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Comparative study of the collisional electron detachment of C, Si~, and Ge~
by light noble gases
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Collisional electron detachment of anions witp® structures (=2, 3, and 4, namely, C, Si", and Ge,
was studied for He, Ne, and Ar targets and relative velocities ranging from 0.2 a.u. to 2.2 a.u.. Single, double,
and triple electron ejection cross sections were also measured for traion colliding with an Ar target,
being observed to obey a binomial distribution. Two striking universal features were observed concerning the
total detachment cross sections: for each target a multiplicative scaling may be made for the cross sections of
the three projectiles, and these factors are target independent. The maxima of these three curves show a
nonmonotonic correspondence with the noble-gas atomic numbers. A simple law, proposed for the scaling,
indicates the presence of metastable states in thea&il Gé beams.
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I. INTRODUCTION In the low-velocity regime a quasi molecular picture is
used to interpret the Sicase, albeit only qualitatively be-
Studies of the group-IV semiconductor elements, such asause the anionic SiHe and SiNe structures have not yet been
carbon, silicon, and germanium, are of interest to microelecealculated. In the H case, however, calculations have been
tronics and materials science. Concerning their clusters, caperformed and indicate transitions amofgl~ and AH in-
bon buckyballs have been the object of thousands of worksersecting quasimolecular states, whéreepresents He or
and phenomena involving small silicgd] and germanium Ne [8]. For Ne the distinct behavior of the two potential-
[2] cluster anions have also recently been studied. In particlenergy curves can be interpreted as an inhibition of the H
lar, theoretical calculations of cluster structures and growtlelectron detachment, lowering the low-velocity cross sec-
patterns, as the number of atoms increase, have also begéns (quasimolecular regimeand displacing the maximum
reported[3]. Nevertheless relatively few works are con- to a higher-velocity position, thus explaining the almost flat
cerned with collisions involving atomic and small carbon, results observed.
silicon and germanium cluster aniofd], pointing to the Another interesting feature was that all our measured Si
need of such investigations. electron detachment cross sections were higher than for H
Recently[5], we reported the measurement of Silec- |t is known that Si has three electrons in the3 sub-shell,
tron detachment cross sections on He, Ne, and Ar targets, iind predicted excited long-livedD and 2P terms[9—11]
the relative velocity range 0.25-1.4 a.u., the most surprisingTable ). However, due to their different configurations,
feature of these data being their strong resemblance with the@mparison of the Si and H~ detachment results was not
H™ detachment results for the same target g46e4. The  sufficient to confirm the existence of metastable states in the
Si~ cross sections present a maximum for each target gas &~ beam.
almost the same velocities as in thé idase(which are 0.44 The collisional detachment cross sections of &nhd the
a.u. for He, 1.30 a.u. for Ne, and 1.06 a.u. fop Ashowing  alkali-metal anions, Li, Na~, and K~ are known to satisfy
the same nonmonotonic correspondence with the targeimple multiplicative scaling§12], understandable in terms
atomic number. For any given target the overall shapes of thgf their commonns? configurations. A similar reasoning,
two cross-section curves were similar, allowing the use ofowever, does not apply to the scaling of the @ind H-
very Simple additive and multiplicative Scalings. This simi- detachment data, thereby suggesting the importance of a
larity among the two projectiles, Siand H™, even extended more extensive study of detachment in group-IV anions.
to both presenting the tendency for He and Ne data to inter- Carbon and germanium anions, like silicon, have three
sect each other at the lowest measured velodified. electrons in thg subshell. ThéD state of carbon has a very

The velocity range in our previous papiéi] covers the  small electron affinity[9] and the existence of an excited
transition from low to high velocity regimes, where different

mechanisms operate. In the high velocity regime, we can

make a simplified description of the collision process as theC,
scattering of the assumed free projectile eledspby the
target, with detachment occurring when the energy transfer,

TABLE |. Binding energies of ground and metastable states of
, Si, and Ge.

Binding energiegeV) (Andersonet al. [11])

as measured in the projectile nucleus rest frame, exceeds tPA ion S D P
binding energy of the electrés). Two expected features of

the cross sections, actually observed, were their increase with- 1.2621 0.033

the atomic number of the target for a given velocity, andsj- 1.3895 0.5272 0.029
their decrease with the relative velocity for a given targetge™ 1.2327 0.4014

atom.
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FIG. 1. Experimental setup. Shown are the sputtering ion sourcel""
(SNICS-1I), magnet(M), velocity selector(VS), stripper gas cell 8

(ST), and Faraday cup§C1 and FC2used in measurements of
total-electron cross sections. In the 15° beam line are shown the
slits (SL1 and SL2, the scattering chamb€8C), and the detection
system composed by a set of two charged parallel pi@Esand

two surface-barrier detecto(SB1 and SB2
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Ge (“D) term has been reported in the literat@is]. All

2
relevant affinities are listed in Table I. A comparison of elec- n(cm™)

tron detachment cross sections of 3ind Ge with those of FIG. 2. Typical exponential decay curve used to obtain total-

.C_trr]nag be L_‘S.edf to C?eCkhthe lemstenc(;e of ?etaSta?le”‘:‘t?.t%%ctron detachment cross sections, obtained by varying the target
In the beam; in fact, for the electron detachment of a al'thickness and measuring the final anion current in Faraday cup 2

metal anions in noble gases, at intermediate and high velochzcz)_
ties, Andersen and co-workef42] obtained multiplicative
factors that roughly scaled with the inverse square of theand the readings of an ion gauge, placed at the grounded
binding energy. Should some similar monotonic rule workhigh-energy end of the accelerator.
for semiconductor anions, we would have a good probe for The total (and absolutedetachment cross sections were
the presence of metastable states. extracted from exponential decay curves, obtained by vary-
In this work some results of such a systematic study of théng the target pressulé,15,16, as shown in a typical case
collisional electron detachment of CSi~, and Ge anions, in Fig. 2. Normalization was simple due to the stability of the
are reported. The total detachment cross sections have beaocelerator beam current for time intervals of a few minutes.
measured for He, Ne, and Ar targets. Considering that resultSncertainties in the exponential fitting procedure and in the
obtained in our previous workor one velocity and target cross-section values used in the stripper pressure calibration
[5] on the ejection of one, two, and three electrons seemed tare the main causes of uncertainty in the measured cross
indicate that the electrons were independently ejelctdll a  sections, estimated to be around 4% to 7%.
systematic study has also been made of the single- and A second set of experiments, namely, the detachment of
multiple-electron ejection for the Tanion colliding with an  one, two, and three electrons of @t different velocities has
Ar target. also been performed, but now using a gas target placed in-
side the scattering chambghown in Fig. 1 and a C beam
obtained through an indirect process. Sputtering in the ion
source may produce both™Cand G beams which in the
The experiments were performed at the Labaiatale  Stripper may give origin, among other possibilities, to C and
Colisces Afamicas e MolecularesLaCAM) of the Univer- C, ions, respectively. Collisions of those ions with the re-
sidade Federal do Rio de Janei{tdFRJ. The experimental sidual gas, in the region between the high-energy end and the
setup is shown in Fig. 1. Beams of CSi~, and Gé were  switching magnet M), provide final C beams with the
produced by a cesium vapor sputtering ion soU@RICS- same energy/mass rati@nd thus indistinguishable under
I). The ions were preaccelerated to a kinetic enégyand,  magnetic selection the former by capture of one electron
after mass selection in a Wien filter, acquire an additionabnd the latter by fragmentation.
energyeXxV in the first stage of our laboratory’s 5SDH Pel-  The resulting C beam, after being momentum analyzed
letron accelerator, in which the potentidmay be as high as in the switching magnet and deflected to 15°, is collimated to
1.7 MV. With that energy E,+eXV), they go through the a diameter of less than 0.4 mm by micrometric sliding slits;
gas stripper. this drastic collimation reduces the beam intensity to values
All our measurements of total electron detachment crosthat were kept smaller than 300 particles per second. With
sections were made using the stripper gas as target, as d&ich counting rates, surface-barrier detectors could be em-
scribed in Refs[5,15]. This method is feasible because the ployed, as indicated in Fig. 1, ensuring a continuous check of
pressure of the gas, which is introduced from outside througlthe beam energy and composition, and giving the advantage
a pressurized insulating tube and regulated by an externallgf 100% efficiency.
controllable valve, though not directly measurable, is never- The highly collimated beam hits the gas target, a gaseous
theless known. For each gdkle, Ne, and A), published jet provided by a hypodermic needle. With no jet, the
values of single-electron-loss cross sections ofwere used  vacuum in the scattering chamber was better thar Trr,
to make a correspondence between the stripper gas pressimeing 10 8 Torr at the high-energy end of the accelerator.

Il. EXPERIMENT
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FIG. 3. Typical growth curves used to obtain the cross sections G
070, 071, andopy. In these measurements the final-state beam was? .80
measured by the two surface-barrier detectors, SB1 and SB2.

o
T 180
The target thickness was obtained from the pressure reading o
in the chamber, through a calibration process using publishec

H™—H single-electron detachment cross-section values 1.50 |
[16]. lons, in charge states one or two, were deflected to the
surface-barrier detector SB2 by conveniently setting the elec:
tric field of parallel electrostatic plat¢®P), placed just after

the target; neutral particles were measured with SB1. The 120
incident beam was also measured, with SB2 or 8Bith no
electric field appliedl The growth rate method was used to
extract the cross sectiofi$6], as shown in a typical case in 0.0 -
Fig. 3.
A
lll. RESULTS AND DISCUSSION 0.60 - O He 1
Figure 4a) shows the absolute electron detachment cross I : )
sections of C, Si” and Ge anions in Ar. In Fig. 4b) the N S S S S
Si” and G€ results were scaled to the Gesults, taken as T00 02 04 06 08 10 12 14 16 1.8
reference, through multiplicative factors K shown in Table v (a.u.)

II. In all cases there is a striking similarity of results, in

particular the maxima are in excellent agreement with each FIG. 4. (&) Absolute electron detachment cross sections of C
other. Finally, the measured detachment cross sections dfircle), Si~ (square [5], and Ge (triangle incident on Ar. (b)
one, two, and three electrons of Gnions in Ar are shown Electron detachment cross sections of ircle) incident on He,

in Table Ill. These results, after being normalized to theirN& and Ar compared with the results forSisquarg and Ge
sum for each velocity, i.eE(v)=o07(v)/S 07, are also (triangle scaled by the multiplicative factok¥K) of Table Il. The
shown in Fig. 5 : e solid lines are drawn only to guide the eye.

The good agreement of the SGe , and C curves for

collisions with He, Ne, and Ar, shown in Fig(#), particu- squared electron affinitigd2]. In our case it has the form

larly at high velocities, is not fortuitous and point to a very . .
simple scaling for these thrgeelectrons systems. As shown i [N N7 () 12(C) 1)
in Table I, within the experimental fluctuations there is es- oc- Ié(i) 1*2(i) e

sentially a single averagd¢ factor,(K), for Si” and another
for Ge™, irrespective of the target atom, although a verywhere the index stands for silicon or germanium and the
small Z dependence may hold. carbon anion is assumed to be in the ground state. The
To understand these remarkable features, we tried at firgt,,1*) are the electron affinities given in Table | for the
to apply the simple scaling that Andersenal. [12] have  ground and metastable states, respectively, agah(*) their
employed for anions witms? structures, namely H Li~, populations. Thed;,oc-) are the detachment cross sections
Na~, and K™ incident on He, Ne, and Ar, observing that the of silicon or germanium and carbon, respectively. For the
multiplicative factors are proportional to the inverse of thepopulations of metastable and ground states,
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TABLE I1l. Multiplicative factors that scale to each other the 1.0
detachment cross sections of Gi~, and Gé as shown in Fig.

4(b). (K) is the averag& for each anion. solid line: N = 5

0.8 [ dotted line: N = 3

K
Anions He Ne Ar (K)

c” 1.00 1.00 1.00 1.00
Si~ 0.78 0.76 0.75 0.76
Ge™ 0.67 0.70 0.70 0.69

Yield

Ng(i)+n*(i)=1. (2

Some assumptions were made for solving Ed$.and O T T e s 20 22 o4
(2). First, any influence of thB state of C or theP state of V (a.u.)
Si” was neglected. In fact, as stated by Nadeau and Lither-
land [17], the population of weakly(some meV bound FIG. 5. Fractional relative detachment cross sections of one
metastable states is usually destroyed by high electric field&olid squarg two (solid circle, and thregsolid triangle electrons
produced by irregularities on the sputtered target surfaceaf C™ in collision with Ar, normalized to one for each measured
Second, the scaling law proposed by Anders¢ml. [12] velocity. Also shown as a dotted lindNE&3) and a solid line
was assumed valid in the intermediate velocities range. Witk 5) are the normalized probabilitié¥ of a binomial distribution
these assumptions metastablé &nhd Gé fractions, around that best fits the experimental results, at each velocity.
10% and 5%, respectively, and the remaining anions in the
ground state, were obtained. Ballieg al.[18], using a dif- of 9000 K for a typical Ci ion beam obtained by sputtering.
ferent kind of sputtering ion source, obtained less than 2% ofn our case, the metastable populations for the silicon and
the Si’ beam in the metastabléD state. Scheeet al. [9]  germanium anions obtained from the scaling model indicate
have also observed metastable anions via infrared laser sped? effective temperature around 5000 K.
troscopy measurements, though in the 0.1% scale. In order to understand the general shapes of the cross
Two possibilities for the disagreement between thesections, particularly the nonmonotonic variation in the po-
present estimates of the metastable fractions and the expe#itions of the maxima corresponding to He, Ne, and Ar, we
mental values of referenc¢9,18] are suggested. First, the should first understand how the maxima are formed. As al-
scaling model, verified to work at high velocities and for ready stated, we interpreted these maxima as a consequence
alkali-metal anions, has been applied in the intermediate veof a transition from the low- to the high-velocity collisional
locities range and for group-IV elements, where it may not'egimes, where different physical processes occur. The high-
work so well. Second, the metastable component could belocity region does not present special features and the de-
very sensitive to the sputtering ion source and operation corfachment of electrons is essentially a geometric effect: the
ditions. Considering the effective temperature equal to théighest cross section for argon, the lowest for helium. How-
ever, in the low-velocity region the structure of both colli-
_ ) sional partners plays an important role, as already pointed
TABLE IIl. Me_asured sm_gle_, double, and triple eIe_qtron_ detach- gt by Olson and Lil8] in the case of H. As the maxima
ment cross sections for Tincident on Ar for velocities in the corresponding to He and Ar are at predictable relative posi-
interval 1.0-2.2 a.u. tions, an explanation for the almost flat curve of Ne, with its
maximum dislocated to a high velocity, should be searched

o (1072 cn?) . . "
B B B in a comparison of the Ne and He curves at low velocities.

v(@u 10 o1 712 In fact when an anion A collides with an atonX at low
1.00 1.19-0.14 0.45-0.05 0.12-0.01 relative velocities, its electrons can be removed by a transi-
1.16 1.13-0.14 0.46-0.06 0.13-0.02 tion between the molecular statds<™ and AX, if they in-
1.30 1.14-0.14 0.46-0.06 0.14-0.02 tersect. These states have been calculfgédor the anion
1.42 1.04-0.13 0.45-0.05 0.16-0.02 H™ colliding with He or Ne, considering the molecular states
1.60 0.96-0.12 0.45-0.05 0.26-0.02 HeH™ and HeH(or NeH™ and NeH. For helium, the curves
1.84 0.96-0.11 0.43-0.05 0.18-0.02 intersect at a distandg; of the order of 2.@,. For a suffi-
205 0.75-0.09 0.38-0.05 0.18- 0.02 ciently close approach of Hand He, such that their inter-
220 0.70-0.08 0.34+0.04 0.14+ 0.02 nuclear separatioR is less than 24, the system can cross

to the HeH state, ejecting the attached electron.

For H™ colliding with Ne, however, the situation is some-
room temperature, the metastable fractions obtained usinghat different. The NeH and NeH states do not intersect
the Boltzmann factor would be smaller than 1%, both forbut merge, foR lower than approximately 1&g, which re-
silicon and germanium. On the other hand, Norsledal.  sults in a detachment cross section smaller by a factor of
[19] have estimated a nonequilibrium effective temperatureabout 2/3, as compared to that of tdolliding with He. That
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is why the cross sections for Hcolliding with He and Ne electrons of C, in the intermediate-velocity regime, is es-
intersect ay=0.77 a.u.: the inhibition of the cross section sentially event independent and, as the ejection of these elec-
for Ne makes its maximum flat and far from those of He andtrons accounts for almost the total electron detachment cross
Ar. The same inhibition has only a secondary effect on arsections, calculations based on the independent scattering
gon. model would be appropriai@2]. Anderseret al.[12] have

The single-, double-, and triple-electron detachment crosarrived at similar conclusions, after analyzing the tiHe
sections of carbon, listed in Table Ill, may be analyzed em<ollision at low velocities; they estimated the correlation ef-
ploying simple binomial distributions of single-electron fect and pointed out that it has little influence on the total
probabilities[14]. For such an analysis, in a first step, the electron detachment2,23.
measured detachment cross sections at a given velocity
(single, double, and tripjewere normalized by dividing IV. CONCLUSIONS

them by their sum. The resulting fractions, for €olliding o Ivsis of the total elect detach i
with Ar, are shown as solid symbols in Fig. 5. In a second ur analysis of the fotal electron detachment cross sec-

. . G BN Ny nra W N=D tions of C, Si™, and Gé colliding with He, Ne, and Ar has
Stfp’ th_e binomial prObab"_'t'eB”_(")P (_l p)_ (with shown that they all share a common shape in their depen-
n=1, single detachmenty=2, double;n=3, triple) were

also divided by their sum and. for each velocity, the value OTdence with the relative collisional velocity. Single multipli-

p that best fitted all three normalized cross sections Wa%ﬁ;gﬁ Z‘:ﬁa rsthvgierrir?susn2;323;?2;5?:52”;&&: f;)lrl g?’_
found. The dotted line in Fig. 5 connects the resulting nor- '

) . ; L . ets. A simple scaling law was then applied, strongly sug-
malized binomial probabilities, calculated with=3 (num- gets. _ o
. ) . esting the presence of metastable Gend Si” ions. The
ber of available electrons in thg® subshell and the solid 9 . . . o .
line those forN=5 (number of availableuelectrons in the obsgrved inversion in the position of the cross-section
most external shall Though not excellent, the agreement maxima for the He and Ne targets has also been qualitatively

attained suggests independent electron detachment erhau%derStOOd on the basis of a quasimolecular description.
99 P P PSas a final conclusion, detachment cross sections of one,

\rl]vcljtthbaeIzlr']%httocfhrg#ugﬁﬂc?grt:e two extra electrons that dotwo_, and three electron_s of ca_rbon, expres_sed as fractions of
Such simple binomial diétributions of single-electron _thelr sum at _each. relqtlvg chI|S|onaI vglocny, were compat-
probabilities have been employed by other authors to de|_bIe with a binomial dlstnbutlon: Such mdependenc_e qf th_e
scribe the multiple inner-shell ionization in fast collisions electron detachme'nt cross sections on t.h.e multiple |on|zat|on
’ of charged projectiles opens the possibility of extending the

. ree-collision classical impulse approximation to the screen-
electron exchange are expected to be sif0]. This ap- ing contribution of electron-loss calculatiof4].

proach has also been used for multiple ionization in outer
shells, where electron correlation is not expected to be so
small[21]. As the validity of the binomial distribution rests
on the neglect of electron correlation in both initial and final ~ This work was partially supported by the Brazilian agen-
states, we can assume that the detachment of the three outdes CNPq, FAPERJ, and FUJB.
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