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Recoil-ion charge-state-resolved electron-production cross sections
at 55° for 1 MeV/u C°>* on He and Ar
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Recoil-ion charge-state-resolved doubly differential cross sections for ejecting electrof®b awith re-
spect to the incident beam direction in collisions between 1 MeV/ugojectiles and Ar and He targets have
been measured. Electrons with kinetic energies between 100 and 1250 eV have been detected. A prominent
feature in the electron energy distributions is the binary-encounter peak. Experimental results are compared
with binary-encounter electron production cross sections obtained using the impulse approximation and with
theoretical predictions from many-body classical trajectory Monte Carlo calculations. An enhancement in the
fraction of electrons detected with singly charged He recoil ions and a corresponding decrease in the fraction
detected in coincidence with doubly charged He recoil ions as a function of the electron energy have been
observed near the binary-encounter electron energy. This structure has been predicted by recent many-body
classical trajectory Monte Carlo calculatiof§1050-29476)01308-X]

PACS numbds): 34.50.Fa, 34.16:%, 34.80.Bm

I. INTRODUCTION elastically with the projectile nucleus and are ionized into the
continuum. For these collisions the impact parameter be-
The emission of electrons into the continuum in fast ion-tween the projectile nucleus and the target electron is so
atom collisions has been the focus of many investigationsmall that it is often sufficient to consider only these two
since the energy and angular distributions of the ejected ele@artners for the description of the ionized electron’s energy
trons carry valuable information about the ionizing mecha-2nd angular distribution. This means that the shape of the
nisms and the structure of the collision partners. The cros§créened Coulomb potential of the projectile is the most im-
sections for producing fast electrons emitted under larg@ortant parameter determining the distribution of these elec-
angles in fast ion-atom collisions are studied in this work adrons in energy and emission andl]. The target core is
a function of the electron energy and in coincidence with thessentially a spectator reduced to providing the electron’s
target recoil-ion charge state. The energy distributions o n|t|_al momentum_d|§tr|but|on. This initial momentum distri-
electrons that are ejected at55° with respect to the beam ution and the_ binding energy of the' electron in t.he target
direction with energies between100 and~1250 eV are must be taken into account by theoretical models since, prior

S o : to the collision, the target electron is not actually free. Even
measured for 1 MeV/u T projectiles colliding with He and though BEE's are produced by violent projectile impact, per-

Ar targets. The electron spectra reveal different regions asg, ative methods are often used to describe BEE production

sociated with specific electron-production mechanisms. Ify,qving bare projectiles since they yield results similar to
the spectra measured with He and Ar targets, the binarygose of higher-order calculatiofig].
encounter peak is observed riding on the high-energy tail of Two-center electron emission is important in the electron
the “soft”-collision peak. In the spectra measured with Ar energy range between the soft collisions and the BEE peak.
targets, a distinct peak due to AMM Auger electrons is Here experimental cross sections at forward and backward
also present. angles often differ considerably from theoretical predictions
The soft-collision procesidl ], which involves dipole-type of the PWBA, especially at intermediate projectile energies.
transitions in glancing collisions, is dominant for the emis-These discrepancies are associated with two-center effects,
sion of electrons with less than10 eV. For fast collisions where the long-range Coulomb forces of both projectile and
electron production in soft collisions is well described by thetarget atoms play an important role. Continuum-distorted-
plane-wave Born approximatioPWBA) with an initial ~ wave theories describe the final state by a two-center con-
bound state and a final continuum state centered at the targéihuum wave function. A particular version, the continuum-
The PWBA describes one-center electron emission, wherdistorted-wave—eikonal-initial-state approximation, repre-
the target interacts strongly with the electron, whereas thsents the projectile interaction in the initial state by an eiko-
projectile-electron interaction enters as a first-order perturbanal phase. It is suitable to describe electron emission in the
tion. If the projectile velocity is high, the Born approxima- combined Coulomb fields of the projectile and target. Ex-
tion is expected to lead to accurate results as long as thgeriments measuring the energy and angular distribution of
projectile charge is not too high. ejected electrons exhibit clear signatures of two-center ef-
Binary-encounter electron8EE’s) are produced in col- fects[1,4].
lisions between a target electron and a projectile nucleus At ~179 eV a large peak is observed in the electron en-
when the target’s potential becomes negligible compared tergy spectra measured with Ar targets. It is due to the emis-
that of the projectile. Loosely bound target electrons collidesion of Ar LMM Auger electrons. Fast ions colliding with
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atomic targets are likely to produce multiple vacancies in thémpulse approximation with plane-wave final states. The
inner and outer shells and satellite and hypersatellite Augeuantum-mechanical impulse approximation represents an
lines both contribute to the broad peak in the energy specattempt to describe many-body scattering approximately in
trum of the emitted electron$]. terms of known two-body scattering amplitudgz3]. The
This investigation focuses on the target BEE peak obimpulse approximation assumes that apart from determining
served at-55° with respect to the beam direction. Its energythe momentum distribution of the bound state, the target po-
dependence and its dependence on the recoil-ion charge stadmtial does not play an important part in the collision. This
are studied. Wangt al. [6] present a theoretical investiga- leads to an expression for the doubly differential scattering
tion of the dependence of the binary-encounter electroneross sectiof24]
production cross section on the charge state of the recoil ion. b’ A
The ejected electron spectrum is studied in coincidence with 4o —ﬁ16 4f f f Aq[F:(q—v) (k| Vod 62
the recoil-ion charge state. This approach can also be viewed dEdQ v g aldi(a=v)kilVid v )
as (qualitatively equivalent to the determination of the )
impact-parameter range of the collision. Wagigal. show X 8(q-v—(Eftv /2—&)). @)
that for heavy targets such as Ar, the contribution to the BER, ., aing the exact off-shell two-body matrix element
production cross section reaches a maximum at a recoil-ion K = (k¢|V ). Vari forms of on-shell approxi-
charge state surprisingly low compared to the highest pos-f'(. £ = fl V13 q ). Various forms of on-shell app
sible charge state. For He targets an unexpected drop ations(OSA’S) can now be invoked. The goal of an on-

double ionization and a corresponding local enhancement anﬁnt:ﬁg;os);?r]r?qut%r; Ijxtorersesﬁlc?rﬁm?:h?;lljznggoiﬂt:)noEg 'fr%;t
single ionization are observed at the binary peak. Watray. P o

[6] use the many-body classical-trajeciory Monte Carlocontains only the on-shell, two-bodymatrix element. The

. 2 . .
(NCTMC) method for their theoretical investigations. It is on-shellT-matrix element squaredT|*, is proportional to

particularly suitable when the perturbation is large and théh.e eIasUc-scgtte.rmg. Cross section for free electro_ns colllghng
with the projectile ion. The expression for this elastic-

momentum transfer is large, i.e., when a semiclassical de- . T A |2
scription remains valid. scattering cross section ig(E,cos6) =167 |Tif| : .
To calculate the production cross section for the high-
energy electrons detected in our experiment, an OSA essen-
Il. THEORY tially equivalent to the ele_lstic-scattering mp_del of Burch, Wi-
eman, and Ingall§25] is used. The initial momentum
Many recent papers in theoretical and experimental collidistribution of the electronsp;(q—v) is assumed to be
sion physics have concentrated on BEE production. Differengtrongly peaked around q-v=0. Therefore
theoretical approaches have been used to calculate the energy-v)?=q%+v2-2(q-v)=0 and g-v=(q?+v?)/2. The §
and angular distribution of BEE’s produced in collisions of function in the expression fat?c'/dEdQ) therefore leads
bare ions and clothed ions with atomic targets. Examples ar@ q?=k?—2¢,, a constraint on the magnitude qf For a
the binary-encounter theor}7], the continuum-distorted- givenkf,q2=q§=k$—28i.The expression foi?a/dE;dQ)
wave—eikonal-initial-state approximatiof8], the impulse now becomes
approximation[9], the distorted-wave strong potential Born
approximation 10], and thenCTMC method[11]. Phenom- d’o 327K 3~
ena investigated experimentally as well as theoretically are ggda ~ o f f j d°q| ¢i(ad—Vv)Tri(ks,Q)
the energy shift of the BEE pedk2-14, the anomalous

2

dependence of the doubly differential cross sectibBCS X 8(q%— kf2+ 2¢gj)
[2,15-19, and structure in the energy and angular distribu- 4
tions of BEE's[2,20—23. _ 1677k:q0 f f 36— V) Tr (Kr .00)[2d2
In this work the energy distribution of electrons ejected in v "o filhr.Ho Ao’
a direction making an angle ef55° with the beam direction ?)

is measured for 1 MeV/u T ions colliding with He or Ar

atoms. In these measurements the kinetic energy of the elegye now assume elastic scattering and replace

trons ranges from~100 to ~1250 eV. The measurements 167*(qy/v)Tsi(k,qo) by o0o[E,cof6.)], with E=q3/2

yield the doubly differential cross sections for the production= kf2/2— g; and COSGeﬁ)=1—|qo—kf|2/2q3- This expression

of “high-energy” electrons, which are compared with theo- for cog6,y) preserves the exact momentum transfer during

retical predictions obtained using the impulse approximationhe elastic-scattering event. In the projectile frame the DDCS

(IA). The IA calculations do not resolve the recoil-ion chargefor the production of BEE’s is therefore given by

state. For the cross-section calculations we choose the pro-

jectile frame as the reference frame and assume that in the d?o a3 ~ )

projectile frame the target atom approaches the projectile ion m:kff f quO‘TeI 5 cog fer) || i(do—V)|*.

with a velocity v=vz. The target electron is scattered (3

through a large angle and leaves the collision with velocity

Vp. In the laboratory frame this electron is detected withThe elastic-scattering cross sectiog for free electrons at

velocity v making an angle),=55° with respect to the beam the projectile ion as a function of electron energy and scat-

direction. tering angle, the initial momentum space wave function of
To calculate the scattering cross sectidfu/dEdQ in  the (scatterefitarget electron, and the binding energy of the

the projectile frame, we start with the exact result of thetarget electron are needed to evaluate Bp.The cross sec-
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tion for the elastic scattering of an electron by the spherically 101 ¢
symmetric potential of the formV(r)=Cr 1+V(r) is :
given bydao/dQ=|f(6)|?, with - (@

fO=1e(0)+ 2, %(2'“)6“2’7'”” sin 8Py(cos 6).
@ 100

Here n=Cm/#K, i
f.(0)=[— 9/ (k sir?6/2)]e? 70=2inInsin 62

and ny=argI'(1+i 7). For C" in the ground stat&/(r) is 107 |
given by i

(Z2-1)€?
O

e? Zr
V(r)I—TeZZ”aO(lJr— , 5

Qg

whereZ is the nuclear charge of the hydrogenic ion agds

the Bohr radius. To findo/dQ=|f(6)|?, § is calculated by
solving the radial equation numerically foi(r)=Cr~! and

for V(r)=Cr~ 1+ V{r) using the Numerov algorithm.

The initial momentum-space wave function of the scat-
tered target electron is of the forgy, (k) Y,n(k). The target
gases are He and Ar. For the ground state of the He aton
Hartree-Fock wave functions are used to calculgdgk).
The binding energy of the electron in the ground state of He 100 F
is 24.59 eV[26]. For Ar targets we assume that only the ;
loosely boundh=3 electrons contribute to the BEE produc-
tion cross section. Again Hartree-Fock wave functions are
used to numerically calcula;s(k) andgsy(k) for Ar. The 10 |
binding energy of the 8 electron in Ar is 29.24 eV and the F
binding energy of the B electron is 15.85 e\[26]. The
doubly differential cross sections for BEE production at 55°
in the laboratory frame for He and Ar targets are first calcu- 102 L . . —
lated in the projectile frame and then transformed to the 102 103
laboratory frame.

Figure Xa) shows the result of our calculations for colli-
sions betwee a 1 MeV/u C* ion and He targets. The cal- o o
culated DDCSda/dEdQ in the laboratory frame has a EIG. 1..(5':1) DDCS, multlplleg by energy, forelectron emission at
maximum of~635 eV electron energy. This differs from the > N C,O”'?,'O”?b()’fDlD'\geSV/” élt' V:I'It:l %e' Ca'°”|atfed '”l thte impulse

" ; ; o pAPProximation/ , multiplied by energy, for electron emis-
e oAt s ocgopin a 5 1 colisors f 1 N € ih 1 (Sl
Free electrons detected at 55° in the laboratory frame, aftei:f'allculated |.n the impulse appro.X|mat|on, and contributions of the
elastically scattering off the ion approaching with veloaity s (dotted ling and 3 (dashed lingelectrons to the total DDCS.
would have kinetic energyl=2muv? cog(559=722 eV.

Figure 1b) shows the total DDCSla/dEdQ in the labora- ture. In the experimental chamber thé*Cprojectiles collide
tory frame for collisions between 1 MeV/u®Cions and an  With He or Ar gas in a gas cell that is located approximately
Ar target and the contributions of thesand the $ electrons 40 cm from the skimmer. The gas cell is surrounded by four
to the total DDCS. The BEE peak for an Ar target is broadedifferent spectrometers. One of the spectrometers is a time-
than the BEE for a He target. The DDCS has a maximum a0f-flight (TOF) recoil-ion charge-state analyzer. The other

~615 eV electron energy. The peak shift4sl05 eV to- three spectrometers are electron energy analyzers: a double-
wards lower energy. pass cylindrical mirror analyzéCMA) and two 30° parallel-

plate analyzers. This multispectrometer appardtdSA),
shown in Fig. 2, is enclosed in @metal housing for mag-
netic shielding and resides in a vacuum chamber that is
The EN Tandem Van de Graaff accelerator located at thgpumped by an oil diffusion pump and a turbo pump. The
Oak Ridge National Laboratory is used to produce a 12-Me\base pressure is less than 10rorr. After passing through
beam of C* ions. Before entering the experimental chamberthe gas cell the ions pass through a charge-state analyzer,
the beam passes through two circular 3/4-mm-diam aperturesghich can be used to separate ions exiting from a collision in
situated 1.32 m apart for collimation. A 1-mm-diam skimmerthe gas cell according to their exit charge state. Approxi-
aperture is located 10 cm downstream from the second apemately 2 m downstream from the gas cell the ions are col-

(d’6/dEAQ) E (10"®cm?/sr)

10" |

Energy (eV)

IIl. EXPERIMENT
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Electron Gun Time of Flight o
for in situ Recoil Ion | - metal shielding
Spectrometer Spectrometer

testing

FIG. 2. Schematic diagram of the multi-spectrometer apparatus.

lected in a Faraday cup or registered individually with a mul-mogenuities of the electric field between the two cylinders,
tidynode electron multiplier. all entrance and exit slits are covered with a “one-
The MSA is used to energy analyze electrons ejected undimensional grid.” Single metal wires are attached parallel
der single-collision conditions and to determine the associto the cylinder axis to the walls of the inner cylinder. No
ated recoil-ion charge state. Coincidence experiments, suchires are attached perpendicular to the cylinder axis. Elec-
as the experiments described here, often place conflictinfons reaching the two-dimensional position-sensitive detec-
demands on the experimental apparatus. Target recoil iorter (PSD of the CMA have to pass through four of these
are born with very low energy and move slowly. They needgrids at an angle of-45° with respect to the cylinder axis
to be accelerated by an electric field in the target regiorand perpendicular grids severely reduce the transmission
towards a recoil-ion detector. Higher electric fields generallyprobability.
result in higher recoil-ion detection efficiencies. Electrons The recoil-ion charge state is determined by measuring
are very light particles and are strongly affected by an electhe time difference between an electron reaching the PSD of
tric field in the target region. High electric fields here will the CMA and an ion reaching the microchannel plate detec-
prevent them from reaching their detector or will distort theirtor of the TOF spectrometer, which consists of a source re-
trajectories through the electron analyzer. Therefore onlgion, an acceleration regicm, and a field free drift region.
weak electric fieldg< 10 V/cm) can be used in the target The regions are separated from each other by carbon fiber
region to accelerate recoil ions and the detection efficiency igrids made from~7.3-um-diam carbon fiber filaments with
quite low. It is desirable to measure the energy distributiorbetter than 99% transmission per grid. A small extraction
of the ejected electrons with high-energy resolution, highvoltage is applied across the gas cell, which results in an
angular resolution, and good detection efficiency, but it iselectric field of ~6 V/cm. The use of two ion acceleration
necessary to find a good compromise concerning these proptages allows us to keep the electric field in the gas cell low
erties of the apparatus. To measure the energy distribution ad minimize the deflection of electrons born here. By choos-
electrons emitted at 55° with respect to the beam direction iing the voltages across the gas cell and the acceleration re-
coincidence with the target recoil-ion charge state, we havgion in the correct ratio, we achieve space focusing, i.e., ions
designed a cylindrical mirror analyzer with good transmis-born at different positions in the source region arrive at the
sion efficiency, at the expense of energy and angular resoldetector after the same flight tinia7].
tion, to be a part of the multispectrometer system. All metal In the experiments described here the total beam current
parts of the CMA are machined from aluminum to ensureis collected in a Faraday cup and from this current the total
that no residual internal stray magnetic fields alter the trajechrumber of incident ions is determined. For a given number
tories of electrons through the CMA. In order to avoid inho- of projectiles passing through the gas cell, we count the total
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number of electrons of a given energy that are detected on @as law and the effective gas-cell length. The probability that
chosen area of the PSD and the number of electrons detected electron, produced in a collision with kinetic enefiggnd

in coincidence with recoil ions of charge state emission angle, will pass through the CMA and will reach
the selected area of the PSD with the analyzer voltajeist
IV. DATA ANALYSIS found using a computer simulation of the CMA. Electrons

are born in the region where the ion beam interacts with the
A. Ar data target gas. To calculate the probability that an electron pro-
Measurements are made at two different target gas prestuced in this region reaches the selected area of the PSD, the
sures: 2 and 3 mTorr. The energy distributions of all elecprogram incorporates the exact dimensions of the analyzer,
trons, detected independently of any coincidence requireincluding all apertures and slits. The simulation generates a
ment and measured at different times and with differentuniform distribution of points in velocity space in a volume
pressures in the gas cell, agree within statistical error Whexyv using a random-number generator. These velocities are
normalized per incident ion per mTorr. Background contri-assigned to a uniform distribution of randomly chosen start-
butions due to electrons produced by scattered projectile ioqﬁg positions in a volume, , where the ion beam intersects
striking the gas cell, apertures, or other surfaces are therefofge target gas. Electrons not withif, andV, definitely can-
negligible. This is expected since the ion beam is well colli-,+t reach the detector. The program first assumes that the
mated and the MSA is we.II a.I|gn.ed. lectric field in the region between the cylinders of the CMA
. Fr.om. the raw energy dlstrlb.u'gons of electrons measure that of an infinitely long cylindrical capacitor and then
n commdenc_e W'.th target recoil ions of eha_rge state &', adds correction terms to incorporate the influence of fringe
and 5, contributions due to random coincidences are subge|g It calculates the trajectory for each electron using the

tracted. The resulting true coincidence spectra are then noﬁunge—Kutta algorithm and determines if the electron will

m.alilzed a_nq checked for coneistency. Ag?‘i” they a9r€¢each the selected area of the PSD. The velocity components
within statistical error. To normalize the coincidence spectra

S . o - of the transmitted electrons yield the energy and angular
the r_eCOII-lon_d_etectlon efficiency must be known. It is de'resolution of the CMA and the analyzer constant. From the
:cAermme(Ij by fixing the CM'E‘ voltalge SO th;tborély Arl\/IM full width at half maximum of a plot of the number of trans-
uger electrons can pass the analyzer and by determining tg;ie 4 electrons versus energy for a fixed analyzer voltage,
numbe_r O.f electrons reaching the PSD and Fh_e number Ghe energy resolution is determined to A&/E=5%, and
true coincidences between electrons and recoil ions for somg - "the full width a half maximum of a plot of the number
time mtervaltl. Each Auger electreq IS produced in coinci- of transmitted electrons versus emission angle with respect
dence with a target recoil ion. By dividing the number of trues the beam axis\ @ is determined to be-8° at #=55°. The
c0|n_c||elenejes by the r#%”f‘ber of ﬁuge;ele%trogzg%tggted, tQectron detection efficiency depends on several different
recoil-ion detection efficiency Is found to be 0:08.002. variables. If electron detection is independent of any coinci-
dence requirements, it depends on the detection efficiency of
B. He data the PSD, the transmission of the grids, and for a small CMA,

Measurements are made at three different target gas pre@S is used here, it also depends in detail on how the apertures
sures: 8, 10, and 12 mTorr. The total number of electron@nd slits are machined. This number is therefore obtained

and the number of electrons detected in coincidence witfifom a second experiment. An electron gun is used to pro-
He' and Hé" recoil ions are measured as a function ofduce beams of 500- and 800-eV electrons and the cross sec-

electron energy. Random coincidences are subtracted froffpn for the elastic scattering of electrons at 55° on Ar is
the raw coincidence spectra. The normalized true coincimeasured with the CMA. The electron detection efficiency is
dence spectra all agree within statistical error. However, théound by comparing the measured results with published
energy distributions of all electrons detected without coinci-elastic-scattering cross sectiof2s].

dence requirement measured at different times do not agree Relative uncertainties in the cross section measured as a
within statistical error. This is probably caused by a smallfunction of electron energy are mainly due to statistical er-
amount of contamination in the target gas. Contributions dugors and to small fluctuations of the target gas pressure in the
to contamination are not observed in the true coincidenc@as cell. Statistical errors always increase due to background
spectra since the detection of a He recoil ion is required. Th&ubtraction. Absolute errors are due to the error in the deter-
energy distribution of all electrons ejected is therefore obMination of the effective gas-cell length, the error in the

tained by adding the normalized distribution measured irfransmission function of the CMA, and the error in the elec-
coincidence with Hé and Heé™ recoil ions. tron and recoil-ion detection efficiencies. These errors are

quadratically propagated and yield an absolute error in the

C. Cross sections measured cross section 621%.

To obta_ln absolute cross sections from the measured total V. RESULTS AND CONCLUSIONS
electron yields per incident ion per mTorr, the number of
target atoms per ctthe transmission function of the CMA, Recoil-ion charge-state-resolved doubly differential cross
and the detection efficiency for transmitted electrons must bsections for ejecting electrons at55° with respect to the
known. In order to obtain absolute cross sections from théncident beam direction in collisions between 1 MeV/ti'C
measured electron—recoil-ion coincidence yields, the recoilprojectiles and Ar and He targets have been measured. The
ion detection efficiency must also be known. The number ofabsolute magnitude and energy dependence of the total dou-
target atoms per cfrper mTorr is computed using the ideal bly differential cross sections for He and Ar targets, indepen-
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FIG. 3. DDCS, multiplied by energy, for electron emission at  FIG. 4. Fraction of electrons emitted at55° in coincidence
~55° with respect to the beam direction, in coincidence witit He with the production of a He recoil ion for 1 MeV/u C* on He
(squaresand Hé" (circles, for 1 MeV/u C" on He. The triangles  (theory, triangles; experiment, circles
show the total DDCS, independent of recoil-ion charge state.

dicted by Wanget al. [6] for electrons emitted at 20° in 2.4

dent of recoil-ion charge state, are compared with theoreticd¥leV/u Xe?** on He collisions using th@CTMC method.
predictions obtained using the impulse approximation. FromYVang has repeated thes€TMC calculations for the colli-
the coincidence cross sections the fraction of electron§ion system 1 MeV/u € on He studied in this experiment.
emerging in coincidence with selected target recoil-ionHis results are presented in Fig. 4 overlaid on the experimen-
charge states is computed. For He targets these fractions df results. The qualitative agreement is quite good. In their
compared with the theoretical predictions by Wat@l.ob- ~ paper Wanget al. interpreted the decrease in double ioniza-
tained fromnCTMC calculations. tion near the binary peak in terms of a two-step sequential
removal mechanism. When one electron is removed, the sec-
ond electron is left in the electric field of the Henucleus.
The momentum distribution of such an electron has a
Figure 3 shows the doubly differential cross section forbroader width. In BEE production the portion of the momen-
electron emission at55° with respect to the beam direction tum distribution being probed is at the center of the Compton
in coincidence with He recoil-ion charge statésand 2" for ~ profile. Double ionization decreases because a broader
C°" projectiles on He. The error bars in our figures indicateCompton profile has a lower center. We favor a different
relative errors. The probability for projectile ionization is model. lonization of neutral targets by charged ions depends
very low, so that no projectile electrons are observed. Then the projectile chargg and the collision velocity [30].
total electron-production cross section is therefore the sum ofhe important parameter governing ionizationZi& . For
the 1" and 2' coincidence cross sections. Charged particle®.2<Z/v =<1 double ionization of the target is dominated by
can ionize a neutral target by inducing optically allowdd a two-step process in which the projectile interacts with each
pole) and nondipole transitiong29]. Nondipole transitions of the target electrons independently. Therefore, inZhe
require large energy and momentum transfers and are oftelegime probed in this experiment, a two-step removal is
termed “hard” collisions. A well-known example is the pro- likely to be responsible for double ionization over the whole
duction of BEE's generated by head-on collisions between aneasured electron energy range. In Fig. 3 the doubly differ-
massive particle and an electron. In Fig. 3 the BEE peak res@ntial electron production cross sections are varying
on a smoothly decreasing background of target electrons dsmoothly with energy. We do not observe strong resonances.
rectly ionized via dipole-type transitions. Most of these Under those circumstances a larger cross section often means
BEE'’s are produced in coincidence with He The fraction  that the process can happen over a larger impact-parameter
of electrons produced with Heis shown Fig. 4. It decreases range. High-energy target electrons produced via dipole-type
rapidly as the electron energy increases. However, as thieansitions are produced in small impact-parameter colli-
electron energy approaches the BEE peak energy, the singlsions. BEE production does not require a close collision be-
ionization fraction increases again, reaching a local maxitween two nuclei, only a close collision between the target
mum right at the binary peak. Accordingly, the double-electron and the projectile nucleus. Thus a high-energy free
ionization fraction has a local minimum at the binary peak. Aelectron can also be produced in relatively large “internucle-
similar behavior of the single and double ionization was pre-ar” impact-parameter collisions, if the probability of finding

A. He data
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FIG. 5. Comparison of the measured DD@8II circles), mul- FIG. 6. DDCS, multiplied by energy, for electron emission at
tiplied by energy, for electron emission a55° for 1 MeV/u C* ~55° with respect to the beam direction, in coincidence witfiAr

on He, and the results of our IA calculatiofsolid line), multiplied (circles, Ar*™ (triangles, and APt (squarey for 1 MeV/u & on
by 0.7. When the theoretical results are subtracted from the data, they.
remaining backgroundopen circley decreases approximately as

—3.35 P
E (dashed ling creasing background of target electrons, a peak due to Ar

the target electron at these distances is nonzero. Since douthg/lM Auger electrons is observed at179 eV electron en-

ionization of the target is expected to increase rapidly as thgri?g .tal\rle:trlryefcl)lil-ci);r:h:h:rEE ;’t;reeg g{rlgd:ﬁzd;nmgﬁﬁznce
impact parameter of the collision decreases, the Iarge‘f’v 9 9 o )

impact-parameter range for the BEE production proces um of the doubly differential cross sections measured in
therefore leads to a decrease in the double-ionization fractio pincidence with these e?<|t charge sta_tes is subtracted from
at the binary peak dhe total_ dogbl;:(dﬁfer%ntlal cross section, ﬁnly ahsrr}oothly
: ) . . _ decreasing background remains. Figure 7 shows the fractions
Figure 5 shows the doubly differential = electron of the total number of electrons emitted ab5° that are

production cross section and the results of our IA calcula-

tions multiplied by 0.7. These calculation reproduce thedetected in coincidence with Ar recoil ions of charge states

+ A+ ;

shape and position of the BEE peak quite well. When the?.’ ,déth’ea:idnS;Eurﬁesrc))(fa(,:Atlrvﬁll\zl.ME):uep;rn;i::tlrzgse\t/ﬁ;V?r?o\ﬁic\;vr?
theoretical curve is subtracted from the measured data, only%1 lect 9 detected i ; 'dg 'th4A, 1
background due to target electrons ionized via dipole-type0 electrons detected In concidence with Arrecoll ions
transitions remains. Several investigations show that thgoes not show a peak and increases slightly with electron

cross section for ionizing via this type of transition decrease :reSy.re-lt-:g?l-{(r)?::t(l:?}grdeetesctftz*gnC:rg;;%esngz mtg ;Tgcl[(r)(\)/\:]er
approximately as B* in the energy range over which our 9 9

BEE production cross-section calculations are valig3]. energy approachgs the binary-peak energy and reaches a
Figure 5 shows the background remaining after substractiof!&Xmum at the binary peak. Above the binary-peak energy

of the theoretical curve decreases-as/E* (with x=3.25). it decreases rapidly. In contrast, the fraction detected in co-

The calculation overestimates the magnitude of the experi'-nCIdence with the higher recoil-ion charge state 8e-

mentally measured cross section. This may be expected singEeases slightly as the electr(_)n energy approaches Fhe binary-
it does not incorporate the change in binding energy due tgeak energy and then starts increasing above the binary-peak

multiple ionization of the target. Most of the BEE's are ob- %rﬁrgeﬁoﬁffnscar; d:t;(;ttii 'TﬂEZLTC'SﬁS\,CV?nW'EEaStu;p“fclgggs
served in coincidence with He. However, the experimen- ther than the di gle-t e t1ransitio¥13 is resg onsiblepfor the
tally measured cross section has an absolute error of mofe P yp P

than £20%, so it is not possible to make a detailed quanti-prOdUCtion of these high-en_ergy_ electrons. In contrast, Ar
tative_comp;arison LMM Auger electrons are primarily detected in coincidence

with the higher recoil-ion charge state$ and 5. The mea-
sured peak is composed mainly of unresolved satellite lines.
lon-atom collisions that produce an inner-shell hole most
Figure 6 shows the doubly differential cross section foroften also leave multiple vacancies in the outer shells.
electron emission at-55° with respect to the beam direction ~ No recoil-ion charge-state-resolved theoretical predictions
in coincidence with Ar recoil-ion charge state$, 3", and  are available for the 1 MeV/u < on Ar system. Figure 8
5*. In addition to the BEE peak resting on a smoothly de-shows the total doubly differential cross section, independent

B. Ar data
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FIG. 7. Fraction of electrons emitted at55° and detected in FIG. 8. Comparison of the measured DD@8II circles), mul-
coincidence with A" (circles, Ar** (squares and AP" (tri- tiplied by energy, for electron emission a55° for 1 MeV/u C*
angles recoil ions for 1 MeV/u €* on Ar. on Ar, and the results of our IA calculatiofsolid line), multiplied

by 0.6. When the theoretical results are subtracted from the data, the
of recoil-ion charge state, and the results of our IA calculatemaining backgroundopen circlep decreases approximately as
tions, which are multiplied by a factor 0.6 for the Ar target. E~>% (dashed ling
Again the calculations seem to reproduce the shape and po-

_sition of the BEE peak quite well. When the theoretical curve,giic energy produced by other ionization mechanisms. The
is subtracted from the measured data,.onlly th‘? Auger pe,%erage impact parameter for producing these high-energy
a_nd a background_ of target electrons ionized in SOf.t CO”"eIectrons via the binary-encounter process is probably larger
S'Sns remain. This background decrgases s :(W'th. than for producing them via other ionization processes. The
x=2.35. Again, the calculatl'ons overestimate the magnltudenc.l_lvIC calculations of Wangt al. predicting the fraction
of the measured cross section. of He' and Hé" recoil ions for 1 MeV/u &' +He agree

qualitatively with the data observed in coincidence with elec-

trons emitted at 55°.
Total BEE production at 55° can be reasonably well mod-
eled using the elastic-scattering model as an on-shell ap- ACKNOWLEDGMENTS
proximation to the IA. Except for a background decreasing
as 1E* in the energy region of the BEE peak, this approxi- This work was supported in part by the National Science
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well. The height of the measured BEE peak agrees with th8asic Energy Sciences, Division of Chemical Sciences, un-
height of the calculated peak within30%. der Contract No. DE-AC05-840R21400, with Martin Mari-
BEE's are produced in coincidence with lower recoil-ion etta Energy Systems, Inc., and by the UTK Exhibit, Perfor-
charge states more frequently than electrons of the same kinance and Publication Expense Fund.

C. Summary
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