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Negative-ion formation in collisions of low-energy electrons with neutral sodium clusters

V. Kasperovich, G. Tikhonov, K. Wong, and V. V. Kresin
Department of Physics and Astronomy, University of Southern California, Los Angeles, California 90089-0484

~Received 3 April 2000; published 7 November 2000!

Electron collisions with neutral sodium clusters in the 0–3 eV energy range have been studied in a crossed-
beam geometry, and direct evidence for the formation of Nan

2 anions has been obtained. The dependence of
ion formation efficiency on the electron energy is well represented by the Langevin cross section, suggesting
that the electrons are captured by the polarization field of the cluster. This is consistent with the highly
polarizable nature of alkali-metal clusters.

PACS number~s!: 36.40.Wa, 34.80.Ht
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I. INTRODUCTION

Free-electron attachment to molecules is a venerable t
that has received much experimental and theoretical atten
in the literature~see, e.g., the recent reviews@1–4# and ref-
erences therein!. In addition to its obvious importance in th
fields of spectroscopy and mass spectrometry, low-ene
electron attachment has been invoked in such diverse
texts as plasma discharges, combustion, excimer laser o
tion, explosives detection@2#, and DNA radiation damage
@5#.

In the cluster domain, on the other hand, this subject
been explored to a considerably lesser degree. Most of
studies up to date have dealt with molecular clusters@3,4,6–
12# and fullerenes@3,13–18#, but only very few with metal
clusters@19#.

Alkali-metal nanoclusters are noted for being highly p
larizable @20–22#. The strength of their long-range intera
tions with charged and neutral particles~for a review, see
Refs. @23,24#! is a direct manifestation of the high clust
polarizability. Recent studies of low-energy inelastic electr
collisions with sodium clusters@25,26# found that in the 1–5
eV electron energy range the inelastic integral cross sec
exceeded the geometrical cluster cross section by a facto
;2 –3. ForE<1 eV it was found that the enhancement w
even more dramatic, with cross sections rising strongly
E→0. It was conjectured that this behavior was due to e
cient negative-ion formation. Indeed, the experimenta
measured integral cross sections in this energy range w
quite well represented by the Langevin expression for e
tron capture in the polarization field of a polarizable targ
@23,27–29#. An incoming slow electron polarizes the neutr
cluster and is attracted by the resulting dipole field. For i
pact parameters below a certain critical value, the elec
spirals into the center of force and is captured. If the tar
were a classical perfectly conducting sphere, this would r
resent the electron’s attraction to its own image charge.
real clusters, one uses the experimentally measured di
polarizability a.

It is important to note that, while the description above
classical, the quantum-mechanical capture cross sectio
practically identical to the Langevin value in the energy
gion of interest. Indeed, the exact solution@30# descends to
the classical value and oscillates about it by no more tha
few percent when the electron collision energyE satisfies
1050-2947/2000/62~6!/063201~6!/$15.00 62 0632
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(8aE)1/4.1, whereE anda are expressed in atomic units
In view of the high polarizability of metal clusters~e.g., for
Nan , an'64n a.u.; see Sec. III!, for n*10 this inequality is
already satisfied at energies in the meV range, in contras
the typical situation in atomic and molecular scattering@2#.
This justifies the use of the term ‘‘Langevin capture’’ even
the sub-eV range where the de Broglie wavelength of
incident electron exceeds the radius of the cluster.

The calculation predicts that the integral polarization ca
ture cross section should be inversely proportional to
velocity of the incoming electron, i.e., to the square root
the collision energy. The beam depletion technique e
ployed in our previous work@25,26# was well suited for mea-
suring absolute cross sections, but could not capture the
action products. The evidence for the existence of effici
electron capture was therefore compelling, but indirect.

The present experiment was designed to provide di
evidence for negative-ion formation at low electron impa
energies, and to verify that this anion yield indeed follow
the Langevin mechanism. The rest of the paper is organ
as follows. Sec. II gives a detailed description of data acq
sition and analysis. In Section III our main results are p
sented and compared with the predictions of the polariza
picture. Section IV contains the summary.

II. EXPERIMENT

The basic scheme of the experiment was to pass a c
mated supersonic beam of neutral metal clusters through
collision region of a low-energy high-current electron gun,
extract the resulting negative cluster ions, and to monitor
efficiency of anion formation as a function of electron e
ergy. The experimental setup builds upon that used for
measurement ofe2-Nan interaction cross sections describe
in Ref. @26#, where further details about the cluster beam a
electron gun construction can be found. The arrangem
was modified to incorporate a channel electron multipl
~also referred to as a CEM, or a Channeltron; Detector Te
nology, Palmer, MA! mounted on a movableXYZ stage and
facing the downstream aperture of the electron gun~Fig. 1!.
The design allowed neutral particles to fly freely through t
Channeltron and be detected further downstream in the m
ner described in detail previously~photoionized by UV light
from an arc lamp, passed through a quadrupole mass
lyzer, and detected by an ion counter!. In this way, we could
©2000 The American Physical Society01-1
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monitor the sodium cluster mass spectrum simultaneo
with the anion counts.

The role of the Channeltron was to detect any negativ
charged particle exiting the scattering region of the elect
gun, where electron and cluster beams crossed each othe
the present stage of the experiment we are not able to m
select anions before feeding them into the CEM detec
Normally, the direct detection efficiency of a commerc
Channeltron drops asm21/2, where m is the mass of the
incoming particle of a given energy@31,32#. To boost the
detection efficiency of heavy ions and make it more unifor
a conversion dynode is one of the most commonly used
tions @32–34#. Thus we chose a CEM detector unit conta
ing a built-in conversion dynode with an off-axis Chann
tron overlooking it, as indicated in Fig. 1. The dynode w
biased by a high positive voltage of up to 6 kV. The Cha
neltron cone was floated at22.9 kV and the channel exi
was grounded, providing a voltage gradient across the ch
nel required to create a detectable electron avalanche. In
detection mode, an incoming negative ion is attracted by
positively charged conversion dynode, hits it, and breaks
into pieces, some of which are positively charged@35#. The
positive fragments are accelerated toward the Channe
entrance by the potential difference of about 9 kV, whe
secondary electrons are ejected upon impact and an ele
avalanche is created. Finally, an all-in-one preamplifier a
discriminator unit~Advanced Scientific Instruments Corp
Wheat Ridge, CO! is used to convert the small negativ
CEM output pulse into a logic~TTL! pulse 100 nsec wide.

This detection technique is beneficial in two ways. Fir
the negative cone voltage allows the Channeltron exit to
grounded, which allows for an easy connection to pu
counting electronics. Secondly, the high negative voltage
the CEM cone repels stray electrons that are produce
large quantities at the electron gun cathode. While a s
electron can still hit the conversion dynode, it will be d

FIG. 1. Section of experimental setup used for negative-ion
tection ~not to scale!. A beam of neutral sodium clusters is gene
ated in a supersonic expansion source (Tsource5880 K,Tnozzle

51030 K, Ar carrier gas pressure 8 bar!. A cluster captures an
electron in the scattering region of the electron gun and becom
negative ion. It is extracted by ion optics and accelerated towa
stainless steel conversion dynode, producing positive fragments
are subsequently detected by the Channeltron and result in a
pulse registered by a multichannel scaler board. The conver
dynode and Channeltron are located approximately 10 mm from
collision region. Neutral clusters remaining in the beam contin
freely through the negative-particle detector toward the beam de
tor, where they are ionized by filtered UV light, mass analyzed b
quadrupole mass analyzer~QMA!, and registered by an ion counte
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tected only if this hit produces a positive secondary partic
a process much less likely for a given impact energy than
ejection of a secondary electron. The end result is a sign
cant reduction in the level of background noise.

The data acquisition mode in our setup can be brie
summarized as follows. The supersonic Nan beam is me-
chanically chopped at 94 Hz approximately 50 cm past
source nozzle. After another 1 m of free flight, the clust
enter the scattering region of the electron gun, where som
them form negative ions by capturing low-energy electro
Since the entire 25-mm-long scattering region is an equi
tential volume, the cluster anions leave it with the sa
translational velocity as the original neutrals in the bea
Elementary ion optics placed behind the scattering reg
focuses the negatively charged clusters into the Channelt
The output pulses of the electron multiplier were collect
by a plug-in multichannel scaler~MCS! board which was
synchronized with the cluster beam chopper. The total cou
ing rate~signal plus noise! was on the order of 3000 count
per second.

For each data point, the nominal electron energy was
and calibrated, the energy distribution~see below! checked,
and then a time-resolved MCS profile was accumulated
approximately 25 min. We also monitored the mass popu
tion of the original neutral cluster beam by taking mass sp
trometer scans before and after each electron energy poin
representative mass spectrum is shown in Fig. 2.

A typical experimental MCS profile is presented in Fig.
The scaler starts collecting data immediately after the clu
beam is opened by the chopper wheel. It takes up to 1 ms
the majority of clusters to fly from the chopper to the Cha
neltron, which accounts for the delay seen before the sig
starts to build up above the noise level. From that mom
on, the clusters continuously fly through the electron g
until the chopper blocks the beam again. The washed
boundaries of the signal bump are a signature of the intrin
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a
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e

e
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FIG. 2. A mass abundance spectrum recorded during the ex
ment, displaying the familiar electron shell closings. The ins
above the spectrum represents the calculated probability for a n
tive cluster ion to fly out of the electron gun scattering region a
reach the conversion dynode~see text!. This probability is less than
unity due to the presence of a strong collimating magnetic fi
inside the electron gun.
1-2
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NEGATIVE-ION FORMATION IN COLLISIONS OF . . . PHYSICAL REVIEW A 62 063201
cluster velocity spread in the supersonic beam. For ev
accumulated MCS spectrum, the total amount of real sig
DN, was extracted by summing all the channels under
plateau region of the bump and subtracting the noise le
for the equivalent number of channels. The estimated ac
racy of the extraction is;10%. In this experiment the
signal-to-background ratio ranged from;0.5% to 3% corre-
sponding to a counting rate of up to 10 negative ions
second.

As discussed in detail in our previous publication@26#, the
following equation relates the effective integral cross sect
se f f of the electron-cluster interaction to the measured qu
tities @36,37#:

DN

N
5

se f fI el

vclh
, ~1!

whereN stands for the neutral cluster flux,I el is the electron
number current,h is the height of the interacting beams, a
vcl is the cluster beam velocity. Herese f f is the intrinsic
cross sections(E) convoluted with the electron energy di
tribution I (E2E0) produced by the electron gun:

se f f~E0!5

E
0

`

s~E!I ~E2E0!dE

E
0

`

I ~E2E0!dE

. ~2!

E0 represents the nominal electron energy, i.e., the pote
applied to the scattering region. A retarding potential te
nique was used to extract both the electron gun ene
spread and the contact potential correction to the nom

FIG. 3. A typical multichannel scaler profile obtained in o
experiment. The chopper wheel opens the cluster beam at timt
50. Following an approximately 1 ms flight time from the cho
per, the clusters reach the electron gun and the anion signal b
up above the noise level. After'5 ms the chopper again gates th
beam off. The gradual rise and fall of the cluster signal are a refl
tion of the intrinsic velocity spread of the beam. The anion curr
was extracted by summing the counts under the plateau regio
the signal ‘‘bump’’ and subtracting the background noise summ
over an equivalent number of channels.
06320
ry
l,
e
el
u-

r

n
n-

ial
-
y

al

electron energy. The measured energy distributionI (E
2E0) is well represented by a Gaussian shape with a
width at half maximum~FWHM! of about 0.3 eV forE0
<1 eV, and 0.4 eV for higher electron energies. The valu
for E0 were measured to an accuracy better than 0.1 eV.
nominal energies less than the FWHM of the electron ene
distribution,E0 is no longer a good measure of the avera
electron collision energy. In this energy range it is mo
appropriate to introduce an adjusted electron energy^E& as
follows @38#:

^E&5

E
0

`

EI~E2E0!dE

E
0

`

I ~E2E0!dE

, ~3!

where the energy spread is given an appropriate cutoff aE
50. Note that Eq. 2 forse f f(E0) truncatesI (E2E0) at the
origin as well. Our calculation showed that^E&'E0 already
for nominal energies of 0.5 eV and higher.

As mentioned above, at the moment we do not mass
solve negative ions formed in the electron gun scatter
region. This implies that expression~1! should be modified
to convolute the mass-dependentse f f with the mass spec
trum produced by the cluster source:

DN

N
5 K Pse f f

vcl
L I el

h
'

^P&^se f f&I el

^vcl&h
. ~4!

Now N is thetotal number of clusters of all sizes entering th
scattering region during the data acquisition cycle,DN is the
total number of detected ions in the same cycle,P is the
mass-dependent detection probability for the negative ion
the Channeltron, and the averaging needs to be perfor
over all the cluster sizes present in the beam. Indeed, in o
to be detected the cluster anion should be able first to es
from the scattering region~probability p1), and then to pro-
duce a detected positive fragment~probability p2) in a col-
lision with the conversion dynode. If we assume thatp1 and
p2 are independent, then̂P&5^p1&^p2&. In principle, the
probability of the captured electron detaching on the way
the Channeltron should also be addressed. However, suc
outcome does not appear to be dominant, and will not
included in our estimates. It is, however, directly related
the fascinating general question of relaxation mechanis
for the negative ions, and as such remains an important
ject for future investigation.

A reduced value ofp1 is primarily due to ion deflection
by the strong magnetic fieldB present in the scattering re
gion ~the electron beam is collimated byB51400 g to pre-
vent its dispersal by space charge repulsion@26,39#!. Using
the equations of charged particle motion in a region
crossed electric and magnetic fields,p1 can be estimated
quite easily and essentially analytically. The inset in Fig
summarizes the variation of cluster escape probability w
size. In the mass range of interest, the curve can be very
fitted by a scaled square root function. To find^p1&, the
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KASPEROVICH, TIKHONOV, WONG, AND KRESIN PHYSICAL REVIEW A62 063201
escape probability is convoluted with the mass spectrum
tribution measured during the same acquisition cycle@40#.

On the other hand,p2 is expected to be a complicated b
relatively level @35# function of the ion mass, its velocity
and the condition of the conversion dynode surface. T
^p2& would vary from one data point to another only if th
relative intensities of the opposite ends of the mass spec
showed a strong shift. However, we verified that the ‘‘cen
of gravity’’ of the mass spectra remained stable to with
10%. Hence it is accurate to treat^p2& as a constant coeffi
cient. As described in the next section, by scaling the th
retical curve to the experimental data points we estima
^p2&'0.03.

The cluster beam velocity is another parameter ente
Eq. ~4!. In general, in a supersonic beamvcl is a weak func-
tion of cluster size. For example, our recent measurem
showed@26# that it decreases by less than 10% on go
from Na20 to Na70. Thus we used an average value^vcl&
51100 m/s in the expression~4! instead of performing ve-
locity measurements for every cluster in the mass spectr

III. RESULTS

As described in the Introduction, this experiment was c
ried out in order to verify directly that cluster beam depleti
as a result of collisions with 0–1 eV electrons is primar
due to negative cluster ion formation@25,26#.

For reference, Fig. 4 shows the previously measured t
inelastic electron scattering cross section for Na40 as a func-
tion of the collision energy. The dots are the experimen
data points extracted from the depletion of the cluster be
in accordance with Eq.~1!. The dashed line represents th
Langevin electron capture cross section

scap~E!5A2p2e2a

E
, ~5!

FIG. 4. Total inelastic cross section for collisions of electro
with the closed-shell Na40 cluster ~from @26#!. Solid dots are the
experimental data points obtained from a measurement of the
tive depletion of the cluster beam. The dashed curve is the Lang
cross section for electron capture by a dipole polarization fie
convoluted with the experimental energy resolution. The go
quantitative match at low energies was interpreted as evidenc
efficient cluster anion formation.
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whereE is the energy of the incoming electron anda is the
cluster polarizability. As mentioned in Sec. I, this cross s
tion represents an electron trajectory spiraling into the clu
center under the influence of the polarization potentialVpol
52ae2/2r 4. The plateau section (E.1 eV) of the deple-
tion curve in Fig. 4 was interpreted as the onset of electr
induced cluster fragmentation.

The results of our present direct measurement of an
formation are shown in Fig. 5. The experimental data poi
are normalized to a value of 1 for the maximum cross sec
in the set ~absolute scaling is hampered primarily by th
absence of quantitative information on the dynode conv
sion probability^p2& defined in Sec. II!. Since it enters ex-
pression~4! as an overall scaling factor, the normalizatio
obviously does not affect the intrinsic energy dependence
the measured ion yield. The relative accuracy of the d
points shown in Fig. 5 is estimated to be 10–15 %.

The Langevin capture cross section~5! depends on the
cluster sizen through the polarizabilitya. Obviously, differ-
ent cluster sizes will have different numerators in the Lan
vin formula. But the energy denominator remains the sa
for all particles. Hence, if the electron capture mechanism
relevant to our case, the overall shape should follow an
verse square root dependence on the collision energy:

^scap~E!&5(
n

f ~n!scap~E,n!5
A

AE
. ~6!

Here f (n) is the relative abundance of Nan in the beam, and
A is the resulting overall numerator.

The solid line in Fig. 5 is a least-squares fit of th
const/AE dependence to the set of experimental anion yi
data. This function was convoluted with the electron g

la-
in
,

d
for

FIG. 5. The main result of this work: direct evidence f
negative-ion formation in collisions of low-energy electrons w
neutral sodium clusters Nan . Circles: anion yield normalized to the
neutral cluster flux and to the electron current. Line: Langevin el
tron capture cross section convoluted with the mass abund
spectrum and with the electron gun resolution~see text!. The only
adjustable parameter is an overall scaling factor representing pr
rily the Channeltron detection efficiency. It is concluded that i
formation proceeds via electron capture by the polarization field
the cluster.
1-4



f t
on

es
b

re
fo

ct
ng
o

on

te
e
-

, w
o
ed

r

th
,

te
h

o
W
ly

e,

e of
ith
ter

he-
-ion
ent
tate
. It
tate

’’
l,

e
n-

e
en-
pro-
; in
of

at

ture
for

for

ge
eri-

e-
i-
ine
the
Y-

NEGATIVE-ION FORMATION IN COLLISIONS OF . . . PHYSICAL REVIEW A 62 063201
energy resolution prior to fitting, as defined in Eq.~2!. There
is an impressively good agreement between the shape o
curve and the experimental points. This result directly c
firms that the observed cross section rise forE→0 is a sig-
nature of electron capture.

Electron attachment processes may be affected by r
nances, thresholds, Franck-Condon factors, etc. It would
very interesting and challenging to search for such featu
in a high-resolution measurement. Our data, which are
cused on the general energy dependence of the cross se
indicate that the polarization interaction is the controlli
factor: its long range dominates over the contribution
other phenomena.

Finally, let us estimate the average probability^p2& for
cluster anion conversion into positive fragments at the c
version dynode. This can be found from Eq.~4! by substitut-
ing into it the relevant electron and cluster beam parame
and intensities, together with Eq.~6! for the averaged captur
cross section. The numeratorA in the latter is given, accord
ing to Eq.~5!, by

A5pe(
n

f ~n!A2an. ~7!

To perform the averaging over the cluster mass spectrum
need to know how the polarizability of a cluster depends
its sizen. For alkali-metal clusters, it can be adequately fitt
by the forman5(Rn1d)3, whereRn5r sa0n1/3 is the clus-
ter core radius (r s53.96 is the Wigner-Seitz parameter fo
sodium anda0 is the Bohr radius! and d'0.75 Å is the
valence electron spill-out parameter@23#. Using Eq.~7!, to-
gether with an estimate that the detection efficiency of
supersonic beam by the mass spectrometer unit is 30%
found that the average conversion dynode probability^p2& is
approximately equal to 0.03: on average only 3% of clus
anions incident on the dynode are detected by the CEM. T
is, indeed, a realistic value@35#.

IV. DISCUSSION AND SUMMARY

In summary, we have studied the interaction of a beam
low-energy electrons with free neutral sodium clusters.
have directly observed efficient formation of negative
charged Nan

2 ions in the 0–3 eV collision energy rang
nc

e

c

.
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confirming an earlier conjecture. The energy dependenc
the experimental anion yield is in excellent agreement w
the Langevin mechanism of electron capture in the clus
polarization potential.

This result raises further important experimental and t
oretical questions regarding the mechanisms of negative
formation and relaxation. In the molecular case, attachm
often goes through an intermediate resonant excited s
@2–4# which subsequently decays via a variety of channels
is an interesting question whether a similar intermediate s
is formed in electron–metal-cluster collisions~and what its
lifetime is!, or whether the electron ‘‘falls into the cluster
directly, with its energy redistributed into the vibrationa
collective, or particle-hole excitations of the latter@41–43#,
or lost by radiation@44,45#. A related question concerns th
stability of the freshly formed cluster anions: do they u
dergo fast direct fragmentation~‘‘dissociative attachment’’
@11,46#!, heat up and evaporate~‘‘evaporative attachment’’
@12#!, or are they relatively long lived? It is probable that th
answer is sensitive to the cluster size and the collision
ergy, and therefore encompasses a variety of dynamical
cesses. These issues will be addressed in further work
particular, the first aim will be to achieve mass selectivity
the cluster anions formed in the electron gun.

It should also be noted that the Langevin formula~5! has
been derived in the electric dipole approximation. Wh
would happen if terms higher than1/r 4 were included in the
polarization potential? The corresponding classical cap
cross section can be calculated exactly, and we find that
the cluster sizes studied in this experiment (n&102) the cor-
rection to the Langevin cross section is minor. However,
larger sizes~over 1000 atoms per cluster!, the electric dipole
approximation is found to be insufficient, and the full ima
charge potential needs to be invoked to explain the exp
mental results@47#.
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