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Interference effects in double ionization of spatially aligned hydrogen molecules
by fast highly charged ions
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Cross sections differential in target orientation angle were measured for 19 Rte\DF collisions. Multihit
position-sensitive detectors were used to isolate the double-ionization channel and detepogteriorithe
full momentum vectors of both ejected*Bragments. A strong dependence of the double ionization cross
section on the angle between the incident ion direction and the target molecular axis is observed 3vihla
enhancement for molecules aligned perpendicular to the projectile axis. This clear asymmetry is attributed to
interference effects, analogous to Young’s two-slit experiment, arising from coherent contributions to the
ionization from both atomic centers. The data are compared to a simple scattering model based on two center

interference.
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I. INTRODUCTION tron from the bound molecular state to the continuum is a

A fundamental result of quantum mechanics is the Wave_many—body process. Therefore, not only can the energy
like behavi £ particl '?h lassi ifestati £ thi transferred from the projectile vary, but so can the distribu-
Iké behavior of particles. The classic manitestation of iSyjq, of this energy to the constituent target nuclei and elec-
behavior is the interference between two particle waoes

iatel ol d itseif the Vi , trons. Furthermore, this distribution of energy is frequently
more appropriately, a particle and itslfi the Young's two-  ¢aqsified as resulting from either binary or dipole mecha-
slit experiment[1]. As early as 1966, Cohen and Fano

ted h imole h | i . lecul nisms[8,9,14-16, and although both mechanisms may con-
pointed out that a simple homonuclear diatomic moleculgyy e to the total ionization yield, it is only the dipolelike
provides a natural two-slit system for electron emis§®p .o <itions that contribute to the interferer/@17,18.

Recently, this concept has been used to explain some aspectSgecqyse of these difficulties, explorations of interference

of ionization of diat_omi_c molecules by intense Ias_,ers, SPeCifinttects in collisions with Hand H; have historically focused
cally that destructive interference of the outgoing _ele_ctrqnon electron capturg7,19-23 and related transfer ionization
waves from the two molecular centers suppresses |on|zat|0£é 24) channels Heré the captured electron undergoes a dis-
In some lcas],ce53]. Thg:- sarfne mlech;amlsm h_a; beeg.pr.?pose rete transition that circumvents the difficulties discussed
as an ultrafast probe of molecular momﬁ 9. Similar . above. Only recently did electron spectroscopy measure-
strong fields are present in the interaction between a fast oM ents by Stolterfohet al. [8] show evidence for interference

_and a molec_ule_, and a variety O.f _phenor_nena attributed Qe s i electron emission from,Horoduced by ionizing
interference in ion-molecule collisions might be expectedjigjons. Two features of that work helped overcome the
[6,7]. However, until recentlyj8—11], there had been no di-

. . . A difficulties described above. First, the fast, highly charged
rect evidence for interference effects in the ionization of a(60 MeV/u Kr3*") projectiles used were well approximated
molecule by ion impact or other strong fields. . by a field of virtual photong14-14. Therefore, since the

Interference effects have, however, been studied in th

Butgoing electron energy was measured, the effective ener
single photoionization of K[2,12,13. In this case, the elec- going 9y ' 9y

of the virtual photon was known, overcoming factctk)

tron is ejected via a c_hpqle tran{smo.n from *?Oth centers SFabove. Second, the electron emission was measured at for-
multaneously. For ionization by ion impact, interference ef-

e ward and backward angles far from 9[8,16]; in these re-
fects are more difficult to observe for two reaso(fs: The g 5,16

" gions the dipole mechanism dominates, overcoming factor
momentum(or energy transfer from the projectile can vary ) rojiow-up experiments have extended these measure-
over a wide range and is in general unknown, washing ou

. . ! L2 ents to include different projectil¢$0] and examination of
any interference effect in the total cross section. In pr|nC|pIeUlependence on the electron emission afig]e Very recent

%h's can b? o;/hercome W'tth d/lfferent|at1l me?suremellwts VIVher?results have even refined the technique enough to reveal
or example, the momentum/energy transfer or molecule orig.ond-order interference effeds].

entation is known. Furthermorg) the transition of the elec- In the present article we report a strong asymmetry in the

double-ionization cross section differential in the precollision
angle of otherwise randomly oriented holecules. Using a
*Electronic address: landers@physics.auburn.edu momentum imaging technique, rather than electron spectros-
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copy, we have measured the emission angles of ejected D ® @
fragments following collisions with 19 MeV# ions. In this 50 15.00
case, we have restricted the energy of one of the ejected
electrons to less than 100 eV so that the dipole contribution
to the ionization cross section is dominges verified by a 01 | 13.00
simple Born-approximation calculatipn The observed
double ionization cross section is found to 6.5 times
stronger for molecules oriented perpendicular to the ion g X 11.00
beam direction than for those parallel to the beam. We inter-

254 14.00

12.00

; . X DR 10.00

pret this asymmetry as further evidence for interference ef- 50_(b) ]
fects in the ionization of hydrogen molecules. e e 9.000
A characteristic of the electron spectroscopy wBk11] 251 —

is that the evidence for interference in the electron spectra is

D* Fragment Momentum (a.u.)

subtle, and oscillations arising from the interference effects 7.000

are identified only with the help of significant theoretical 6.000

efforts [8,18,25-27. In contrast, once the double ionization

channel is isolated, the asymmetric angular distribution pre- 5.000

sented here is easily visible in the raw data. Furthermore, a 4.000

simple scattering picture based on two-center interference

agrees nicely with our experimental results. q 3.000

IIl. EXPERIMENTAL APPROACH . 2000

Our data were obtained using cold target recoil ion mo- = % ,"‘-J! 1000

mentum spectroscogCOLTRIMS), which by now is a well -501 gt 0

established experimental techniqy28-30. A beam of ez

19 MeV P* ions from the KSU tandem Van de Graaff ac- HoE) B M E

celerator intersected a beam of &merging from a two stage D" Fragment Momentum (a.u.)

supersonic gas jet. The resulting recoiling target ions and
electrons were extracted by a static transverse electric fieI]qa
and detected by 80 mm diameter position sensitive detectorrﬁ

e_qUIpped. with multihit delay'“n? a_nOde{sl_]' A mag,net'c Py, corresponding to the extraction field vs gas jet directionsP,
field applied parallgl to thg electric field .radlglly confm_ed the,q P, corresponding to the ion beam vs gas jet directions, (and
electrons to a helical trajectory, resulting inr4ollection  p s p, corresponding to the ion beam vs extraction field direc-
efficiency restricted to energies below 100 eV. The electroRigns. The long arrow through each ring represents the ion-beam

time-of-flight was measured relative to the bunched projecgirection, making clear the fragment distributions peaked perpen-
tile beam, and the longer recoil flight times were, in turn,dicular to the beam.

associated with a particular electron using event mode data
collection. We isolat_ed th'e dpuple ioniz'atic.)n (':hannel' frqm IIl. RESULTS AND DISCUSSION
the more probable single ionization and ionization-excitation
events[32] by requiring a triple coincidence between both  The resulting momentum distributions in the laboratory
molecule fragments and one electr@d*+D*+e”). Since frame are shown in Fig. 1. In each frame, the momentum of
only one of the two continuum electrons is measured, onlythe D" fragments is shown projected into each of the three
the energy of this electron is restricted to less than 100 eVplanes defined by the experiment geometry, whér¥, and
while the second continuum electron may have any valueZ correspond to the field, gas-jet, and ion-beam axes, respec-
Transfer ionization, a competing channel that also results itively. Atomic units are used throughout unless stated other-
two recoil ions and an electron reaching the continuum, igvise. In each case the momentum vectors shown are re-
much less likely than double ionization at these projectilestricted to 17.4° from the associated plane. Thevs P,
velocities and does not contribute significantly to the presendistribution reflects the cylindrical symmetry of the collision
result[22]. system. Furthermore, siné¥ is measured via time-of-flight
From the position and time-of-flight information re- and Py, via fragment position, this symmetry provides a
corded, the complete coincident vector momenta of one elegheck for the correct conversion to momentum space along
tron and both D fragments ions are reconstructed. Both re-both axes. However, the, vs P, and P, vs P, distributions
coil ions are used to calculate the final fragment momentunshow a strong angular anisotropy with respect to the beam
in the center-of-mass frame. Because the collision and diss@xis. This result is reflected in both slices, evidence that the
ciation times are much shorter than the rotation time of theeffect is due to the physics of the interaction and not an
molecule, the molecule fragments are ejected along the préastrumental artifact.
collision internuclear axis. Therefore, the alignment of the In Fig. 2, we plot the measured differential cross section
molecule can be inferred from the fragment momenta meafor double ionization as a function of @, where# is the
surement. angle between the molecular axis and the projectile beam.

FIG. 1. Fragment momentum distributions in the laboratory
me. The ion beam is propagating in thdirection. Slices of the
omentum distributions are presented along three plaag®, vs
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T T tion of D, by 2—16 MeV @*, finding little dependence.
800 - §§§§ i They did, however, observe that the cross sections for trans-
fer excitation and transfer ionization depended on the mo-
lecular alignment. These results were interpreted using the
arguments developed by Wang and McGuijg8,24 for
electron capture from H In this single-electron process, the
amplitude for capture is the sum of the amplitudes for cap-
ture from two hydrogen atoms, to be added with relative
phasedR whereq is the projectile momentum transfer and
R is the internuclear position vector. As the projectile scat-
tering angle was not measured, the experiment and calcula-
tion both integrate over the transverse componerd. afhe
longitudinal component ofj (q,) remains, and the factor

do/dcos(9) (Counts)

0 €9z gives rise to the interference term. For capture,
. T . . . . .
-1.0 -0.5 0.0 0.5 1.0 Q v
cos(0) Q= -2, (1)
vp 2

FIG. 2. (Color online Cross section for double ionization as a WhereQ is electronic energy transfer of the reaction. For
function of co$6), whered is the angle between the molecular axis jgnization

and the ion beam direction. The solid curve is the fit to the data as
described in the text. €§—75

Q=—", (2)
The cross section is about a factor of 3.5 higher ai @os Up

=0 thap ?t C.O(SB):L indicating a strong preoference for whereg is the binding energy of the target electron dnid
double ionization to occur for molecules at 90° to the beam[he momentum of the continuum electron

direction. The solid curve is a fit based on a simple interfer- | " o o ca of captur® is fixed (and thereforeg, is as

ence model discussed later n the. tex.t. . . well), since the electron transfers from a single initial state to
The strong asymmetry evident in Figs. 1 and 2 is particu-

) A . . a single final state. Thus, Chergg al. concluded that the
larly interesting in that the cross section maximizes for mol- ; ve f dicul > b
ecules oriented perpendicular to the ion beam. This is conNterference was constructive fog perpendicular ta, but

trary to similar past measurements and predictions. Multiplémt for any other angle, explaining their results for two elec-

ionization of diatomic molecules does indeed frequently de/On Processes in which one electron is captured by the pro-

pend on#, as shown by Lutz and co-workers in a series ofJeCt'Ir?' Vi . h .
papers focusing on ionization resulting in multiply charged The nearly isotropic measurements of the cross section for

fragments[33]. Their results, however, show that for some dhouble ionization of [ madle.bydChenﬁ and co-workers in
values of projectileZ/v, certain multiple ionization chan- the same work6] was exp ained, at t e time, as a conse-
nels of N, and CO are peaked near ¢85 +1.0. This is duence of the range @ values inherent in an electron tran-
explained in the context of a statistical energy depositiorF"t'tOn r;{o the Cot?]t'??#m washing OL_’t anty I:nterfetr)(lanfe. we
model. Our results are qualitatively different, since they ar ote, however, that they were experimentafly unable 1o sepa-
peaked at cq®)=0 and the D targets used in this work have rate the. do_m|r_1ant |o_n|zat|on-ex0|tat|qr$2] channel from

far fewer electrons. The energy deposition model is IikelydOUbIe '|on.|zat'|on. Given th_e strong dependerjce of the
better suited to molecules with multiple shells, where thedOUble lonization cross section on _mo_lecular alignment in
ionization of many electrons happens at small impact paramQur results, where the double ionization channel can be

eters and can be attributed in part to relaxation of core Vagle:_inly isolated, It seems plausible that & more carrect expla-
ation of the earlier data would be th@tand g, were, on

cancies via Auger decay. Furthermore, classical calculation@vera e t00 small to produce interference effects. For double
by Wood and Olson predict a nearly isotropic dependence fof g¢, P )

the double-ionization of Kby a variety of projectileg34]. ionization, which is isolated in our experimeng@can easily
These considerations suggest that the present effect might S\Qproaqh 100-200 ev when one adds the Franck-Condon
due to the gquantum-mechanical nature of the ejected elec}j.—OUble lonization energy to the sum en_ergy of the two con-
trons, resulting in interference. inuum electrons. This value @), Wlthavp—6.3, results irg,
There are other reasons to attribute our results to an inteff about 1.0-1.1 atomic units, amg-R of order unity. This
ference effect. As has been pointed out previo(8lyinter- 1S large enough to resglt in considerable destructive interfer-
ference effects arise primarily from the dipoler three ence of amplitudes foR oriented alongy,.
body) part of the collision. Our COLTRIMS apparatus is  We may model our situation as in the work of Braunetg
well-suited to detection of the relatively low energy electronsal. [20], in which they measured charge transfer in collisions
that are predominately produced via dipole, or photoionizaef H," with HE** and AP+, where they adapted the result of
tionlike collisions. Shingal and Lin35]. Here it is assumed thét) the collision
The work of Chenget al. [6] examined the role of mo- time is much smaller than the rotational period of the mol-
lecular alignment in double ionization and ionization excita-ecule, which av,=6.32, is satisfiedii) Electron capture by
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the projectile is negligibld22]. (iii) The wave function for -

D, is approximately the same as that for two D atoms sepa- do(6) = f P(6,k){1 + co§ql’R cog )]}

rated by the internuclear distan&(=1.4 for D,) [36]. By

representing the one-electron, vave function as a linear X P(#, E<2)){1 + coiq(zz)Rcos(a)]db}, (10)

combination of atomic orbitals ) o
where (1) and (2) denote the first and second ionization

v, = w, (3) events andy, is related tok by Eq.(2). If we take an average
V2 value gy, then integration ovek® andk® yields
one arrives at a one-electron amplitude for the bound to con- 9) = 11 + co$aR cog §) 2 11
tinuum transition, which is the coherent sum of individual o(0) = oatomd 3R cosO)F)- (43
amplitudes corresponding to emission from each center The solid curve in Fig. 2 is a fit to the data with Eq1).
Using the longitudinal momentum as a free parameter, we
an = i-[a(BA) + a(BB)e—iqu cog0)] (4) obtain a value ofj;=1.1 for the fit. Using Eq(2), this mo-
b2 ’ mentum transfer corresponds to a total average energy trans-

R R fer well in excess of 100 eV for each of the successive ion-
whereb, andbg are the impact parameters associated withization events. This surprisingly large number suggests that
each target centeR is the internuclear separation, aggis ~ while the above model qualitatively describes the data quite
the longitudinal momentum transfer as discussed abovéyell, better quantitative calculations are necessary for a full
Therefore, the probability as a function of both impact pa-understanding of the present results.
rameters, the internuclear vector, and longitudinal momen-

tum transfer is given by V. SUMMARY

P(6,ba,bg) = %|a(bA)|2+ |a(bg)[? We observe a strong dependence on molecular alignment
in the cross section for double ionization of, Dy fast,
+2 Re{a(BA)a(BB)cos{qu codd)]}. (5) highly charged ions. We attribute these results, which are
apparent in the unmodified raw triple-coincidence data, to
Assuming that the collisions take place at impact parametergouble-slit type interference effects. Our results complement

larger than the internuclear separation earlier electron spectroscopy measurements, which also
- - - showed interference effects due to the two center nature of

|a(ba)|* = [a(bg)|* =~ |a(b)[?, (6)  the target. Those data, however, required considerably more

R ) detailed theoretical interpretation than the results presented

P(6,b) =|a(b)|*{1 + co$q,R cod 6)]}, (7)  here. The data were in qualitative agreement with a simple

two-center interference model.

do(0)=| P 0,5db:d 1+cos$q,Rco96)]}. (8
o(6) f (6.b) oal 39 O ® ACKNOWLEDGMENTS
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