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Excitation of vibrational levels of HF up to v=4 by electron impact
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Relative differential cross sections for excitation of vibrational levels of HF up=tal by slow electron
impact have been measured as a function of incident electron energy. Broad oscillatory structures converging
to the dissociative attachment threshold, already known i th@— 3 channel, have now also been observed
in thev =0—4 channel at energies above 1.8 eV. They appear at different energies in the two final channels,
revealing their boomerang character. They can be rationalized as a consequence of boomerang motion of the
nuclei, initiated either by a broad repulsive* resonance, or resulting from broad overlapping vibrational
Feshbach resonances. This observation complements results in other diatomic hydrides and reveals that boo-
merang structures are present in all members of the sede$X+H, F, Cl, Br), once thought to have no
structures of vibrational origin in the cross sections at low energies, because of the extremely short(bfetime
absencgof o* resonances. The shape of the 0—4 cross section differs from those of the lower channels
also near threshold—it has a weak shoulder at threshold followed by a rounded hump pe8&ineV above
threshold, whereas the cross sections foruhel —3 channels havéwithin resolution vertical onsets and
narrow peaks at thresholds.

PACS numbe(s): 34.80.Gs

[. INTRODUCTION study of HCI[16]. This instrument is particularly suitable for
the study of threshold features because the collimating action

Rohr and Linder[1] discovered unexpected threshold of the axial magnetic fieldabout 80 G results in a stable
peaks in the vibrational excitatidivE) cross sections of HF response function even for slow electrons. Its high sensitivity
and HCI. This discovery initiated a series of experimentalpermitted recording the cross sections up to the0—4
and theoretical studies of HF and other hydrogen halidedransition.
The experimental work on HF has been continued by
Ehrhardt and co-workers with a series of 1989 publications.

Knoth et al. [2] reported the elastic and the=0—1 cross

sections in absolute units at several scattering angles and The instrument has been described in Rgtg—19. It
found the angular distribution near threshold to be nonisotrouses a trochoidal monochromaf@0] to prepare a quasimo-
pic. Differential cross sections for rotational angc0—1  noenergetic electron beam and two trochoidal analyzers in
rovibrational state-to-state transitions were obtained byseries to select the energy of the scattered electrons. The
Radle et al. [3]. Cross sections for the=0—2 and thev electrons collide with a quasistatic gas sample in a collision
=0— 23 transitions were reported by Kno#t al. [4]. They  chamber. The instrument has been improy2d] with re-
discovered a deep structure 150 meV belowitked thresh-  spect to our earlier measurement of HCl—the slightly mag-
old and assigned it to a nuclear-excited Feshbach resonanoetic supporting rods were replaced by titanium rods, signifi-
(termed vibrational Feshbach resonance in the remainder @fntly reducing the “focussing” artifact. The experiment
this papel5]). Details of the study of the=0—2 and the involves sweeping the incident electron energy and simulta-
v=0—3 cross sections were given by Knathal.[7]. The neously the transmittance window of the electron energy
subject has been reviewed by Ehrhdi@lt analyser(i.e., the residual energg, of the detected elec-

A number of theoretical studies followed the discovery oftrons, keeping the energy differendée., the energy-loss
Rohr and Linder and only an incomplete list is given here.AE) constant and equal to the energy of the vibrational level
Vibrationally inelastic cross sections have been calculated bin question. The count rate of the scattered electrons is re-
Rudge[9] (close coupling and Rescignaet al. [10] (static  corded as a function of the residual electron energy, subse-
exchange An effective-range theory study has been per-quently corrected for the response function of the energy
formed by Gauyac@l1], an R-matrix theory study by Mor- analyzer, and finally plotted as a function of the incident
gan and Burk¢12]. A static exchange calculation was given electron energy. The relative magnitudes of the cross sec-
by Kutz and Meyel{13]. Vibrational excitation was calcu- tions are determined from an energy spectrum recorded at a
lated using a resonant approach by Fabriketrdl. [14]. A constant residual energy.
study of rovibronic excitation has been given by Timel The transmisivity of a trochoidal analyzer decreases with
et al.[15]. A detailed comparison of the experiment and theincreasing energy as a consequence of a decreasing solid
theory published until 1989 has been given in the publicaangle of acceptance. For residual energies above 0.1 eV the
tions of Ehrhardt and co-workers cited above. response function has been assumed to be inversely propor-

In the present study we measured the cross sections foional to the residual energy, as in our previous study of HCI
vibrational excitation with a magnetically collimated “tro- [16], except that a better understanding of the helium ioniza-
choidal” electron spectrometer, used already in our earlietion continuum spectrum as recorded with the magnetically
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collimated instrumenf22] led us to omit the arbitrary con- LBLELES BLALELELEN B LU BN BLELELEL I
stant factor of 0.15, which was included in the correction
equation of the HCI studyEq. 1 of Ref[16]). The response HF
function used for correcting spectra below 0.1 eV in present
study is derived directly from the helium ionization con-
tinuum spectrum, assuming that it is flat when the sum of
electrons ejected into 0° and 180° angles is recof@dl

The present procedure thus differs slightly from that used in
the earlier HCI study, the main difference being that it makes
the threshold peak about 20% higheelative to signal at
0.1-2 eV above thresholdhan the older procedure. The
confidence limits of the correction procedure is taken to be
+20% in the residual energy range 0.1-3 eV anh85%
below 0.1 eV. The spectrometer measures a superposition of
forward and backward scattered electrfb8,19. The angu-

lar resolution decreases with decreasing residual electron en-

Cross section (arb. units)

=0
ergy, as discussed in more detail in Rgf2]. B =l
The sample pressure plays a critical role in the present J ?
measurements. The very large total scattering cross section IR AT AR AR I
of polar molecules at low energies causes noticeable attenu- 0.5 16 15 20 25
Electron Energy (eV)

ation of slow scattered electrons and consequently a notice-
able attenuatlo_n_or disappearance of the threshold peak al- FIG. 1. Cross sections for vibrational excitation in HF, recorded
ready at surprisigly low pressures. Spectra were thereforgim, the magnetically collimated spectrometer. All cross sections
recorded at sucpeswely lower pressures_unul a pressure Wage shown on the sanfeelative) scale, but the curves for the higher
found below which the shape of the excitation functions noyiprational levels are shown vertically expanded as indicated by
longer changed. The pressure in the main chamber of th@ultiplication factors. The thresholds for dissociative attachment
instrument was then below the sensitivity of the cold cathodeind vibrational excitations are marked by solid vertical lines and
gauge, that is less than 10 mbars, indicating a pressure labels. Structures indicated by vertical dashed lines and the symbols
below 10 2 mbars in the target chamber. F,—F, are discussed in the text.

The energy-loss scale was calibrated on the HF vibra-
tional peaks, the residual energy scale was calibrated on @aining imperfections in the corrections for the response
sharp resonance feature in the excitation of tAE 8tate of  function of the different instruments, to some degree possi-
helium which lies at 22.64 e\fesidual energy 1.68 eVin a b|y also to different ang|es of observation.
0°/180° superposition spectrurh9]. It is accurate to within The shape of the present=0—1 cross section is com-
=30 meV. The temperature of the target chamber was aboyared with that of several calculated cross sections in Fig. 2.
60 °C. The excitation functions were measured at the peakshe theories generally agree well with the experiment in
of the vibrational bands, emphasiziag =0 transitions. The terms of qualitative features, that is a vertical onset, a narrow
resolution(monochromator and analyzer combihedas 60  threshold peak, a gradual fall of the cross section with a
meV, however, the instrumental band pass was thus compaownward sloped plateau, and a cusp atuke2 threshold.
rable to the rotational bandwidth, causing partial integrationThe calculations of Refg12] and[14] also reproduce cor-
over rotational transitions. rectly the weak peak at the=3 threshold. The relative
height of the threshold peak can be compared only qualita-
tively, because it depends on resolution, on the ability of the
instrument to detect very slow electrons, and on temperature.

The present VE cross sections are shown in Fig. 1. Th&Vith these limitations in mind, the calculations of Rdfs4]
shapes of the =0—1 andv=0—2 curves agree in essen- and[15] are seen to reproduce the relative height particularly
tial features with those obtained by Rohr and Linfigrand ~ well. The latter study is the only one to take the target tem-
Knoth et al. [4] (comparing with data not integrated over perature explicitly into account, although the present tem-
rotational transitions in the latter paper threshold peak, perature(~340 K) is slightly below that assumed in the cal-
followed by a gradual decrease and a steplike drop at theulation (400 K).
next vibrational threshold are found in all studies. There are The shape of the present=0—3 curve (Fig. 1) just
small differences, in particular in the shape of the0—1  above threshold differs somewhat from that of Knethal.
cross section. Rohr and Lindgk] report a very narrow peak [4]. The present curve has a shape very similar to that of the
followed by a plateau of flat or even slightly rising signal. v=0—1 andv=0—2 curves, with a quasivertical onset
Knoth et al. [4] report a wider threshold peak followed by and a peak followed by a downward sloped plateau. Theirs
signal gradually decreasing towards the step atitkel  has a more gradual onset and the shape of a nearly symmetri-
threshold. The present curve is intermediate in terms of theal, relatively broad hump. The two curves agree well above
width of the threshold peak, followed by a plateau of down-1.6 eV, however.
ward sloped signal. The differences are probably due to re- The threshold peaks have similar shapes in the lower
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FIG. 2. Comparison of the shape of the experimental0— 1
cross section with the results of various theories. Shown are: the F|G. 3. Detail of the cross sections for excitationwof3 and
present datdexp, heavy solid lineand the calculated curves of =4, Broken dashed lines indicate the shift of the structures in the
Gauyacd 11] (Gq, dash-dotted lineMorgan and Burkg12] (MB, two final channels shown.
dashed ling Fabrikantet al.[14] (FaKK, dotted ling, and Thum-
mel et al. [15] (TNP, thin solid ling. The calculation of Thmmel  nared to their spacing. Most importantly, however, they ap-

et al. is for target HF at 400 K. The curves are shown on arbitrarypear shifted at the two final channels and resemble in this
vertical scales, normalized at 0.9 eWThe normalization is only respect the boomerang structures of N
approximate to reduce congestion of linesn insert shows a mag-

nified view of the top of the threshold peak.
IV. DISCUSSION

three curves in Fig. 1 in terms of their vertical onsgtithin The downward steps and undulatory structures in the
resolution, their narrow widths(~90 meV in all three cross sections are doubtlessly due to the motion of the nuclei,
curves, and the subsequent drop of signal with graduallyand are thus of vibrational origin in a broad sense of this
decreasing slope. A steplike drop of signal is found at theerm. In the following we shall attempt a classification of the
v=2 threshold in thee =0—1 curve, about 30 meV below structures based on their experimentally observed properties.
the v=3 threshold in thev=0—2 curve, and about 150 It is well known, and has been described for example by
meV below thev=4 threshold in thev=0—3 curve in  Herzenberg 23], that the characteristics of the vibrational
agreement with the findings of Ehrhardt and co-workers. Astructure in cross sections depend sensitively on the autode-
weak peak is further found in the=0—1 curve about 30 tachment ratdi.e., lifetime with respect to spontaneous loss
meV below thev =3 threshold, that is at the same energy asof an electron of the negative ion resonances. A lifetime
the above mentioned steplike drop in he 0—2 curve. A substantially longer than the classical vibrational period re-
similar but broader weak peak is found in thhe 0—2 curve  sults in vibrational structures which are narrow and which
at the same energy as the steplike drop in the0—3 appealat the same energy in all final channéfswhich they
curve. An oscillatory structure is found in the=0—3  are observedthe terms “narrow” and “same energy” are
curve above 1.7 eV. meant within a typical resolution of electron scattering ex-
Thev=0—4 curve has not been reported previously andperiment$. This case is typically found for vibrational Fes-
its shape differs markedly from the three discussed above. hibach resonances, where the vibrational levels of the nega-
starts with a relatively broadl30 meVj, nearly symmetrical tive ion lie below the “parent” vibrational levels of the
hump peaking 80 meV above threshold. A weak shouldeneutral molecule. Autodetachment is slowed down by the
can be discerned on its left side, at the threshold energy. Thigct that it requires a simultaneous decrease of vibrational
hump is followed by an oscillatory structure similar to, but quantum number. Autodetaching vibrational levels of the
deeper than, that found in the=0— 3 curve. In spite of the 2Hg state[24] of O, may serve as an example; illustrating
differences, the shape af=0—4 curve may represent a figures can be found in the work of Linder and Schnjizf],
continuation of the trends found for the lower curves: themore recent spectra in R426].
threshold peak has become lower in relative intensity and In contrast, an autodetachment lifetime comparable to
appears as the shoulder at threshold; the plateau has risendlassical vibrational periodthe boomerang caseesults in
relative intensity and has become the hump. structures where the peaks have about the same widths as the
The structures above 1.8 eV in the=0—3 andv=0  valleys between them, and which appetdifferent energies
—4 channels differ from the narrower structures at lowerin different final channelsA prototype of this case are the
energies described above, as shown in the enlarged view imell-known boomerang structures of tﬁ@[g resonance in
Fig. 3. They have widths about equal to the widths of theN, [23]. The present results reveal that structures with both
valleys separating them, that is they are not narrow comeharacteristics are found in the VE cross sections of HF.
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24l HF (X'z") H+F potential curve extending beloR;, and the failure to observe
) _ / R bound HF experimentally are not necessarily contradictory,
, 0\ ‘ﬂﬁ"ﬁ—f‘_(lzf) however, since GarrefB0] has shown that molecular rota-
% g | A= ol tion smears out the dipole potential and a rotating HF mol-
‘% Ls _\;;'3'“ """" /7 “«F, ecule(even withJ=0) may not be aple to binq an eIectrpn_
g \- --------- 7<—F3 even when the potential curve, defined for fixed nuclei, is
= Lok \e=2 T bound. (On the other hand aery weakly bound _ele_ctron_
g / 2 could also be detached by the unavoidable electric fields in a
2 osk \e=tly /o & real experiment, preventing the observation of a very weakly
I 1 bound HF in a mass spectrometgr.
ok v =0 The inability of HF to bind an electron at shd®, may
seem to cause a problem with the assignment of the struc-
' 0'.5 110 1f5 2,'0 > tures Bb—F, to vibrational Feshbach resonances. The ques-
R-R; (au) tion arises whether structures bearing the experimental char-

acteristics of vibrational Feshbach resonances in the sense
described above can be found even without a bound negative
ion potential curve extending over a large range of internu-
clear distances on which the nuclear wave packet can move
back and forth many times to develop narrow vibrational
features. Theory does account for narrow vibrational Fesh-
As pointed out by Knotfet al. [4], the structures |5 F3,  bach resonances even on such negative ion potential curves,
and F, (Fig. 1) carry the characteristic of the former case and“open” at shortR, for example, in HC[31] and CHl [6].
may be assigned as vibrational Feshbach resonances. Tiige qualitative explanation is that the electron departs only
structure f is narrow, a width of 15 meV has been found in sjowly while the nuclear wave packet moves at sh@rt
the higher resolution experiment of Knagh al. [4]. It could  (where the electron is not boundand is recaptured with
also be assigned to a vibrational cusp, however, since it ifarge probability when the nuclei swing back to large
found at(and not below the energy of they=2 threshold where the electron is bound.
both in the experiment of Knotet al. [4] and the present  The present observation of boomerang structures above
experiment(within resolution. The structure Fis also nar- 1.8 eV in thev =0—3 andyv =0—4 channels of HF shown
row and has been found to lie slightly below the=2  in Fig. 3 indicates that autodetachment lifetime is short com-
threshold both in the experiment of Kno¢ al. [4] and the  pared to the classical vibrational period above 1.8 eV, pre-
present experiment. Furthermore, a structure is observed @énting the multiple back and forth motion of the nuclear
the same energy in two channelsz0—1 andv=0—2  wave packet required for development of narrow vibrational
(Fig. 1). It can thus be assigned as a vibrational Feshbackeatures. A qualitative picture involves a boomerang motion
resonance with the =3 level of neutral HF as the parent of the nuclei, where the outgoing nuclear wave packet is
state. The structure,Fs broader than fand F but still  reflected on the bound potential curve of HEt largeR and
narrower than the spacing betweendnd F, and has been nearly anihilated by fast autodetachment at sRofprevent-
found at the same energy in two channels;0—2, andv ing further reflectionsas indicated by the 180° bent arrow in
=0—3. It can thus be assigned as a broadened vibrationaig. 4.
Feshbach resonance with the=4 level of neutral HF as the The repulsive force required to set the nuclear wave
parent state. packet into outward motion could be provided by a repulsive
The situation is illustrated by the qualitative potential o* resonance, analogous to th& resonance in the proto-
curves in Fig. 4. The bound negative ion potential curvetype boomerang case,N (A quantitative calculation within
approaches the neutral potential curve from the right, thefhe nonlocal resonance model would presumably invoke a
proceeds nearly parallel with it, and energetically just belowpackfolding potential curve connecting the crossing point
it for a certain range of internuclear distances, and finallyand the repulsive part of the* resonance, similar to the one
disappears when the electron is no longer bound. We do n&hown in Fig. 3.7 of the review by Domck&2].)
have the means to determine at which internuclear distance An alternate explanation would view the boomerang
does the HF potential curve diasappear. The dipole momentstructures as a remainder of vibrational Feshbach resonances
function calculated by Werner and Rosm®/] indicated  which become broader with increasing energy until they start
dipole moment larger than critical and thus ability of HF to to overlap at energies above 1.8 eV. The increasing width is
bind an electron down t&R~1.5 a.u. A potential energy a consequence of increasing probability of electron loss at
curve for HF which lies below that of neutral HF at all the inner turning point, which moves to shorfmwith in-
geometries down tqR=1.65 a.u. was also calculated by creasing energy. The nuclear wave packet is nearly anihi-
Morgan and Burkg12]. On the other hand, the calculation lated at the inner turning point above about 1.8 eV and a
of Gutowski and Skurskj28] and the failure of Hendricks boomerang motion of the nuclei results. It may not be proper
et al. to observe stable HFexperimentally29] would indi-  to use the term of vibrational Feshbach resonances at ener-
cate that the bound part of the Hfpotential curve does not gies above 1.8 eV, however, since the boomerang structures
extend belovR,, the bottom of the HF curve. A bound HF  can no longer be associated with definite vibrational quan-

FIG. 4. Schematic potential curves of Kgolid line, with vibra-
tional levelg and the bound part of the HFpotential curvedashed
line), adopted from Refl4]. The boomerang motion of the nuclear
wave packet is indicated by a 180° bent arrow.
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below critical, that of H is zero; the polarizabilities of HBr
and H, differ dramatically. The only aspect common to all
molecules is a bound potential curve rising wiRlon which

an outgoing nuclear wave packet can be reflected, and fast
autodetachment at shoR, preventing multiple reflections.
(The situation in HCI and HBr is slightly complicated by
narrow outer well resonances superimposed on the broader
boomerang structurid4].)

Note that the boomerang interpretation can rationalize
qualitatively an interesting aspect of the observations: Clear
R Tl boomerang structures can be observed already ir the
0 1 2 3 4 . . .. .

Electron Energy (¢V) —1 cross section in HCI, but are not visible until the-0
—3 cross section in HF, angdl=0—4 cross section in

FIG. 5. lllustration of the boomerang structures in the four di- Franck-Condon(FC) principle has the consequence that
atomic hydrides HBI{35], HCI [34], HF (present work and B higher final vibrational levels are excited by transitions at
[36]. Elastic cross section is shown for HBr, where the structure igarger internuclear distances, that is closer to the stabilization
Ioca_ted below the lowest vibrational excitation threshc_>|_d. The Cros$oint, whereas transitions to lower final levéésg.,v =1 in
sections for HF and Hare shown for the lowest transitions where HF or H,) occur at shorter internuclear distances, farther
clear boomerang structure is observed. away from the stabilization poiritzertical arrows in Fig. %

The amplitudes of the outgoing and the reflected waves are
tum numbers and the parent-daughter relation inherent to theery different at a point far on the left of the stabilization
definition of a Feshbach resonance is lost. point (thus precluding interferengesince the wave packet

Rescignoet al. [33] and Morgan and Burkgl2] did not  has to travel longer on parts of the potential curve with fast
find evidence for a resonance below 3 eV in thairinitio  autodetachment. The amplitudes of the outgoing and the re-
calculations, and their result would thus favor the latter exflected waves are similar at &R close to the stabilization
planation of the boomerang structures. A slow rise of thepoint, permitting interference and thus deep structures in the
eigenphase sum due to a very broad resonance could be hickoss sections for excitation of high vibrational levels. The
den under the background eigenphase sum, which drops raptabilization point lies far from the FC region in molecules
idly with energy in theab initio calculations, however. with DA threshold high in energysuch as H or, to a lesser

Finally, it appears to us that the two explanations havelegree, HF, it is close to the FC region in HBr or HCI.
many aspects in common and need not be mutually exclu-
sive. The “extra” electron is located near the H end of the V. CONCLUSIONS
HF molecule in both cases, because of the larger coefficient
of the o* orbital at the H atom in the one case, and because Structures with two different qualitative characteristics
of the binding by the positive end of the dipole in the other.&r€ fqund in the vibrational excitat.ion cross sectio.ns in HF.
In both cases is the electron temporarily bound in the vicinityRelatively narrow structures ¢FF, in Figs. 1 and #in the
of the HF molecule, causing the vibrational excitation. Theform of downward steps or weak peaks are found below 1.8
temporary binding is caused by a centrifugal barrier due t&V With the final channels up to=3. We agree with the
the (smal) contribution ofp wave in the case of a broagt  conclusion of Knothet al. [4] that their properties justify an
resonance, and by the recapture of the departing electron gsignment to vibrational Feshbach resonances. N
the vibrating nuclei in the case of overlapping vibrational Structures above 1.8 eV in the cross sections for exciting
Feshbach resonances. The reality may well include both ag-=3 andv=4 are broader and appear at different energies
pects. in the two channels. They thus resemble the structures

The present measurement of HF complements the da@used by the’Il, resonance in hland we consequently
available for a series of related compounds. Their compariassign them to boomerang motion of the nuclei, reflected on
son, shown in Fig. 5, reveals undulatory structures with strikthe bound part of the HF potential curve(Fig. 4) and sub-
ing similarities and continuous trends in the three haloger$equently anihilated by fast autodetachment at sRofthe
hydrides up to HBr and even in Htself. Boomerang struc- nuclei could be first repelled by a broad" resonancein
tures are now seen in four compounds, once thought to hav@nalogy to ther* resonance in the prototype boomerang
resonances too short lived to cause structure of vibrationglase N), or the boomerang structures could emerge from
origin. The similarities of the spectra strongly suggest thabroad overlapping vibrational Feshbach resonances, without
basically the same physical mechanism is operating in allhe necessity to invoke a* resonance. Boomerang struc-
four molecules as far as boomerang structures are concerndtres are thus observed in a molecule with potential curve of
We thus assume that the fundamental cause of the structuré¥e negative ion substantially different from that of the pro-
must be a property of the target which is common to all fourtotype N, case and theoretical work on the excitation of the
molecules. higher vibrational levels of HF will be required to provide a

The same type of structure is observed in spite of the factlear physical picture of their origin.
that the dipole moment and polarizability vary widely: the A systematic view of phenomena encountered in electron
dipole moment of HF is supercritical, those of HBr and HCl scattering in diatomic hydrides is obtained when the present

Cross section (arb. units)
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data are combined with earlier results. In particular boomeref boomerang structure in the elastic cross sedt@%).)

ang structures converging to the dissociative attachment Finally we point out that since the widths and exact ener-
threshold are seen to be no exception, they are found in aflies of the structures are of central importance, deeper in-
four compounds shown in Fig. 5. An interesting trendsight could be gained by experiments utilizing photoioniza-
appears—the boomerang structures are prominent already fion electron beam sources having sub-meV resolyiin

the elastic and the=1 channels in HBr and HCI, but only

in progressively higher vibrational channels in HF ang H
This trend can be rationalized qualitatively as a consequence .
of an increasingly longer path and consequently longer time We thank W. Domcke, J. Hocak, M. Gzek, J.-P. Gauy-
which the nuclei have to travel to reach the stabilizationacq, and I. I. Fabrikant for enlightening comments. The ex-
point, and thus go hand in hand with the decreasing crosgerimental part of this study could not have been realized
section for dissociative electron attachmet.related par-  without the technical assistance of M. Brosi and P.-H. Chas-
allel has been found in the HBr/DBr pair between the mag-sot. This research is part of Project No. 20-53568.98 of the
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