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PHYSICAL REVIEW A 69, 060701R) (2004

S. Mondal and R. ShanKer
Atomic Physics Laboratory, Department of Physics, Banaras Hindu University, Varanasi 221 005, India
(Received 29 December 2003; published 16 June 004

The relative energy- and angle- dependent cross sections for emission of electrons framl&tule by
impact of 16 keV electrons have been measured. The angular distributions of ejected electrons are shown to
exhibit an oscillatory structure which is suggested to arise due to an interference effect. The condition for
interference effect for the present collision system has been examined and it is shown that the appearance of
interference pattern takes place above a threshold energy of 65 eV for the ejected electrons. The ejected
electrons producing an interference structure are suggested to originate from two atomic centers of a transiently
formed doubly ionized parent molecule, namelyéSFI’his extremely unstable ion suffers a Coulomb explo-
sion and gives rise to many singly charged stable radical and atomic ions. The time of flight mass spectrometric
results of our earlier workPhys. Rev. A67, 022704(2003] on partial ionization of SEFmolecule by impact
of 16 keV electrons are found to support the existence of these stable ions.
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lonization processes in molecular collisions with ener-an interference pattern at the backward angles
getic charged particles provide an ideal test ground to def(w/2< 6< ). Hence for high velocity of incident particles
scribe the fundamental interactions occurring in a multipar-vp~5o a.u.[6], the momentum transfer becomes minimum
ticle system. These interactions are found to play ano the target electrons and the soft collision gives rise to an
important role in astrophysics, plasma physics, thermopscillatory structure due to interference effect among the

nuclear fusion, and in studies of surface and matefllSn  gjected electrons. On other hand, as the binary encounter
the present work an effort is made to understand the ionizas,gcess involves a large momentum transfer to a “single”
tion processes occurring in molecules by impact of energetig, yiiqual electron of the target and produces a peak struc-
electrons. Study of energy- and angular distributions o

X q ol ; lecules by | ¢ “ture in the forward directiofif<<#/2) in the angular distri-
ejected electrons from molecules by Impact o en_erget'cbutions, obviously, it is not expected to produce two coherent
charged particles is one of the commonly used techniques Qectrons to cause an interference effect
shed light on ionization processes in such collisipas5|. :

i LR . g 60 MeV/u Kr***-ion-induced interference effect has been
Depending on the projectile’s velocity, structures in energy peorved experimentally by Stolterfolet al. [6] in the

and angular dl_strlbutlo_ns of ejected electrons are found .t%louble differential ionization cross sections of ejected elec-
c_hange accordlng to d'ﬁe“’r.“ rc_JIes played by various CO""trons from H molecule. In their work, they have shown that
SI0N processes in e_Ie_zctron ejection f_rom_ the target moleculegn oscillatory pattern on the energy distributions of the
[?tnb Ihgtsotf:\ CO”E"%” at”hlgh grol;_erc]:tlle cinetrgles. c?ln bedouble differential cross sections of the ejected electrons
attr Ee 0 drede ody co 'S'OT‘ ].' Tseh as prOJhQCA €S arises due to the interference effect and that it is independent
Mmay be regarded as a source o V|.rtua photons whic 9IVESf the ejection angle of the electrons. They have been able to
rise to the dipole transnlon; mvolvmg 'the transfer of a un'tsee this oscillatory pattern when they divided their double
angul_a_r momentum. The_ violent collisions at l_OW projectile differential cross sections by the corresponding theoretical
velocities give rise to binary encounter collision due to Aesults of Fainsteiret al [15]. In contrary to their own ob-
large momentum transfer of.the projectile to the Farg_et elec'servation, recently Stolterfolet al. [16] have shown that the
trons. A. general unde.rstandlng of _the electron ejection prog, pie differential ionization cross section of, fholecule
cesses in collisions with low velocity charged particles Wlthby impact of 68-MeV/u K#* ions follows an oscillatory

simple diatomic molecules is availab[8-14, wherein a pattern due to the interference effect among the ejected elec-

binary callision process _plz_iys a dom_mant role. When mo-y.,ns trom the target. This pattern was found to vary with the
mentum transfer by the incident particle to the target elec-

L . -~ ~“gjection angle of the electrons in agreement with their own
trons assumes a minimum value, the peaking approximatio

. ) . . . theoretical prediction§l6).
in the dipole interaction is generally applied. Under these The origin of interference effect of electrons ejected from

conditions, the ejected electrons carry the momentum transs giatomic molecule can be explained by considering the fact

taneous ejection of electrons from constituent atoms of

) L %jected simultaneously from two atomic centers separated by
molecule via soft collisions may add coherently and produc

Q finite distanceR,, they may interfere with each other, giv-
ing rise to an oscillatory structure in their angular distribu-
tions. Such an electron interference pattern may be compared
*Corresponding author; electronic address: with Young’s double slit experiment. The visibility of such
rshankerin2003@yahoo.com an interference effect has been discussed in detail by Walter
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and Briggs[17]. When two electrons are ejected with a mo-
mentumk from each of two atomic centers of a diatomic ; 16 keV e-SF,
molecule having a nuclear separatiBg, they will see the N\ sL Auger Peak

nuclear splitting only whek > Ral, i.e., when the de Broglie

wavelength associated with the two electrons is smaller thar - i)
Ro; otherwise, they will see essentially the two atomic cen-  '*"3 1N F-K Auger Peak
ters as one point. This consideration suggests that the ejecte ] 1] o’
electrons of high energy associated with smaller values of de3 102 N .
Broglie wavelengths are expected to show an interference§ ] P\/\ 0=75
structure more favorably in their angular distributions than 5 14 N S T :
those of a low energy. In order to explain the interference 3 10 M W
effect observed for the ejected electrons from two centers ofg 1 M ' '
a polyatomic molecule SFin the present experiment, we 7 10%; o U o0 PP,
determine the double differential ionization cross sections ¥ 0=138"
(DDCS) similar to the double ionization of atmolecule by 0% L A A e
one photon which are given by an expression following the 200 400 600 800 1000
model of Walter and Brigg§l7] as Ejected electron energy (eV)

do A% ah FIG. 1. Relative double differential cross sections of ejected

= |Tfi|2’ (1) electrons from Sgby impact of 16 keV electron as a function of

dkdkadK E ejection energy.

wherea is the fine structure constart, is the incident en-  \yare recorded in a multichannel scaliiglCS) mode of a
ergy of the projectilek, and k, are the momenta of tWO  pentium based 4K multi-channel analyZ8CA). Relative
ejected electrons relative to the molecular center of mass anghpje differential cross sections for electron emission were
K is the relative nuclear momentuniTy| is the BOm-  getermined by using a method similar to that described in
Oppenheimer transition dipole matrix element including bothg previous wor19]. The experimental uncertainty in the

nuclear and electronic parts. The angular distribution ofmeasurements of relative DDCS is estimated to be about
ejected electrons is governed by the electronic pafcdnd  20%.

it is proportional tog(k,+k,)2 co{%(kl—kz)-R] (see Ref. The relative double differential cross sections of electrons
[17]). Hence, in the angular distribution, the term ejected from 16 ke -SF; collisions have been measured
cosz[%(kl—kz)-R] gives an oscillatory structure. as a function of energy and their emission angles. Figure 1

atomic molecules, the momenta of two electrons ejecte@©SS sections are different for different angles of emission.
from two dissimilar constituent atoms of the molecule may ' N€ €nergy of ejected electrons varied from 40 to 1000 eV,

add coherently to give rise to an interference effect. A large/VNile their emission angles varied from 60° to 135°. Two

number of experimental works have been devoted to the ion@stmct peaks are found to arise in each spectrum of energy

o : : : distributions: one at about 120 eV and the other at 630 eV.
ization of diatomic molecule@.—la’ and of polyatomic mol- . These peaks are attributed respectively to S-L and F-K shell
ecules[13,14 by charged particle impact, however, no obvi-

) ; Ce Auger transitions.
ous signature of interference effect in ejected electrons from Angular distributions of electrons ejected with different

polyatomic molecules has ever been reported in the literasergies are shown in Fig. 2, which exhibit an oscillatory
ture. In this communication, we report for the first time an gy crure. This structure becomes more pronounced as the
oscillatory structure in the angular distribution of electronsgnergy of the ejected electrons is increased. It is noted that
ejected from a polyatomic gfnolecule under the impact of thjs oscillatory structure is well outside the experimental un-
16 keV electrons. This structure is attributed to an interfercertainties of the relative cross sections which are typically
ence effect of the electrons emitted from such collisions.  about 20%. Such a structure shows two peaks: one in the
The present experiment was carried out in our laboratoryorward direction(6< /2) and the other in the backward
using a 50 keV electron-atom and electron-molecule collidirection (7/2< <), whered is the angle of ejection of
sion experimental facility18]. A detailed description of the electrons with respect to the direction of the incident beam.
scattering chamber and that of the electron spectrometer hd$ie peak observed, in the forward direction, viz., ét
been given elsewhergl9]. The collisionally induced con- ~75°, is believed to arise from the “binary encounter”
tinuum and characteristic electrons emitted from a target gagvents between the projectile electrons and the orbital elec-
of SF; in the energy range of 40—1000 eV by impact of trons of the target molecule. The position of the binary en-
16 keV electrons were measured. The ejected electrons weg@unter peak appearing at andlgs, can be determined by
energy analyzed by a 45° parallel plate electrostatic analyzetsing a relatior{20]
(FWHM ~ 12%) equipped with a channel electron multiplier v
which could be positioned around the collision center at dif- Ogp= COS_l(_‘a), (2
ferent angles of emissioi®0° —1359. The energy spectra of Up
the ejected electrons as a function of their energy for differwhere v, and v, are the velocities of the ejected and the
ent emission angles with respect to incident beam directioprojectile electrons respectively. Using the values of the
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FIG. 2. Angular distributions of electrons of selected energies 1000 2000 3000
ejected from collisions of 16 keV electrons with gSfolecule. Channel number

FIG. 3. Time of flight spectrum of the gRonic fragments pro-

ejected electron’s velocity corresponding to energy : m
duced in 16 keV electron—3ollisions (Ref. [21]).

950 eV and that of the incident electron for our collision
system, the value ofigp is estimated to be 76°. The present
experimental binary encounter peak is found to lie at 75°Hence, the peak observed in the backward angle in the an-
These two values are found to be in a good agreement withigular distributions for electrons having energies 170 eV or
the experimental uncertainty of angular measuremerit®).  above is suggested to arise from interference effect.

The peak appearing at a backward angle, that is§ at The interference effect observed in the angular distribu-
~105° in the oscillatory structure, may be explained by con-tions of ejected electrons from §Folecules is qualitatively
sidering the cause of interference effect produced by tw@Xplained as follows: The two interfering electrons are con-
electrons ejected simultaneously during the collision fromsidered to originate from two atomic centers of g $fol-
two atomic centers of a doubly charged molecular ion of SF ecule during its double dissociative ionizatitiDI) events.
by impact of 16 keV electrons with GFnolecules as dis- The DDI processes responsible to yield different stable radi-
cussed in the following paragraphs. Similar angular distribu<cal ions of Sk molecule are supported by the findings of the
tion of ejected electrons from $Folecule was measured by work of Singhet al.[21]. In their work, they have obtained a
Toburen et al. [14] for proton impact with energy of time of flight (TOF) spectrum of various radical ions pro-
0.3-1.8 MeV. However, their spectra did not show up anyduced in 16 ke\e™-SF; collisions(as shown in Fig. 8 The
peak at a backward angle. Recalling the condition for appearFOF spectrum was recorded by observing the coincidences
ance of interference effect, a peak appears in the backwataetween the produced fragment ions and the simultaneously
angle on the angular distribution due to interference effecejected electrons of indiscriminated energies at an angle of
caused by zero momentum transfer of the fast charge particB0° with respect to the incident electron beam direction in a
(sayv,~50 a.u) [6] to the target electrons. It may be noted single collision condition. During the collision, it is sug-
that in the present experiment, the 16 keV incident electrongested that an extremely unstableéSt—édical ion is formed
correspond to a velocity of 38 a.u., whereas the proton profor a very short time, much less than picosecond, by impact
jectile’s velocity used by Tobureat al. [14] corresponds to  of 16 keV electrons with the SFnolecule. It may be pointed
only 8.4 a.u. At such a low impact velocity, the occurrence ofout here that during the ionic fragmentation ofgSiniza-
interference structure in the angular distribution of ejectedion of the parent molecule takes place first before it gets
electrons seems to be improbable. dissociated22]. The weak S—F bond is known to have a

From Fig. 2, it is also seen that the oscillatory structurebinding energy of about 4.38 eV. The time required to break
does not occur for electrons of very low energies, say, 60 eVthis bond is of the order of picoseconfiz3,24. When the
The electrons ejected with energies of 170 eV or greateBF:" ion is formed, it gets dissociated immediately via a
show an oscillatory peak which becomes more pronounce@oulomb explosion(CE) yielding different stable fragment
as the energy of ejected electrons is increased to higher vabns, namely, SE SF,, SF, SF, SF, S*, and F following
ues. Also, another condition for appearance of an interferthe first reaction channel:
ence effect for the ejected electrons is that the wavelength
associated with them should be of the order of or less than
the internuclear distance of the considered molecule from _ . .. _CE . _
which they are ejected. In the present case, the electrons areSfs + & — SR’ + 2+ &, SF + F' + (n— DF + 2,
considered to be ejected from two atomic centers, namely, of (33
S, and that of F of a SfFmolecule (S—F bond length
=1.54 A), the interference effect in the spectrum of angular
distribution of ejected electrons, is expected to occur forand in the second reaction channel ;SFSE*, SE* and
those electrons which have energies larger than 65 e\SF?* ions are formed:
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B . . CE . ~ be verified and identified from the TOF spectrysee Fig.
SF;+e — SF"+ 265+ e~ SR +nF+ 2, (3D  3). In the second channel, the 3&nd SE* ions are however
o _ o . _ not observed in the TOF spectrum; this may be due to either
where, €, &; ande; are incident, ejected and primary scat- yqir 0w probability of occurrence or due to their very short
tered electrons, respectively+n=6. It is to be noted that _|ite (imes. It may be mentioned here that, though the forma-
the double ionization of constituent S and F atoms of SF ;01 of stable ions, viz. SF SF, SE*, SE*, and $*, is well
molecule requires a larger amount of ene(te ionization oy 1ained by a hybrid mode{gee ‘Il?ef.[zzl]) it can not ex-
potentials of 8" and F* are 33.70 and 52.39 eV, respec- plain the formation of SE SF,, SF, S, and SE" ions,
tively) than for their simultaneous single ionizatiaise ion- oy ever. In contrast, the double dissociative ionization and

ization potentials of Sand F are 10.36 and 17.42 eV, re- i electron dissociative ionization mechanism explain the
spectively. Hence, before the S—F bond of theg3Rolecule formation of all these ions.

is broken, the transient formation of SHons takes place in " conclusion, we have observed for the first time an os-
a mo§t favofred chhannel by S|multa|;]eoushejefct|on %ftwo e|ec(:i|latory structure in the angular distributions of electrons
tronsh one from the S ato:cn and t ? otler rom the F atomyecred from SEunder the collisions of 16 keV electrons.
attached to S—F bond of a §Hnolecule representing a g gscillatory structure provides an evidence for an inter-
double- slit system. This conjecture is also supported by EGgrence effect occurring between two electrons simulta-
(3a). Thesz two elegtrogls m'Tfarlf_(la(re with eaCththef after tlhe¥1eously ejected from two centers of the constituent atoms of
are emitte from a double-slit-like §ystem._T € palr.i ofe eC'SFG molecule. For the present collision system, no theoretical
trons ejected from S and F atoms in creation of thg"S6h  ¢ajcylations are available to predict the interference structure
give interference pattern when they fulfill the condition for a 5 the energy or angular distribution of the ejected electrons.
constructive interference for a particular orientation between,,vever. a theoretical model for double ionization of a di-
R andk, andk,. Itis also observed from Eq3b) thatin @  5imic molecule by photon impact qualitatively supports the

2
less favored channel the unstablegSkon after Coulomb o0\ rrence of oscillatory structure for the observed angular
explosion yields different doubly charged ions ejecting twojistributions of ejected electrons.

electrons from the S atom of gRlone(see explanation in

Ref. [21]). These ejected electrons do not take part in the The authors are thankful to Professor Dr. R. Hippler and
formation of an interference pattern because they originat®r. R.K. Singh for their constant interest and valuable sug-
from a single center of the S atom during formation of vari-gestions in the work. The financial support by the Depart-
ous ions. The existence of stable fragment ions mentionechent of Science and Technolo@®ST), New Delhi, for con-
above, viz., SE (m=0-5 and F; SFr2n+ (m=0-5 ions, can  ducting this work is gratefully acknowledged.
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