PHYSICAL REVIEW A 68, 024701 (2003

Absolute cross sections for binary-encounter electron ejection by 95-Mew
36Ar 18 penetrating carbon foils

E. De Filippo! G. Lanzang" H. Rotharcd? C. Volant® D. H. JakubaBa-Amundsérs. Aiello! A. Anzalone® N. Arena?
M. Geraci! F. Giustolisi® and A. Paganb
Listituto Naz. Fisica Nucleare and Dipartimento di Fisica e Astronomia, Via S. Sofia 64, 1-95123 Catania, Italy
2Centre Interdisciplinaire de Recherche lons Lasers, (CEA/ICNRS UMR 6637/ENSICAEN), CIRIL-Ganil, Boite Postale 5133,
F-14070 Caen Cedex 05, France
SDAPNIA/SPhN, CEA/Saclay, F-91191 Gif-sur-Yvette Cedex, France
4Physics Section, University of Munich, Am Coulombwall 1, D-85748 Garching, Germany
SINFN-LNS and Dipartimento di Fisica e Astronomia, Via S. Sofia 44, 1-95123 Catania, Italy
(Received 18 November 2002; revised manuscript received 13 March 2003; published 26 Auglist 2003

Doubly differential electron velocity spectra induced by 95-MeVWfr!®" from thin carbon foils were
measured at GANILCaen, Francgeby means of the ARGOS multidetector and the time-of-flight technique.
The spectra allow us to determine absolute singly differential cross sections as a function of the emission angle.
Absolute doubly differential cross sections for binary encounter electron ejection from C targets are compared
to a transport theory, which is based on the relativistic electron impact approximation for electron production
and which accounts for angular deflection, energy loss, and also energy straggling of the transmitted electrons.
For the thinnest targets, the measured peak width is in good agreement with experimental data obtained with
a different detection technique. The theory underestimates the peak width but pr@vittiésa factor of 2 the
correct peak intensity. For the thickest target, even the peak shape is well reproduced by theory.
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Swift heavy ion induced effects in condensed mateth haves quasifree and scatters elastically from the projectile,
important applications in, e.g., material science and radiatiomand the resulting cross section is folded with the electron
medicing are closely related to energy loss by ionization of momentum distributioiCompton profil¢ in its initial state.
the target atoms leading to ejection of electrons. These prithe carbon wave functions are obtained from a Hartree-Fock
mary electrons propagate through the solid and lose kinetigalculation. The second process, electron transport, involves
energy in secondary ionization everitselastic collisions  multiple collisions with target atoms and is described with
or may be deflected ifiquas) elastic collisions. Thus, the the help of an energy and angle-dependent distribution func-
measurement of doubly differential cross sectidD®CS) tion, Energy loss by means of inelastic collisions with the
for electron ejection from thin solid foils is a useful tool to target electrons is considered up to second oftetuding

tes'tAl?)as[c atomic |onf|za}t|o? and'tratnspgrtt;[]heg.r I€S. energy straggling while angular deflection of the electrons
ter (BE)SIt():eQ\:\?eCeer?Sﬂ?e ?n?:? dreor?t ?éenc ;?]r:j'zn Ztolr?lziggye’laenci?gr?in collision with the target cores is treated as an independent
. . : . ‘process. A detailed presentation of the transport theory can
which produces electrons with a maximum velocity of about . . o
. > . . be found in Ref[9]. In the following, BE electron emission
twice the projectile velocityvp [1]. Since electrons are . - : .
Hom single collisions is denoted by Elfelectron impact

bound to the target nucleus in different shells, the observe imati hile the th that includ lectron t
distribution of BE electrons at fixed angle reflects the initial 2PProximation while the theory that includes electron trans-
port is termedS-EIA (straggling-EIA.

momentum distribution of the bound electrons of the targe " )
(“Compton profile”). The experiments were performed at GANIL in Caen,

Ejection of BE electrons from solids at high beam ener-France with*“C targets of 100 and 102ag/cnt thickness.
gies (above 10 MeV/u was studied experimentally in the The pulsed 95-MeV/u*°Ar'®" beam had a pulse width of
velocity range 13—400 MeV/(i2—9]. Earlier studies used about 500 ps. The multidetector ARGOS, consisting of about
magnetic momentum analysers and channeltrons or soli00 scintillation detector§so-called “phoswiches], was
state detectors for particle counting. More recent studiesnounted inside the big scattering chamber NAUTILUS of
performed with the ARGOS multidetector, based onGANIL for a complete detection and identification of elec-
time-of-flight techniques and scintillators, at LNSatania ~ trons and nuclear reaction produf4s6]. Electrons were de-
and GANIL (Caen, allowed the measurements of absolutetected in a large angular range from 3° to 173°. Parti@les
cross sections. particular, electronswere identified by shape discrimination

In ion-solid collisions, binary encounter electron emissionof the photomultiplier signal¢the “fast” and “slow” com-
results from two consecutive processes, single-collision elegponents of the detectprand their velocity was determined
tron production inside the target, followed by electron trans-by measuring their times of flight as described in detail in
port through the target. For the description of target ionizaRef. [4].
tion by fast, highly charged projectiles, the relativistic ~An absolute velocity calibration was obtained from the
electron impact approximatiaifEIA) [10] is applied. Viewed prompt y-ray peak due to nuclear reactions in the target,
in the projectile frame of reference, the target electron befrom elastically scattered projectiles, and from target X rays.
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In previous studies, we observed a shift of the BE electron
peak position with respect to theoretical calculatiph®], a
phenomenon also observed at lower projectile velocities
(see, e.g., Ref411,12 and more references given in Refs.
[1,2]). Although a small shift is also observed in the present
experiment, its value falls within the error bars of the time-
of-flight resolution.

Absolute cross sections can be calculated from the num-
ber of incoming projectilesmeasured with a Faraday qup
and from the number of electrons detected in the scintillation
detectorg(their detection efficiency being equal to unity for
high-energy electronsThus, the detector solid angle can be
determined in a straightforward way from geometrical con-
siderations only, i.e., from the detector area and the distance
between target and detectoypically about 0.6 up to 5.3 jm

Let us now compare measured absolute doubly differen-
tial electron ejection cross sectioflBDCS) for the thinnest
carbon target (10@.g/cn? thick), to the calculated DDCS in
Fig. 1. Since the measured spectra are obtained by means of
a time-of-flight method, the DDCS are plotted as a function
of the observed electron velocity. The experimental resolu-
tion is approximatelyAp/p=0.08, and the theory is aver-
aged according to this experimental resolution. The DDCS
for three different ejection angles,=5° [close to the beam
direction, Fig. 1a)], 9=15°, and9=30° [Fig. 1b)], are
shown. The experimental results are represented by circles
and the calculations are represented by a solid IBEIA)
or a dotted lingEIA). The peak intensity is reasonably well
described by theory, and the peak positions agree within
resolution error bars. The experimental data are shifted by
0.7 cm/ns to lower velocities in order to provide the same
peak position for theory and experiment, which facilitates the
comparison of peak shapes.

Furthermore, we compare our results to the experimental
data obtained by DePaoé al. [2] with comparable projec-
tile energy and target thickne$83 MeV/u, 83ug/cn?, re-
corded at¥=0°) in Fig. 1(a). They used a different detec-
tion technique: magnetic analysis and channeltron electron
counters, the experimental resolution being abdyd/p
=0.03. These relative data are normalized to the maximum
of the theory. In Fig. (c), a further comparison of the two
sets of the experimental data at larger emission angles
=40°, 45°, and 50° is made. First, we emphasize the excel-
lent agreement of the two data sets: note that for the thinnest
targets of about 10@g/cn?, the measured peak width is
equal for both sets of experimental data at srfig. 1(a)]
and larggFig. 1(c)] emission angles. Note th&EIA calcu-
lations have not been performed for angles larger tfian
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FIG. 1. (a) Absolute doubly differential electron ejection cross

=30° because the approximations used are no more valid.sections(DDCS) for the thinnest carbon target (1QQy/cn?) for

As can be seen from Figs(d and 1b), according to the ~95-MeV/u 36Ar8* impact at a laboratory angle of 5°. Solid line:
calculation, transport effects should be small for thin targets>E!A, dotted line: EIA, full circles: experimenashed lines are
The atomic EIA and the calculation including transport ef-drawn to guide the eyeComparison is also made with to experi-

fects can hardly be distinguished. Only at the Iow-energ;}nemal data obtained by DePadtal. [2] at slightly different pro-

side a slight enhancement due to the electrons that were scdt ctile energy and target thickne@3 MeV/u, 83ug/cn, recorded

L . .at 0=0°)(denoted byt). (b) Same aga), but for ejection angles of
tered ?ngtlslz\{ve.d .dﬁW(;l ,lAS V's'bli’ zrd the I?k')s;)rl]uttethhelght IE5° and 30°(experimental results depicted by open circles in the
veryds '9 |2/ Igglhnls ? ) | remglr a t'e retSlé IS ab te Mea Atter casg (c) Same agb), but only the experimental resul¢aot
Sured peax wi Is clearly underestimated even by transpog,, theory for ejection angles of 40%full circles) and 50° (open

theory for the thinnest targets as compared to the experimerj ey Also shown are the experimental data obtained by DePaola
tal data sets that are in good agreement. We emphazise agai,| [2] at 9=45° (denoted by+).
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FIG. 3. Velocity-integrated absolute SDCS for BE electron
emission as a function of the cosine of laboratory ejection afigle
for 95-MeV/u %6Ar'8" penetrating a carbon target of 1@@y/cn?
thickness. Open circles: perpendicular impact, full circles: target
tilted at 45° with respect to the beam axis, solid line: EIA theory in
absolute value. Relative data of DePaetaal. [2] are also shown:
the SDCS of the two data sets for the charge states 1dpen
triangles and 18+ (open inverted trianglesvere reported in arbi-

E trary, but internally consistent units, and were thus normalized to
the theory at 60°.
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In contrast, for a target ten times thicker (102§/cn?),
the peak shape is well reproduced by theory. This can be
seen from Fig. 2, where calculation and experiment are com-
pared for the same ejection angles as in Figa) and 1b).
For sufficiently large target thickness, transport effects domi-
(1025 ugicn?, i.e., DDCS for 95-MeV/u Ar#* impact at a labo- nate over primary ionizatiofwhere t_he peak width is main_ly
ratory angle of 5° (b) Same aga), but for ejection angles of 15° determined by the Compton profileThese results are in

and 30°(experimental results depicted by open circles in the latter2greement with our previous results obtained with 45 MeV/u
case. 58Ni%8* [9]. The absolute value of the measured DDCS is

slightly overpredicted by the theory. The overall agreement

that two completely different methods of detection were used®f the absolute values is, however, remarkable, and the peak
in the present experiment and in the experiment by DePaolghapes are well reproduced for thick targets.
et al.[2]. Finally, we consider the BE energy-integrated singly dif-

This result means that either the primary ionization peakerential emission cross sectio(BDCS. They are shown in
shape is not only determined by the target Compton profilé log-log plot as a function of the cosine of the ejection angle
or that transport effects are important even at such smalf in Fig. 3. Plotted in this way, they can be directly com-
target thicknesses. Concerning the EIA theory, the neglect géared to Fig. 5 of DePaokt al.[2], to Fig. 4 of Azuma et al.
the target potential in the intermediate and final electronid3], and to Fig. 4 of Rotharet al. [9]. The solid line indi-
states in the EIA approach, which leads to the quasielasticates the theoretical absolute EIA prediction, the open circles
scattering formulation, could be questioned. The scatteringndicate data obtained with the thinnest target of
contributions of higher order in the target field might influ- 100 xg/cn?, and the full circles indicate data obtained with
ence the shape of the primary BE electron peak. However, nthe same target tilted at 45° with respect to the beam axis.
big effects are expected from these assumptions at the higive also included the relative data of DePagtal. in Fig. 3.
collision energies considered. The SDCS of the two data sets for the charge states 17

The second alternative would mean that the transportopen trianglesand 18+ (open inverted triangl@svere re-
theory as described above does not correctly account for fagborted in arbitrary, but internally consistent units, and are
electron transport in very thin targg®nd it is exactly in thin  thus normalized to theory at 60°.
targets where one would expect it to work bestre there As already discussed in Rdb], the angular dependence
further imaginable reasons? Or is there an unknown solidfollows the 1/co26 law, which one would expect from a
state effect, such as an unexpected broadening of the Comgimple two-body Rutherford scattering between a free target
ton profile due to a different electronic structure in con-electron and the projectile nucleus including relativistic ki-
densed matter compared to free atoms, involved? At presemiematics but a nonrelativistic Rutherford scattering formula
we do not have an explanation for these findings. [2]. The EIA calculation is in excellent agreement with our

16 18 20 22
electron velocity (cm/ns)

FIG. 2. (a) Same as Fig. (®), but for the thicker carbon target
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absolute experimental data. The relative data of DePala terest in applying powerful detectors, developed initially for
al. do not exactly follow the 1/cd# curve. An interesting nuclear physics experiments, to atomic collision studies. Fur-
finding was the decrease in the SDCS at small emissiother measurements of absolute high-energy electron ejection
angles observed by DePadagal., which could have been a cross sections, in a wider projectile energy range, and with
hint for a relativistic effect. However, we do not observe both heavier and lighter ions as well as other targets, are in
such a decrease for emission angles as low as 5°, and thpgogress.
conclude that all relativistic effects are well taken into ac-
count by the present theoretical EIA theory. ACKNOWLEDGMENTS
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