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Electron collisions with the diatomic fluorine anion
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Collisions between free electrons and the molecular anipn rave been studied in a merged beams
experiment at the heavy ion storage ring ASTRID. Absolute cross sections for detactemenf,( —F,°
+2e~ or P+ F°+2e7) and dissociationd +F,” —F°+F +2e") 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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[. INTRODUCTION for stable homonuclear molecular anions of the first row el-
ementg 26]. The systematic investigation aims at clarifying
Electron-impact detachment from atomic anions has beethe general features of electron-anion collisions, such as
studied both experimentalljl—13] and theoreticallf14— threshold behaviors and reaction mechanisms. In Table |, we
23] and an understanding of the dynamics of this process isummarize some of the known structural parameters for the
emerging. The corresponding reactions in collisions betweeReutral and anionic systems. Both the electronic and the
free electrons and molecular anions have been investigatgfliclear structure of the neutral and anionic systems change
in a series of experiments at the ASTR(Barhus Storage  gystematically for this series of molecular systems. Within
Ring Denmark heavy ion storage rinf24—2§. The physics e independent particle model, molecular orbitals resulting
of electron-amo_n reactions for molecular systems is dlﬁererﬂerom linear combinations of atomig orbitals are populated.
from the _atom|c ones in several respects. The _electromg\long the sequence, the outermost electrons occupy either
structure is generally more complex and the coupling to th%onding (3" and 1) or antibonding (& and 1m)
nuclear motion leading to rovibrational excitation or disso- e u u 9
ciation adds a new aspect to the reaction dynamics. electronic prbngls. Also., the overlap between the nuclear
In this paper, we report on measurements of the crosyave fgncUonsmthe anion gnd.neutral states varies forthgse
sections for three processes c:haltomlc .molecules, which is directly .refle.cted in the equi-
librium distances and fundamental vibrational frequencies.
F,0+2e” Similarly, the_ overall s_trength of the el_ectronic b_inding
changes, having a maximum where the binding orbitals are
filled, as is the case for L .
FO+F +e” With the study ofe” +F,~ collisions, we wish to further
clarify the dynamics of electron-anion reactions. The
resulting from collisions between free electrons and For  potential-energy curves for the energetically lowest states of
relative energies in the range 0-27 eV. The first two reacFZf and the ground state szg are shown in Fig. 134].

tions involve electron detachment leading either to a neutrai.wo features are unique for,F compared to the previously
0y i ; >

molecule (Eﬁ) moa puredetachmenteactlon_or to_ tV.VO NeU- " studied systems. Firstly, the electron affinity EA ofFis

tral atoms (F+F") in a detachment plus dissociatioeac- larger than the dissociation energy of F EA(F,%) >D,

tion. The last reaction idissociation £) S div. th ilibri dist f th d
The study of these processes fgr completes a system- (). Secon Y, he equiiibriim distances o eo groun
tates of Band K, are very differentro(F, ) — ro(F,°) =

atic investigation of electron-anion reactions at low energyS . . 3 .
0.5 A. Assuming the electron-anion reaction proceeds prima-

rily by vertical transitions, the neutral and anionic systems
*Present address: The Weizmann Institute of Science, Rehovf}re effectively S_eparated a2t IOV\Q e”ezrg& €., auEOdetaChment
76100, Israel. rom the repulsive states“lly,“I1,,“%4) of F,” to the
"Present address: McMaster University, Hamilton, Ontario,grou'f:d state Off ishindered gnergeucally b?low the
Canada L84 4M1. XlEg state of K, and above this state there is a poor
*Present address: Department of Physics, St. Petersburg Stad¥erlap of the nuclear wave functions of the?; ground
Mining Institute (Technical University, 21 Liniya VO, 2. 199026 state of 5~ and the autodetaching repulsive curves f F

e +F, —{ FP+F+2e” 1)

St. Petersburg, Russia. In the previously studied systems, the significance of elec-
Spresent address: Nuclear Science Center, P.O. Box 10502, Arutieonic excitation prior to intrinsic rearrangement was unclar-
Asaf Ali Marg, New Delhi 110067, India. ified.

1050-2947/2001/63)/0327187)/$15.00 63032718-1 ©2001 The American Physical Society



H. B. PEDERSENEet al.

PHYSICAL REVIEW A 63 032718

TABLE I. Structural parameters for the homonuclear diatomic molecules of the first row elements.

Ground Electron le We De EA
Molecule  state configuration A) (cm™  (ev) (eV) Ref.
B,° 3 o (Amy)? 1.59 1051.3 3.1 2.60 [27,29
B,” 3 ... (1m)*(3ay) 1.63 101G 428 [28]
o 3 (At 1.243 1855 6.32 3.27 [27]
C,” %5y . (1m)*(3ay) 1.268 1781.20 8.45 [29]
0,° 34 o (1m)*(Bag)*(1mg)? 1.208 1580 5.214 0.39 [30-33
0,” 11, o (1m)*(Bog)*(1mg)? 1.341 1089 4.23 [32]
F,° N ... (1m)*(Bay)*(1my)* 1.42 892 1.63 3.10 [34]
F,~ DO o (I7)*(Bog) (1my)*(30y)  1.92 462 1.26 [34]

8ADb initio calculation.

Il. EXPERIMENT ergy defined from the matching velocity of ions and elec-

The experiment was carried out at the heavy ion storag rons. The electron cooler was operatt_ed in a chopping mode.
fing ASTRID [36]. The ring is 40 m in perimeter, and has a hus, the electron beam was alternatingly _tgr_ned on and off
square geometry with two &%ending magnets in each of at a frequency of 20 Hz, and the da_tq acquisition systt_em was
the four corners. A schematic drawing of the storage ring iFated to measure the rate of collision fragments with the
shown in Fig. 2. A beam of-35 nAof F,” at 150 keV was ©/ectron beam on and off accordingly. _
extracted from a sputter ion sour¢87] with a sputtering Neutral particles (£, F) produced in the electron-ion
material made of 50% LiF and 50% Cu powder. This ioncollision process were detected by aX660 mnt energy-
beam was injected into the storage ring and further accelesensitive surface barrier detector located behind the dipole
ated to 2.486 MeV by means of a radio-frequency acceleranagnet following the electron cooler. Grids with transmis-
tion system. After acceleration the ion current was typicallysionsT;=67+3% andT,=23*=3% were inserted in front
~25 nA. The residual gas pressure in the ring wasof this detector to measure the branching ratio of detachment
~3%x10 ' mbar resulting in a storage lifetime of 1.3 s. and detachment plus dissociation. A horizontally movable
The accelerated ion beam was merged with an essential®0-mm diameter surface barrier detector was positioned in-
monoenergetic electron beam provided by the electron cooledide the first 4% bending magnet following the electron
[13,38. The electron current was 0.3 mA at the cooling en-cooler. With this detector, F particles originating from the
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FIG. 1. (a) Potential-energy curves for the lowest electronic states,of(Bashed lingsand the ground state ot}(solid ling). These
potential-energy curves are Morse potential-energy curves obtained from experimental data as derived by Chen and {@dhtWbeh
vertical arrows illustrate transitions from the ground state to the dissociating cioy®&atrix elements of the nuclear wave functions of the
ground stateX 23" of F,~ with the nuclear wave functions of the repulsive curves of symrr@ﬁy, I, ZEJ (curves and the ground
state K 125) of F2° (lineg) [35]. The size of the bound-continuum overlap matrix elements have been reduced by a factor of 250.
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energies the longitudinal temperature is the more important.
For E>KT, , the cross sections are to a good approximation
given byo=(va)/A.

In terms of experimentally determined quantities, the rate
coefficient for a process leading to an event of tyypevhere
X is one of the channels ¢#F°+F°, F°,or F), is given

by

_ROO=RoX)f v,
 F(Fy)  Leape’

(vo) (4)

whereR(X) is the measured rate when the electron beam is
turned onRy(X) is the corresponding rate when the electron
beam is turned offR(F, ) is the rate of ions entering the
interaction regionL is the effective length of the interaction
region,eq(=1) is the detector efficiency, ang is the elec-

tron density. The factof corrects for the effect tha®(X) is
measured a little later thaRy(X) by the chopping technique.

In the toroid regions, where the electron beam bends to
merge and separate from the ion beam, the beams are not

FIG. 2. Schematic drawing of the experimental setup at thestrictly parallel and the relative energies are different from

ASTRID storage ring.

electron-ion collision process were detectsee Fig. 2 The

the one in the straight section. The contributions from the
toroid regions are subtracted from the measured cross sec-
tions by an iterative analysis procedure.

ion current used for normalization was estimated from the The major uncertainty of the absolute cross sections is
induced voltage on an electrostatic pickup electrode in th@ssociated with the ion-current measurement. The relative

ring.

The distribution of relative velocities is mainly deter-
mined by the electron velocity distributiori{v), and the
accessible physical quantity is the rate coefficient

<v0'>=fv(r(v)f(v)dv, (2

cross sections are subject to smaller uncertainties. In conse-
quence, an absolute cross section was measured at a fixed
energy while the cross sections as a function of energy were

measured relative to this absolute value.

The surface barrier detector measures the energy depos-
ited in the silicon material during the stopping of the incom-
ing particles. Hence, detachment events leading either to a
one-particle product () or a simultaneous two-particle

which is the velocity weighted cross section. The electrorProduct (F+F9) cannot be directly distinguished by the de-
velocity distribution in the rest frame of the ions is describedt€ctor. To surpass this problem, we used a method where a
by a flattened Maxwellian function centered on the detuningdfid of known transmissioll was inserted in front of the

velocity A=|v;—v¢| between ions and electrofi38]:

m 2 m 2
_ —mo?/2kT, 4 [ —m(vy— A)2/2T,
f(v) 2’7TkTL € . ) 2’7TkT“e '

©)

wherev, andv, are the electron velocity components per-

detectof{24]. The rate of events with the fractiond®{) and

the full (R,) energy, corresponding to detection of orfeof
two F°, respectively, is related to the cross sections for de-
tachment (7on and oo, po) and dissociation leading to one

neutral fragment ¢o) in the following way:

1
Rl(T) = _[T(TF0+ 2T(1_T)(T|:O+|:O],

pendicular and parallel, respectively, to the ion-beam direc- N(T)

tion in the rest frame of the ionghe relative energy i€
=1/2m(v? +v?)). A low longitudinal temperatur&T,~0.5

—1.0 meV[38] is obtained by the compression of the lon-
gitudinal electron velocity distribution due to the electron
acceleration. The transverse temperature is the cathode te
perature reduced by the technique of adiabatically expandin
the electron bearfid9] in a decreasing magnetic field; here

kT, ~20 meV. The distribution in relative energy is well-
approximated by a Gaussian distribution of wid#E
=1/2kT,+ KT, + (2kT,Eq) Y2 whereEy=1/2mA? is the de-

®)

1
Ry(T)= W (TO'F20+ T20r0, o),

m_

whereT is the grid transmission ard(T) is a normalization
Bictor. These equations were solved to yield the branching
ratio

o 0
F2

tuning energy. The transverse temperature determines the en- R=——— (6)

ergy resolution at low energies<(1 eV), while at higher

a',:zo + ooy po
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FIG. 3. (a) Absolute cross section for electron-impact detach-
ment of B~ leading to either a molecular fragmentz?): or two
atomic fragments (F+ F°). The solid line shows a fit to the cross
section with a model cross sectien=oy(1—E;,/E), giving oy

=0.55<10" % cn? and E;,=10.0 eV. (b) Ratio (R) of detach- In Fig. 4, the measured cross section for electron-impact
ment leading to a molecular fragment in the final state relative tgdissociation of E is shown(detection of ®). An absolute
the total detachment cross section. cross section of1.9+0.6)x 10" 1% cn? was measured at 15
eV. This cross section exhibits a threshold at=225 eV
Il. RESULTS AND DISCUSSION after which it rises to a maximum near 12 eV. We also mea-

sured the cross section for dissociation leading to a negative
Figure 3a) shows the total detachment cross sectforal  particle in the final state. This cross secti@mot shown is
F,? or P+ F°) while Fig. 3b) shows the raticR. The total  identical within the statistical error to the cross section for
detachment cross section is well-represented by the formuldissociation leading to a neutral particle in the final state
o=0o(1—E/E), with 0,=0.55<10" cn? and E,, except for a factor of 0.6, due to the fact that the charged
=10.0 eV as also shown in Fig.(8. The experimental fragment detector is too small to measure all iBns from
threshold for detachment is seen to be in excess of the elethe interaction region. The two independent measurements
tron affinity of F2O (3.08 eV} [40] by a factor of~3.3, which  together show that electron-impact dissociatigimal F°
is larger than expected from the trend found in an earlier+ F~) does indeed give the dominanting contribution to this
study of electron detachment from diatomic molecular ancross section, i.e., other dissociative reactidfiral F~
ions [26] where a linear relatioE,,=2.2A+0.27 eV was +F"' or final P+ F*") are unimportant at these energies.
found. However, also © showed a similar divergence from The dissociation energyd4] of F,” (D,=1.26) is lower
the main tendency. The shape of the detachment cross setxan the experimentally observed threshold ofz2025 eV
tion compares well with the detachment cross section fofor electron-impact dissociation. The vertical excitation en-
other anions[25,26. The branching ratidFig. 3(b)] de-  ergies to the dissociating states of symmetfy 211,23
creases from a level being in favor of detachment into aare~1.6 eV,~2.7 eV, and~3.4 eV, respectively34], as
molecular fragment near threshold to a level-e20% for  marked in Fig. 1. The beam of,F is expected to exhibit a
energies higher thar-17 eV. This behavior is very differ-  distribution of rovibrational states reflecting the temperature
ent from other molecular anions where detachment into an1500 K) in the ion source. The initial rovibrational excita-
undissociated molecular fragment is the dominant reaCtiOIﬁon remains during the ion storage, since rovibrationa”y ex-
[26]. cited molecules will not decay by radiative emission because
Except for the zero-point vibrational energy, the thresholdthe dipole moment is zero for homonuclear diatomic mol-
for detachment plus dissociation i®(F, )+EA(F’)  ecules. Rovibrationally excited states in the beam would,
=1.26 eV [34]+3.40 eV [40]=4.66 eV, which is also however, lower the experimental threshold. Thus, the data
smaller than the experimental threshold of XI5 eV. are in favor of a dissociation mechanism involving vertical
Probably, detachment plus dissociation proceeds by verticalxcitation to the dissociating states of the anion. From the
transitions to repulsive potential-energy curves of the neutrgbresent experimental data it is impossible to point out
molecule as suggested for other molecular ani@®. To  through which of the three repulsive curves the reaction pri-
the best of our knowledge the dissociative stateSZBfHave marily proceeds.
never been investigated neither experimentally nor In a comparison to previously studied atomic
theoretically. However, from the Wigner-Witmer (H",D",B~,0) [10-13 and homonuclear molecular an-
rules [41], potential-energy curves of symmetry ions[24-26 (B, ,C,  ,0, ) the results obtained with,F
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FIG. 5. Comparison of the dissociation cross secfi26] for cross section whil&V is used for the transition probability from an
s intermediate state to a given final state. The indices are

F,” and Q. The energy axis was normalized to the experimen- ™ detach —di detach detach d
tally observed threshold while the cross section has been normaf ~autodetachmentp=direct detachment, DEdetachment an

ized to facilitate a comparison of the cross sections in the thresholaleCtro_n'(_: exc"""“‘??" DdissociationE=electronic excitation, and
region. R=radiative transition.

favorable overlap being to the vibrational lewet 11 with a
display both similarities and differences. The shapes of thgertical energy difference of about 4 eV. Foy, F the
various cross sections as a function of energy are similar fofhreshold for electron detachment becomes in reasonable
atomic and molecular anions. This was observed for nonagreement with the tendency found for other anions if the
resonant detachment and detachment plus dissociation reagartical electron affinity is considered as the effective elec-
tions in Ref[26]. While the cross sections for dissociation of trgn affinity.

B, and G showed peak structures, which were attributed  The differences between the results obtained wijh F
to the formation of dianions, the dissociation cross section ofnd other anions can be explained by the lack of autodetach-
O, displayed a smooth behavior. In Fig. 5, the dissociationment after electronic excitation for,F. Generally, electron
cross section for J- is compared to the previously measured detachment happens on the time scale of the electronic mo-
dissociation cross section for,0[26]. The energy axis has tion (~10 —10"1° s) while dissociation happens on the
been normalized to the experimentally observed thresholdgme scale of the nuclear motion-(10** s). Hence, if au-
and the cross sections have been normalized to facilitate tadetachment and dissociation are in free competition, the
comparison of the cross sections in the threshold region. Prenain flux will go to detachment rather than dissociation. As
sented in this way, the dissociation cross section for @d  seen from the calculations of nuclear matrix elements in Fig.
F,” are almost superimposable in the threshold region whilél for the ground vibrational level of F , transitions to the
a minor divergence is seen at higher energies. The similarepulsive 5~ curves are most favorable where a subsequent
shape of these cross sections suggests a general nonresoreutbdetachment process is hindered by energy conservation.
mechanism for dissociatiorX(" + X% X=0,F). As a consequence, autodetachment is prevented after elec-
Three main differences are observed when the cross setronic excitation and the flux goes to dissociation. On the
tions for , are compared to the measured cross section foother hand, for B~, C, , and Q  a vertical transition
other homonuclear anions {B, C,”, and Q). Firstly, the ~ from the ground state to dissociative curves of the anion
measured effective threshold for detachment is higher thalgaves the system with an energy that allows detachment
predicted from the trend found for other aniof6]. Sec- reactions to compete with dissociation along the repulsive
ondly, above threshold the detachment plus dissociation ignionic curves and hence detachment is dominant. Thus, this
favored relative to pure detachment. Thirdly, the absolutesuppression of autodetachment after electronic excitation can
cross section for dissociation is two orders of magnitudeexplain why the dissociation cross section is enhanced in
larger than that observed for other diatomic anif2®,42. F, relative to other anions. It is noted, however, that exci-
O, also showed a detachment threshold higher than preation to thezEg repulsive curve of £ may result in auto-
dicted by the general tendenf®6]. O,” and K~ both dis- detachment to the vibrational levels=9 of the electronic
play an unfavorable overlap of the nuclear wave functions irground state of molecularzﬁ The observation that detach-
the lower vibrational states of the neutral and anionic sysment plus dissociatiorifinal F°+ F°) is preferred to pure
tems, which is evident by comparing the equilibrium dis- detachmentfinal F,°), while the opposite is true for other
tances in Table I, and it seems evident that an unfavorablgnions, can also be considered as an effect of the competition
overlap of the nuclear wave functions raises the detachmemetween autodetachment and dissociation after initial elec-
threshold. However, as seen from Fig. 1, electron detachtronic excitation. While detachment plus dissociation prima-
ment through a direct vertical transition to a vibrational ex-rily proceeds by direct transitions to repulsive curves of the
cited level of FZ0 (1Eg) is indeed possible when considering neutral system and hence is unaffected by this competion, a
only the overlap of the nuclear wave functions, the mostmajor part of pure detachment may occur via initial elec-

032718-5



H. B. PEDERSENEet al. PHYSICAL REVIEW A 63 032718

tronic excitation followed by autodetachment and hence thaections are similar to previously measured cross sections for
actual yield of neutral molecules is highly sensitive to theother anions. The results obtained with Fare different
dynamics of the repulsive anionic states. from previously studied homonuclear anions on three main
In summary, Flg 6 shows a schematic illustration of thepointS, name|y,(1) the experimenta| threshold for detach-
nonresonant reaction pathways in electron collisions withment is higher than expected from a general tref@,in
molecular anions as revealed by our studies. The results oletachment, the branching into a channel with a molecular
tained with i~ emphasize that initial electronic excitation fragment in the final state amounts to less than 20% over
(og) is an important process in electron anion scattering. most of the energy range, afi8) the magnitude of the cross
section for dissociation is about two orders of magnitude
IV. CONCLUSION larger than observed for other anions. These observations

- ._may be understood by unfavorable overlaps of nuclear wave
Collisions between free electrons and the molecular anior L “tions in the anionic and neutral systems and by the fact

F,  have been studied in a merged beams experiment at thga atodetachment is hindered for some repulsive curves of
heavy ion storage ring ASTRID. Absolute cross sections foi -

detachment ¢ +F, —F,’+2e~ or FP+F°+2e") and

dissociation ¢ +F,” —F°+F +e~) were measured in the

energy range 0—27 eV. The branching between the two de- V. ACKNOWLEDGMENTS

tachment channels was also studied. Dissociation is found to

be the dominating reaction with a cross section that is an This work has been supported by the Danish National
order of magnitude in excess of the total detachment crosResearch Foundation through the Aarhus Center for Atomic
section over most of the energy range studied. For both deRhysics(ACAP). We thank the ASTRID staff for support
tachment and dissociation reactions, the shapes of the crodsring the measurements.

[1] G. C. Tisone and L. M. Branscomb, Phys. Rev. L&ft, 236 [19] J. T. Lin, T. F. Jiang, and C. D. Lin, J. Phys. B, 6175

(1966. (1996.
[2] G. C. Tisone and L. M. Branscomb, Phys. Rev0, 169 [20] M. S. Pindzola, Phys. Rev. B4, 3671(1996.
(1968. [21] P. V. Grujic and N. Simonovic, J. Phys. &L, 2611(1998.
[3] D. F. Dance, M. F. A. Harrison, and R. D. Rundel, Proc. R.[22] J. M. Rost, Phys. Rev. Let82, 1652(1999.
Soc. London, Ser. £99 525(1967). [23] F. Robicheaux, Phys. Rev. Le&2, 707 (1999.
[4] B. Peart, D. S. Walton, and K. T. Dolder, J. Phys3B1346  [24] L. H. Andersen, P. Hvelplund, D. Kella, P. H. Mokler, H. B.
(1970. Pedersen, H. T. Schmidt, and L. Vejby-Christensen, J. Phys. B
[5] D. S. Walton, B. Peart, and K. T. Dolder, J. Phys4B1343 29, L643(1996.
(197D. [25] H. B. Pedersen, N. Djuric, M. J. Jensen, D. Kella, C. P. Saf-
[6] B. Peart and K. T. Dolder, J. Phys.® 1497(1973. van, H. T. Schmidt, L. Vejby-Christensen, and L. H. Andersen,
[7] B. Peart, R. A. Forrest, and K. T. Dolder, J. Phys1B 847 Phys. Rev. Lett81, 5302(1998.
(1979. [26] H. B. Pedersen, N. Djuric, M. J. Jensen, D. Kella, C. P. Saf-
[8] B. Peart, R. A. Forrest, and K. T. Dolder, J. Physl® 2735 van, H. T. Schmidt, L. Vejby-Christensen, and L. H. Andersen,
(1979. Phys. Rev. A60, 2882(1999.
[9] B. Peart, R. A. Forrest, and K. T. Dolder, J. PhyslB L115 [27] R. D. Mead, U. Hefter, P. A. Schulz, and W. C. Lineberger, J.
(1979. Chem. Phys82, 1723(1985.
[10] T. Tanabeet al, Phys. Rev. A54, 4069(1996. [28] M. J. Travers, D. C. Cowles, and G. B. Ellison, Chem. Phys.
[11] L. H. Andersen, D. Mathur, H. T. Schmidt, and L. Vejby- Lett. 164, 449(1989.
Christensen, Phys. Rev. Left4, 892 (1995. [29] K. P. Huber and G. HerzbergdJolecular Structure and Mo-
[12] L. H. Andersen, N. Djuric, M. J. Jensen, H. B. Pedersen, and lecular Spectra. IV. Constants of Diatomic Molecul@gn
L. Vejby-Christensen, Phys. Rev. 38, 2819(1998. Nostrand Reinhold, New York, 1979
[13] L. Vejby-Christensen, D. Kella, D. Mathur, H. B. Pedersen, H.[30] H. Patridge, C. W. Bauschlicher Jr., S. R. Langhoff, and P. R.
T. Schmidt, and L. H. Andersen, Phys. Rev. 58, 2371 Taylor, J. Chem. Phy<€5, 8292(1991).
(1996. [31] T. G. Slanger and P. C. Coshy, J. Phys. Che#267(1988.
[14] R. W. Hart, E. P. Gray, and W. H. Guier, Phys. R&08 1512  [32] Atomic Energy Levejsedited by C. E. Moore, Natl. Bur.
(1957. Stand.(U.S) Circ. No. 467 (U.S. GPO, Washington, 1949
[15] E. A. Solov'ev, Zh. Eksp. Teor. Fix72, 2072 (1977 [Sov. Vol. 1.
Phys. JETRI5, 1089(1978]. [33] P. J. Bruna and J. S. Wright, J. Phys2B, 2197(1990.
[16] B. M. Smirnov and M. I. Chibisov, Zh. Eksp. Teor. Fi9, [34] E. C. M. Chen and W. E. Wentworth, J. Phys. Ch&$.4099
841 (1965 [Sov. Phys. JETR2, 585(1966)]. (1985.
[17] V. N. Ostrovsky and K. Taulbjerg, J. Phys.ZB, 2573(1996. [35] The nuclear wave functionsy] used to evaluate the overlap
[18] A. K. Kazansky and K. Taulbjerg, J. Phys.2®, 4465(1996. matrix elements were obtained by numerically solving the

032718-6



ELECTRON COLLISIONS WITH THE DIATOMLC . .. PHYSICAL REVIEW A 63 032718

Schralinger equation for the nuclear motion neglecting the San Francisco, 1991edited by L. Lizam&IEEE, New York,
effects of rotation. For the bound states, the vibrational wave 199)), p. 2811.

functions were calculated using the matrix techniques de{37] P. Tykesson, H. H. Andersen, and J. Heinemeier, IEEE Trans.
scribed by P. J. Cooney, E. P. Kanter, and Z. Vager, Am. J. Nucl. Sci.23, 1104(1976.

Phys.49, 76 (1981). The continuum wave functions were de- [38] L. H. Andersen, J. Bolko, and P. Kvistgaard, Phys. Rev.1A

termined as energy normalized wave functigsse, for in- 1293(1990.
stance, E. MerzbacheQuantum Mechani¢c2nd ed.(Wiley, [39] H. Danard, Nucl. Instrum. Method&335, 397 (1993.
New York, 1970, pp. 85—-88 and 231-233i.e., [40] W. A. Chupka, J. Berkowitz, and D. Gutman, J. Chem. Phys.
21 55, 2724(1971).
X(R,E)H\/% cogkR+dE)] for R—oe, [41] G. Herzberg,Spectra of Diatomic Molecule§/an Nostrand,

New York, 1950, Chap. VI, p. 321.
where u is the reduced mas&=(2uE)Y? and §(E) is a  [42] An absolute detachment cross section fof Qhat was not
phase shift. given in Ref. [26] has been measured at ASTRID to be
[36] S. P. Mbler, in Conference Record of the 1991 IEEE Particle 2.83<107'% cn? at 15 eV, which gives a corresponding dis-
Accelerator Conference: Accelerator Science and Technology,  sociation cross section of 2810 *® cn? at this energy.

032718-7



