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Electron collisions with the diatomic fluorine anion
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Collisions between free electrons and the molecular anion F2
2 have been studied in a merged beams

experiment at the heavy ion storage ring ASTRID. Absolute cross sections for detachment (e21F2
2→F2

0

12e2 or F01F012e2) and dissociation (e21F2
2→F01F212e2) are reported in the energy range 0–27

eV. Branching ratios between the two detachment channels are also given. Dissociation is found to be the
dominating reaction and the dissociation cross section is about an order of magnitude larger than the detach-
ment cross section in the investigated energy range. The threshold for detachment is as high as 10 eV, and the
branching into the channel with a molecular fragment amounts to less than 20% over most of the energy range.
The results are compared to previously measured cross sections for other anions and the importance of nuclear
dynamics in the processes is discussed.
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I. INTRODUCTION

Electron-impact detachment from atomic anions has b
studied both experimentally@1–13# and theoretically@14–
23# and an understanding of the dynamics of this proces
emerging. The corresponding reactions in collisions betw
free electrons and molecular anions have been investig
in a series of experiments at the ASTRID~Aarhus Storage
Ring Denmark! heavy ion storage ring@24–26#. The physics
of electron-anion reactions for molecular systems is differ
from the atomic ones in several respects. The electro
structure is generally more complex and the coupling to
nuclear motion leading to rovibrational excitation or diss
ciation adds a new aspect to the reaction dynamics.

In this paper, we report on measurements of the cr
sections for three processes

e21F2
2→H F2

012e2

F01F012e2

F01F21e2

~1!

resulting from collisions between free electrons and F2
2 for

relative energies in the range 0–27 eV. The first two re
tions involve electron detachment leading either to a neu
molecule (F2

0) in a puredetachmentreaction or to two neu-
tral atoms (F01F0) in a detachment plus dissociationreac-
tion. The last reaction isdissociation.

The study of these processes for F2
2 completes a system

atic investigation of electron-anion reactions at low ene
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for stable homonuclear molecular anions of the first row
ements@26#. The systematic investigation aims at clarifyin
the general features of electron-anion collisions, such
threshold behaviors and reaction mechanisms. In Table I
summarize some of the known structural parameters for
neutral and anionic systems. Both the electronic and
nuclear structure of the neutral and anionic systems cha
systematically for this series of molecular systems. With
the independent particle model, molecular orbitals result
from linear combinations of atomicp orbitals are populated
Along the sequence, the outermost electrons occupy ei
bonding (3sg

1 and 1pu) or antibonding (3su
1 and 1pg)

electronic orbitals. Also, the overlap between the nucl
wave functions in the anion and neutral states varies for th
diatomic molecules, which is directly reflected in the eq
librium distances and fundamental vibrational frequenci
Similarly, the overall strength of the electronic bindin
changes, having a maximum where the binding orbitals
filled, as is the case for C2

2 .
With the study ofe21F2

2 collisions, we wish to further
clarify the dynamics of electron-anion reactions. T
potential-energy curves for the energetically lowest state
F2

2 and the ground state of F2
0 are shown in Fig. 1@34#.

Two features are unique for F2
2 compared to the previously

studied systems. Firstly, the electron affinity EA of F2
0 is

larger than the dissociation energy of F2
2 , EA(F2

0) .De

(F2
2). Secondly, the equilibrium distances of the grou

states of F2
0 and F2

2 are very different,r e(F2
2) – r e(F2

0) 5
0.5 Å. Assuming the electron-anion reaction proceeds prim
rily by vertical transitions, the neutral and anionic syste
are effectively separated at low energy, i.e., autodetachm
from the repulsive states (2Pg ,2Pu ,2Sg

1) of F2
2 to the

ground state of F2
0 is hindered energetically below th

X 1Sg
1 state of F2

0 , and above this state there is a po
overlap of the nuclear wave functions of theX 2Su

1 ground
state of F2

2 and the autodetaching repulsive curves of F2
2 .

In the previously studied systems, the significance of el
tronic excitation prior to intrinsic rearrangement was uncl
ified.

ot

,

ate

na
©2001 The American Physical Society18-1



s.

H. B. PEDERSENet al. PHYSICAL REVIEW A 63 032718
TABLE I. Structural parameters for the homonuclear diatomic molecules of the first row element

Molecule
Ground

state
Electron

configuration
r e

~Å!
ve

(cm21)
De

~eV!
EA
~eV! Ref.

B2
0 3Sg

2 . . . (1pu)2 1.59 1051.3 3.1 2.00a @27,28#
B2

2 4Sg
2 . . . (1pu)2(3sg

1) 1.63a 1010a 4.21a @28#

C2
0 1Sg

1 . . . (1pu)4 1.243 1855 6.32 3.27 @27#

C2
2 2Sg

1 . . . (1pu)4(3sg
1) 1.268 1781.20 8.45 @29#

O2
0 3Sg

2 . . . (1pu)4(3sg
1)2(1pg)2 1.208 1580 5.214 0.39 @30–33#

O2
2 2Pg . . . (1pu)4(3sg

1)2(1pg)3 1.341 1089 4.23 @32#

F2
0 1Sg

1 . . . (1pu)4(3sg
1)2(1pg)4 1.42a 892a 1.63a 3.10 @34#

F2
2 2Su

1 . . . (1pu)4(3sg
1)2(1pg)4(3su

1) 1.92 462 1.26 @34#

aAb initio calculation.
ag
a
f

on
le
r
ll
a
s.
ia
ol
n

c-
de.
off

was
the

ole
is-

ent
ble
in-

n

II. EXPERIMENT

The experiment was carried out at the heavy ion stor
ring ASTRID @36#. The ring is 40 m in perimeter, and has
square geometry with two 45o bending magnets in each o
the four corners. A schematic drawing of the storage ring
shown in Fig. 2. A beam of;35 nA of F2

2 at 150 keV was
extracted from a sputter ion source@37# with a sputtering
material made of 50% LiF and 50% Cu powder. This i
beam was injected into the storage ring and further acce
ated to 2.486 MeV by means of a radio-frequency accele
tion system. After acceleration the ion current was typica
;25 nA. The residual gas pressure in the ring w
;3310211 mbar resulting in a storage lifetime of 1.3
The accelerated ion beam was merged with an essent
monoenergetic electron beam provided by the electron co
@13,38#. The electron current was 0.3 mA at the cooling e
03271
e
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-

ergy defined from the matching velocity of ions and ele
trons. The electron cooler was operated in a chopping mo
Thus, the electron beam was alternatingly turned on and
at a frequency of 20 Hz, and the data acquisition system
gated to measure the rate of collision fragments with
electron beam on and off accordingly.

Neutral particles (F2
0, F0) produced in the electron-ion

collision process were detected by a 60340 mm2 energy-
sensitive surface barrier detector located behind the dip
magnet following the electron cooler. Grids with transm
sionsT156763% andT252363% were inserted in front
of this detector to measure the branching ratio of detachm
and detachment plus dissociation. A horizontally mova
20-mm diameter surface barrier detector was positioned
side the first 45o bending magnet following the electro
cooler. With this detector, F2 particles originating from the
e

FIG. 1. ~a! Potential-energy curves for the lowest electronic states of F2
2 ~dashed lines! and the ground state of F2

0 ~solid line!. These
potential-energy curves are Morse potential-energy curves obtained from experimental data as derived by Chen and Wentworth@34#. The
vertical arrows illustrate transitions from the ground state to the dissociating curves.~b! Matrix elements of the nuclear wave functions of th
ground state (X 2Su

1) of F2
2 with the nuclear wave functions of the repulsive curves of symmetry2Pg , 2Pu , 2Sg

1 ~curves! and the ground
state (X 1Sg

1) of F2
0 ~lines! @35#. The size of the bound-continuum overlap matrix elements have been reduced by a factor of 250.
8-2
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ELECTRON COLLISIONS WITH THE DIATOMIC . . . PHYSICAL REVIEW A 63 032718
electron-ion collision process were detected~see Fig. 2!. The
ion current used for normalization was estimated from
induced voltage on an electrostatic pickup electrode in
ring.

The distribution of relative velocities is mainly dete
mined by the electron velocity distribution,f (v), and the
accessible physical quantity is the rate coefficient

^vs&5E vs~v ! f ~v !dv, ~2!

which is the velocity weighted cross section. The elect
velocity distribution in the rest frame of the ions is describ
by a flattened Maxwellian function centered on the detun
velocity D5uv i2veu between ions and electrons@38#:

f ~v !5
m

2pkT'

e2mv'
2 /2kT'A m

2pkTi
e2m(v i2D)2/2kTi,

~3!

wherev' and v i are the electron velocity components pe
pendicular and parallel, respectively, to the ion-beam dir
tion in the rest frame of the ions~the relative energy isE
51/2m(v'

2 1v i
2)!. A low longitudinal temperaturekTi;0.5

21.0 meV @38# is obtained by the compression of the lo
gitudinal electron velocity distribution due to the electr
acceleration. The transverse temperature is the cathode
perature reduced by the technique of adiabatically expan
the electron beam@39# in a decreasing magnetic field; he
kT';20 meV. The distribution in relative energy is wel
approximated by a Gaussian distribution of widthdE
51/2kTi1kT'1(2kTiE0)1/2, whereE051/2mD2 is the de-
tuning energy. The transverse temperature determines th
ergy resolution at low energies (,1 eV), while at higher

FIG. 2. Schematic drawing of the experimental setup at
ASTRID storage ring.
03271
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energies the longitudinal temperature is the more import
For E.kT' , the cross sections are to a good approximat
given bys5^vs&/D.

In terms of experimentally determined quantities, the r
coefficient for a process leading to an event of typeX, where
X is one of the channels (F2

0/F01F0, F0,or F2), is given
by

^vs&5
R~X!2R0~X! f

F~F2
2!

v i

L«dre
, ~4!

whereR(X) is the measured rate when the electron beam
turned on,R0(X) is the corresponding rate when the electr
beam is turned off,R(F2

2) is the rate of ions entering th
interaction region,L is the effective length of the interactio
region,«d(51) is the detector efficiency, andre is the elec-
tron density. The factorf corrects for the effect thatR(X) is
measured a little later thanR0(X) by the chopping technique
In the toroid regions, where the electron beam bends
merge and separate from the ion beam, the beams are
strictly parallel and the relative energies are different fro
the one in the straight section. The contributions from
toroid regions are subtracted from the measured cross
tions by an iterative analysis procedure.

The major uncertainty of the absolute cross sections
associated with the ion-current measurement. The rela
cross sections are subject to smaller uncertainties. In co
quence, an absolute cross section was measured at a
energy while the cross sections as a function of energy w
measured relative to this absolute value.

The surface barrier detector measures the energy de
ited in the silicon material during the stopping of the incom
ing particles. Hence, detachment events leading either
one-particle product (F2

0) or a simultaneous two-particle
product (F01F0) cannot be directly distinguished by the d
tector. To surpass this problem, we used a method whe
grid of known transmissionT was inserted in front of the
detector@24#. The rate of events with the fractional (R1) and
the full (R2) energy, corresponding to detection of one F0 or
two F0, respectively, is related to the cross sections for
tachment (sF

2
0 andsF01F0) and dissociation leading to on

neutral fragment (sF0) in the following way:

R1~T!5
1

N~T!
@TsF012T~12T!sF01F0#,

~5!

R2~T!5
1

N~T!
~TsF

2
01T2sF01F0!,

whereT is the grid transmission andN(T) is a normalization
factor. These equations were solved to yield the branch
ratio

R5
sF

2
0

sF
2

01sF01F0

. ~6!

e
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III. RESULTS AND DISCUSSION

Figure 3~a! shows the total detachment cross section~final
F2

0 or F01F0) while Fig. 3~b! shows the ratioR. The total
detachment cross section is well-represented by the form
s5s0(12Eth /E), with s050.55310216 cm2 and Eth
510.0 eV as also shown in Fig. 3~a!. The experimental
threshold for detachment is seen to be in excess of the e
tron affinity of F2

0 ~3.08 eV! @40# by a factor of;3.3, which
is larger than expected from the trend found in an ear
study of electron detachment from diatomic molecular
ions @26# where a linear relationEth52.2A10.27 eV was
found. However, also O2

2 showed a similar divergence from
the main tendency. The shape of the detachment cross
tion compares well with the detachment cross section
other anions@25,26#. The branching ratio@Fig. 3~b!# de-
creases from a level being in favor of detachment into
molecular fragment near threshold to a level of;20% for
energies higher than;17 eV. This behavior is very differ-
ent from other molecular anions where detachment into
undissociated molecular fragment is the dominant reac
@26#.

Except for the zero-point vibrational energy, the thresh
for detachment plus dissociation isDe(F2

2)1EA(F0)
51.26 eV @34#13.40 eV @40#54.66 eV, which is also
smaller than the experimental threshold of 1060.5 eV.
Probably, detachment plus dissociation proceeds by ver
transitions to repulsive potential-energy curves of the neu
molecule as suggested for other molecular anions@26#. To
the best of our knowledge the dissociative states of F2

0 have
never been investigated neither experimentally
theoretically. However, from the Wigner-Witme
rules @41#, potential-energy curves of symmetr

FIG. 3. ~a! Absolute cross section for electron-impact detac
ment of F2

2 leading to either a molecular fragment (F2
0) or two

atomic fragments (F01F0). The solid line shows a fit to the cros
section with a model cross sections5s0(12Eth /E), giving s0

50.55310216 cm2 and Eth510.0 eV. ~b! Ratio ~R! of detach-
ment leading to a molecular fragment in the final state relative
the total detachment cross section.
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1Sg
1(2),1Su

1 ,1Pg ,1Pu ,1Dg ,3Sg
1 ,3Sg

2 ,3Pg , and 3Du are

expected to converge to the atomic limit F0(2P)1F0(2P),
thus, providing possible potential-energy curves by wh
the detachment plus dissociation can occur.

In Fig. 4, the measured cross section for electron-imp
dissociation of F2

2 is shown~detection of F0). An absolute
cross section of~1.960.6)310216 cm2 was measured at 15
eV. This cross section exhibits a threshold at 2.260.5 eV
after which it rises to a maximum near 12 eV. We also m
sured the cross section for dissociation leading to a nega
particle in the final state. This cross section~not shown! is
identical within the statistical error to the cross section
dissociation leading to a neutral particle in the final st
except for a factor of 0.6, due to the fact that the charg
fragment detector is too small to measure all F2 ions from
the interaction region. The two independent measurem
together show that electron-impact dissociation~final F0

1F2) does indeed give the dominanting contribution to th
cross section, i.e., other dissociative reactions~final F2

1F1 or final F01F1) are unimportant at these energies.
The dissociation energy@34# of F2

2 (De51.26) is lower
than the experimentally observed threshold of 2.260.5 eV
for electron-impact dissociation. The vertical excitation e
ergies to the dissociating states of symmetry2Pg ,2Pu ,2Sg

1

are;1.6 eV,;2.7 eV, and;3.4 eV, respectively@34#, as
marked in Fig. 1. The beam of F2

2 is expected to exhibit a
distribution of rovibrational states reflecting the temperat
~1500 K! in the ion source. The initial rovibrational excita
tion remains during the ion storage, since rovibrationally e
cited molecules will not decay by radiative emission beca
the dipole moment is zero for homonuclear diatomic m
ecules. Rovibrationally excited states in the beam wou
however, lower the experimental threshold. Thus, the d
are in favor of a dissociation mechanism involving vertic
excitation to the dissociating states of the anion. From
present experimental data it is impossible to point o
through which of the three repulsive curves the reaction
marily proceeds.

In a comparison to previously studied atom
(H2,D2,B2,O2) @10–13# and homonuclear molecular an
ions @24–26# (B2

2 ,C2
2 ,O2

2) the results obtained with F2
2

-

o

FIG. 4. Absolute cross section for electron-impact dissociat
of F2

2 obtained by detection of a single F0.
8-4
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ELECTRON COLLISIONS WITH THE DIATOMIC . . . PHYSICAL REVIEW A 63 032718
display both similarities and differences. The shapes of
various cross sections as a function of energy are similar
atomic and molecular anions. This was observed for n
resonant detachment and detachment plus dissociation
tions in Ref.@26#. While the cross sections for dissociation
B2

2 and C2
2 showed peak structures, which were attribut

to the formation of dianions, the dissociation cross section
O2

2 displayed a smooth behavior. In Fig. 5, the dissociat
cross section for F2

2 is compared to the previously measur
dissociation cross section for O2

2 @26#. The energy axis has
been normalized to the experimentally observed thresh
and the cross sections have been normalized to facilita
comparison of the cross sections in the threshold region.
sented in this way, the dissociation cross section for O2

2 and
F2

2 are almost superimposable in the threshold region w
a minor divergence is seen at higher energies. The sim
shape of these cross sections suggests a general nonres
mechanism for dissociation (X21X0,X5O,F).

Three main differences are observed when the cross
tions for F2

2 are compared to the measured cross section
other homonuclear anions (B2

2 , C2
2 , and O2

2). Firstly, the
measured effective threshold for detachment is higher t
predicted from the trend found for other anions@26#. Sec-
ondly, above threshold the detachment plus dissociatio
favored relative to pure detachment. Thirdly, the absol
cross section for dissociation is two orders of magnitu
larger than that observed for other diatomic anions@26,42#.
O2

2 also showed a detachment threshold higher than
dicted by the general tendency@26#. O2

2 and F2
2 both dis-

play an unfavorable overlap of the nuclear wave functions
the lower vibrational states of the neutral and anionic s
tems, which is evident by comparing the equilibrium d
tances in Table I, and it seems evident that an unfavora
overlap of the nuclear wave functions raises the detachm
threshold. However, as seen from Fig. 1, electron deta
ment through a direct vertical transition to a vibrational e
cited level of F2

0 (1Sg
1) is indeed possible when considerin

only the overlap of the nuclear wave functions, the m

FIG. 5. Comparison of the dissociation cross section@26# for
F2

2 and O2
2 . The energy axis was normalized to the experime

tally observed threshold while the cross section has been nor
ized to facilitate a comparison of the cross sections in the thres
region.
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favorable overlap being to the vibrational levelv511 with a
vertical energy difference of about 4 eV. For F2

2 , the
threshold for electron detachment becomes in reason
agreement with the tendency found for other anions if
vertical electron affinity is considered as the effective el
tron affinity.

The differences between the results obtained with F2
2

and other anions can be explained by the lack of autodet
ment after electronic excitation for F2

2 . Generally, electron
detachment happens on the time scale of the electronic
tion (;10216210215 s) while dissociation happens on th
time scale of the nuclear motion (;10214 s). Hence, if au-
todetachment and dissociation are in free competition,
main flux will go to detachment rather than dissociation.
seen from the calculations of nuclear matrix elements in F
1 for the ground vibrational level of F2

2 , transitions to the
repulsive F2

2 curves are most favorable where a subsequ
autodetachment process is hindered by energy conserva
As a consequence, autodetachment is prevented after
tronic excitation and the flux goes to dissociation. On t
other hand, for B2

2 , C2
2 , and O2

2 a vertical transition
from the ground state to dissociative curves of the an
leaves the system with an energy that allows detachm
reactions to compete with dissociation along the repuls
anionic curves and hence detachment is dominant. Thus,
suppression of autodetachment after electronic excitation
explain why the dissociation cross section is enhanced
F2

2 relative to other anions. It is noted, however, that ex
tation to the2Sg

1 repulsive curve of F2
2 may result in auto-

detachment to the vibrational levelsv>9 of the electronic
ground state of molecular F2

0. The observation that detach
ment plus dissociation~final F01F0) is preferred to pure
detachment~final F2

0), while the opposite is true for othe
anions, can also be considered as an effect of the compet
between autodetachment and dissociation after initial e
tronic excitation. While detachment plus dissociation prim
rily proceeds by direct transitions to repulsive curves of
neutral system and hence is unaffected by this competio
major part of pure detachment may occur via initial ele

-
al-
ld

FIG. 6. Simplified illustration of the reaction pathways in ele
tron molecular anion collisions.s is used as a symbol of scatterin
cross section whileW is used for the transition probability from a
intermediate state to a given final state. The indices
A5autodetachment,D5direct detachment, DE5detachment and
electronic excitation, DI5dissociation,E5electronic excitation, and
R5radiative transition.
8-5
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tronic excitation followed by autodetachment and hence
actual yield of neutral molecules is highly sensitive to t
dynamics of the repulsive anionic states.

In summary, Fig. 6 shows a schematic illustration of t
nonresonant reaction pathways in electron collisions w
molecular anions as revealed by our studies. The results
tained with F2

2 emphasize that initial electronic excitatio
(sE) is an important process in electron anion scattering

IV. CONCLUSION

Collisions between free electrons and the molecular an
F2

2 have been studied in a merged beams experiment a
heavy ion storage ring ASTRID. Absolute cross sections
detachment (e21F2

2→F2
012e2 or F01F012e2) and

dissociation (e21F2
2→F01F21e2) were measured in the

energy range 0–27 eV. The branching between the two
tachment channels was also studied. Dissociation is foun
be the dominating reaction with a cross section that is
order of magnitude in excess of the total detachment c
section over most of the energy range studied. For both
tachment and dissociation reactions, the shapes of the c
R

-

n

H
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sections are similar to previously measured cross section
other anions. The results obtained with F2

2 are different
from previously studied homonuclear anions on three m
points, namely,~1! the experimental threshold for detac
ment is higher than expected from a general trend,~2! in
detachment, the branching into a channel with a molecu
fragment in the final state amounts to less than 20% o
most of the energy range, and~3! the magnitude of the cros
section for dissociation is about two orders of magnitu
larger than observed for other anions. These observat
may be understood by unfavorable overlaps of nuclear w
functions in the anionic and neutral systems and by the
that autodetachment is hindered for some repulsive curve
F2

2 .
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