur'impact_parameter formalism in which the cross section at a
rent transformer were fitted to exponential curves. The stagiven collision energyE,,, can be written as

tistical fluctuations yielded an uncertainty in the fitting pa-
rameters. This contributes with an additional statistical
uncertainty of 9% and 7% at the maximum of the cross sec-
tion for the single and double detachments, respectively. The
corresponding uncertainty in the case of the triple detachwherea is the impact parameter aritlis the probability for
ment is 12% at the maximum measured energy. the reaction to occur. In this model, the probability is repre-
The dominant contribution to the systematic uncertaintysented by a square distribution. If a certain reaction condition
arises from the measurement of the ion Cur(&ﬁpyo) and the is fUlfl”ed, then the probablllty |$, otherwise it is zero. The
length of the interaction regiof5%). In addition, there is an reaction takes place only if the kinetic energy of the incom-
uncertainty in the electron currei2%), the radius of the iNg electron exceeds the electron affinity of the target atom
electron beam(1%), the circumference of the storage ring PIUS the Coulomb energy lost by the electron at some char-
(0.5%, and in the revolution frequency of the ions acteristic distancey,, . Thls energy arises from the Coul_omt_)
(<0.01%). The toroidal correction contributes to the totalrepUISIon between the incident electron and the negative ion

uncertainty with 2%. Combining all these independent uncerplus the centrlfygal energy. Usmg this condition in E1f)
S . . . .allows us to write the cross section as

tainties quadratically yields an estimated overall systematic

uncertainty of 12%. The detection efficiency is unity for both Eu

the SBD detectors. o(E)= pwrfh< 1- = ) (16)

The knowledge of the collision energy is limited by the cm
uncertainty in the estimation of the effect of the spacesimilarly, the threshold for the reaction can be written as
charge. The space charge depends on the electron density. In
the calculation of the density, one needs to know the electron
current, the radius of the electron beam, and the electron
velocity. In addition, the uncertainty in the determination of
the cooling energy has to be considered. This will affect thdn reality, however, a reaction can take place at energies be-
whole energy scale, since the zero on this scale is determindow the predicted threshold energy as a result of tunneling.
when cooling occurs. Furthermore, the nominal electron enThe measured cross section is not exactly zero at the model-
ergy may differ from the energy defined by the power supplydependent threshold, but instead a tail is observed at sub-
due to the presence of contact potentials. An estimation of athreshold energies. The OTB model can, therefore, only be
these uncertainties adds up to 0.12, 0.18, and 0.23 eV at ttapplied in a region starting sufficiently above the observed
threshold energies for the single, double, triple detachmentshreshold so that tunneling can be neglected and ending be-
respectively. fore the maximum cross section has been reached.

The temperature of the electron beam and the ion beam The solid line in Fig. 3 illustrates how the OTB model has
ultimately determines the energy resolution. Since the iongeen fitted to the experimental results for the single-
are much heavier than the electrons, the ion velocity spreadetachment process. The curve fit was made over the range
does not significantly contribute to the energy resolution. A13—30 eV. From this fit, we obtain a model threshold value
comprehensive treatment of the energy resolution is made bipr the reaction of 10.1 eV. The EA of Cl is 3.6 ¢¥23]. The
Neau[26]. In the present experiment, however, we do notadditional collision energy needed to overcome the repulsive
need the very high resolution, since the cross section varigSoulomb barrier between the electron and the negative ion
smoothly over the whole energy range. Therefore, we collecis, therefore, 6.5 eV. The model threshold energy for the
the data in time bins of 5 ms. The change in the collisionreaction is 2.8 times larger than the binding energy. This is in
energy during this dwell time results in an effective experi-direct contrast to the situation of electron impact on positive
mental energy resolution of 0.35 eV at the threshold for theéons, where the Coulomb attraction produces a strong signal
single detachment and 0.71 eV at the end of the energy rampt zero collision energy. The extra energy needed to over-
For the double and triple detachments, we used a longazome the Coulomb repulsion in the case of the detachment of
dwell time to accumulate better statistics and the energy negative ion is typically slightly more than twice the elec-
resolution is correspondingly worse in these cases. It is estiron affinity [6].
mated to be 1.08 eV at the threshold for the double detach- From the OTB model, the probability for the single-
ment and 1.25 eV at the threshold for the triple detachmentletachment reaction ig=0.86 if the incoming electron is
In both cases, it is 1.40 eV at the end of the ramp. closer than 4.3 a.u. from the anion. The calculated radius of

a(E)szf:P(Ecm,a)ada, (15

1
Eq=EA+ —. (17)
I'th
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different amounts of energy in the interaction region due to
the different energetics associated with each process but it
appears to experience the same barrier potential exiting the
interaction region as it did entering it. One should also ex-
pect a spread in the final velocity of the incident electron due
to the inherent momentum spread of the bound electrons in
the ion. Thus, some of the electrons will have energies above
the barrier height and some below it. The similar shapes of
the cross-section curves seem to be determined predomi-
. N nantly by the barrier transmission probability for the scat-
LIS PP PP P P tered electrons, which is the same for the single, double, and
-20 0 20 40 60 80 triple detachments.
Collision energy [eV] The relative magnitudes of the cross sections, however,
are determined by the details of what goes on in the interac-
FIG. 6. The open circles show the single-detachment cross segion region, seemingly after the incident electron has depos-
tion of CI™ by electron impact. The filled circles are the double- jted energy and passed through_ Correlation between the six
detachment cross section scaled by a factor of 7. The energy Sc%uivalent ® electrons in the closed subshell of Cinust
for the double-detachment curve is shifted down by 22.5 eV ingyrely play an important role in the interaction. The interac-
order to have the two detachment curves to coincide in energy. ion petween the incident electron and a singbeedectron in

a Cl atom is 1.84 a.27]. Hence, this simple analysis con- the CI" ion, for example, probably determines the shape of
firms the well-known fact that a negative ion, with its loosely € Single-detachment cross section. The peak in this cross
bound outermost electron, is substantially more spatially exS€ction occurs when the incident electron and the electron
tended than the corresponding neutral atom. bound to the ion are velocity matched. Multiple deta_ch_ment
The aforementioned classical OTB model is not necessafMay then follow from correl.ated shake-up processes initiated
ily applicable to multiple-electron detachment but it seems tdPY the detachment of the firsp3electron of the CI ion.
fit the cross-section data reasonably well over a limited range
and can provide some indication of the location of the VI. SUMMARY
thresholds. We performed such a fit to the data resulting from
the double-detachment process, which is presented in Fig. 4. The processes of the single-, double-, and triple-electron-
In this case, we chose to fit the data in the range 33-51 eVmpact detachments from the Clon have been investigated
The threshold energy determined from this fit is 28.6 eV. Inin @ merged beam experiment at the ion storage ring
the same way, a fit of the OTB model to the triple- CRYRING. Absolute cross sections were measured over a
detachment data over the energy range 55-90 eV yields @pllision energy range of 0-95 eV. The threshold energies
threshold energy of 52.3 eV. were found to be 10.1, 28.6, and 52.3 eV, respectively. The
One rather remarkable observation is that the shapes #faximum values of the cross sections were 3.97(42)
the single, double, and triple cross sections are essentially thé 10 *® cm™2 and 0.57(6)<10™ '® cm™? for the single and
same. Figure 6 shows the cross section for the single ar@double detachments at 40 and 60 eV, respectively. Our mea-
double detachments. The two curves have been normalizéirements on the triple-detachment cross section were below
so that their thresholds and peak cross sections coincide. Ttee maximum. A striking similarity of the shapes of the de-
energy scale for the double-detachment curve is shifted dowiachment cross sections was found.
by 22.5 eV in order for the two cross sections to overlap in
energy. The magnitude of the cross section for the double
detachment is scaled up by a factor of 7. The similarity in
shape of the two curves is striking. In addition, the triple- This work was supported by the Swedish Research Coun-
detachment cross-section curve has the same shape as thile(VR) and partly by the European Community’s Research
other two up to the maximum energy that was studied. Training Networks Program under Contract No. HPRN-CT-
One possible explanation of this rather unusual behavio2000-0142. A.E. was supported by the EOARD under Con-
is that the final energy of the scattered electron is essentialliyact No. F61775-01-WE035. We thank the staff of the
the same for all three processes, even though the incideManne Siegbahn Laboratory for their invaluable help and
electron energies are different. The scattered electron losesse of the heavy ion storage ring facility.
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