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Absolute charge-exchange cross sections for the interaction between slow'Xg(15<q=<43)
projectiles and neutral He, Ar, and Xe
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We report measurements of absolute cross sections for single- and multiple-electron capture in slow colli-
sions ¢ ~0.1-0.2 a.u.). Partial cross sections for simultanecetectron removal from the target and
electron retainment by the projectih{m,p are presented for the systemseB, B=He, Ar, and Xe (15
<(=43). The results are also described in terms of electron-retainragit ), electron-removalc(-a), and
total-reaction ) cross sections. Further, we deduce experimental single-electron-capture cross sections
aé,l,q,z for Xel9~V*-B collisions from measurements on the%XeB system. The data are compared with
earlier and more recent scaling laws and the extended classical over-the-barrier model.
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PACS numbd(s): 34.70+€, 34.50.Fa

I. INTRODUCTION atom collisions with very highly charged projectilgs=15
are, however, still rarely reported in the literature. The pub-
The first multiply charged ion-atom collision experiment lished experimental results from the time around the middle
in the low-energy regime was performed by Thomson byof the past decade are from Iwat al. (Kr9"-He, 7<q
1913[1]. He investigated single- as well as multiple-electron< 25 [11], Tawaraet al. (19" -He, 10<q=<41) [12], Mann
capture phenomena at this very early date. During the fol¢ar9*-He and H, 4<q<15, and 1*-He and H, 5<q
lowing decades, however, little work was done in this area<»7) [13], and Anderssoret al. (Xe%*-He, 11<q<31)
and it was then mostly concentrated on single-electron '&14]. These articles, excedtl4], mainly focus on one-

tainment. That is, only one electron is finally captured by the,|actron removal from a two-electron target. Recently, the

projectile, allth.o.ugh one or several ‘?'ec”o”s migh_t have beeQctivity in this field has increased and several papers have
transferred initially. It was not until more than fifty years

later that the true nature of such a simple process was undegeen published by different groups: Vancuret al.

. . Ar9*-He, H, and Ar, 8<q<16) [15,16, Ali etal.
2-5. F th t ’ ’ ! e
fé%c())crit[ed ?%[3]0;:%8[%”%?’ € two coincidence measuremen Ari*-Ar, 5<q=17) [17], and Nakamuraet al. (19" -Ne,

Ar, Kr, and Xe,q=10 and 1%[18]. The latter work focused
AT B AAPF LB 4 (r—p)e” (1)  on multiple-electron capture from various heavier targets.
The primary aim with the present series of measurements
revealed that true single-electron capturep=1 is the larg- Was to provide cross-section data on single- and multiple-
est contributor to the single-electron-retainment cross sectiofharge-transfer processes for both He and heavier targets.
Tqq-1- However, an important part af, ,_; was found to  We thus report close to 300 absolute cross sectigips.,
be due to transfer ionization processes in which2 and  for collision processes according to E@) with projectiles

p=1. Slightly earlier, Miller and co-worker$6,7] reported ~A=Xe and target®=He, Ar, and Xe. This large set of data
important work on scaling laws for the retainment cross sechas then been used as a basis for discussions of models and
tion o - for p=1-4. scaling laws for electron-transfer cross sections in the present

When the projecti]e Charge is h|gh, a full guantum- and in a separate article by Selbeegal [19] The latter
mechanical treatment of the charge-transfer process may batticle [19] is mainly devoted to a detailed presentation of a
come pr0h|b|t|ve|y difficult due to the |arge number of reac- different Scaling law for the absolute cross sections for re-
tion channels involved. Instead, results are often discussed ioval ofexactly relectrons from the target. This scaling law
the framework of various classical or semiclassical modelsis consistent with the recent scaling law for removatdeast
In 1985, Baany et al. [8] extended the classical over-the- I' electrons by Kimureet al. [20].
barrier model, developed for one-electron systems by The main experimental installation for coincidence mea-
Ryufuku et al.[9], to include also multiple-electron capture. surements of the collision products in Eg4) are described
Shortly thereafter Niehaufl0] published a more detailed in Sec. Il A, while the procedure to calibrate the effective
model built on the same basic ideas. target lengthgdifferent for different gasésis described in

With the introduction of more advanced ion sources dur-Sec. Il B. The outline of the data analysis is given in Sec. III.
ing the 1980s, more selective and sophisticated experiments Sec. IV we present the partial cross sectiarfs,_, in
became possible. Absolute-cross-section data for slow iortables. For the discussion and comparisons with models and

scaling laws the data are reduced to total-reaction cross sec-
tions ag", r-electron-removal cross sectionea, and
*Present address: Max Planck Institute of Plasma Physics, Berlip-electron-retainment cross Section%'q_p. Various as-

Branch, Mohrenstifze 40/41, D-10117 Berlin, Germany. pects of the experimental results will be compared with re-
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cently developed19] and earlier scaling law$,7] and with
the extended classical over-the-barrier md@sg!

Il. EXPERIMENTAL TECHNIQUES
A. The main (coincidencg experiment

The 13%Xe projectiles were provided by the electron-beam
ion source CRYSIS at the Manne Siegbahn Laboratory in
Stockholm. The ion source was operated in the stretched
pulse modd~ 150-ms-long pulsgswith a repetition rate of
0.5-20 Hz. An electron beam of 150 mA produced?Xe
ions with charge states ranging betweent+l1and 43+,
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which were extracted at energies of @.BeV. Each ion i
pulse contained I—10 1° C distributed over~5-10
charge states. In short, after selecting the desired ion charge
state with a bending magnet the beam was directed towards a
gas cell containing the target gas He, Ar, or Xe. The charge
states of projectiles leaving the cell were analyzed by a hemi-
spherical electrostatic analyzer and the projectiles were then
detected by a position sensitive detector. The gas cell had a "
physical length of 7 mm and the diameters of the entrance
and exit apertures were 0.5 and 1 mm, respectively. The
recoil ions created in the extraction regighmm wide in the 8
direction of the beamin the center of the gas cell were
directed to a time-of-flight spectrometer by means of a posi-
tive pusher potential.

We have measured the detection efficiencigdor 1+
and 2+ recoils created within the extraction region. Both
€(1+) ande (2+) were found to be (19 3)% for He and
(24+3)% for Ar and Xe. We thus assume that the efficiency
is the same for all recoil charge states. The low detection
efficiencies are caused by five grids that the recoil ions have o o _ _
to pass before they hit the detector. Each grid has a transmig;(p'zrcfn'1 ;htcgsargr’:jﬁz dd'ztr:'bt%téonpg;iggﬂegglﬁs:g\i Igettr;itgqralfr:)r
sion of ~82% and the detoector efficiency, indicated by theXe25+-Xe collisions (top). To the right of the primary peak
measured effICIQnQy, i 7QA)' . . (25+) there is a hump and to the left there is a tail. The treatment
be;r:noigzr;(r)ojeelggllga:)iltglstwrrct))lljrg]]% ?Le:tgﬁg:ﬁgj; eﬂgggtct)hiof these two features in the data analysis is discussed in the text.

h . . ) . Fhe time-of-flight spectra for recoil ions coincident with one-
shielded. This decreased the effective pumping speed in t €?**) and two-electron retainment by the projectile X are

region in front of the gas cell and thus increased the effectivgqyn in the middle and the lower parts of the figure, respectively.
target lengthgdifferent for the three targetswhich were

determined experimentally as described in Sec. Il B. In Fig
1 we show an image of the registered projectile spectra alon
the axis of energy(charge-statedispersion for X&"-Xe
together with the time-of-flight spectra coincident with pro-
jectiles retaining oned—1) and two —2) electrons.
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lute charge-exchange yieldsingle-electron retainment by
fhe projectilg for Xe**-He and X&%-Ar again with the
calibration setup. The effective target lengths for Ar and He
in the main experimenvere then determined by relating the
absolute charge-exchange yields forXeHe and Xé'*-Ar
to the same quantities already measured with the main setup.
The calibration setup was equipped with a gas ¢l mm

An additional experimental arrangement was used fogeometrical length without recoil-ion extraction devices.
calibration of the effective target lengths for He, Ar, and Xe.The outgoing projectile charge-state distributions were re-
The reason for introducing a second setup was simply that itorded by means of a 180° hemispherical analyzer and a
was mounted on the beam line when it was realized that thposition-sensitive detect¢f1,22.
nominal target lengtti7 mm) could not be used in order to We measured the net one-electron-capture yilgs, in
deduce the absolute-cross-section scales for the measutbe calibration experiment for At"-He and A" -Ar colli-
ments already performed with the origirfedain) experimen-  sions as functions of the pressures. Wikgn , is small, i.e.,
tal installation. The effective target lengttdifferent for dif- ~ whenP,_;<1, P4_;=04_1pl is a fair approximatior(p is
ferent gasesin the original experimental setup was thus the target density anblis the effective target lengthThe
deduced by first calibrating the effective target lengths fomormalization to the absolute cross sections reported by Van-
the second*calibration”) setup by means of Af*-He and  curaet al.[15,16 yielded the effective target lengths for the
Art**-Ar cross sections from the literature. In the next stepcalibration setup of 11:80.5 mm and 10.8 0.5 mm for He
we used these effective target lengths to measure the absand Ar, respectively. The larger value for He is mainly due

B. Calibration of effective target lengths
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to the fact that the gas flow from the cell is much higher for 05 . — ,
the lighter gas. The ratio between the flows of ¢¢¢ mass -
Mye) and Ar (Mp,) is VmMp, /My~ 3.3 with the same pressure 04l ]

in the cell for the two gases. Taking also the difference in
pumping speed&Balzers TPU 510for He (570 I/9 and Ar
(500 I/9 into account we note that the 0.8 mm extra target
length (the geometrical length is 10 mnior Ar ought to
amount to 2.3 mm extra for the He targg8.3x0.8
X (500/570=2.3]. The total effective target length (10
+2.3=12.3 mm) expected from this reasoning is consistent 0ir
with the measured value 1X8.5 mm.
In the second step of the normalization procedure we 00 S
measured the one-electron-retainment cross sectigis ; ' ‘ ) ‘ : '
for Xe3'*-He, Xe&’'"-Ar, and X&'"-Xe on an absolute level
(since the target lengths are now kngwvith the calibration _ _
setup. By relating these to the charge-exchange yields re- FIG. 2. Measured one-electron retainment yieRls, for
corded at various pressures with the main experimental setuff. A\ collisions as a function of the target gas pressure in the
for Xe®'* projectiles we determined the effective target “@/ibration experiment.
lengths in the main experiment to 18:6.8 mm for He and . ) o
10.6+0.5 mm for Ar. These values are considerably largeN€ré2i—oNg,q- =N is the total number of incoming ions.
than the geometrical length of the gas cell in the main exAll these various peaks are well separated and ought to be

periment(7 mm), which is due to thew-metal shielding of fitted eas_ily by Gaussian curves anq hence th_e_ar_1alysis ought
the ion beam close to the gas cell causing serious reductio8 Pe trivial. However, as seen in Fig. 1, a tail is in between
of the pumping speeds in this region. The shield used in théh® primary peak and the—1 peak and sometimes a side
main experiment was different from the one used in the calilump also appears close to the primary pgakhis case to
bration setup. Again, the reason for the much longer He tarthe righd. The inclusion or omission of these contributions in

get becomes clear when considering the differences in gd8€ Primary peak intensity largely affects the result, some-
flows from the cell and the pumping speeds of the tur-imes by a'factor o_f 2. We _have, hqwever, resolved th|_s prob—
bopump. The 3.6 mm extra length for Ar indicates an extrd®M by using the information provided by double collisions
length of 10.4 mm for H3.6x 3.3 (500/570), where the (i.e., two consecutive c_oII|5|ons with different target at()_ms
factor 3.3 is due to the difference in flows for He and Ar at Absolute cross sections can also be determined directly
the same cell pressure. The result 17.4 mm (D.4 mm) is _from double-collision coincidences\(, ) using the for-
close to the experimental value 18:6.8 mm. This large Mula

effective target length for He can be checked in a completely

independent way since our present single-electron-capture Né,q,z fé'q,l Néyq,z 1

cross section ¢ ,_;) for Xe¥'*-He (using the effective Pa-1a-2"NL T Tl Ngg1pl’ )
length 18.6 mmis in agreement with the one reported by @4 @

Anderssoret al.[14], using the same cell without shield and 1 1 :
consequently a shorter effective target length. Thus thd/N€€Ngq-1 andNg ., are the measured numbers of sin-
present absolute effective target lengths in the main expengly charged recoil ions in commden_ce with projectiles retain-
ment are now firmly established for the He and Ar targets!nd ©ne and two electrons, respectively. The total number of
For Xe this procedure could not be used and for simplicityprlolec'Ie ions retaining one electroNy 4, is related to

1 _£1 1 H
we assumed that the effective length was equal to that of AfNg,q—1 throughNg o1 =fg 4 1Ngq-1, wherefy ., is the
fraction of singly charged ions in the recoil ion distribution

for projectiles retaining one electron. The last form of 8.
relies on the observation thaf , ,~fs 1, , (cf. Fig. 3
With the knowledge of the effective length)(and den- and resembles the last form of E@), which we used for
sity (p) of the gas target in the main experiment, it is possibleextraction of cross sections; ,_; from single-collision
to determine the absolute cross section for removal@éc-  events. This can be understood by observing that given that a
trons from the target and retainment pfelectrons to the 1+ recoil ion is created in the extraction region, the other
projectileay, ,_,. This is done by comparing the number of collision may be located anywhere in the target of thickness
events registered on the position sensitive detector in thgl. The method of extraction of cross sectionré,l’q,2
peak corresponding to captureelectrons to the projectile from double-collision events in the present setup is described
Ng,q-p @nd the total number of registered eveNts. Multi- in detail elsewher¢23].
plying this with the fraction of recoils with charge From Fig. 1 it is clear that thg—1 andg—2 peaks are
r+,fqq-p, in coincidence with projectiles of charge cleaner than the primary pea) Gating this spectrum with
(g—p)+ we get singly charged recoil ions reduces the weak tails and back-
ground around the two former peaks even further. We thus
] ] deduce single-electron-capture cross section for collisions
r Nogg-p  fag-p_ Nogp 1 2 Xeld~D*.B with quantiies measured for the system

Uq'q_p:Et:ONq,qft pl Zi-oNg,q-t pl’ Xe*-B using Eq.(3).

03

02 r

pressure (mTorr)

Ill. DATA ANALYSIS
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TABLE |. Partial cross sectionsy ,_, for the processes Xe cross sections for retaining up to three electrops-8) on

+He—Hel4"P* + He "+ (r—p)e” in units of 10 cn?’. Inthe  the projectile. For most of the collisions studied, however,
cases where only single-electron-capture cross sectloéﬁ_(l) we present data only fgg=1 andp=2. The cases where we
are given, the results are obtained by means of the double-collisiogg have results fop=3 show thatoy q_; and oq 4, are

method(cf. Sec. Il B). The collision energy was 3jgkeV. dominant in the total cross section. This is consistent with
. 5 2 the results of Vancurat al. [16] and Raphaeliaet al. [24],

q Oq,q-1 Tq,9-1 Tq,4-2 who have shown thgi=1 andp=2 account for more than

30 11.1+1.4 95% of the total cross section.

31 12.6:1.6 3.4-0.5 1.2+0.2

32 9.6:1.2 2.8:0.5 0.9-0.2 A. Total-reaction cross sectionsQ values, and capture states

33 14.4-1.3 4.1+0.5 1.0:0.2

Since the cross section for pure ionization of the target in

34 13.6:1.0 the present velocity regimev (-0.2 a.u.) is smal[25], the

35 13.5-1.3 3.7-0.4 1.0:0.1 total-reaction cross section should be very close to the total-
36 13.6:1.5 3.2:04 1.4:0.2 electron-removal cross section. This means that it is possible
37 14.2v2.0 3.2£0.5 1.4:03 to discuss the former cross sections in the framework of the
38 11.8-1.4 5.90.9 1.6+0.3 extended classical over-the-barri€@CB) model [8]. This

39 17.6£3.1 model was developed in order to describe single- and
40 14.4:2.0 3.2:0.6 2.1x0.5 multiple-electron removal in slow collisions between highly
41 17.0-4.9 charged ions and neutral atoms. The active electrons experi-
42 16.4:3.4 4.6-1.4 2.2+0.8 ence a superposition of two Coulomb potentials originating

from the projectile and target cores. As the projectile ion

approaches the target the Coulomb barrier for the outermost
In quite a few caseéwhen measurements were made fortarget electron decreases. At a certain internuclear distance

neighboring projectile charge statéswas possible to com- R; the first electron is assumed to be removed from the tar-

pare results from the double-collision method with those obget to a quasicontinuum of states in the projectile. More elec-

tained directly using the single-collision data and formulatrons are succesively removed by the projectile if the inter-

(2). The agreement was excellent in most of the cases whehuclear distance continues to decrease. The critical distance

the intensities due to the tail and the hump were omittedvhere the top of the barrier becomes sufficiently low for

from the primary peak intensity in Eq2). This agreement removal of therth electron is given byin a.u)

also supports an assumption that was made implicitly here,

namely, that the excitation produced in the first collision was R — 2VrJg-r+1+r @

relaxed before the second collision. This appears to be rea- ' Iy ’

sonable since typical lifetimes for the yrast stai@hich are

the most long livedllie in the subnanosecond regime, while wherel, is the ionization potential of theth target electron.

a typical time between two collisions in the cell is of the Using the absorbing sphere concept and assuming that no

order of 10 ngconsidering the whole length of the dellt  electrons are transferred back to the target, one arrives at a

cannot be completely ruled out that somewhat more longeross section for removal of theh electrono'; of

lived metastable states with low excitation, which may be

created in the relaxation cascades, could slightly influence ol =m(RP-RZ, ). (5)

the cross sections obtained with the double-collision method.

Again, however, .SUCh effects canno'g be very lmportant SINCqhe total-electron-removal cross section is then the sum of

the double-collision results agree with those obtained using| these. i.e

single collisions. B

tot r 2
Oy = o,=mR7. 6
IV. RESULTS AND DISCUSSION 4 Z 4 ! ©

The partial cross sectloma{1 q—p for reactiong(1) are pre- This should be regarded as an upper limit of the cross section

sented in Tables |, II, and lll for the targets He, Ar, and Xe‘since the density of available capture states in the projectile

respect_lvely. T_he errors |.n.the Cross secpons consist of thl% not invoked and further a 100% reaction probability is
errors in the linear coefficients of the fits to the pressure

. : assumed for impact parameters smaller tRanIn Ref.[19]
dep_en_dences of _the charge-exche}nge yietdisFig. 3 and . we compared calculatedrom Egs.(4) and (6)] and mea-
statistical errors in the determinations of the correspondin

recoil-ion distributions. Additional absolute errors  of Qured total-reaction cross sections. The agreement was found

ooy i e o
~~10%, which are not included in Tables I-Ill. are due toto be well within =20% in virtually all the 45 cases dis

the uncertainties in the absolute cross sections used for no(r:yss'EOI in Reft19].
The totalQ values forr -electron removal are given by the

malization(cf. Sec. Il B. ECB model as
The double-collision method has been used for the cases
where only single-electron-capture cross sections are given.
As can be seen in these tables, cross sections for removal of totZE Q :2 (E,—| )ZE q—-(2r—-1)
up to nine electrons from the target are reported as well as e e 4 R

. ()
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TABLE Il. Same as Table I, but with Ar as a target.

a Tag-1 Taq-1 Taq-1 Tag-1 Tag-1 Taq-1
24 11.3+1.3

25 10.9+0.9 5.3t0.5 3.5:04 1.2:0.1

26 13.4:1.8 7.0:1.0 3.7#0.5 1.0+0.2

27 13.7#+1.6 6.6:0.9 4.1+-0.4 1.1+0.2 0.4-0.09

28 13.9-1.3 6.6-0.7 5.4-0.6 2.0-0.3 1.0:0.2

29 5.9-0.4 3.3:0.3 2.3:0.2 0.8:0.1 0.5+0.06 0.3:0.05
30 15.2:1.4 6.1+0.7 3. 705 1.70.3 1.0:0.2

31 15.3t1.1 5.9:0.5 3.70.3 1.740.2 0.9:0.1

32 12.3t1.9 4.5-0.8 2.5:0.4 1.3:0.2

34 21.655.5

35 18.9-2.1 5 71.0 4.8+0.8 1.3:0.4

36 22.0t4.3

37 18.6:2.3 5.4-0.9 3.1+0.6 1.2£0.2

39 14.0:4.4

40 16.72.6 5.4-1.2 1.6£0.5 0.70.3

41 22.6:3.1 7.651.7 4.9-1.2 2.4:0.7 1.2+0.4

42 24.6:4.5

43 18.6-2.8 57#1.0 2.1+0.4 0.8:0.2

a Us,qu "g,qu "3&1*2 "g,qu ‘Tg,qu ‘7c71,qf2
25 0.4+0.07 0.8:0.1 1.0:0.1 1.0:0.12

26 0.4+0.09 1.4:0.2 1.6£0.2

27 0.2+0.06 0.6:0.1 0.8:0.2 1.4:0.2 1.2£0.2 0.740.1
28 0.9:0.2 1.2+0.2 1.1+0.2 1.4+0.2

29 0.5-0.06 0.8:0.09 0.4-0.05

30 1.60.3 1.9+0.3 1.8:0.3 1.9+0.3

31 1.4+0.2 2.3t0.2 1.4+0.2 1.3+0.2

32 1.6:0.3 2.3t0.4 1.1+0.2 1.2+0.2 1.0+0.2

35 2.6+0.6 2.9-0.6 2.7+0.6 1.5-0.4

37 2.3+0.5 2.2:0.4 1.6:0.4 1.2£0.3

40 2.0+0.6 3.4-0.8 2.6-0.7

41 1.8+0.6 6.0t1.4 2.8:0.8

43 0.6:0.2 1.9-0.4 2.1+0.4

whereE, is the total change in electronic binding energy onshows that it should be possible to deduce the capture
the projectile due to the transfer of tm¢h target electron. states directly from absolute-cross-section measureniahnts
TheQ, andQ¥" values have been measured directly by Cedthough with larger uncertainties than from measu@edal-
erquistet al. [22] for Xe9"-He collisions in the charge-state ues. In Fig. 5 we show the semiempirical effective quantum
regime 25<q=44. According to the ideas of the ECB numbersn} andn for all three targets deduced from cross
model, there should be a strong correlation betweerQthe sections results and the ECB model. The corresponding
value and the total reaction cross secﬁrﬁﬁ through expres- quantities deduced directly from the ECB model are shown
sions(6) and (7). For the He target there should also be aas dashed lines in Fig. 5. Th& values for He, obtained
similar relation betwee®,=Q%'— Q™ andag, the absolute from the measured, values[22], are also shown in this
cross section for removing two electrons from the target. Irfigure and they are slightly lower than thg results derived
Fig. 4 we plot the measured values@f andQ, from Ref.  from the cross sections. The overall agreement between the
[22] as functions of Cl:(q—l)/,/exgqf‘ﬁ and C,=(q  Ppresent semiempirical results and those of R&2] is, how-

—3)/\/®%a2, respectively, where the two latter quantities are€Ver: rather good and they are both close to the predictions of

obtained from the present absolute experimental cross sete ECB mode_l. . . .
tions. The line in the figure is a fit to the experimental points 1€ results in Fig. 5 are obtained by assuming capture to
and its slope is (2:£0.2)x 10" 7 eV cm, which is close to unscreened hydrogenlike states and taking the binding en-

the one expected from the model£x 107 eV cm). ergy of therth transferred electron to be

In Ref. [22] we used the direct measurements of mean
' values to deduce the principal quantum numbers popu-
lated in single-electron capture. The correlation between q

: e =5 n*2"
measuredQ values and measured cross sections in Fig. 4 2(ny)

2

®
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TABLE lll. Same as Table I, but with Xe as a target.

a Taq-1 Thq-1 Taq-1 Taa-1 Taq-1 Taq-1
14 9.9-0.4
15 12.1+0.6 7.2£0.4 3.3£0.2 1.4:0.9
19 11.91.8
20 14.9:0.7 8.3:t0.4 4.60.2 2.7+0.2 1.2+0.09 0.2£0.05
24 17.4-1.3
25 17.5:1.0 8.2£0.5 4.5:0.3 2.6:0.2 1.6:0.2 0.5:0.08
27 25.8t3.2
28 17.6:0.9 9.4:0.5 5.0:0.3 2.7£0.2 1.6:0.1 0.9-0.08
29 23.1+2.1
30 20.9t1.2 10.720.7 4.7+0.4 2.8:0.2 1.40.1 0.6£0.08
31 19.3t2.1 9.1+1.1 4.5+0.6 2.2+0.3
32 24.4-1.4 11.%0.9 4.7+0.4 3.2£0.3 1.2+0.2
34 21.9+3.5
35 21.3t3.2 8.4t1.4 3.5£0.6 1.6:0.4 1.2+0.3 0.70.2
36 25.3:4.5 10.06+1.8 4.8-0.9 2.0£0.4 1.2+0.3
37 28.8t4.2 12.2:2.0 4.8-0.9 1.6:0.4
a Taq-2 Taq-2 Taq-2 Taq-2 Taq-2 Thq-2
15 0.2:£0.03 0.4-0.04 0.8-0.06 1.3:0.08 1.0:0.07
20 0.8:0.1 1.8:0.2 1.8:0.2 1.8:0.2 1.5-0.2
25 1.3t0.2 1.74+0.2 2.0:0.2 2.0:0.2 1.4+0.2 1.0+0.1
28 0.8:£0.08 1.3:t0.1 1.5-0.1 1.2+0.09 1.2£0.09 0.70.07
30 2.0:0.2 2.8+0.2 2.70.2 2.0+0.2 1.6:0.2 0.9+0.09
31 3.1+0.4 3.6£0.4 2.50.3 2.4:0.3 2.0£0.3 1.6+0.2
32 4.6+0.4 5.0£0.5 4.8-0.4 3.6£0.4 3.0:£0.3 2.0:0.2
35 5.3:0.9 6.3t1.1 4.4-0.8 3.5£0.6 1.6:0.4
36 5.1+1.0 4.5+0.8 3.9+0.7 2.4+0.5
37 6.2+1.1 6.2+1.1 5.1+0.9 2.8+0.6 1.9-0.4
a "g,qu 03,972 Ug,q% Uquf?’ ‘Tquf?’ Ug,q%
20 0.5-0.09 0.8-0.1 101
28 0.5-0.06 0.5-0.05 0.x-0.03 0.2:0.03 0.3:0.04 0.5:0.05
30 0.70.08 0.4-0.06 0.3:0.06 0.4:0.07 0.5-0.07 1.0:0.1
31 0.6:0.02
32 1.4+0.2 0.6:0.1 0.4+0.09 0.4-0.09 0.8:0.1 0.7+0.1
This is well justified wheng is high. Note that Eq(7) is q
derived under the assumption that earlier transferred elec- ny = . (10)
trons (to the projectile screen the projectile charge com- g—3
pletely as “seen” by the next electron to be transferred from 2( R, +13

the target. This is fully consistent with using E8), which
assumes no screening by earlier transferred electrons wheising Eq.(6), we arrive at the two expressions for the ex-
the active electron becomes localized to the projectite, perimental crossing radiR® and RS*,
when the transfer of theth electron is completedHere we
obtain the model prediction of the effective quantum states exggot: m(RE%)2 (12)
populated in one- and two-electron removal from

and (starting the sum at=2)

q ol 2= (RS (12)
ni= ©)
g—1 Inserting RY* and R3* into Egs.(9) and (10), respectively,
2 R, Tl gives the semiempirical values foff andn3 (cf. Fig. 5.

The cross section for removirgt leasttwo electrons from
the target is denoteﬁ"a[f2 and for Ar and Xe these quan-

and tities differ from exaé. One should bear in mind that the
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06 ¢ FIG. 4. ExperimentalQ; and Q,=QY¥'-Q" values for
05 M Xe9"-He collisions from Ref[21] plotted as functions o€, and
C,, respectively(cf. the texj.
04
‘:“; =2 . . .
o3 ¢ account. Such a rearrangement is likely to occur since the
02 M screening of the core for the first transferred electron will
ol e change when the second electron is captured insida3it (
| Eeeaa <n}) [21].

15 20 25 30 35 40

Projectile charge state g

B. Ratios of electron-removal cross sections

FIG. 3. Partial charge-state fractioffs, , for r + recoil ions in In the previous subsection we found reasonable agree-
coincidence with projectiles in final charge state-(1)+ as func- ment between the present experimental resultsnf?ir, ny,
tions of the incoming projectile charge Data are displayed for andn} and the corresponding ECB predictions for all three
targets of Hgtop) and Xe(bottom and show that the fractions are target gases He, Ar, and Xe. However, measurements of
varying slowly withq. That is, fgq 1~ fq14-, for neighboring  cross section ratios?/ o5 provide much more sensitive tests
charge states. of the model, which can easily be seen from E(.and
(10) indicating thato3/ o~ (n,/ng)*.
semiempiricah] andn} results of Fig. 5 are deduced using It has been observed before that the ECB model gives
the ECB model. An agreement with direct evaluations of thisgood results for the ratio between the cross sections for two-
model is thus not very strong support for the model. How-and one-electron removal from Xe, while the corresponding
ever, the comparison shows that it is possible to use thealues for the He target in general are a factor of 2 off
measured absolute cross sections in order to deduce rathdm,2§. Early on there was an attempt to explain this differ-
good estimates of the capture states. This is warranted by thence as due to a special transfer excitatibB) mechanism,
fair agreement with th&-value-based results of Rd22].  in which one electron was transferred to the projectile while
Finally, the present semiempiricaj values should be taken the other target electron was excitg2¥]. This process was
as upper limits since the procedure we have used here doassumed to be active for He, but not for the heavier targets.
not take a possible rearrangement of the outer electron intbhe reason for this was that recapt@®m the projectile to

1 1 1 1 1 1 1 £ 1 1 1 1

15 20 25 30 35 40 15 20 25 30 35 40

Projectile charge state q Projectile charge state g

FIG. 5. Effective principal quantum states populated by the fifsf and the second*n} transferred electron as functions gffor
targets of He, Ar, and Xe. The dashed lines represent the ECB model.
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FIG. 6. Ratios between the electron-removal cross seotiﬁfi/a[1 in Xe9*-He, X&*-Ar, and X&*-Xe collisions as a function of the
incoming projectile chargg. The dashed lines are the ECB predictions and the full lines are due to the recently developed scélirg law
Eqg. (13) and Ref.[19]].

the target only was considered to be efficient if two but not where the result is in cfif the ionization potentialg; are
three electrons could leave the target. An attempt to isolatgiven in eV. This formula was obtained by means of fits to
this target-specific transfer excitation process experimentallthe experimental data ifil9], but Eq. (13) could also be
for He was then made using the translational energy-gaiexpressed approximately using tRe values(4) of the ECB
method. The TE process was expected to have the sanmeodel

charge-state signatures as single-electron capture, but with a

smallerQ value. In that work22] no clear evidence of TE at 2

. : . ; 7R}
the cross-section level predicted by theoretical consider- ol ~ . (14)
ations[27] was found, but it could not be completely ruled 4Oy

out that the process could be active at a somewhat more

modest level(~5-10% of single-electron captureThis  The sums ovef in Egs.(13) and(14) run over the number of
would, howevgr, ?e insufficient in order to explain the low o ter-shell electronl. In this context we wish to stress that
experimentalog/ o, ratio for He. Instead, it was suggested the results obtained from E¢L4) may be very different from
that the finite density of capture states for transfer of a secthe ones obtained from the ECB mod#). For example,
ond electron from He could make the measured ratio deviatge|ative recoil-ion charge-state distributions deduced from
from the model predictions using quasicontinua of projectilegqgs.(13) or (14) are found to be in excellent agreement with
capture states. This conclusion was tentatively derived fronge present experimental results for He, Ar, and X@]. The
the measured mea@-values for single-electron capture in same quantities derived from E) give reasonable results
Xe"-He collisions[22]. for Ar and Xe but fail for He. Thus, in contrast to the ECB
Using various reductions of the data presented in Tablegodel, Eq.(13) is able to reproduce the experimental results
I-1ll, we recently derived19] a semiempirical formula for  for o2/ both for light and heavy targets. The scaling law
the absolute cross sections for removing exactBlectrons (13) is only partly consistent with the basic views of the
from the target: charge-transfer process used in the ECB model. The main
N difference is that whereas the ECB model assumes that
Sea[]=(2.7>< 10‘13)qr/ |§|52 (j“jz), (13) _r—electron transfer takes place with a probabili_ty of one for
j=1 impact parameters betwe& andR, , ,, Eq.(13) is consis-
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tent with a picture where or fewer thanr electrons are R A A SR

removed from the target for the same impact parameter range Xew-He
[19] 200F © Present results 1
i . . a Ref. [14]
In Fig. 6 we show the cross section ratie§ o (for He, o Ret.[12]

15.0+

Ar, and Xe, o3/ a; (only Ar and Xe, anday/os (only Xe).
The experimental ratiosy/o% and /o3 in Fig. 6 are not,
except in a few cases, the complete ratios sm§g_3, ie.,
true three-electron capture, andg’q_él, i.e., true four- sof

electron capture, are missingdrg ando?, respectively. We

Gy [10 cm?]

q
have measured the “true” ratioy/o; for Xe%*-Xe in four

caseq =20, 28, 30, and 32. From this we conclude that the -
contribution from true three-electron captwéq_3 to three- aSE - Xev-Ar
electron removab: is small (~3—-4%).Also, it seems rea- “F z]::fsTllér]esum
sonable to assume that we can extend this argument further sE

and that thevy ,_, part in oy can be neglected. For He and
Xe all ratios are clearly much better described by the recently
developed scaling ruléull lines in Fig. 6 than by the ECB
model (dashed lines For Ar, however, the two predictions
from [19] and[8] appear to be equally successful. An inspec- S
tion of the individualo, cross sections show, however, that
formulas(13) and(14) give somewhat better results than the
ECB model, as can be seen in REf9].

G [10°° cm?}
[ g
5

70F

. . 60
C. Electron-retainment cross sections

The electron-retainment cross sections are defined by j jz
Uq'q_p=2,0'a’q_p, where the sum runs over all produced % “
recoil-ion charge statest+ for a given value ofp. Here we e 7l
will in particular discuss the casgs=1 andp=2. When 2or ]
Mdller and co-workerd6,7] derived their famous scaling 10r 1

law more than fifteen years ago only data for rather moderate T T
projectile charge statémostly belowg=10) were available. S
Nakamuraet al. [18] have recently measuread,, for
[9%-B, g=10,15 andp=1-3, colliding with various multi-
electron target® and compared these with the scaling cross  FIG. 7. Cross sections _,, for retainingp (p=1 and 2
sections Ug’fs_pzquamfp (with, e.g., a;=1.17 andpg; electrons as functions af for all three targets. The results from
= —2.76). They[18] found fair agreement fop= 1, but for Anderssoret al. [14] are also in'cll.Jded. In the He target case also
p=2 there was a significant deviation, which became ever' -He data from Iwakt ?"-[11; is included. The full lines are due
more pronounced fop=3. In Fig. 7 we have compared the '© the scaling cross sectiong g , (cf. the text and Refd6,7)).
present highg data with the predictions ofy's_, [6,7] as  with q as shown in19] it is also rather well described by

functions ofq. The agreement between the measured crosgg"g_l, which scale ag**". (i) Multiple-electron removal

sections andrys_; is rather good for He, while the same amounts to 60~70 % aof ™ for Ar and Xe. In addition, sta-

comparisons for the heavier targets are much less successfyjjization of two (or more electrons on the projectile be-
The oy'q-1 values for Ar and Xe lie above the experimental comes more likely as the number of initially transferred elec-
cross sections and the deviations increase widls is seen in  trons increases, as it can only do for targets heavier than He.
Fig. 7. Note that this conclusion is different from the oneBoth these effects tend to increasg,_, at the expense of
reached by Nakamuret al. [18], who used only projectiles 0qq-1- This feature becomes more pronounced when-

of charge stateg=10 andq=15 and found fair agreement creases as the probability of radiative stabilization becomes
for all targets andp=1. The present observations are ex-larger in thisq region and it accounts for the observed satu-
plained as follows.(i) Multiple-electron removal from He rations of the experimentat, ., cross sections for Ar and
amounts to only~30% of the total-reaction cross section. A Xe. The same reasons also explain the deviations between
large part of the two-electron-removal cross section will fur-experimental cross sections and thse to q°7* scaling of

Fhe_r cqntribute toog q-1 due t_o_ the dominance of transfer U'V[Sfp for p=2, which are evident from Fig. 7. So far, no
ionization at the present velocities. True double-electron capscaling law for electron-retainment cross sections that is gen-
ture will at most amount to about 15% of" in the present erally valid both for heavy and light targets and for high and
charge-state regime due to the fact that the probability fofow projectile charge has been established. However, in Ref.
radiative stabilization is lower than 50%®26,29. Thus [19] we presented two separate scaling relations: one that
0q4-1 for He will develop essentially as the total experi- appears to be valid for light targetse., He and one that
mental reaction cross section and simz@t scales linearly appears to be valid for heavy targéi®., Ar and Xe.

Projectile charge q
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V. CONCLUSION tions compare favorably with the extended classical over-

The main results presented here are the close to 300 a%’he—bamer model. However, comparisons between predic-

. ) . . lons from the same model and ratios of experimental cross
solute reaction cross sections for single- and multiple-

! o - sections for (+1)- andr-electron removal exposed some
electron transfer processes in slow collisions between h'ghl.¥ather serious discrepancies especially for the He target. We

charged Xe 'ons and targets of H_e, Ar_, and Xe. Th_e EXPElS1s0 made similar comparisons using a different semiempir-
mental techr_uque has bee_n described in some detai qnd Sheal expression forr-electron removal from the target and
cial emph_aS|s has_been given to the procedure used in OrdForund significantly better agreement with the experimental
to determine the different effective target lengths for the d'f'data for He and Xe. In fact. the recently developed scalin
ferent gases. We have also described the extraction of sing| ’ ' y P 9

. o faw is able to account for all observed features of the present
electron-capture cross sections for the collision system 2, 1 3, 2
/oy and o/ oy data

Xe@D+.B from double-collision rates measured for d2@(see also Refl19)), except theo

Xe%*-B collisions. This was necessary in order to resolve Jor Ar. This is, however, a rare exception, and although this

problem in the data analysis, which was due to “tail ar‘dparticular problem still is unexplained, the general success of
hump intensities” close to the, primary peak the scaling law indicates that the one-to-one correspondence

The present collection of data is easily the largest oné)ggltve:?;gzgﬁmgg;Oi];]r?hrgOég%ti:gzgleIﬁgg?gsbzngaégiS"ig:
presented for slow collisions involving ions of high charge.p P

In addition, unlike all previous sets of such data, it containsered' Th's and the motivation for the ;calmg law are dis-
ussed in more detail in the related article by Selbsrgl.

charge-state coincidences for both light and heavy target 19]
The measured absolute-electron-removal cross sections ’
were used in order to deduce semiempirical effective quan-
tum numbers for transfer of the first and the second electron
from the target to the projectile. These semiempirical results This project was supported by the Swedish National Sci-
and the experimental ones for the total reaction cross se@nce Research Coun¢MFR).
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