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Direct K-shell ionization probabilities in 30-MeV/u Ne- and 8.3-MeVu C-induced reactions near
zero impact parameter
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Direct K-shell ionization probabilities were measured in coincidence with elastically scattered particles in
30-MeV/u Net Sn, Th, Pb, Th and 8.3-MeV/u€Zr, Ag, Sn, Sm, Au, Pb, Th reactions. Experimental data
were compared with calculations in the semiclassical approximation. The transitional behavior at the reduced
velocity £k~ 1, where the projectile velocity approaches the velocity ofkhghell electrons, is discussed.
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Many data already exist on the total ionization probability mass targets. The main problem in these measurements is the
of K- and L-shell electrons in ion-atom collisions on light small ionization probability, which necessitates the elimina-
and heavy targets. Such data include a wide variety of ionfion of a large background due to the accidental coincidences
ranging from protons td°Ar with bombarding energies from between elastically scattered projectiles aad rays. This
a few MeV/u to 80 MeV/u[1-3]. These total ionization can be achieved by a careful subtraction of the random spec-
cross sections are in a good agreement with theoretical prérum from the prompt spectrum using coincident time corre-
dictions based on the plane-wave Born approximation, takkation. In addition, the slight energy differendE = Eg(K)
ing into account the corrections for binding-energy effects,+ E(5) between the ionizing and nonionizing projectiles is
Coulomb deflection, polarization, and relativistic effe@&  helpful to distinguish in the subtracted spectrum the true
In these studies, the deduced experimental ionization prokevents and those due to statistical fluctuations of the prompt
abilities are integrated over impact parameier and random spectra. HerBg is the binding energy of the

It was already realized in the 1970s that it would be rel-K-shell electron ané( ) is the kinetic energy of the emitted
evant to measure these probabilities as a function of the imelectron. The better the energy resolution of the detection
pact parameter, since such measurements would providesgstem for the scattered patrticle, the better this energy shift
much more sensitive test of the models u$ddb]. Small  can be exploited. Therefore, a magnetic spectrograph was
impact parameters experiments for thehell have been per- used for the momentum analysis of the elastically scattered
formed using the fact that in an ion-atom collision theionizing and nonionizing projectiles, as was done in our ear-
K-shell ionization takes place mainly at an impact parameteijer work for 15-MeV protons and 50-Me¥ particles on Pb
which is small with respect to the radius of theshell. The  atoms[10].

L-shell ionization probability is deduced from the energy The experimental arrangement for the 8.3-MeV/u C ex-
shift or satellites of theK x ray due toL-shell vacancies. periment is similar to the one described in Rdf0]. There,
Such experiments have been performed for a large variety dhe °C beam with a currents20enA from the KVI AVF
projectiles and targets, see results of RE6s7], and refer-  cyclotron was used to bombard?Th, "@Pb, 97Au, 5%Sm,
ences therein. A measurement of the ditécthell ionization ~ '2°Sn, 1%°Ag, and "3Zr targets with thicknesses ranging
probability near zero impact parameter can be performed bfrom 80 to 200u.g/cn?. The projectile scattered over angles
measuring in coincidence the elastically scattered projectilef (12°+1.5°) were detected with the QMG/2 magnetic
and theK x ray resulting from the filling of the hole in the spectrograpH11] using a multiwire proportional chamber
K-shell or with thes-electron emitted from th&-shell. backed by a scintillator detector arrangement in the focal

In our studies, we performed coincidence measurementglane. The overall energy resolution was about 60 keV. Two
between elastically scattered projectiles &xlrays. Impact small Ge x-ray detectors positioned at 90° with respect to the
parameters ranged from 39 fm in the 8.3-MeV/u C on Th tobeam direction were used. The count rate dule xaays was
17 fm in the 30 MeV/u-Ne on Sn, which are near zero on theeduced by placing an Al absorber ranging in thickness from
atomic scale K-shell radiusax=ay/(Z,—0.3), wherea, 0.4 to 2 mm between target and detectors. The overall pho-
=52900 fm). In addition to their intrinsic interest, such datatoefficiency was obtained by calibrating with standard radio-
are also necessary for the interpretation of experiments iactive sources of*’Am, ®%u, *38Ba, and®'Co placed at
which the duration of nuclear processes, for instance nucledhe target position. The absolute ionization probability was
fission initiated by a nuclear excitation process, is deducedbtained by comparing the yield of nonionizing with that of
by using theK-shell vacancy lifetime as a clodi8]. Such ionizing elastically scattered projectiles and by assuming an
applications require that the ionization probability can beisotropic distribution of the x rays. Figuréd shows a spec-
calculated reliably. trum for the reaction PB{C,'%C’'X)Pb at 8.3 MeV/u bom-

In this paper, we presekt-shell ionization probabilities at barding energy. The spectrum obtained by subtracting the
small impact parameters obtained for 8.3 MeV/u-C if@ks random spectrum from the prompt spectrum is shown in Fig.
and 30 MeV/u-Ne ions on a range of heavy and mediumil(b). Characteristic errorbars and tKeshell binding energy
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FIG. 1. (a) Taken from Ref[9], shows the prompt and random reaction 30-MeV/i*Ne+232Th. The solid line presents experimen-
particle spectra in the case of 8.3-MeV/u C scattered on(Pb. tal and the dashed line presents fitted data<1.2).
Shows the true spectrum resulting from subtracting the random

spectrum from the prompt spectrum; characteristic errorbars arfheasurements were made as described before. The Ge detec-
given and theK-shell binding energy of Pb, 88 keV, is indicated. o o .
tors were positioned at 135° with respect to the beam direc-

The full curve in(b) is obtained by folding the theoretical distribu- . ) .
tion calculated in Refl.12] with the experimental shape of the elas- tion at a distance of 5 cm from the target. Al absorbers with

tic peak. The calculation has been performed with hydrogenic wavélr})i(:knessels2 of 1 mm in the case of measurements with the
functions in the united atom limit. The total ionization probability —-Tb and *?°Sn targets and 3 mm in case of tA€Th and

has been normalized to the experimental value. 208 targets effectively removed the intense contribution of

oo , . L x rays on the low-energy side of the spectrum. The count
are indicated. In this case, the energy resolution was googe of  rays was about 3.5 kHz in each Ge detector, and for
enough so that the spectrum thus obtained reflects thg,qicqlly scattered particles detected in the focal plane de-

§-electron energy spectrum. The fu.II line results from fOI(.j'tec:tors about 160 kHz in total. A typical true coincident x-ray
ing the energy resolution of the particle detector system with

20 23 A g
the theoretical curve calculated by Trautmann andseRo S?(?r%tr':rzofl?r:tsl\ltg+rarzzrr:eigﬂﬁ?sI?a?ir(l)oxvvgsmagcl)%t ZZI h'?’he
[12], normalized to the experimentally obtained total ioniza-P1OMP -

tion probability. We also notice that a prompt-random Sub_absence of background above the highest-enétgy rays

traction is sufficient to obtain accurately the ionization prob-démenstrates the proper random subtraction of the nuglear
abilities. The probabilities are much larger than for proton'@ys from the prompK x-ray spectra. The background at
anda-particle scatterings. Consequently, the momentum losioWer energies is due to the response of the x-ray detector.
measurement is not necessary here. The absoluteK-shell ionization probabilities were deter-
The 30 MeV/u experiment was performed using’e’* mined as the ratio of the number of true coincidknt rays
beam from the superconducting cyclotron AGOR at KVI,to the number of elastically scattered particles taking into
Groningen. Targets weré&%’Th, 2%%pb, 15°Th, and ?°%Sn  account the Ge x-ray detector efficiency. Due to the high
with thicknesses of 4.8, 2.7, 1.0, and 0.2 mg/cmespec-  Statistics of x-ray and elastic counts, errors in this experiment
tively. Characteristic x rays were measured in coincidence&re determined by the uncertainty in the efficiency of the Ge
with elastically scattered particles. The x rays were measurextray detectors and the target thickness.
using two large 20 cfarea high-purity Ge planar x-ray de-  The result of our ionization probability measurements
tectors. The elastic reaction channel was identified using theear zero impact parameter is given in Tables | and Il for the
Big-Bite Spectromete(BBS) [13]. The BBS was set at 4°, Ne and Carbon data, respectively. The tables also list the
considerably smaller than the grazing angles, which rangetheoretical prediction$cf. Refs.[12,16)). These predictions
between 7° 2%Sn), and 11° $32Th). The Rutherford cross are made in two distinct approximations. The first one is the
section at 4° ranges from 0.6 kb/st?{Sn) to 2.0 kb/sr united atom approximatiofUA), where it is assumed that as
(?*Th). The solid angle covered by the BBS is 9.2 msr.the projectile penetrates the inner electronic shells, these
Elastically scattered Ne particles were registered using a deshells adjust to reflect the increased binding of the combined
tector system consisting of six phoswich detecfd posi-  projectile and target nuclear charge. When the projectile
tioned in the focal plane of the BBS. Data were accumulategnoves too fast to effect such a change and Khshell is
to have about 1Dtrue coincident x rays. Absolute efficiency assumed not to change, this is the separated atom approxi-
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TABLE I. Theoretical and experimental dire€tshell ionization
probabilitiesPy in units of 10 2 for 30-MeV/u Ne projectiles. Cal-
culations for the united atorlUA) and the separated ato(8A)
approximations are given, including the corresponding reduced ve-
locity & .

UA SA Experiment P - (A

Target £k Pk & Pk Px  Error APy . [ -

N
232Th 066 248 077 296 21 2 o
208pp 074 284 087 366 29 3
19Th 098 457 117 646 67 7 D ton 18 MeV [10]
1209 129 776 160 1120 97 10 wE “He 25 MeV [5]

' “He 40 MeV [5]
“He 50 MeV [10]

, , I “He 74 MeV [5
mation (SA). In either case, the relevant velocity is that of uce 100 Meev[(t]his work)

the projectile relative to th&-shell electron. This reduced . I"'NesoloMeV (this work)
velocity &k is defined as 04 06 08 1 12 14 16
reduced velocity

-

=

=
HEr0e«4l>00

E(Zy) = zﬁ (1) FIG. 3. TheK-shell ionization probability, normalized to the
Ki=2I™ g vy’ square of the projectile atomic number, fo(f@ll triangles and Ne
(full square$ ions determined from our experiments together with

L . the data points from our earlier experiments for protd¢apen
Wherevp andv are the projectile ané-shell orbital elec- circle) and a particles (open triangle, full inverse triangle, full

tron velo_CltleS, respectlvelﬁ(_Zz)= EB(ZZ)/(ZZ_O"’”_)ZR IS sqguare, and open crgsdata points from{15] for protons(open

a screening parameter showing the nonhydrogenic charactgy arep are also shown. The full curve is from a SCA calculation
of theK-shell ionization energy, wheigg(Z,) is theK-shell  for the protons with relativistic hydrogenic wave functions and tak-
binding energy and&k=13.6 eV is the Rydberg constait; ing into account the increased binding. The dashed curve is the SCA
is the effective atomic number of the target. In the UA ap-for Ne at 30 MeV/nucleon in the SA approximation. The reduced
proximationvy, Eg, and 6 use Zy=Ziarget™ Lprojectile velocity of the data points has been determined in the SA approxi-
while in the SAZ;=Z,,4¢ IS Used. Whereas for light pro- mation as well.

jectiles the difference between the two predictions is small,

for heavier projectiles the difference is quite strong, in parhe atomic number of the projectil;, usingPy /Z2, which

ticular, for Ne. The experimental results appear to indicateyio\s one to scale the light projectile dat&or the heavier
that aroundéx=~1, a transition from the UA to the SA is projectiles, see beloy.

required. The light-ion data we include are the results of our previ-

To investigate this transitional character in more detail,; g experiments on a Pb target for 15-MeV protéogen
we show our results together with a compilation of other

light-ion data under the assumption of the SA and UA in
Figs. 3 and 4, respectively. The full triangles and full squares
are from the 8.3-MeV/u C and 30-MeV/u Ne experiments,
respectively. The ionization probabilities are normalized to

TABLE II. Theoretical and experimental diret-shell ioniza- w0 L
tion probabilitiesPy in units of 10°2 for 8.3-MeV/u C projectiles. F ol La T
Calculations for the united atofiUA) and the separated atof8A) ’
approximations are given, including the corresponding reduced ve- N

locity & . af
. O proton 7 MeV [15]
UA SA Experiment \ O proton 15 MeV [10]
Target £k Pk £k Pk Pk erorAPy 10 F A “He25MeV [5]
23 7 Vv “He 40 MeV [5]
2Th 0.37 2.23 0.41 2.50 1.8 0.3 ® “He 50 MeV [10]
208pp 042 267 046 324 23 0.3 @ *He 74 MeV [5]
197, | A “C100 MeV (this work)
s e 295 048 307 26 02 LW NeGOMeV hisorl)
nat '7 4 1'4 ' 2'2 2’ : 04 06 08 1 12 14 16
Sn 0. 3 0.85 5 5 8 reduced velocity
109 ¢ 079 179 091 285 32 20
natzy 0.94 30.9 1.10 50.0 94 50 FIG. 4. Same data as in Fig. 3, but for the UA approxima-
tion.
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circles, 25-MeV (open trianglg 40-MeV (full inverse tri- 12

angle, 50-MeV (full circle), and 74-MeV (open crosk «

particles, and the results of 7-MeV protons on various targets 10f

(open squareq 15]. SA
The full curves results from a semiclassical approxima- 8

tion calculation scheme for protons as projectiles using rela-

tivistic hydrogenic wave functions in which recoil and in- 6

creased binding effects have been taken into acddini 2.

The dashed curve represents the corresponding calculations 4l

for Ne [16]. The theoretical curves in the SA and UA plots

are identical because the UA and SA are only distinguished sl UA

by &« . We note that the usuzﬂf scaling does not apply

anymore for the Ne data and SCA calculations. The reason is 0 . . .

04 06 08 1 12 14 16

that the adiabatic radius, i.e., where the ionization process is :
reduced velocity

kinematically favored, becomes much larger than classical
K-shell radius for lighter targets. FIG. 5. x?=1IN—13N(Pg*Pt ptheon 2/ (A pexPY2 2 has been

By observing the overall agreement between data andvaluated for four bins igy for the SA and the UAapproximations,
theory, it appears that the UA works best #10.7, while  respectively.
the SA appears to be appropriate éqr>1. To see this quan-
titatively, we evaluated thg? in 4 bins of & for the Ne, C,  projectile-target combinations; in the separated atom ap-
and He data. The result is shown in Fig. 5. The sharp chang@roximation foréx>1 and in the united atom approximation
in x2 near&c=1 indicates that the SA is most appropriate Pelow this value.

above and the UA below this value. We would like to thank M. Polasik and D. Trautmann for
In conclusion, we have obtained different datakoshell performing the SCA calculations. This work has been per-

ionization probabilities for zero impact parameter collisionsformed as a part of the research program of the “Stichting

in a regime where the projectile velocity is of the same ordet/oor Fundamenteel Onderzoek der Mater{fEOM), which

as theK-shell electron velocity §c=~1). The data are in a is financially supported by the “Nederlandse Organisatie

good agreement with SCA calculations for differentvoor Wetenschappelijk OnderzoekRIWO).
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