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Absolute and total electron-capture cross sections in slow Arq¿-C60 collisions

S. H. Schwartz, A. Fardi, K. Haghighat, A. Langereis, H. T. Schmidt, and H. Cederquist
Stockholm University, Frescativa¨gen 24, S-104 05 Stockholm, Sweden

~Received 27 April 2000; published 8 December 2000!

We present experimental absolute and total electron-capture cross sections for Arq1-C60 (q54, 6, and 8–18!
collisions at 3.3q keV. The absolute scale is based on the C60 vapor pressure by Abrefahet al. @Appl. Phys.
Lett. 60, 1313~1992!#, which together with the results of Mathewset al. @J. Phys. Chem.96, 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 modeling C60 as a pointlike object
and as an infinitely conducting sphere~ICS!. These model results are shown to differ little, since polarization
and finite-size effects are relatively unimportant for the distant collisions at which the outermost~first! elec-
trons are transferred. We are thus able to use the semiempirical formula for absolute ion-atomcross sections by
Selberget al. @Phys. Rev. A54, 4127 ~1996!#, treating C60 as a hypothetical atom with ionization potential
I 157.6 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 functions ofq.

DOI: 10.1103/PhysRevA.63.013201 PACS number~s!: 36.40.2c, 34.70.1e, 34.50.Fa
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I. INTRODUCTION

So far only three experiments reported on absolute e
tron capture cross sections forslow highly charged ionscol-
liding with C60. Walch et al. @1# determined absolute cros
sectionssq

s for capture ofs electrons to 80-keV Ar81 pro-
jectiles, yielding a total electron-capture cross section
(4.461.8)310214 cm2. Their absolute scale was set b
means of the C60 vapor pressure by Abrefahet al. @2#. Using
the same result@2#, Selberget al. @3# determined the cros
sections 4.661.4(q58), 10.162.8(q513), 7.162.0(q
514), and (10.063.1)310214 cm2 (q515) for 3.3q-keV
Arq1-C60 collisions. The Ar81 results by Walchet al. @1#
and Selberget al. @3# agree as expected@4# in this velocity
regime. In addition, Larssonet al. @5# reported absolute cros
sections, based on Ref.@2#, for single- and multiple-electron
capture in 100-keV Arq1, Xeq1, and Heq1-C60 collisions
with q<4.

Absolute experimental cross sections were also quoted
e.g., Babaet al. @6,7#, Vostrikov et al. @8#, Tarnovskyet al.
@9#, and Mattet al. @10# for electron-impact ionization of C60
and by, e.g., Gonget al. @11#, Smith @12#, and Coheuret al.
@13# for photoabsorption in C60. In the latter studies@11–
13#, the authors used the vapor pressure by Piacenteet al.
@14# to set their absolute scales. Babaet al. @6,7# and Vos-
trikov et al. @8# relied on the vapor pressure by Mathew
et al. @15#, while the number density was deduced direc
from the measured flux of C60 molecules in neutral beams i
Refs.@9# and@10#. The C60 vapor pressure was also report
by, e.g., Popovicet al. @16#, and very recently by Jaensc
et al. @17#. A main difficulty in the present work, and in a
other studies in which absolute reaction rates and cross
tions involving C60 targets are determined, is the large spre
in literature values for the C60 vapor pressure. For our tem
perature range,T5420–425 °C, the results scatter over
order of magnitude from, e.g., 231025 Torr @15# to 27
31025 Torr @16# at T5420 °C.

In this work, we will show that it is possible to use simp
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theoretical arguments and well-established experimenta
sults on absolute and total electron-capture cross section
ion-atomcollisions to discriminate between the different v
por pressures of C60. In this way we show that the absolut
values of Abrefahet al. @2# and Mathewset al. @15# at T
5420 °C are the only possible choices. Since the form
authors report a heat of sublimation,DH, in agreement with
that measured by Larssonet al. @5#, using the same prehea
ing procedure~of the C60 powder! and type of collision cell
as we do, we base our results on Ref.@2#.

Here, we have measured charge-exchange yields for

Arq11C60→Ar(q2s)11C60
r 11~r 2s!e2 ~1!

collisions at 3.3q keV, wherer electrons are removed from
C60, ands electrons are stabilized on the projectile. We d
criminate between the different values ofs and present ab-
solute and total electron capture cross sections

sq
tot5(

s51

q

sq
s ~2!

for projectile charge states ranging fromq54 to q518.
In Sec. II, we present the experimental set-up and met

in some detail and estimate the different contributions to
uncertainties insq

tot . Three different models for the elec
tronic response of the C60 molecule are briefly described i
Sec. III. First, we argue that the movable hole model@18#
gives a crude description of the interaction between s
highly charged ions and C60 at large distances. Instead, w
use the Infinitely conducting sphere~ICS! model ~see, e.g.,
Cederquistet al. @18#, and references therein! to derive the
first critical distance, the binding energy of the project
capture states, and the corresponding effective princ
quantum number. The same quantities are then derived f
much simpler model in which the C60 molecule is viewed as
an hypothetical atomic target with an ionization potent
equal to that of C60. It is shown that the predictions for th
total electron-capture cross sections differ little for the tw
©2000 The American Physical Society01-1
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latter models. We thus use the semiempirical formula
ion-atom collisions by Selberget al. @19#, which gives re-
sults slightly below those of the over-the-barrier model
atomic targets@20#, to set lower bounds for the true absolu
cross sections for Arq1-C60 collisions. The over-the-barrie
model combined with the ICS model and a quasicontinu
of projectile capture states are used to define the corresp
ing upper bounds. We thus arrive at a rather narrow range
the vapor pressure of C60 at 420 °C, and through compar
sons with Larssonet al. @5# we decide to use Ref.@2#. In Sec.
V we compare the present absolute and total electron-cap
cross sections with earlier results@3#. We report on oscilla-
tions in the present cross sections as functions ofq, which
most likely are related to the finite densities of project
capture states. Finally, we discuss some of the general d
culties associated with C60 vapor pressure measuremen
and explain how slow highly charged ions may be parti
larly useful in such measurements.

II. EXPERIMENTAL TECHNIQUES AND PROCEDURES

The argon ions were produced in charge statesq54, 6,
and 8–18 by the cryogenic electron beam ion sou
CRYSIS at the Manne Siegbahn Laboratory in Stockho
The ion beams were transported to the experimental setu
means of electrostatic ion-optical elements and a 90° dou
focusing bending magnet. A specific projectile charge s
was selected using the magnet and its entrance and exit
The beam was then collimated before it entered the exp
mental setup, which is depicted in Fig. 1.

The selected Arq1 beam enters a 50-mm-long resistive
heated stainless-steel cylinder shown in Fig. 2. After the c
lision cell ~the 30-mm central part of the steel cylinder! the
ions enter a cylindrical analyzer and are directed towar
multichannel plate detector. The total acceptance angle o
system is60.5°, i.e., larger than the widths of the actua
measured angular distributions@18,21#.

The cell contained 99.9% pure C60 powder~Hoechst gold
grade!, and the temperature was set toT5420 or 425 °C,
depending on the projectile charge state. The set tempera
was stabilized within61 °C by means of a thermocoup
controlling the power to the heating wire. After charging t
cell with C60 it was preheated for many hours atTpreh
5500 °C in order to dispose of the solvents. This was a
above the critical temperatureTC5477 °C, at which a pos-

FIG. 1. A schematic of the experimental setup used to mea
total electron-capture cross sectionssq

tot in Arq1-C60 collisions. The
number of stabilized electrons on the projectile is denoteds.
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sible phase transition in the C60 powder has been reporte
@13#. We corrected for collisions in the residual gas by me
suring the charge exchange at 300 and 350 °C, where the60
target density was shown to be insignificant in, e.g., opti
density measurements by Gonget al. @11#.

The intensityI (q) of a beam of ions remaining in th
incoming charge stateq after passage through the cell with
C60 target of densityr(T) and lengthL is

I ~q!5I 0~q!exp~2rLsq
tot!. ~3!

Here I 0(q) is the intensity of the incoming beam before th
cell. We thus have

sq
tot52

kBT

p~T!L
lnS I ~q!

I 0~q! D , ~4!

wherekB is the Boltzmann constant.I 0(q) can be written as
a sum of the intensitiesI (q2s) after the cell:

I 0~q!5(
s50

q

I ~q2s!5I ~q!1(
s51

q

I ~q2s!. ~5!

By combining Eqs.~4! and ~5! in

sq
tot5

kBT

p~T!L
lnS 11

(
s51

q

I ~q2s!

I ~q!
D

5
kBT

p~T!L
lnS 11

I ~q21!

I ~q!
1•••1

I ~0!

I ~q! D , ~6!

we may determinesq
tot by measuring the ratiosI (q

2s)/I (q) for s51 to s5q, or more often tos5q21, at a
given preset temperatureT. The s5q channel, i.e., neutral-
ization of the projectile, was only measured for th
Ar81-case, using a setup with straight deflector plates a
the cell@18#. It was then found that this channel contribute
less than 1% to the total electron-capture cross section. F
the measurements of the cross sectionssq

s as functions ofs
@22#, we conclude that the relative contributions are ev

re
FIG. 2. A central cut through the stainless steel cylinder c

taining the C60 cell, enclosed by 2-mm-thick Cu disks~shaded! with
countersink entrance and exit apertures of diameters 0.5 and
mm, respectively. Thin heat shields are mounted 2 mm outside
apertures. The heating wire is indicated by the gray circles.
thermocouple gauge is embedded in the body of the cylinder.
cylinder and the heating wire are wrapped in an outer heat shi
1-2
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ABSOLUTE AND TOTAL ELECTRON-CAPTURE CROSS . . . PHYSICAL REVIEW A 63 013201
smaller forq.8. For q54 and 6, however, the measure
total cross sectionssq

tot may be somewhat to low due to th
missing neutral components.

The intensitiesI (q) andI (q2s) are measured alternate
several times during short-time intervals, and thus norm
ization to I 0(q) was not necessary. We have only includ
results forI (q2s)/I (q) in which the variations inI (q) and
I (q2s) were insignificant. An example of a series of me
surements with nearly constant incoming beam intensity
shown in Fig. 3.

Multiple-collision corrections are not necessary wh
consideringtotal electron-capture cross sections in slow c
lisions where electronloss from the projectile is negligible.
This may be understood by noting that the total char
exchange yields

Sq5(
s51

q

I ~q2s!/I ~q! ~7!

in Eq. ~6! remain constant whether or not such correctio
are made. Multiple collisions will always lower the projecti
charge, and will thus shift the measuredI (q2s) distribution
towards largers in relation to the true single-collisionI (q
2s)-distribution The sum(s51

q I (q2s) and I (q) will, how-
ever, be unchanged since they are proportional to the p
abilities for at least onecollision andno ~electron capture!
collision, respectively.

The uncertainty insq
tot has four contributions. Errors in~i!

the absolute temperatureT, ~ii ! the effective lengthL, and
~iii ! the sumSq . Finally, there is in principle a large unce
tainty stemming from~iv! the spread in literature values fo
p(T). In Sec. IV we will show in detail that it indeed i
possible to deal with the latter problem and to set
absolute C60 vapor pressure scale, while we will consid
~i!–~iii ! here. Using the Clausius-Clapeyron relationp(T)
5C exp(2DH/kBT) ~see, e.g., Ref.@2#!, the relative uncer-
tainty in sq

tot becomes

FIG. 3. The measured number of counts due to ions remain
in the incoming charge state (s50; black squares! and ions in the
charge-reduced beam (s51; gray triangles! as functions of the
measurement number. This example shows results for Ar81-C60

collisions, where each data point was obtained after 100 of ac
sition time.
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dsq
tot

sq
tot

5F S dL

L D 2

1S 12
DH

kBTD 2S dT

T D 2

1S Sq

~11Sq!ln~11Sq! D
2S dSq

Sq
D 2G1/2

, ~8!

whereDH is the heat of sublimation per C60 molecule. We
estimate dL/L to be ;3%. The value of (1
2@DH/kBT#)dT/T becomes;2% for dT51 °C when we
use the value ofDH by Abrefahet al. @2# or Larssonet al.
@5#, which are in agreement. The factor in front ofdSq /Sq in
Eq. ~8! is close to 1, and the statistical contributions a
around 1% forq54, 6, and 8–17 while it is much highe
~about 6%) for q518. The combined uncertainties i
dsq

tot/sq
tot are thus 8% forq518% and 6% for all other

projectile charge states.

III. MODELS

The movable hole~MH! model for the electronic respons
of C60 was developed independently by several authors@23–
25#. In the version used by Cederquistet al. @18#, it was
assumed that the positive charges left behind on the ta
after electron transfer moved on the molecular surface i
localized fashion towards minimum potential-energy co
figurations@18#. Projectile energy and angular distribution
due tomultiple-electron transfer were found to agree with t
corresponding experimentaland ICS quantities when the
hole-rearrangement times were set to 10216 s or below@18#.
The merit of the movable hole model is that it can be used
extract information about time scales for the electronic m
tion. However, it gives a crude description of the interacti
before the transfer of the first electron. There is, e.g.,
account of target polarization at large distances@18# and,
more seriously, the potential from which the first electron
removed is assumed to be localized to the surface of
molecule. The latter is not consistent with the strongly de
calized character of the outer molecular orbital in C60 @26#.
Therefore, the MH model does not give realistictotal
electron-capture cross sections and we will not deal with
further in this work. Instead we use the infinitely conducti
sphere model to derive the first critical over-the-barrier c
ture distances and show that it is a fair approximation to tr
the C60 molecule as a point-like object in calculations of tot
electron-capture cross sections.

A. Infinitely conducting sphere model

The infinitely conducting sphere model was first used
order to rationalize ion-C60 scattering by Walchet al. @1# and
later by Bárány and Setterlind@20#, Thumm @27#, Thumm
et al. @28#, and Cederquistet al. @18#. A more complete de-
scription of the present version of this model can be found
Ref. @18#. Further, the ICS model and closely related diele
tric ~metal! sphere models have proven to be successful
descriptions of a variety of phenomena including the C60
molecules interaction with photons@29# and electrons@30#,
as well as the rate of radiative cooling of hot negative C60
ions @31#.
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S. H. SCHWARTZet al. PHYSICAL REVIEW A 63 013201
Here we define the radius of the sphere,a, through the
experimental polarizability of free C60 molecules. The latter
quantity was recently measured directly by Antoineet al.
@32# to beapol576.568.0 Å3. This result is consistent with
a58.2a0 used by Cederquistet al. @18#, and we have chose
to use the same value fora also in this work~although the
result of Ref.@32# indicate a slightly lower value!. The po-
tential energyUe

1 for an electron between the projectile an
the sphere is@18#

Ue
152

q

R2x
1

aq

Rx2a2
2

aq1R

Rx
1

1

2 S a

x2
2

a

x22a2D ,

~9!

wherex andR are defined in Fig. 4. The first term in Eq.~9!
is due to the interaction between the electron and the pro
tile. The two following terms describe the electrons intera
tion with the image charges of the projectile and the
charge of the sphere, while the last two terms are the e
trons interaction with its self-induced image charges. Pot
tial ~9! is identical to the one from the projectile and the re
induced inhomogenous surface-charge distribution.

The most important parameter in the present context,
the first critical radius,R1, is obtained by finding the distanc
at which the Stark-shifted first ionization potential of th
target

I 1* 5I 11q/R ~10!

equals the maximum of the potential barrier in Eq.~9!. In a
similar fashion, it is possible to derive critical over-th
barrier distances for the sequential removals of, e.g., a
ond efection and a third electron from C60 @18#. Further, the
quasicontinuum approximation may be used here si
single-electron transfer populates highly excited states in
projectile, and thus the absorbing sphere picture is valid.
projectile trajectories with distances of closest appro
smaller thanR1 will thus lead to the removal of at least on

FIG. 4. Definitions ofx, R, anda, and a schematic of the poten
tial Ue

1(x). The binding energy of the electron at the target isI 1*
when the projectile is at the distanceR ~cf. text!.
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electron from C60 and, since we are dealing with low
velocity collisions, at least one of these electrons will
captured by the projectile. The validity of the quasico
tinuum approximation is a key point here, and we will th
derive an expression for the effective principal quantu
number for single-electron-capture.

Using the quasicontinuum assumption there is a reson
Stark-shifted projectile state available for electron trans
from the outermost Stark shifted target state atR5R1, yield-
ing

I 11
q

R1
5EB

11
1

R1
2

aq

R1
22a2

1
aq

R1
2

2
a

2R1
2

1
a

2~R1
22a2!

.

~11!

The left-hand side is given by Eq.~10! at R5R1. At infinite
values ofR the right-hand side becomesEB

1 , which is the
binding energy of the electron to the free projectile befo
relaxation.

From Eq.~11! we obtain

EB
15

q21

R1
1

a~q21/2!

R1
22a2

2
a~q21/2!

R1
2

1I 1 , ~12!

and the effective principal quantum number for sing
electron capture becomesne f f

1 5q/A2EB
1. In Fig. 5, we show

the results forEB
1 andne f f

1 , and confirm that high-n states are
populated. We thus arrive at an absorbing sphere cross
tion for electron capture~including both single- and
multiple-electron-capture! of sq

tot5pR1
2 . The first critical

distancesR1 and sq
tot5pR1

2 are shown as functions ofq in
Figs. 6 and 7, respectively. Note that the model cross s
tions only depend on the~simple! descriptions of single-
electron transfer at large distances~via R1) although they
have important contributions also from more complex int
actions at closer distances.

FIG. 5. Left-hand scale: The binding energiesEB
1 and EB

18 for
the first active electron according to the infinitely conducting sph
and the pointlike target models, respectively. Right-hand scale:
effective principal quantum numbersne f f

1 and ne f f
1 8 for the same

two models. The ICS results are shown as solid curves, and
pointlike target results as dashed curves.
1-4
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B. A pointlike target

For large values ofq, the critical distances become larg
and Eq.~9! reduces to

Ue
1'2

q

R2x
2

1

x
. ~13!

The maximum of this approximate potential becomes eq
to the Stark-shifted target binding energy@Eq. ~10!# at

R185~2Aq11!/I 1 , ~14!

which is identical to the expression for an atomic target@33#.
Using the quasicontinuum approximation again, we find
resonance condition to be fulfilled as soon as the bar
height becomes low enough to allow the electron to leave
target potential:

I 11
q

R18
5EB

181
1

R18
. ~15!

This expression is identical to Eq.~11!, with a50 giving

FIG. 6. The critical over-the-barrier distances for transfer of
first electron from C60 as functions ofq. The solid curve shows the
numerical results (R1), with C60 modeled as an infinitely conduct
ing sphere . The dashed curve shows the results (R18) when treating
the C60 molecule as a point target with the ionization potentialI 1

57.6 eV.

FIG. 7. Absolute and total electron-capture cross sections
cording to the over-the-barrier model combined with two differe
models for the electronic response of C60; the infinitely conducting
sphere~ICS! model and the pointlike particle model~‘‘Atomic’’ !.
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185

q21

R18
1I 1 , ~16!

and the effective principal quantum numbers for sing
electron capture,ne f f

1 85q/A2EB
18, are shown in Fig. 5. The

first critical distancesR18 and the corresponding absorbin
sphere cross sectionssq

tot5pR18
2 are shown in Figs. 6 and

7, respectively.

C. Model comparisons

The binding energiesEB
1 andEB

18 for the ICS and point-
like target models are compared in Fig. 5, and exhibit sm
differences of less than 0.5 eV. The effective principal qu
tum numbersne f f

1 and ne f f
1 8 are rather high and close, an

they range from about 5 forq55 to more than 14 forq
518. In the case of single-electron-capture in Arq1-C60 col-
lisions (q58 and 13–15!, the over-the-barrier prediction
for highly excited capture states were verified experimenta
by Selberget al. @3#. The high effective quantum number
resulting from both models, strongly indicate that it indeed
reasonable to assume quasicontinua of electron-capture s
and, thus, thatR1 andR18 may be used to calculate geomet
cal cross sections for electron capture.

In Fig. 6 we compare the first critical distancesR18 andR1

according to the two models. The latter,R1, are obtained
numerically by finding the internuclear distances at wh
the maxima of the potential barriers, obtained from Eq.~9!,
equal the Stark-shifted first ionization potential of the targ
@Eq. ~10!#. In the high-q limit, the relation betweenR1 and
R18 , with R18 given by Eq.~14!, is approximately

R15S q21

q21/2D
1/4 R18

12S a

R18
D 2 . ~17!

In Fig. 7 we show that the differences betweensq
tot5pR1

2

andsq
tot5pR18

2 are small. We thus conclude that the incl
sion of target polarization and finite target size, which a
only taken into account in the ICS model, has a minor eff
on the model cross section. This result will be used in S
IV to motivate our use of the semi-empirical formula fo
ion-atomcollisions to set alower limit for the total electron-
capture cross section for the C60 target.

IV. RESULTS

In 1996 Selberget al. @19# presented a semiempirical for
mula for the total electron-capture cross section in slow i
atomcollisions:

sq
tot5Cqa/I 1

b . ~18!

The parametersa, b, andC were found by fitting about 50
absolute experimental cross sections for Xeq1-He, Ar, and
Xe collisions yielding the resultsa50.9860.06, b51.96
60.04, andC5(2.760.1)310213 cm2, with I 1 given in eV
@19#. This is consistent with the corresponding high-q limit

e
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S. H. SCHWARTZet al. PHYSICAL REVIEW A 63 013201
values (a51, b52, andC52.6•10213 cm2 @19#! derived
from the classical over-the-barrier model for atoms using
quasicontinuum assumption@20#. In Ref. @19#, the absolute
cross section scales were obtained by means of direct m
surements of the absolute target pressures using a ca
tance manometer~Baratron!.

In Fig. 8 we show that the deviations between experim
tal and the semiempirical results@19# mostly are within
610% for the atomic targets He@19,34#, Ar @19,34,35#, Xe
@19,34#, and Na@34#. This agreement covers a rather wid
range of projectile charge states (5<q<44) @5,35#, ioniza-
tion potentials ranging from 5.1 eV~Na! to 24.6 eV ~He!
@34#, and different projectile species@19,35#. The semiempir-
ical results~the solid curves in Fig. 8! lie closely below the
over-the-barrier cross sections for atoms@20#, represented by
the dotted curves. The dashed, dotted, and full curves for60
are the over-the-barrier ICS results over-the-barrier ato
results@20#, and the semi-empirical atomic results@19#, re-
spectively. In the two latter cases, C60 is regarded as an atom
i.e. a pointlike target, with an ionization potentialI 1
57.6 eV.

We use these three predictions for the total electr
capture cross sections for C60 to set upper and lower bound
for the vapor pressure of C60. The model cross section
treating C60 as a conducting sphere (pR1

2; dashed curve! or a
pointlike particle (pR18

2; dotted curve! differ little. As
pointed out in Sec. III, this shows that polarization a
finite-size effects are of some, but still rather limited, impo
tance and that it is a fair approximation to view C60 as a
pointlike particle for large distance interactions. The sem
empirical results lie below, but close to, the over-the-bar
results for the atomic targets. We thus take the semiempir

FIG. 8. Absolute and total experimental electron-capture cr
sections for Xeq1-He ~black triangles!, Ar ~black circles!, and Xe
~black squares! from Selberg et al. @19#. The gray circles are
Arq1-Ar results of Ali et al. @35# and the black diamonds ar
Xe101-Na, Xe, Ar and He results of Mu¨ller and Salzborn@34#. The
solid curves are due to the semi-empirical cross sections@19# for Na
(I 155.1 eV), C60 @7.6 eV; Semiempirical atomic (C60)#, Xe ~12.1
eV!, Ar ~15.8 eV!, and He~24.6 eV!. The dotted curves are th
corresponding atomic over-the-barrier cross sections for Na,60

@Atomic (C60)#, Xe, Ar, and He@20#. The dashed curve shows th
full over-the-barrier ICS results for C60.
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results for the hypothetical atomic target with ionization p
tential I 157.6 eV to be a lower bound for the true Arq1-C60
cross sections. Similarly, we take the over-the-barrier res
using the ICS model for the electronic response of C60,
which includes polarization and finite-size effects, as up
bounds for the true cross sections. This is an upper bo
since the real finite densities of projectile capture sta
would tend to make the real cross sections somew
smaller.

The upper bounds,sq
tot(ICS)5pR1

2 , give lower limits for
the absolute vapor pressure of C60 through

plow~T!5
kBT

sq
tot~ ICS!L

ln~11Sq!. ~19!

The corresponding upper limitsphigh(T) are set by the semi
empirical ~se! cross sectionssq

tot(se)

phigh~T!5
kBT

sq
tot~se!L

ln~11Sq!. ~20!

The individually measured total charge-exchange yie
Sq are used to calculateplow(T) and phigh(T), which are
shown in Fig. 9 forq512–18. The mean valueŝphigh&
53.031025 Torr and ^plow&52.231025 Torr are indi-
cated by arrows and compared with the results of Abre
et al. @2#, Mathewset al. @15#, Piacenteet al. @14#, Popovic
et al. @16#, and Jaenschet al. @17# at T5420 °C. Note that
the vapor pressures by Popovicet al. @16# and Jaenschet al.
@17# are about ten and five times to high, respectively, wh
those of Abrefahet al. @2# and Mathewset al. @15# fall close
to, or within, the present pressure range.

Larsson et al. @5# investigated the temperature depe
dence of the C60 vapor pressure in a collision cell identical t
ours ~see Fig. 2!. When the cell was preheated for seve
hours atTpreh5500 °C, i.e., above the proposed critical tem
peratureTC5477 °C @13#, their charge-exchange yields a
functions of temperature were clearly consistent only w
theDH value of Abrefahet al. @2#. This is shown in Fig. 10

s
FIG. 9. Upper and lower bounds for the vapor pressure of C60 at

T5420 °C as functions ofq ~cf. text!. The mean upper and lowe
bounds are indicated by the arrows to the left. The vapor press
from Refs.@2,14–17# at T5420 °C are also shown.
1-6
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~the slope is proportional toDH), where the left vertical
scale gives the logarithm of the vapor pressure and the r
vertical scale gives the logarithm of the charge-excha
yields. The open circles are the yields by Larssonet al. @5# as
a function of 1/T for Ar21-C60 collisions after preheating to
500 °C, while the triangles show the corresponding res
when the temperature was always kept below 477 °C.
right- and left-hand vertical scales have been shifted to m
the open circles fall on the curve by Abrefahet al. @2#. Since
we use a collision cell and a preheating procedureidentical
to the ones by Larssonet al. @5#, we base our absolute cros
section scale on Ref.@2# rather than on Ref.@15#. The result-
ing absolute cross sections are displayed in Fig. 11.

V. DISCUSSION

A. Total-electron-capture cross sections

In Fig. 11 we show the present absolute experimen
cross sections together with the model~ICS! and semiempir-
ical results which were used as upper and lower bounds
the absolute cross section scale. We also show the abs
cross sections for Arq1-C60 collisions by Selberget al. @3#
for q58, 13, 14, and 15, which were obtained by means
the beam attenuation method@3#. This required rather large
variations of the cell temperature and normalization to
incoming beam intensity@3#, which yielded larger uncertain
ties than the present method, described in Sec. II.

FIG. 10. Vapor pressure relations log10(p(T)) ~left scale! as
functions of 1/T for T5400–450 °C: Mathewset al. @15# ~dashed
curve!, Abrefahet al. @2# ~solid curve!, Piacenteet al. @14# with and
without preheating aboveTC ~dash-dotted curves!, Jaenschet al.
@17# ~dash-dot-dotted curve!, and Popovic´ et al. @16# ~dotted curve!.
The right-hand scale shows measurements of the Ar1 yields due to
Ar21-C60 collisions as functions of 1/T from Larssonet al. @5#. The
open circles are the measured Ar1 yields after heating to 500 °C
and the triangles are similar results without preheating to high t
peratures (T,TC).
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B. Oscillations in the measured cross sections

The question which now arises from Fig. 11 is if the cro
sections falling significantly below the ICS prediction~with
the quasicontinuum assumption! can be associated with case
in which the first resonance with a real~Stark shifted! quan-
tum state on the projectile occur well inside the first critic
over-the-barrier distanceR1. In order to give a full answer
we would need information about the real densities of sta
around the values ofEB

1 shown in Fig. 5. This would require
a rather extensive set of quantum-mechanical atomic st
ture calculations, and here we will only deal with th
Ar181-C60 case which is particularly simple. The effectiv
principal quantum number for capture of one electron
Ar181 is ne f f

1 514.4, and the corresponding critical distan
is aroundR1535a0, using the ICS model with the quasicon
tinuum approximation. The outermost real resonance, h
ever, occurs with the purely hydrogenicn514 state in Ar171

at an internuclear distance of about 31a0. Within the absorb-
ing sphere picture, we would expect the real absolute cr
section to be roughly (31/35)250.8 times the ICS value for
q518 in Fig. 11. Although crude, this reasoning would a
count for the low value of this particular cross section. The
is no clear correlation between values ofne f f far from inte-
ger numbers and low experimental cross sections~in relation
to the ICS prediction! for q,18. This indicates that the tru
single-electron-capture states are rather far from being
drogenlike, and that atomic structure calculations are nee
in order to resolve this issue. Similar oscillations as functio
of q were observed in ion-atom collisions by, e.g., Mey
et al. @36#.

C. Vapor pressure of C60

The vapor pressure results reported in the literature are
based on one or two of three different methods to meas
the rate of C60 flow from a temperature controlled cell. Thes

-

FIG. 11. The present absolute and total electron-capture c
section for Arq1-C60 (q54 –18) collisions at 3.3q keV ~filled
circles!, based on the vapor pressure@2#. The lines between the dat
points are to guide the eye. The ICS model cross sections are
culated by the method indicated here and by Cederquistet al. @18#,
and the atomic over-the-barrier results are obtained from Ba´rány
et al. @33#. The lower dotted curve is due to the semiempirical fo
mula by Selberget al. @19# assuming that C60 is an atom with ion-
ization potentialI 157.6 eV. The triangles are experimental da
from Ref. @3#.
1-7
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S. H. SCHWARTZet al. PHYSICAL REVIEW A 63 013201
methods are the following:~i! Measurements of the rate o
mass loss from the cell.~ii ! Measurements of the torque on
cell emitting C60 jets through two orifices on opposite sid
of the mounting for a torsion wire.~iii ! Direct measurement
of the mass flow rate by means of a quartz microbala
some distance from the orifice. Independent of the met
used, the measured C60 flows must be related to the absolu
C60 pressures inside the cells. In earlier studies@2,14–16# it
was assumed that the flow was also purely effusive at hig
temperatures~ranging in some cases up to 600 °C a
above!. This assumption was criticized by Jaenschet al.
@17#, who stated that the flows could be non-effusive
temperatures well below 500 °C due to very large C60-C60
scattering cross sections at thermal velocities@37#.

Other main problems, on the side of understanding
flow properties, relate to the evaporation of solvents, the p
sible restructuring or phase transition in the powder caus
a slow decrease of the pressure over longer time periods
the correct measurement of the equilibrated temperatur
the inner wall of the cell@13,17#. In the present study, th
temperature was set to a constant value of either 420
425 °C for many hours, and we are confident that the eq
librium temperature conditions were fully reached.

In our method to set a range for the C60 vapor pressure
we rely partly on the theoretical understanding of sing
electron-capture from C60 to highly charged ions at larg
distances. This interaction can be characterized in v
simple terms by means of well-established, i.e. experim
tally verified, simple classical models. In traditional vap
pressure measurements, however, it appears that a de
understanding of angular differential scattering in close
teractions between excited~hot! neutral C60 molecules is
needed@17#. This requires extremely advanced fully qua
tum mechanical calculations@37#.

VI. CONCLUSIONS

In this work, we have presented absolute and total exp
mental electron-capture cross sections for 3.3q-keV
Arq1-C60 collisions. The main considerations and conc
sions are as follows:~i! The classical over-the-barrie
ys

us

.

s

d

C
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criteron for electron transfer combined with the infinite
conducting sphere model for the electronic response of C60,
and an assumption of a quasicontinuum of projectile cap
states, are used to define close upper bounds for the
electron-capture cross sections.~ii ! Oscillations below this
upper bound can most likely be rationalized by lifting th
quasicontinuum assumption and to invoke the real quan
structure of the projectile capture states.~iii ! Electron capture
occurs at large distances and, thus, the total capture c
sections may be approximately described by treating C60 as a
pointlike object. This approximate treatment gives resu
only slightly below the ones obtained with the infinitely co
ducting sphere model.~iv! This leads to the idea that it i
possible to use well-established semiempirical cross sect
for total electron-capture in ion-atom collisions to estima
the corresponding cross sections for Arq1-C60 collisions.~v!
We have set a narrow range for the absolute cross sec
scale, and thus conclude that the true vapor pressure for60
at 420 °C lies between^plow&52.231025 Torr and
^phigh&53.031025 Torr. Only the results by Abrefahet al.
@2# and Mathewset al. @15# fall within, or close to these
limits and the former has been chosen to set the pre
absolute cross section scale.

Finally, we note that the most recent C60 vapor pressure,
by Jaenschet al. @17#, is much to high—exposing the grea
difficulties in traditional measurements which rely on mo
eled relations between the pressure in a cell and the m
sured C60 flow out of that cell. These relations are sensiti
to, e.g., poorly characterized thermal C60-C60 scattering@17#.
Here we have used much simpler, well established, class
pictures for large distance interactions of slow high
charged ions and atoms with C60, and thus reduced the un
certainty in the vapor pressure of C60 to 30% atT5420 °C.
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