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Absolute and total electron-capture cross sections in slow Af-Cg, collisions
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We present experimental absolute and total electron-capture cross section$ f@\(q=4, 6, and 8—18
collisions at 3.8 keV. The absolute scale is based on thg ¥apor pressure by Abrefadt al. [Appl. Phys.
Lett. 60, 1313(1992], which together with the results of Mathewsal.[J. Phys. ChenB6, 3566,(1992] are
the only possible choices among the many, widely dispersed, vapor pressures reported in the literature. In order
to support this statement, we calculate total electron-capture cross sections moggksga(ointlike object
and as an infinitely conducting sphei€S). These model results are shown to differ little, since polarization
and finite-size effects are relatively unimportant for the distant collisions at which the outeffirgisielec-
trons are transferred. We are thus able to use the semiempirical formula for absolaterfmress sections by
Selberget al. [Phys. Rev. Ab4, 4127 (1996)], treating Gy as a hypothetical atom with ionization potential
1,=7.6 eV, and the ICS model to define lower and upper bounds for the absolute cross-section scale. We find
significant oscillations in the total electron-capture cross sections as functiaps of
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[. INTRODUCTION theoretical arguments and well-established experimental re-
sults on absolute and total electron-capture cross sections for
So far only three experiments reported on absolute eledon-atomcollisions to discriminate between the different va-

tron capture cross sections felow highly charged ionsol- ~ por pressures of &. In this way we show that the absolute
liding with C4o. Walch et al. [1] determined absolute cross Values of Abrefahet al. [2] and Mathewset al. [15] at T
sections<r§ for capture ofs electrons to 80-keV A pro- =420°C are the only possible choices. Since the former

jectiles, yielding a total electron-capture cross section ofiuthors report a heat of sublimatiobH, in agreement with
(4.4+1.8)x10 1 cnm?. Their absolute scale was set by f[hat measured by Larss@t al. [5], using the sam.e.preheat-
means of the g vapor pressure by Abrefadt al. [2]. Using ing procedurdof the G, powde) and type of collision cell
the same resuli2], Selberget al. [3] determined the cross as |\_'|V€ do, Wi base our resgltshon Re. h ields f
sections 4.61.4(q=8), 10.1:2.8(q=13), 7.1=2.0(q €re, we have measured charge-exchange yields for
=14), and (10.6:3.1)x10 ** cn? (q=15) for 3.3-keV Ar* + Cg A0+ 4 CLE 4 (r—s)e™ (1)
Ard9*-Cq, collisions. The AF* results by Walchet al. [1]
and Selberget al. [3] agree as expectdd] in this velocity  collisions at 3.8 keV, wherer electrons are removed from
regime. In addition, Larssoet al.[5] reported absolute cross Cg,, ands electrons are stabilized on the projectile. We dis-
sections, based on R¢2], for single- and multiple-electron criminate between the different values ®and present ab-
capture in 100-keV Ar", Xe%*, and HE@"-Cg, collisions  solute and total electron capture cross sections
with q=4. q

Absolute experimental cross sections were also quoted by, tot_ 2 s
e.g., Babeet al. [6,7], Vostrikov et al. [8], Tarnovskyet al. 7q & 7q
[9], and Mattet al.[10] for electron-impact ionization of £
and by, e.g., Gongt al.[11], Smith[12], and Coheuet al.  for projectile charge states ranging fraqm-4 to q=18.
[13] for photoabsorption in g. In the latter studie$11— In Sec. I, we present the experimental set-up and method
13], the authors used the vapor pressure by Piacengd. in some detail and estimate the different contributions to the
[14] to set their absolute scales. Bagbal. [6,7] and Vos-  uncertainties inatq"t. Three different models for the elec-
trikov et al. [8] relied on the vapor pressure by Mathews tronic response of the & molecule are briefly described in
et al. [15], while the number density was deduced directlySec. Ill. First, we argue that the movable hole mofded]
from the measured flux of g molecules in neutral beams in gives a crude description of the interaction between slow
Refs.[9] and[10]. The Gy, vapor pressure was also reported highly charged ions and & at large distances. Instead, we
by, e.g., Popovieet al. [16], and very recently by Jaensch use the Infinitely conducting sphefkCS) model (see, e.g.,
et al. [17]. A main difficulty in the present work, and in all Cederquistet al. [18], and references thergito derive the
other studies in which absolute reaction rates and cross sefirst critical distance, the binding energy of the projectile
tions involving G targets are determined, is the large spreacapture states, and the corresponding effective principal
in literature values for the & vapor pressure. For our tem- quantum number. The same quantities are then derived for a
perature range] =420-425°C, the results scatter over anmuch simpler model in which theggmolecule is viewed as
order of magnitude from, e.g.,>210"° Torr [15] to 27  an hypothetical atomic target with an ionization potential
X 107° Torr [16] at T=420°C. equal to that of . It is shown that the predictions for the

In this work, we will show that it is possible to use simple total electron-capture cross sections differ little for the two
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FIG. 2. A central cut through the stainless steel cylinder con-
FIG. 1. A schematic of the experimental setup used to measurgining the G, cell, enclosed by 2-mm-thick Cu diskshadegwith

total electron-capture cross sectim@tin Ar9*-Cg, collisions. The  countersink entrance and exit apertures of diameters 0.5 and 1.0
number of stabilized electrons on the projectile is densted mm, respectively. Thin heat shields are mounted 2 mm outside the

apertures. The heating wire is indicated by the gray circles. The
latter models. We thus use the semiempirical formula forthermocouple gauge is embedded in the body of the cylinder. The
ion-atom collisions by Selberget al. [19], which gives re- cylinder and the heating wire are wrapped in an outer heat shield.
sults slightly below those of the over-the-barrier model for
atomic target$20], to set lower bounds for the true absolute sible phase transition in theggpowder has been reported
cross sections for Af-Cq collisions. The over-the-barrier [13]. We corrected for collisions in the residual gas by mea-
model combined with the ICS model and a quasicontinuunsuring the charge exchange at 300 and 350 °C, wheredhe C
of projectile capture states are used to define the corresponghrget density was shown to be insignificant in, e.g., optical
ing upper bounds. We thus arrive at a rather narrow range faensity measurements by Goagal. [11].
the vapor pressure ofgat 420°C, and through compari-  The intensityl (q) of a beam of ions remaining in the
sons with Larssoet al.[5] we decide to use Reff2]. In Sec.  incoming charge state after passage through the cell with a
V we compare the present absolute and total electron-captutg,, target of densityp(T) and lengthL is
cross sections with earlier resu[t3]. We report on oscilla-
tions in the present cross sections as functions, ofthich I(q)=|0(q)exp(—pLog°t). (©)]
most likely are related to the finite densities of projectile
capture states. Finally, we discuss some of the general diffiHerel(q) is the intensity of the incoming beam before the
culties associated with g vapor pressure measurements,cell. We thus have
and explain how slow highly charged ions may be particu-
larly useful in such measurements.
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IIl. EXPERIMENTAL TECHNIQUES AND PROCEDURES . .
wherekg is the Boltzmann constanity(q) can be written as

The argon ions were produced in charge statest, 6,  a sum of the intensities(q—s) after the cell:
and 8-18 by the cryogenic electron beam ion source
CRYSIS at the Manne Siegbahn Laboratory in Stockholm. 4 q
The ion beams were transported to the experimental setup by lo(q)=2, I(a=s)=1(a)+ >, 1(q—s). )
means of electrostatic ion-optical elements and a 90° double- =0 s=1
focusing bending magnet. A specific projectile charge stat%y combining Eqgs(4) and (5) in
was selected using the magnet and its entrance and exit slits:

The beam was then collimated before it entered the experi- q
mental setup, which is depicted in Fig. 1. 2 1(q—s)
The selected A" beam enters a 50-mm-long resistively tot_ kgT | 1+ s=1
heated stainless-steel cylinder shown in Fig. 2. After the col- Ta p(T)L n 1(q)
lision cell (the 30-mm central part of the steel cylingi¢he
ions enter a cylindrical analyzer and are directed toward a _ keT Inl 1+ l(q—1) I 1(0) 6)
multichannel plate detector. The total acceptance angle of the p(T)L 1(q) I(q))’
system is*=0.5°, i.e., larger than the widths of the actually
measured angular distribution$s,21]. we may determinea;Ot by measuring the ratiod(q

The cell contained 99.9% pure;§&powder(Hoechst gold  —s)/1(q) for s=1 to s=q, or more often tas=q—1, at a
gradeg, and the temperature was set Te=420 or 425°C, given preset temperatuie The s=q channel, i.e., neutral-
depending on the projectile charge state. The set temperatuization of the projectile, was only measured for the
was stabilized within=1 °C by means of a thermocouple Ar®*_case, using a setup with straight deflector plates after
controlling the power to the heating wire. After charging thethe cell[18]. It was then found that this channel contributed
cell with Cg it was preheated for many hours @, lessthan 1% to the total electron-capture cross section. From
=500°C in order to dispose of the solvents. This was alsdhe measurements of the cross sectia@sas functions ok
above the critical temperatuie-=477 °C, at which a pos- [22], we conclude that the relative contributions are even
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§ whereAH is the heat of sublimation perggmolecule. We

Z 102 - estimate SL/L to be ~3%. The value of (1
0 5 10 —[AH/kgT])6T/T becomes~2% for 6T=1 °C when we

use the value ofAH by Abrefahet al.[2] or Larssonet al.
[5], which are in agreement. The factor in front@$,/S; in
FIG. 3. The measured number of counts due to ions remaininged. (8) is close to 1, and the statistical contributions are
in the incoming charge states+ 0; black squargsand ions in the around 1% forg=4, 6, and 8-17 while it is much higher
charge-reduced beans#1; gray triangles as functions of the (about 6%) for q=18. The combined uncertainties in

measurement number. This example shows results 8 -®g, 5(7;“/0;‘“ are thus 8% forq=18% and 6% for all other
collisions, where each data point was obtained after 100 of vaUiprojectiIe charge states.
sition time.

Measurement number

Ill. MODELS
smaller forq>8. Forg=4 and 6, however, the measured

total cross sections™ may be somewhat to low due to the The movable holéMH) model for the electronic response

e q of Cgo was developed independently by several auth®s-
missing neutral components. 25]. In the version used by Cederquist al. [18], it was
The intensitied (q) andl(q—s) are measured alternately aqqumed that the positive charges left behind on the target
several times during short-time intervals, and thus normalyger electron transfer moved on the molecular surface in a
ization tolo(q) was not necessary. We have only includedqcajized fashion towards minimum potential-energy con-
results forl (q—s)/1(q) in which the variations if(q) and  figyrations[18]. Projectile energy and angular distributions
I(q—s) were insignificant. An example of a series of mea- e tomultiple-electron transfer were found to agree with the
surements with nearly constant incoming beam intensity igorresponding experimentaind ICS quantities when the
shown in Fig. 3. _ hole-rearrangement times were set to 0's or below[18].
Multiple-collision corrections are not necessary WhenThe merit of the movable hole model is that it can be used to
consideringfotal electron-capture cross sections in slow Col- gyiract information about time scales for the electronic mo-
lisions where electrofpss from the projectile is negligible. o However, it gives a crude description of the interaction
This may be understood by noting that the total chargepefore the transfer of the first electron. There is, e.g., no
exchange yields account of target polarization at large distan¢&8] and,
more seriously, the potential from which the first electron is
0 removed is assumed to be localized to the surface of the
S — 2 l(q-9)/1(q) @ molecule. The latter is not consistent with the strongly delo-
9T & q q calized character of the outer molecular orbital igy (26].
Therefore, the MH model does not give realistictal
electron-capture cross sections and we will not deal with it

in Eq. (6) remain constant whether or not such correctiondUrther in this work. Instead we use the infinitely conducting
are made. Multiple collisions will always lower the projectile SPhere model to derive the first critical over-the-barrier cap-
charge, and will thus shift the measurigdj—s) distribution ture distances and show that it is a fair approximation to treat
towards largers in relation to the true single-collisioh(q the Go molecule as a point-like object in calculations of total

—s)-distribution The suntd_,I1(q—s) andl(q) will, how- electron-capture cross sections.
ever, be unchanged since they are proportional to the prob- o .
abilities for at least onecollision andno (electron capture A. Infinitely conducting sphere model

collision, respectively. The infinitely conducting sphere model was first used in
The uncertainty inry* has four contributions. Errors i) order to rationalize ion-g, scattering by Walclet al.[1] and

the absolute temperatufg (ii) the effective length., and  |ater by Baany and Setterlind20], Thumm[27], Thumm

(iii) the sumS, . Finally, there is in principle a large uncer- et al. [28], and Cederquisét al. [18]. A more complete de-

tainty stemming frontiv) the spread in literature values for scription of the present version of this model can be found in

p(T). In Sec. IV we will show in detail that it indeed is Ref.[18]. Further, the ICS model and closely related dielec-

possible to deal with the latter problem and to set thetric (meta) sphere models have proven to be successful for

absolute G, vapor pressure scale, while we will consider descriptions of a variety of phenomena including thg C

(i)=(iii) here. Using the Clausius-Clapeyron relatiptiT)  molecules interaction with photorj29] and electrong30],

=C exp(—AH/kgT) (see, e.g., Refl2]), the relative uncer- as well as the rate of radiative cooling of hot negativg C

tainty in oy becomes ions [31].
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FIG. 4. Definitions ofx, R, anda, and a schematic of the poten-
tial Ué(x). The binding energy of the electron at the target’is
when the projectile is at the distanBe(cf. text).

FIG. 5. Left-hand scale: The binding energie§ andE3’ for
the first active electron according to the infinitely conducting sphere
and the pointlike target models, respectively. Right-hand scale: The
effective principal quantum numberg; and nl,,’ for the same
two models. The ICS results are shown as solid curves, and the
pointlike target results as dashed curves.

Here we define the radius of the spheaethrough the . ) .
experimental polarizability of free & molecules. The latter €lectron from G, and, since we are dealing with low-
quantity was recently measured directly by Antoieeal. velocity collisions, at Iea_lst one of the;e electrons W!|| be
[32] to beay,=76.5:8.0 A3, This result is consistent with captured by the projectile. The validity of the quasicon-
a=8.2a, used by Cederquisit al.[18], and we have chosen t|nu_um apprOX|mat|_on is a key point here, gnd_ we will thus
to use the same value faralso in this work(although the derive an expression for the effective principal quantum
result of Ref.[32] indicate a slightly lower value The po-  humber for single-electron-capture. .
tential energyU? for an electron between the projectile and Using the quasicontinuum assumption there is a resonant

the sphere i$18] Stark-shifted projectile state available for electron transfer
from the outermost Stark shifted target stat®atR, yield-
a ag+R 1[ a a ing
Ué:_Rﬁer q2_ ??x ) _2_2—)’
Rx—a X xX°—a q L1 aq aq a a
9 Lt o =Egt oSS+t 5 S+t
Ry Ri RZ-a? RZ 2R? 2(Ri-a?
wherex andR are defined in Fig. 4. The first term in E) (17

is due to the interaction between the electron and the projec-

tile. The two following terms describe the electrons interac-The left-hand side is given by E(L0) at R=R;. At infinite
tion with the image charges of the projectile and the newvalues ofR the right-hand side becomds;, which is the
charge of the sphere, while the last two terms are the eledinding energy of the electron to the free projectile before
trons interaction with its self-induced image charges. Potenrelaxation.

tial (9) is identical to the one from the projectile and the real From Eg.(11) we obtain

induced inhomogenous surface-charge distribution.

The most important parameter in the present context, i.e., ., 9-1 a(g-1/2) a(q—-1/2
the first critical radiusR;, is obtained by finding the distance Eg= R RZ_ 22 - R? +1q, (12)
at which the Stark-shifted first ionization potential of the ! 1—a 1
target

and the effective principal quantum number for single-
I*=1,+q/R (10)  electron capture becomeg;;=q/2EZ. In Fig. 5, we show

the results foEg andn’;;, and confirm that highn states are
equals the maximum of the potential barrier in F9). In a  populated. We thus arrive at an absorbing sphere cross sec-
similar fashion, it is possible to derive critical over-the-tion for electron capture(including both single- and
barrier distances for the sequential removals of, e.g., a se¢nultiple-electron-captupeof crg’t: wa. The first critical
ond efection and a third electron fromy¢318]. Further, the distancesR; and crg": 7R3 are shown as functions af in
guasicontinuum approximation may be used here sinc€igs. 6 and 7, respectively. Note that the model cross sec-
single-electron transfer populates highly excited states in théons only depend on thésimple descriptions of single-
projectile, and thus the absorbing sphere picture is valid. Alelectron transfer at large distancesa R;) although they
projectile trajectories with distances of closest approacthave important contributions also from more complex inter-
smaller tharR; will thus lead to the removal of at least one actions at closer distances.
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FIG. 6. The critical over-the-barrier distances for transfer of the

first electron from Gy as functions ofy. The solid curve shows the
numerical resultsR;), with Cyzo modeled as an infinitely conduct-
ing sphere . The dashed curve shows the resRi$ (hen treating
the G, molecule as a point target with the ionization potential
=7.6 eV.

B. A pointlike target

For large values ofj, the critical distances become large,
and Eq.(9) reduces to

13
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g-1
1

Ex' = +1q, (16)

and the effective principal quantum numbers for single-
electron captureméff’zq/\/ZEBI’, are shown in Fig. 5. The
first critical distancesR; and the corresponding absorbing
sphere cross sectiong;'=7R,’? are shown in Figs. 6 and
7, respectively.

C. Model comparisons

The binding energie§ andEg’ for the ICS and point-
like target models are compared in Fig. 5, and exhibit small
differences of less than 0.5 eV. The effective principal quan-
tum numbersn;; andnl;’ are rather high and close, and
they range from about 5 fog=5 to more than 14 foq
=18. In the case of single-electron-capture i ACq, col-
lisions (=8 and 13-1% the over-the-barrier predictions
for highly excited capture states were verified experimentally
by Selberget al. [3]. The high effective quantum numbers,
resulting from both models, strongly indicate that it indeed is
reasonable to assume quasicontinua of electron-capture states
and, thus, thaR; andR; may be used to calculate geometri-
cal cross sections for electron capture.

In Fig. 6 we compare the first critical distandesandR,

The maximum of this approximate potential becomes equahccording to the two models. The lattd®;, are obtained

to the Stark-shifted target binding enerdyg. (10)] at
R;=(2Vq+1)/14, (14)

which is identical to the expression for an atomic taf@ei.

Using the quasicontinuum approximation again, we find the
resonance condition to be fulfiled as soon as the barrier
height becomes low enough to allow the electron to leave the

target potential:

I+ i=E§3’+ :
Ry Ry

(15

This expression is identical to E¢L1), with a=0 giving

— ek
ONPLOOOOON
[ |

thot [10—14 sz]

8 13 18
Projectile charge state, q

w

numerically by finding the internuclear distances at which
the maxima of the potential barriers, obtained from B,
equal the Stark-shifted first ionization potential of the target
[Eq. (10)]. In the highg limit, the relation betweerR; and
R;, with R; given by Eq.(14), is approximately

qg-1

1/4 er
gq—1/2

-

In Fig. 7 we show that the differences betweefi'= 7R}
andoy'=7R,’? are small. We thus conclude that the inclu-
sion of target polarization and finite target size, which are
only taken into account in the ICS model, has a minor effect
on the model cross section. This result will be used in Sec.
IV to motivate our use of the semi-empirical formula for
ion-atomcollisions to set dower limit for the total electron-
capture cross section for the;Qarget.

R1=< 2 (17

a

R,

IV. RESULTS

In 1996 Selberget al.[19] presented a semiempirical for-
mula for the total electron-capture cross section in slow ion-
atom collisions:

og'=Cq*/15. (18

The parameters, B8, andC were found by fitting about 50

FIG. 7. Absolute and total electron-capture cross sections ac@bsolute experimental cross sections fol X¢le, Ar, and
cording to the over-the-barrier model combined with two differentXe collisions yielding the resulta=0.98+0.06, 3=1.96

models for the electronic response qf;Cthe infinitely conducting
sphere(ICS) model and the pointlike particle modéiAtomic™ ).

+0.04, andC=(2.7+0.1)x 10" 13 cn?, with |, given in eV
[19]. This is consistent with the corresponding highimit
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) FIG. 9. Upper and lower bounds for the vapor pressure,ga€
FIG. 8. Absolute and total experimental electron-capture cross — 400 °C as functions of] (cf. tex. The mean upper and lower

sections for X&' -He (black triangles, Ar (black circleg, and Xe  pounds are indicated by the arrows to the left. The vapor pressures
(black squares from Selberget al. [19]. The gray circles are  fom Refs.[2,14—17 at T=420°C are also shown.
Ar9*-Ar results of Ali et al. [35] and the black diamonds are

Xel®"-Na, Xe, Ar and He results of Mier and Salzbori34]. The
solid curves are due to the semi-empirical cross secfib@isfor Na

(1,=5.1 eV), Gy[7.6 eV; Semiempirical atomic )], Xe (12.1 . L ghe .
eV), Ar (15.8 eV}, and He(24.6 eV). The dotted curves are the cross sections. Similarly, we take the over-the-barrier results

corresponding atomic over-the-barrier cross sections for Ng, C using the ICS model for the electronic response @p,C

[Atomic (Csy)], Xe, Ar, and He[20]. The dashed curve shows the which includes polarization ano_l finite-si_ze_ effects, as upper
full over-the-barrier ICS results for . bounds for the true cross sections. This is an upper bound

since the real finite densities of projectile capture states
values @=1, =2, andC=2.6-10"* cn? [19]) derived would tend to make the real cross sections somewhat

from the classical over-the-barrier model for atoms using thémaller. )
quasicontinuum assumptid0]. In Ref.[19], the absolute The upper boundsry(ICS)= 7R3, give lower limits for
cross section scales were obtained by means of direct meHe absolute vapor pressure ofg@hrough
surements of the absolute target pressures using a capaci-
tance manometgiBaratron. B

In Fig. 8 we show that the deviations between experimen- Piow(T)= mm(l-i- Sa)-
tal and the semiempirical resul{d9] mostly are within q
+10% for the atomic targets Hd9,34], Ar [19,34,35, Xe
[19,34], and Na[34]. This agreement covers a rather wide

results for the hypothetical atomic target with ionization po-
tentiall ;=7.6 eV to be a lower bound for the true %r-Cy,

(19

The corresponding upper limif,ign(T) are set by the semi-

el H tot
range of projectile charge states<§=<44) [5,35], ioniza- empirical (s§ cross sections g (se)
tion potentials ranging from 5.1 e\Na) to 24.6 eV (He) kT
[34], and different projectile speci¢$9,35. The semiempir- Phign(T) = %In(ﬂ— Sy)- (20)
ical results(the solid curves in Fig. 8lie closely below the (rth(S(E)L

over-the-barrier cross sections for atof26], represented by ~ The individually measured total charge-exchange yields
the dotted curves. The dashed, dotted, and full curves dgr qu are used to calculatp;,,(T) and ppign(T), which are
are the over-the-barrier ICS results over-the-barrier atomighown in Fig. 9 forq=12-18. The mean valueygh)
results[20], and the semi-empirical atomic resultsd], re- =3.0x10"° Torr and (Prow)=2.2X10"°% Torr are indi-
spectively. In the two latter casess(3s regarded as an atom, cated by arrows and compared with the results of Abrefah
i.e. a pointlike target, with an ionization potentidh et al.[2], Mathewset al.[15], Piacenteet al. [14], Popovic
=7.6 eV. et al. [16], and Jaenschkt al. [17] at T=420°C. Note that
We use these three predictions for the total electronthe vapor pressures by Popostal.[16] and Jaenscht al.
capture cross sections foggxo set upper and lower bounds [17] are about ten and five times to high, respectively, while
for the vapor pressure of g. The model cross sections those of Abrefalet al.[2] and Mathewset al.[15] fall close
treating Gg as a conducting sphererRi; dashed curveor a  to, or within, the present pressure range.
pointlike particle @R;? dotted curvg differ little. As Larssonet al. [5] investigated the temperature depen-
pointed out in Sec. lll, this shows that polarization anddence of the g, vapor pressure in a collision cell identical to
finite-size effects are of some, but still rather limited, impor-ours (see Fig. 2 When the cell was preheated for several
tance and that it is a fair approximation to view,@Gs a  hours afT ;=500 °C, i.e., above the proposed critical tem-
pointlike particle for large distance interactions. The semi-peratureTc=477 °C[13], their charge-exchange yields as
empirical results lie below, but close to, the over-the-barriefunctions of temperature were clearly consistent only with
results for the atomic targets. We thus take the semiempiricdhe AH value of Abrefahet al.[2]. This is shown in Fig. 10
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5] 29 \\1\ o . ] w21 Atomic atomic
o
é 292 N : b \‘/Qe?&cé 5 é 0 I I I
&2 ‘. o 0,5 :% 3 8 13 18
by . S Projectile charge state, q
-2,7 1 : " 0,0 FIG. 11. The present absolute and total electron-capture cross
T=420° C I section for AF*-Cgy (q=4-18) collisions at 3@ keV (filled
\: azp 3 circles, based on the vapor pressiigg. The lines between the data
1 RN [ points are to guide the eye. The ICS model cross sections are cal-
-3,2 T |I T T - -'0!5 .

culated by the method indicated here and by Cedergtiat. [18],

1,38 1,41 1,44 1,47 1,5 and the atomic over-the-barrier results are obtained fromar§a
1000/T [K1] et al.[33]. The lower dotted curve is due to the semiempirical for-

mula by Selberget al. [19] assuming that g is an atom with ion-

FIG. 10. Vapor pressure relations lgtp(T)) (left scalg¢ as  ization potentiall;=7.6 eV. The triangles are experimental data
functions of 1T for T=400-450 °C: Mathewst al.[15] (dashed  from Ref.[3].

curve, Abrefahet al.[2] (solid curve, Piacenteet al.[14] with and
without preheating abové. (dash-dotted curvésJaensctet al.
[17] (dash-dot-dotted curyeand Popoviet al.[16] (dotted curvi . . . . o
The right-hand scale shows measurements of theylelds due to The question which now arises from Fig. 11 is if the cross
Ar2*-Cy, collisions as functions of T/from Larssoret al.[5]. The ~ Sections falling significantly below the ICS predictionith
open circles are the measured*Ayields after heating to 500°C, the quasicontinuum assumptjczan be associated with cases
and the triangles are similar results without preheating to high temin which the first resonance with a re@tark shifted quan-
peratures T<T¢). tum state on the projectile occur well inside the first critical
over-the-barrier distancR;. In order to give a full answer,

(the slope is proportional taH), where the left vertical we would need information about the real densities of states

scale gives the logarithm of the vapor pressure and the righatround the valu_es dEg shown in Fig. 5. Th'S.WOU|d require
. . . a rather extensive set of quantum-mechanical atomic struc-
vertical scale gives the logarithm of the charge—exchang? . : .
ields. The open circles are the yields by Larssbal.[5] as ure calculations, 'and. here.we will .only deal with Fhe
)a/lfunc'tion of 1T for Ar2*-Cg, collisions after preheating to Ar'®"-Ceo case which is particularly simple. The effective
o . . 60 P ating rincipal quantum number for capture of one electron by
500 °C, while the triangles show the corresponding results, g+ .. 1 . o :

o r=°7 is ngs=14.4, and the corresponding critical distance
when the temperature was always kept below 477 °C. Th? aroundR. = 353 using the ICS model with the quasicon-
right- and left-hand vertical scales have been shifted to mak uum a lr:)ximg:[ion '?’he outermost real reson?’:mce how-
the open circles fall on the curve by Abrefahal.[2]. Since ever occrl)ﬁs with the .urel hvdrogemie 14 state in A?7,+
we use a collision cell and a preheating proceddsstical i n internuclear di tpn y fyb 9 1Within the absorb
to the ones by Larssoet al.[5], we base our absolute cross- ata h ernuc fa stance (dea oua? th | %a IS? )
section scale on Reff2] rather than on Refl15]. The result- Ing fp ?rebplc ure,hlvve 3\,’;’_(/);% gxg?_c ethreallCaS solu efcross
ing absolute cross sections are displayed in Fig. 11. section 1o be roughly ( 0. Imes the 1L vaiue tor

g=18 in Fig. 11. Although crude, this reasoning would ac-
count for the low value of this particular cross section. There
is no clear correlation between valuesmf; far from inte-
ger numbers and low experimental cross sectiamselation
A. Total-electron-capture cross sections to the ICS predictionfor q<18. This indicates that the true
a§ingle-electron—capture states are rather far from being hy-

In Fig. 11 we show the present absolute experiment . . .
. . ) . drogenlike, and that atomic structure calculations are needed
cross sections together with the mod&S) and semiempir- . g o S :
in order to resolve this issue. Similar oscillations as functions

ical results which were used as upper and lower bounds forf were observed in ion-atom collisions by e Mever
the absolute cross section scale. We also show the absolu? q Y, €9 y

cross sections for A -Cg, collisions by Selberget al. [3] et [36].

for g=8, 13, 14, and 15, which were obtained by means of

the beam attenuation meth¢&]. This required rather large C. Vapor pressure of G

variations of the cell temperature and normalization to the The vapor pressure results reported in the literature are all
incoming beam intensit}3], which yielded larger uncertain- based on one or two of three different methods to measure
ties than the present method, described in Sec. II. the rate of G, flow from a temperature controlled cell. These

B. Oscillations in the measured cross sections

V. DISCUSSION
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methods are the followingi) Measurements of the rate of criteron for electron transfer combined with the infinitely
mass loss from the celli) Measurements of the torque on a conducting sphere model for the electronic responsegzgf C
cell emitting G jets through two orifices on opposite sides and an assumption of a quasicontinuum of projectile capture
of the mounting for a torsion wirdiii ) Direct measurements states, are used to define close upper bounds for the total
of the mass flow rate by means of a quartz microbalancelectron-capture cross sectiori) Oscillations below this
some distance from the orifice. Independent of the methodpper bound can most likely be rationalized by lifting the
used, the measured;gflows must be related to the absolute quasicontinuum assumption and to invoke the real quantum
Ceo pressures inside the cells. In earlier studiz44-14 it structure of the projectile capture statés) Electron capture
was assumed that the flow was also purely effusive at highesccurs at large distances and, thus, the total capture cross
temperatures(ranging in some cases up to 600°C andsections may be approximately described by treatiggpS a
above. This assumption was criticized by Jaensehal.  pointlike object. This approximate treatment gives results
[17], who stated that the flows could be non-effusive foronly slightly below the ones obtained with the infinitely con-
temperatures well below 500°C due to very largg-Cs,  ducting sphere modeliv) This leads to the idea that it is
scattering cross sections at thermal velocifi&8]. possible to use well-established semiempirical cross sections

Other main problems, on the side of understanding thdor total electron-capture in ion-atom collisions to estimate
flow properties, relate to the evaporation of solvents, the posthe corresponding cross sections fof AiCg, collisions. (v)
sible restructuring or phase transition in the powder causinyVe have set a narrow range for the absolute cross section
a slow decrease of the pressure over longer time periods, astale, and thus conclude that the true vapor pressuregfor C
the correct measurement of the equilibrated temperature @it 420°C lies between(p,,)=2.2<10"° Torr and
the inner wall of the cel(13,17. In the present study, the (ppign)=3.0x10"°> Torr. Only the results by Abrefaét al.
temperature was set to a constant value of either 420 d2] and Mathewset al. [15] fall within, or close to these
425 °C for many hours, and we are confident that the equilimits and the former has been chosen to set the present
librium temperature conditions were fully reached. absolute cross section scale.

In our method to set a range for theg&apor pressure, Finally, we note that the most recengfapor pressure,
we rely partly on the theoretical understanding of single-by Jaensclet al. [17], is much to high—exposing the great
electron-capture from & to highly charged ions at large difficulties in traditional measurements which rely on mod-
distances. This interaction can be characterized in vergled relations between the pressure in a cell and the mea-
simple terms by means of well-established, i.e. experimensured G, flow out of that cell. These relations are sensitive
tally verified, simple classical models. In traditional vaporto, e.g., poorly characterized therma);&q, scattering 17].
pressure measurements, however, it appears that a detaileiére we have used much simpler, well established, classical
understanding of angular differential scattering in close inpictures for large distance interactions of slow highly
teractions between excitethot) neutral Gy molecules is charged ions and atoms withg§; and thus reduced the un-
needed17]. This requires extremely advanced fully quan- certainty in the vapor pressure o430 30% atT=420°C.
tum mechanical calculatiori87].
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