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Electron detachment of Si” by He, Ne, and Ar
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The cross sections for electron detachment of ®ere measured for He, Ne, and Ar targets at relative
velocities in the 0.25—-1.4 a.u. range. Argon target cross sections were measured usiogsSrom two
different origins, the results agreeing well with each other and with literature values. The velocity dependence
of the Si” cross sections is strikingly similar to that of known Hesults, with the former being consistently
larger than the latter and, at large velocities, differing by a multiplicative constant.
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[. INTRODUCTION multiplicative factors. A surprisingly good scaling was then
achieved for velocities over 0.5 a.u., which was attributed to
The large majority of atomic species form stable negativetheir similarns® configurations.
ions in the gas phase. Detachment of electrons from these Systematic studies of the collisional detachment of other
atomic (and also moleculamegative charged ionén pho- ~ 9roups of the periodic table have not yet been made. Semi-
ton, electron, or heavier particle collisigrsas been studied conductor anions, for instance, presentnipé configuration
for almost five decadeEl], as seen in some extensive re- and, besides the intrinsic and applied relevance of their de-
views[2]. Electron detachment in collisions with atoms hastachment measurements, they are almost the only ones to
been studied in the keV and MeV energy ranges, mostly irPresent bound excited states. The ®in, for instance, has
the last two decadef3,4], the interest being not only for three electrons in the ® subshell and, in addition to the
basic science but also for its applications in fusion researctground Sy, level, presents excited long livetD and ?P
studies of stellar atmospheres, astrochemistry, materials sderms [13—15. As measured by Scheest al. [13], the
ence, etc. One such application, for instance, is in ion beariD 325> binding energies are respectively equal to 0.527 and
deposition in insulators, where the charging-up phenomenof.525 eV while the’P term has a very small binding energy,
may be either avoided or diminishéd]. of the order of 29 meV. The population of these metastable
In spite of these several areas of relevance, measuringfates in a beam formed by a sputtering ion source was dis-
these cross sections has been limited by the lack of accelergussed in two experimental work$3,16. Scheeet al.[13]
tors able to impinge fast negative ions on gaseous targets. ppinted out that the excitedD Si~ population corre-
fact, negative ions are routinely obtained from standard cesponded, approximately, to a few nA out of thé total Si-
sium vapor sputtering ion sources and injected into the firsbeam current. Ballingt al. [16] also noted that the meta-
stage of tandem acceleratd®, but these fast negative ion stable population is very low<(2%).
beams are used only as a way to produce singly or multiply The state population of sputtered anions could be roughly
charged positive ion beams after collisional stripping by aestimated using the Boltzmann factor, the main problem be-
gas or a carbon foil. Recentfyr] we proposed a technique ing to estimate an effective temperature. Norskov and Lun-
for studying the collisional detachment of fast negative iongdqvist[18] have estimated an effective temperature of 9000
in a tandem accelerator, using the gas stripper itself as ¥ for the typical Cu™ sputtering case. This value, applied to
target, which opened possibilities in this area. the Si- case, would give &D population, relative to the
Although collisional detachment on atomic and molecularground state, of about 30%. On the other hand, considering
targets has been measured for several anion species, as tiee effective temperature as equal to the room temperature,
scribed in the literaturg¢8], by far the most studied case is we obtain the result that 99% of the anions are in the ground
H™ detachment in collisions with He, Ne, and Ar atoms state.
[9,10]. One important feature is that, for velocities smaller ~As already stated, the Si?P state has a binding energy
than 0.75 a.u., He presents a larger cross section than Nef 29 meV. The population of this weakly bound state was
This fact is described by Olson and Lja1] in the frame- found to be very small due to the quenching induced by the
work of transitions amon¢H~ and XH intersecting quasi- high electric fields produced by irregularities at the sputtered
molecular states, wheng represent He or Ne. They calcu- target surface, which may exceed 1 MV[dB].
lated these potential energy curves and observed distinct The measurement of detachment cross sections of Si
behaviors in the helium and neon cases, with the formecolliding with atoms and their comparison with the well
presenting a crossing of states at small internuclear separknown values for H, which has a binding energy of 0.75
tion, while in the latter the states do not intersect, but mergeV, could give a qualitative indication of the beam compo-
at low internuclear separations. Furthermore, alkali-metal ansition. Evidence may also come when Sinions produced
ions had their detachment cross sections in noble gases mday different processes, like the fragmentation of &r elec-
sured by Andersest al.[12], who proposed a universal fit- tron capture by Si, are employed in the detachment experi-
ting in terms of the H cross section and target-independentments.
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FIG. 1. Experimental setup. SNICS II: sputtering ion source;
VS: velocity selector; ST: stripper gas cell; M: magnet; FC1 and 01 - B
FC2: Faraday cups used in method A; SL1 and SL2: collimating
slits (15° beamling CC: collision chambefmethod B; PP: paral- 00 ]
lel plates; SB1 and SB2: surface barrier detectors. . . , . ) . . . ) .
0.0 2.0x10°  40x10°  6.0x10°  80x10°  1.0x107
Algebraic approximations to Hartree-Fock wave functions Stripper pressure (torr)
of Si” are available in the literaturg20] but, as far as the )
authors are aware, there are no calculated results for the col- F/G- 2. Measured H beam fractidhlack squaresand the cor-
lisional detachment cross sections. Considering this fact, £SPonding theoretical calculations using known detachment cross
simplified model that describes the detachment process a§ctons of 1 Mev H colliding with Ar (solid line).

the Scattering of th@ssumed fre@rOjeCtile electron by the preacce|erated to a Kkinetic ener&xﬂ and then mass se-
target[21] and is expected to be valid for energy transfers, asected by a Wien filter. Our typical cathode and preacceler-
measured in the projectile nucleus rest frame, much largesting voltages were, respectively, 5 kV and 15 kV. The beam
than the ionization energy, could be used in the interpretatiognters the first stage of the tandem accelerator 580EL)

of the projectile dependence of the high-velocity region deof the IF-UFRJ and reaches the central terminal with energy
tachment results. E,+eV, whereV is the terminal potentia(1.7 MV maxi-

In order to test all the particularities verified for the H - mum), ranging in our experiment from 20 kV to 1.3 MV.
case we measured the detachment cross sections ohSi The beam particles can then collide with the atdiorsmol-
collisions with He, Ne, and Ar for velocities in the interval ecule$ of the gas target“stripper”). The gas is introduced
0.25-1.4 a.u. On the experimental side, the silicon anion caftom outside through a pressurized insulating tube, the target
be produced in standard cesium sputtering ion sourcegressure being regulated by an externally controllable me-
[13,17,16 but, as described in the next section, these meachanical valve. In the second stage of the accelerator, the
surements were also performed with”Sons produced by beam particles will be deceleratétie Si case, or continue
collisional dissociation of $i ions, presenting a possibly with the velocity obtained in the first stagthe Si casg or,
different metastable component. The cross sections were efinally, be acceleratethe SI'* case. In the case of Si, this
tracted using both the attenuation and the growth techniquefsn leaves the accelerator with the same velocity as it gets

from preacceleration, and its subsequent magnetic selection

Il. EXPERIMENTAL APPARATUS AND MEASUREMENT is under a less stringent rigidity limitation. After the magnet
TECHNIQUES the Si” beam current is measured on a Faraday cup.
A direct reading of the stripper pressure is not possible,
We have done two different sets of experimeniis:col-  and its value is obtained by applying a measured functional

lision of anions produced in a sputtering ion source with arelation with the grounded end pressure, as described in
gas targe{method A; and (2) collision of anions produced Refs.[7]. Briefly, that functional relation is obtained, first, by
by a secondary process with a gas jet targeethod B.  employing known charge-changing cross sections for hydro-
Both experimental arrangements are presented in Fig. 1. Thgen ions colliding with He, Ne, and Ar to obtain the neutral
total (and absolutedetachment cross sections, in both casesheam fraction after traversing the stripper gas target as a
were extracted from the exponential decay curves obtaineflinction of the gas pressuf22], and then by comparing this
when the target pressure was varied. In the second arranganalytical curve to the neutral fraction, measured in a Fara-
ment the growth rate method was employed to measure thgay cup, as a function of the pressure at the exit of the
neutral and positive beams that correspond to the loss of ontandem accelerator.
or two electrons. Our accelerator’'s beam current may be con- The quality of the normalization pressure technique is
sidered constant for time intervals of some minutes, simplishown in Fig. 2, where the neutral fraction is displayed as a
fying the normalization of the incident beam by avoiding thefunction of the true target pressure. The solid line was cal-
use of a rotating beam chopper, as was done in Béfin  culated using known experimental cross secti@sand the
all cases, we measured the total beam just before and aftpbints are our measured values, multiplied by one vertical
each measurement and the average was taken as the incidant one horizonal adjustable factors to give the best fit to the
beam, with variations being observed in the 1-4 % range. theoretical values from the low measured pressures to the
In the first set of experimentsnethod A we employed maximum of the neutral fraction. The uncertainties come
the method developed in RefZ]. The Si” beam is pro- mainly from the known cross sections used in the theoretical
duced in the cesium sputtering ion souf&NICS 1I) [17], calculations, and the systematic deviation for high pressures
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FIG. 4. Total electron detachment cross section foriScident
FIG. 3. Our measured cross sectidbtack circleg for H™ in-  on He (triangleg, Ne (circles, and Ar (squares measured by
cident on He compared to averaged values taken from[BEf. method A as a function of the relative velocity in atomic units. The

solid lines were drawn only to guide the eyes.

is due to the charge changing in the bad vacuum of the tube
at the accelerator second stage, and for this reason they wepd1 and SL2, with 0.4 mm apertures and pth&m apart,
not employed in our fit. In fact there are two additional con-the Si” beam crosses a gas jet target placed in the collision
tributions to the neutral component, both coming from thechamber(CC). The pressure of the target was also normal-
second stage of the tandem, where hhay undergo single ized to the known H—H single electron detachment re-
electron loss collisions on the residual gas anday un-  sults. The particles were detected by two surface barrier de-
dergo capture, and these collision processes are more rdfctors, SB1l(neutral3 and SB2(charged particles after
evant at large stripper pressures. When we adjust both theg§eparation by an electric field applied between two parallel
retical curve and experimental data, we have a lineaPlates(PP), each charge state being measured on a different
correspondence between the stripper pressure and the refdd-
grounded end pressure, for stripper pressure lower than 3
%102 Torr. The deviation occurs at pressures higher than
5x 102 Torr. Therefore, this linear relation is used to
achieve the stripper density as discussed in Ré&fs. The results obtained using method A for the total detach-
The good quality of results is better seen in the values Wenent cross sections; are shown in Fig. 4, for He, Ne, and
get for the total detachment cross sections ofihl collision Ar targets. The solid linetsecond degree po|yn0miamere
with He, presented in Fig. 3 together with a semiempirical fitgrawn only to guide the eyes. The smaller maximum velocity
of the known experimental results presented in IRef. in the He case is due to the lower maximum voltage used, in
In the second series of experimerttsethod B we em-  order to avoid an electrical discharge in the gas feedthrough
ployed a different method to produce the Sons. Briefly,  type.
Si, ions are formed in the stripper at the high-voltage termi-  The results obtained using method B for the total, single
nal and accelerated in the second stage of the tandem accghd double detachment cross secti@f& o710, and oy,
erator. Si ions are then produced by collisional dissociationrespectively, are shown on Table | for an Ar target. The
of Si, ions on the residual gas in a chamber. This chamber igange of projectile velocities, 0.65 to 1.07 a.u., was limited
placed immediately before the magnet switbh) and these by the surface barrier detector noise and by the magnetic
ions are subsequently mass selected. In order to achievesalector. In all results an average uncertainty+of —8 %
Si~ beam of a few hundred particles per second we neededr@ust be assigned to the absolute values of the measured
nanoampere $ibeam. After collimation by two set of slits, cross sections, coming mainly from the fitting procedure and

Ill. RESULTS AND DISCUSSION

TABLE |. Comparison of the total detachment cross sectigmsLl0*° cn?) of Si™ colliding with Ar
obtained with two different methods3 andf . Single and double electron detachment cross sections were
obtained with the method B.

v(a.u.) 0.65 0.75 0.83 0.93 1.00 1.07
ol 2.07£0.16 2.35:0.18 2.2%:0.17 2.45-0.19 2.33:0.18 2.40-0.19
ol 2.03+0.15 2.50:0.19 2.15-0.16 2.170.16
o1 1.08+0.08 1.1%*+0.08 1.14-0.08 1.3%0.10 1.16-0.09 1.01x0.08
o1y 0.43+0.03 0.610.05 0.45-0.03 0.69-0.05
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287 TABLE II. The linear fit (a,b) and purely multiplicative(c)
26 | parameters employed to match our experimental &irve and the
aal H EHEEE analytical fit of the H data[9].
22r EEE - E EEEE Atom a(10~ % cnd) b c
o 20 Si E E
E al ,.5 He 23 0.9 1.3
8,,1.4'_ Qf%i/ P Ar 0.6 1.4 1.4
o [
12 - /l‘
10 diction of the position of the H cross section maxima is
08 given by the adiabatic criteriof23], but at velocities one
L T TR T VY order of magnitude lower than the measured values, this dis-

crepancy being partly due to the choice of a target- and
projectile-independent “adiabatic parameter” and to the use
FIG. 5. Total electron detachment cross sections for igci-  Of the binding energy as the relevant energy difference. The
dent on Ar measured by method (lack squaresand for H relevance of the binding energy as a parameter for collisional
incident on Ar(dotted ling [9]. Dashed line is the best fit of Si  detachment processes is illustrated by the Pebal. [24]
data by the expression§ (v)=co’} (v). The low-velocity data and Anderseret al. [12] measurements. Peaet al. mea-
(open circles were taken from Ref[5]. sured the electron-impact electron detachment cross section
of H™, C7, O, F, and Na, obtaining maximum positions
from the pressure measurement monotonic_ally dependent on the anion binding energy. When
: scaled using a classical scaling Ig&5] all have their

Th_ehmbeasuremfe dr?}]f’f the to_ta_l deta(;hmer;t cr(()jsz sejetu_)ns Hlaxima almost at the same scaled electron velocity. On the
Ar, with beams of different origins and analyzed by distinct oo, hand, Andersegt al.[12] measured the Li, Na , and

techniques, led targ andog values that present no signifi- |~ 055 sections on noble gas targets. They were able to
cant differences. This can be seen in Table I where, for th i their results to the Hcross sections by the use of
s_ake of comparison, the total cross sections obtained by t mple multiplicative parameters, respectively equal to 1.4,
first met_h_od are also shown. _Thls agreement suggests that tfile& and 2.6, independent of the target gas, with a surpris-
composition of the Si beam is not so different for the two jnq}y good scaling which was mostly attributed to the similar
cases. Our resulgnethod A also agree very well with val- 2 configuration of these four anions.
ues found in the literature for argon at velocities lower than Although silicon and hydrogen possess distinct configura-
0.27 a.u[3], as shown in Fig. 5. tions and the binding energies of the ground and metastable
Table | also shows that the single and double electron 10S§4ta5 of Si are not similar to those of H we believe it to
cross sections are about one half and one fourth of the totglg jhsiryctive to make a similar comparison. The unexpected

electron loss cross section. The triple electron loss was alsﬁmilarity of both data curves, as shown in Fig. 5 for the Ar
measured using method B at the higher end of the velocit}éase’ suggests the validity of a linear scaling such as
range, v=1.07 a.u., obtainingo,=(0.30+0.02)x 10 1°

cn?. We observe that the sum of the th_rlese chanqe%( acs,i_(v)=a+bog'_(v)

o711, andopy) is equal to (2.08:0.15)x 10 1° cn??, slightly

underestimating the values obtained by direct measuremeniy the simpler expression

04=(2.40£0.19)x10°*® cn? and o¢§=(2.17£0.16)

x 10~ 15 cn?. This difference, although within the error bars, oS (v)=call (v).

may also be due to core electron loss processes, when four or

more electrons are ejected. As Shas three equivalent3 Table Il presents the adjusted values of the constris

electrons[13], we can estimate that the major contribution andc for He, Ne, and Ar targets. Although the first model fits

came from these three external electrons. the data reasonably well in the low-velocity region, the
Concerning now the Sitotal detachment data, our first simple multiplicative hypothesis describes the high-velocity

objective was to understand rather empirically the unexend very well, as shown in Fig. 5 for Ar. When we try to

pected ressemblance between thé @nd H results as analyze the more plausible second model, we observe that

shown in Fig. 5 for the Ar case, and which occurs also for Hethe ¢ values are of the same order of magnitude, their aver-

and Ne. This similarity for two rather different anionic pro- ages differing by less than 24%. The fact that the parameter

jectiles is even more impressive as, for either of the twob is almost equal to unity in the He and Ne cases could only

projectiles, there is a marked target dependence. indicate that the low-velocity side had a large influence on
The H™ detachment cross sections presented, in the 0.1the fit. A rough scaling with the inverse square of the binding

1.5 a.u. velocity range, have maxima around 0.44 for heliumenergy fits the H case well to alkali-metal aniord.2] in

1.3 for neon, and 1.06 a.u. for argon. In addition, for veloci-collision with noble gases. Although this does not occur in

ties lower than 0.75 a.u., the detachment cross sections faur case, Si presenting g° configuration, the same simple

collisions with helium become larger than for neon. A pre-multiplicative scaling was found to be valid.

v (a.u.)
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One attempt to handle theoretically the problem of singlewe could estimate the contribution of three or more electron
electron loss from H and H interacting with a noble gas detachment and the contribution of the metastable compo-
target, presented in RdfL0], is based on a free collision type nent in the case of the Siprojectile for velocities around the
model and led to simple analytical expressions. The resultingnaximum. It is important to remember that for Hhe single
formula shows a good agreement with experimental data iand double electron detachment account for 100% of the
the H case, for helium and neon targets, but fails for argonotal electron detachment cross section, but 78% in the Si
and xenon at projectile velocities around the equivalent ta@ase. If we consider only these two contributions, we obtain
the bound electron velocityw&v,). In the H case the de- values comparable to the total electron detachment cross sec-
scription is even worse, far~v,., and no agreement is ob- tion of H™. Therefore the large silicon cross section could be
tained for any target. The predicted position of the crossn large part associated with the existence of three or more
section maximum would occur for velocities,,, much  electrons to be detached, which are not present in the H
larger than the least-bound-electron orbital velocity, having aase, but the presence of a metastable state in the beam is not
monotonic power-law dependence ah Experimentally, necessarily negligible. Comparison with anions having the
however, as shown in Fig. 4 for Siand in Ref[10] for H™, same configuration as Sis desirable to clarify the existence
we havev 2, dNe)> v na{Ar) >vnaHe) for both. of metastable states in the beam.

These facts prevent the use of this simplified model to
interpret our data quantitatively. Instead, we could argue that IV. CONCLUSIONS

this “inversion” reflects the behavior of the cross sections at We have obtained total electron detachment cross sections
low velocities. The maxima represent a transition from a . I :
or Si~ in collisions with He, Ne, and Ar that are corre-

low- to a high-velocity regime, where different meChamsms_spondingly higher than the ones for Heported in the lit-

operate. In the high-velocity regime the cross section de rature. In method A we covered a large range of velocities
creases with the velocity and theoretically is well describe ' o
y y .25-1.4 a.u. We also verified that the Ar target results were

by the free collision mode[10]. In contrast, in the low- » )
velocity regime, the cross section increases. E())t sensitive to how the anion was formedethods A and

As stated before, in the collisional detachment of - . - .
cident on Ne, due to the fact that the Neldnd NeH poten- Qualltatlyely, the large silicon cross section was essen-
ils do not cross in the low-energy lifiL, the efectron S SRSEEC B e may ot
detachment at low velocities is inhibited, thus shifting the f . : - Y
transitional maximum to a higher velocity and making thebe ruled out. In order to \_/c_anfy this possibility and to better
He and Ne cross section curves cross. Our data for the co Inderstand the present silicon results, a systematic study of
: ~ and Gé detachment should be done. The comparison

lisional detachment of Siincident on Ne and He seem to o X .

: : between silicon, carbon, and germanium anions, all present-
present the same kind of behavior, although not so pro:- ’ ’ P
nounced. In fact, we can see in Fig. 4 that the He and Ne dat![ng threep external electrons, would then help us to interpret

are going to cross for low velocities and the maximum forfoeurgge;?:::g:br;ogtgggﬁm’ since all these anions present
Ne is shifted, just as in the Hcase, suggesting that the same '
mechanisms are at work.

Finally, comparing the single and double electron detach-
ment measured by method B to the total electron detachment This work was partially supported by the Brazilian agen-
cross section in the case of Sand H™ colliding with argon,  cies CNPq, FUJB, and FAPERJ.
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