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Cross sections for electron-impact single and double detachmentBrommave been measured from 0 to
200 eV. The single-detachment cross section peaks at 4-5 eV with a cross-section maximum of about
10" cn?. A (2p®) 4S state has recently been predicted to give rise to a resonance stateHA thdianion
[T. Sommerfeldet al,, Phys. Rev. A55 1903 (1997]. We observe no resonances in the detachment cross
section of B~ and hence no sign of an equivalent shortliviet (2p®) state. The ratio of the double- to
single-detachment cross section reaches a constant value of 3% at energies above 50 eV. A simple model
relates this number to a shake-off probability of about 90%. The ratio between double and single ionization of
neutral atomic targets at high energy is also discussed, and the model relates this ratio to the shake-off
probability in the sudden approximatiof§1050-294{®8)09709-1

PACS numbe(s): 34.80.Dp, 34.50.Gb, 41.75.Cn

I. INTRODUCTION resonances structures have been observed in electron scatter-
ing from the molecular ions £[16] and B, [17].

Electron-impact detachment from negative ions is a disci- Finally, we address the problem of double-electron re-
pline which has received relatively little attention, and only amoval from atomic negative ions. More than 15 years ago,
few of the many elements which form stable negative ionsHaugenet al. [18] discovered that electrons and protons
have been studied in this connection. The negative hydrogemere not associated with the same cross section for double
ion H™ and the isotope D have been studied in the thres- ionization of He, and since then there has been intense re-
hold region[1-3] as well as at high energid—7]. A few  search activity to describe the many-body dynamics of
other ions like C, O, and F have also been studied double-electron removal from atomic specigk9]. With
[2,8,9. Although a theoretical understanding of the detach-noble gases as targets, the double-ionization process has
ment dynamics with the Coulomb repulsion and the elecheen studied to a large extent with various projectiles acting
tronic correlation in the initial state is emergifg0—12, as ionizing particlege.g., electrons, positrons, protons, and
there are still unsolved issues to be addressed. antiproton$ [19], and the role played by electronic correla-

In the present paper we report on electron-impact singléion has been one of the main issues. A series of electron-
and double detachment from Bn the energy regime from 0 impact measurements of double-detachment of khve
to 200 eV: been performed, and after some initial inconsistency it may

0 B 0 appeaf 20] that the double detachment cross section by elec-
B e B™+2e” (o) n tron impact is now well-known for this ion. By combining
B*+3e~ (o"). available experimental and theoretical data for,Ht has
been established that the double-detachment cross section is
We have chosen the boron ion for several reasons. It has about 0.4 % of the single-detachment cross section at high
electron affinity of 0.28 e\V13], which is considerably lower energy. This number igsby coincidence, perhapglose to
than the corresponding value for other atomic negative ionthat obtained for the other two-electron target He. In this
studied so far. The B ion has a large polarizability and a paper we present double-detachment data for 8s a con-
large extension of the electronic cloud. This makes the resequence of the low binding energy of this ion, the shake-off
lease process particularly interesting to study in the thresholgrobability is presumably large, and this should be reflected
region where, for ions with much higher electron affinity, we in the data. Before we discuss these issues in detail, the ex-
have seer1,2,14 that the cross section has an effective perimental procedure will be described.
threshold typically 2—3 times the electron affinity.

It has been suggestdd5] that the addition of an extra
electron to the ground state B1s?2s°2p?) might form a
resonance state of the dianiorf B1s%2s?2p®) with *S° The present experiment was carried out at the ASTRID
symmetry. The analogous state of H2p® %S°) is calcu-  storage rind21]. The ring is 40 m in circumference, and it
lated to form a resonance sttb|, but experimentally it has a square geometry with two 45° bending magnets in each
cannot be formed when scattering on the ground state dff the four cornergsee Fig. 1L We used a sputter-ion source
H~(1S). This limitation is not present for B, which has the for the production of B. The B~ beam of approximately
ground-state tern?P and where a resonance, if existing, 200 nA was preaccelerated to 150 keV, injected into the ring,
could show up in the detachment cross section. Recenthand then accelerated to 2.5 MeV. At this energy, the lifetime

II. EXPERIMENT
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FIG. 1. Schematic drawing of the ASTRID storage ring showing

- c FIG. 2. Count of neutral particles as a function of time with the
the positions of the particle detectors.

electron beam on and off in the chopped mode. When the electron

beam is turned off, the signal is due to collisional detachment in the
of the beam was 0.5 s, which is determined by collisionshackground gas.

with the residual gas (210 ! torr). In the ring the ions

were merged with an essentially monoenergetic electron m, ) M, ,
beam which was provided by the electron cod2,2)]. f(v)= e MeVL /2T, me_me(”“_“ fakTy,
I

The detachment cross section as a function of relative 27kT, 4
energy was measured by varying the electron energy. The

relative energyE is related to the ion-beam enery and  ywherev, andv; are the relative electron velocity compo-
the kinetic energy of the electrois, through the relation  npents perpendicular and parallel to the ion beam direction,
andA=|v;—v| is the detuning velocity between electrons
and ions. The electron beam was adiabatically expanded in a
2 decreasing magnetic fiel®3], and the expected tempera-
tures arekT, ~20 meV andkT;~0.5-1 meV. Above the
detachment energy280 me\} we have E>kT, and the

2
E=im(vi—ve)’= ,

e

wherem is the electron mas$/; is the ion mass, and; and o d N ) v/ A
v, are the laboratory velocities of the ions and the electron crzss section is to a good approximation given(by)
respectively. With the given ion mass and energy, electron - . -
at 125 eV have zero kinetic energy in the ion-rest frairee The rate coefficient is, in terms of measurable quantities

they move with the same average speed as the.idnghis given by
energy we had an electron current of a few milliamps and a N _
density of 6x 10f/cm?. (vo)= signal i 5

Neutral boron atoms produced by the single-detachment NionNel€’
process[Eq. (1)] were detected by a 6040-mnf surface . o
- : . .- Where Ngjgng is the number of atoms (B or positive ions
barrier detector located behind the dipole magnet foIIOW|ng(B+) detocted per secorfaith a possible background sub-

the electron coole(see Fig. 1. Another surface barrier de- tracted. N-.. the ion fl ina th h the eloct |
tector was placed in the dipole magnetic field to detett B racted, Nign the ion ux-passing through the electron cooler,
the electron densityl, (=0.95m the length of the elec-

ions. This detector had a diameter of 20 mm, and it was'e | (=1 is the d ffici
verified that it was large enough to detect alf Bons by tron cooler, an (=1) is the etector efficiency. .
making a horizontal scan across thé,Bbeam and by com- Two dlffere_nt modes of op_erat|on were used in t_he experi-
paring countrates of the large and small detector when loment. In the first modesigns in EQ. (5) was determined by

o turning the electron beam on and dffhopping at a fre-
t th t f th | beéne that th . )
E%tegn% tlgaebggﬂ];oﬂa% ;il?nirI]aeru(t:iriZn?eeters assume that the quency of 20 Hz. Figure 2 shows the yield of neutrals as a

Due to the electron-velocity spread, we consider rtite function of time after the full beam enerdg.5 MeV) _ha_s .
coefficient been r_eached._ It is seen _that the overall reprpdu0|b|ll_ty is
very high (the figure contains data from three different ion-
beam injections and in the beginning there is some satura-
<UU>:J vo(v)f(v)dv. 3) tion due to a high count rate. The decay is exponential, and
the lifetime of the beam is found to be 0.46 s, which is rather
short due to the small binding energy of BTo avoid satu-
It is the velocity weighted cross section averaged over theation effects of the neutral detector we calculated the abso-
velocity distributionf(v) of the electrons. The distribution lute cross section afte2 s of storage at an energy of 2.5
function f(v) in the rest frame of the ions is given by the MeV, at which time we only had 0.4 nA of ion beam current.
flattened Maxwellian functiofi22] We obtained an absolute cross section (&.3=2.5)
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FIG. 3. Electron-impact single- and double-detachment cross- ) E (eV) o
sections as functions of electron energy. The solid line through the FIG. 4. Single-detachment cross section in the near-threshold

single detachment data shows theE)iE energy dependence. region. Shown are the dathinned with a bin width of 0.2 ey
together with the classical fit to the data near threskadéghed ling

and the distorted-wave calculation of Pindz¢dalid line).
x10 ¥ cn? at a relative energy of 15 eV. The somewhat
large error bar stems from the uncertainty of the current meaFor a discussion of the classical model leading to this expres-
surement with the ion-current transformer. Relative rate cosion see Refd.1,2]. Briefly, p is the probability for a detach-
efficients as a function of electron energy were obtained bynent event given that the distance of closest approach in the
normalizing to the neutral count rate resulting from colli- collision is smaller than some “reaction radiu®, andEy,
sions in the residual gas and are with much smaller errojs the threshold energy given byRL[1,2]. The physics is not
bars. In another mode of operation, the electron-beam energyobmpletely represented by the model since it ignores tunnel-
could be modulated between the cooling eneff§y=0) and a  ing effects, which are important near threshold and for large-
measuring energl. The chopping and the modulation tech- impact paramenter collisions in general, and it contains the
niques yielded consistent results. arbitrary scaling factop. It is easy to shov2] that over the
The measured cross section receives contributions botharrier transitions can occur f&>E,,, and that this thresh-
from the central part of the electron cooler, where the ionsld energy is(in a.u)
and electrons have parallel velocity vectors, and from the
smaller toroid regions, where the two beams merge and sepa- Eq«=VEg/a, 7
rate. In these regions, relative energies different from the one
in the straight section are encountered. The measured Crog@ereEyg is the electron affinity, and is a measure of the
sections were corrected for this “toroid part” by subtraction extension of the iofi26]. The analysis shows th&= 31 a.u.
of a calculated contribution from the toroid regions. which corresponds to a classical threshold of 0.9 eV and an
extensiora of 9.4 a.u. The extension is 2—3 times larger than
for H/D™ and O [2] due to the weak binding. To fit the
Ill. RESULTS AND DISCUSSION absolute magnitude of the cross sectitime shape is solely
petermined byR), we find p=17%, very similar to the val-

In Fig. 3, we show the single- and double-detachmen es obtained for D and O" [1.2]. In the case of D and O

cross sections as a function of electron energy in the re%lLe cross section of E¢6) traces the data well up to energies
frame of B". The single-detachment cross section has a P 9

maximum value of about T34 cn? at 4—5 eV. At higher of about 12 and 16 eV, respectively, but in the case of B

energy E>30 eV) the experimental cross section falls off as clear dewatlo_ns already appear at an energy of 4 eV, which
(1/E) In(E) in agreement with the Bethe-Born approximation shows that high-energy effects start at lower energy because

of the small binding energysee Fig. 4 We note that the

[25]. The double_ detachment cross section IS Cor]S'derablglectron—impact cross section has an effective threshold en-
lower than the single-detachment cross section. It peaks at

; . ergy (Ey) which is notably larger than the binding energy -
around 40 eV with a maximum of about 18 cn. by about a factor of 3. This is also found to be the case for

D™ and O [1,2], and due to the fact that energy has to be
provided not only for release, but also for kinetic energy of
the escaping electrons.

Figure 4 focuses on the single-detachment cross section in Figure 4 also presents a comparison of the data with a
the near-threshold region. There is a clear cutoff in the datgistorted-wave calculation by Pindzola2,27. He used a
with a threshold energ§,, at 0.9 eV, as obtained from a fit polarization potential of the form
to the data with a function of the type

A. Single detachment

2

ol 4 E VAR — ®
U—p’TI’R 1_E . (6) 2 (r2+r§)3
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0.04 tum calculation seems very difficult. Some simple estimates
may, however, throw light on the problem of double detach-
. t. ment at high energies where the ratio is independent of en-
0.03 S Letet o ergy. It can be argued that one may neglect contributions of
Secet o the inner shells at the energies considered h2g¢ Since
. the cross sections of single- and double-electron removal are
o 0.02 proportional to each other, we assume that the incoming
o ! electron creates a holdetach one of the core electronand
with a certain probability the loosely bound electron is
? ejected(shaked off. To remove two electrons from the target
0.01 ‘ an energy transfer of at least the sum of the first and second
ionization potentiall ,(1)+1,(2)] is needed. If we assume
that the cross section is inversely proportional to the energy
0 transfer at high energf25], we can estimate the shake-off
0 50 100 150 200 probability S from
E (eV) L
FIG. 5. Ratioo*/¢°. The data have been smoothed to eliminate ot ms
the scattering of the double-detachment datd ) = %_ 9)
g
with a polarizabilitye = 23.2 a.u. and a cutoff at, = 2.0 Ip(1)

a.u[27]. With these values the theory reproduces the data o S
well in the threshold region. However the cross sectionfOr B~ this givesS ~ 90%, which is high in accordance
changes dramatically with the cutoff radius which is ratherith the low binding of the extra electron. The reason why
arbitrarily choseri27]. Due to the small binding energgnd the cross section ratio is relatively small, despite the magni-
hence the large extension of the negative)j@nd the fact tude ofS, is the large difference betweep(1) andl,(2),
that many particles interact by long-range Coulomb forcesWhich for negative ions gives

the system is difficult to treat by standard theory.

The ground state configuration of Bs 1s22s?2p?(3P). L
Thus, the B~ 1s?2s?2p3(*S) state could in principle be Ip(L)+1p(2) 1p(1) 10
formed upon electron bombardment. It is, however, readily 1 15(2)° (10
seen from our single-detachment data that there are no reso- (1)

nances which can be ascribed to such dianion states. Thus,

the (2p3) “s state which has been predicted to yield &H The ratio is about 3% for B.

resonanc¢15] apparently does not give rise to a short-lived  For neutral atoms an estimate ®fvith the use of Eq(9),
dianion for boron as suggested recenthp] (at least not \here

visible in the detachment chanhelVe note that there is still

doubt whether the (%) *s state of H~ exists because other 1

calculations lead to the conclusion that there are no reso- 1,(1)+1,2) 1

nances of any kind associated wittf H[28]. %N > (17
Other atomic dianions have been looked for by storage

ring techniques— B, and G~ [2] by our group, H~ by Ip(1)

Tanabeet al.[3]—but no resonances were observed in either . — 106§ % f d14% f h .
case. We have recently found structures in the detachme vessS = 1/°,°r H?’ 9,/0 or Ne, an 14,/0 or Athe ratios
and dissociation cross sections of €16] and B, [17] that of double to single-ionization cross sections were taken from

may be related to the existence of short-lived dianions, but g.s[hzagl]ge.-:)tffls rlgiarsiittln%l;fai(r:]%rg?r?rtieth:j; dgrl:n;beix‘;vrgg_
whetheratomic dianions exist at all remains an open ques- . P y Ol PP
tion. tion (where one electron is suddenly remole8uch data

have been obtained with high-energy photdi@§]. The
shake-off probabilities from the outermost shell in this limit
are 3.5%, 11.9% and 13.5% for He, Ne, and Ar, respectively
To follow the tradition for neutral targets, in Fig. 5 we [30], which are indeed close to the values $fobtained
show the ratio between the double- and single-detachmerthove. The binding in He is particularly large and the shake-
cross sections. Already at about 40—50 eV, slightly above theff may not be quite “sudden,” which may causto be
energy at which the single-detachment cross section becomesmewhat lower than the shake-off limit in the sudden ap-
“asymptotic,” do we see a constant ratio of the cross secproximation. In general, the first electron may leave the tar-
tions. The ratio, 3%, is basically identical to the asymptoticget with a range of velocities and a corresponding range of
value obtained for Nd,29] slightly lower than that obtained shake-off probabilities. The overall agreement indicates that
with Ar [29], and approximately an order of magnitude the physical picture of one electron being suddenly removed
larger than that obtained for H[20] and He[29]. from the core with a shake-off of the loosely bound electron
Clearly, the double-detachment problem is difficult due tomay to some extent be valid in the description of double-
the four charged particles in the final state, and a full quanelectron removal, and our meth¢Hg. (9)] may give an es-

B. Double detachment
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timate of the shake-off probability. With negative ions the shake-off probability in the sudden approximation to the ra-
binding energy of the “extra” electron is small, and the usetio of the double- to single-detachment cross sections at high
of S from the sudden approximation may be particularly ap-impact energy. Finally, we looked for resonances of the di-
propriate. For H, from the cross-section rat{®0] we esti- anion B, but found none. It is still an open question
mate a shake-off probability of about 10%. Synchrotron-whether short-lived atomic dianions exist at all; so far there
radiation experiments may be able to test this and thés no experimental evidence, and the theoretical situation
estimated large shake-off probability 6/90% for B". seems to be controversial.

IV. CONCLUSIONS
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