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Fivefold differential cross section of fast(e,2e) ionization of H,, D,, and T,
by a Franck-Condon approach
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The fivefold differential cross sections of the simple ionization of hydrogen, deuterium, and tritium diatomic
molecules are determined by the use of one-center Coulomb continuum wave functions describing the slow
ejected electron. Vertical transitions from the lowest vibrational state of the fundanﬁE@tatate of the target
to the vibrational levels of the fundamen?ﬂg state of H', D,", or T," are considered. The results obtained
for two different energy resolutiond and 3 eV show that the difference between these three species should
increase with a decrease of the energy resolufist050-2947®9)04410-§

PACS numbeg(s): 34.80.Dp

INTRODUCTION ing the diatomic system at a given internuclear distance. This
appears to be a good compromise that makes the introduction
Simple ionization of atoms by electron impact is one ofof the vibrational effects possible in an adiabatic regime.
the important processes of atomic physics. Besides its fun-
damental aspect, especially in the study of the electronic
structure of the target, it is a powerful tool for the study of
the mechanisms of ionization itself, whose comprehension The system of axis used for our study is defined in Fig.
becomes important in many domains such as plasma physict@. The origin coincides with the center of the diatomic
fusion experiments, and even in the study of ionising colli-molecule and the axis is taken parallel to the direction of
sions on living mattef1]. the impinging electron. The vectofs R, F;, andf, shown
(e,2e) experiments, which are simple ionization experi-
ments with coincidence detection of the scattered and th-
ejected electron, have been performed for many atomic ta
gets in the domain of the electron momentum spectroscop
[2] and for lower incident energy values for symmetric and
asymmetric situationg3]. This has permitted the verification
of the different theoretical models propoddd, especially in
the description of the correlated electronic continudh K
In spite of the fact that it is easier to obtain diatomic
targets, which exist naturally in gaseous form,2g€) experi-
ments are less frequent on diatomic systd®d] than on
atoms. The basic reason for this is that very-high-energ
resolution is necessary to distinguish between the levels ¢
the residual ionFig. 2). From the theoretical point of view
one has to underline that the basic two-center Coulomb wav
has not yet found an appropriate expression, although th
exact solutions of the corresponding two-center Sdimger
equation that is separable in spheroidal coordinates hay
been largely studied for the positive energy donm@n10.
The aim of the present work is to realize a comparative
study of the €,2e) ionization of three isotopesiD,, or T,
to show for further experimental applications the similar and g
particular aspects of their multiply differential cross sections”
in the case of high incident electron energy val(ekeV).
Assuming that vertical transition§ig. 2) between the low-
est vibrational level of the fundament&E 4 electronic state FIG. 1. () The reference frame with the different wave vectors
of Hy, D, or T, and all the vibrational levels of thé, k., andk, representing the incident, scattered, and ejected elec-
electronic state of b, D,", or T,", respectively, are pre- trons, respectivelyds, §, denote the scattering and the ejection po-
ponderant, one can express the multiply differential crossar angles, respectively, angd, the azimuthal ejection angleb)
section of an ¢,2e) reaction as the product of an electronic The different position vectors of the incident and the bound elec-
transition matrix element and the probability density of hav-trons with respect to the two nuclei.

THEORY

(1a)

(1b)
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on Fig. 1b) define, respectively, the positions of the nuclei, fined above are negligible with respect to the direct term,
the incident electron, and the two target electrons. We admitvhich we will write in the following form:
that the ionization process of a diatomic system by fast elec-

trons is purely an electronic transition for a givéand write o eksR
the sevenfold cross section for ae,Ze) experiment as fol- ti(p)= WG(keJl)@lsog(rz’P)
lows: o
iK;-R
" _ d’c XV W¢12+(rlsr21P)>- (6)
70T d0,d0 A0 d(K22) ’

. Here the fast incident and the scattered electron are described
24,|= 20 (p)|2te(5)[2, by plane-wave functions. The diatomic target molecule in its
f p*dp|En (P)I"1On (Pt ()] ground '3 state is given by a Heitler-Londof12] type
1) wave function:

_ (277)4keks
= T

where Q,, Q,, and Qg represent, respectively, the solid (blz;(p'rl’FZ):N(P){e_arlae_arzb"'e_arlbe_“rza},

angles corresponding {& to the ejected electron, and to the (7)

scattered electrork; ks, k. are the moduli of the wave vec- i _ o _

tors[Fig. 1@)]. |Enf(P)|2 and|®, (p)|? represent the prob- obtained by applying a variational method. In the final state,
| ) :

ability densities of having the nuclei at a given relative dis- V€ describe the ejected electron as{I$] by a Coulomb

tancep in the final vibrationah; state and initial vibrational wave function of the form

n; state. Finally,t{;(p) represents the habitual electronic R el(=mv/2) o
transition matrix element given by the first-order term of the C(k,r,y)= Wl’(l—w)e'k"

Born approximation:

- - X - +ko 1

()= (Vi GRADNVVGRAILG). @ Falydiziliertieny —©

_ in such a way that

Here the integration runs oveék, r;, andr,. V¥, and R R

V. are the wave functions that correspond, respectively, to G(Ke,M1)=C(Ke,l1j,y) (9

the initial and final electronic states of the system for a given ) ) o

value of. V represents the interaction between the incidentVith 1) =T 14 0or r 1, [Fig. 1(b)] depending on the initial cen-

electron and the targéFig. 1(b)]: ter of the ejegt(_aq electrofl3,14 anq v= —_a/ke. Thi§
choice of the initial-state parameter in the final state is
z Z 1 1 justified by the fact thate represents approximately the
V=R~ R—b+ ?JF [ (3)  charge of the two screened nuclei in the asymptotic limit.
a P P

More, it allows us to avoid the calculation of very cumber-

We designate the ionization potential for a given transi-Some terms in Eq(6), which, as we verified separately, are
tion by I . which satisfies the energy conservation: always negligible for all values of. Replacing these expres-

fo sions in Eq.(6) we obtain
1t
Ei_lnf,ni+Es+Een (4) . N(p) . .

ti(p)= (ZT)s{Pa(P)Jpr(P)} (10
where E;, Eg, and E, represent, respectively, the energy
values of the incident, scattered, and ejected electrons. Nowy:
if in a given (e,2e) process the orientation of the molecule is
not observed, one must average on all possible moleculary (=— oik-Ro(k. 7 ® P V]e @1ag= @2
orientations. Equationl) then gives the fivefold differential Pa(p)=( (Ke:M1a: V)P (F20p)] V] (>1’1)
cross section for a given transition:

Ao 1 wherek=Kk; — ks represents the momentum transfer.
o == _J degg) N (5 The bound electron of the residual ion,His also de-
thdQedQd(ks/2) 4w o scribed by linear combination of atomic orbitdlss]:

The electronic transition matrix element of ae,4e) reac- D, (F,p)=M(p){e Fat+e Fb}, (12)
tion for two electron targets is treated by Sch[d4]. This s9

results in three types of terms corresponding to the directhe expressions qi,(5) andp,(5) obtained in the Appen-

term, where the scattered electron has the same label as thg permit us to write the electronic transition matrix element
incident one, the exchange term, where the ejected electrqp the form

has the same label as the incident electron, and finally the

“capture” term, where the index of incident electron is at- o .. 2N(p)M(p) L Py . . o
tributed to the bound electron of the residual ion. ti(p)= “(mvae k- 5] (ke k=ke,7,0)

In the cinematically asymmetric situations & E,) stud-
ied in this paper, the exchange and the capture terms as de- x{JI(B,a)+I(0,8+ a)} (13
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3 TABLE I. The ionization energy values from the fundamental
055 [123) s _ state of H, D,, and T, to the corresponding vibrational levels of
y o 10y H,", D," and T,".
’5 10 C— ¥ n,=0—n; lonization energies,; (a.u.)
% -1.05 “ 4 > T
5 \ 0 0.567 149 0.568513 0.569116
o ‘\ y H: ‘p" 1 0.577 137 0.575701 0.575034
g .10 + a - 2 0.586 544 0.582593 0.580 753
3 0.595 391 0.589198 0.586 279
s - a= = 4 0.603 692 0.595522 0.591614
- J)c€ 5 0.611463 0.601571 0.596 762
6 0.618 712 0.607 351 0.601 727
-1.20 7 0.625 449 0.612 865 0.606 511
-0.55 <8} Y\ 8 0.631676 0.618118 0.611117
................................................................. =" p; 1, 9 0.637 396 0.623 113 0.615 547
— 080k e 1 10 0.642607  0.627851  0.619804
2 =0 IR 11 0.647304  0.632335 0.623888
= \ 12 0.651 477 0.636 565 0.6278
g,’ 1.05 { 13 0.655 113 0.640542 0.631 543
o \ 14 0.658 195 0.644 263 0.635116
g 140 ‘\‘ y4 : 15 0.660 697 0.647 826 0.638519
D 'Z; 16 0.662 592 0.650935 0.641 753
\ = 17 0.663 845 0.653878 0.644 817
s \ y TV 18 0.664 438 0.656 554 0.647 71
19 0.658 956 0.65043
-1.20 20 0.661077 0.652977
’ 1 Internuélear distanc?e (a. u.) ) ° 21 0.662 91 0.655 348
22 0.664 442 0.657 539
FIG. 2. The initial and final potential wells, with the different 23 0.665 664 0.659 609
vibrational levels corresponding to,ténd D, and the correspond- 24 0.666 562 0.661 373
ing residual ions |§r and D2+. 25 0.667 128 0.663 006
26 0.667 377 0.664 444
with J(v,u)=fdi e ("a*#7) and 27 0.665 681
28 0.666 71
w(lz,(j,'y,a)=f dFe e " F (~iy,Li(kr+k-), 29 0667525
30 0.66812
S N . . ) 31 0.668 493
which is a simplified Nordsieck-type integrgl6] having a 32 0.668 661

simple analytical expression.
The modifications, that the application of more elaborate

electronic initial-[17] and final-[18] state wave functions jgnization of H, and its isotopes. Recently, there has been a
can bring in the determination of the electronic transitionpe,y jnterest concerning this aspect in photodouble ionization
maitrix eIemen_{Eq.(G)], will be studied in a pla_nned foIIow-_ of H, and D, [19,20. Our procedure, which factors out the
ing paper. This can be done by long and time-consuming,,cjear probability density from the electronic transition ma-
procedures, in contrast to the present y\(orlg. In the meantimey;, element[Eq. (5)], is very well adapted to show the dif-
we can already say that, as the modifications concem onli, o ces petween these three species, which reside mainly in

tEe electro?ic part, which ifs ﬁommon to thekthr_ehe is°t°pe]§their initial and final vibrational state probability densities
the general observations of the present work will not be afgi en respectively, by®, (p)|2 and|Z,, (p)[2.

fected. . . .
ecte We have obtalne<|i®ni(p)|2 by solving numerically, for

each isotope with the appropriate reduced magseke fol-
lowing radial equation:

RESULTS

As we mentioned above, we consider the ionization gf H

; : - d de,(p)
D,, and T, by fast electron impact as a vertical transition [ 2N +2ule.—U o =0
from the lowest vibrational level of the fundamentt¥ p2dp| P dp #len 125(’))] n(P)=0,
state potential well of each target to a given level of the (14)

fundamentaf; state of H*, D,", or T,", as shown in Fig. . . . . .
2. One of the principal aims of the present work is to studyWhere the potential) 1:*(’))' given in[17], is obtained by

g
the influence of introducing the mass of the nuclei in thesolving the electronic equation of,HOn the other hand,
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|21 (p)|? in terms of the internuclear distanpe
(@) corresponds to Hand H", (b) to D, and
D,*, (c) to T, and T,".

Vibr. density

Vibr. density
© 0 Q9 =~ = = =20 O O O O =
N A OO 0O O N B OO M A~ O 0 O

0.0 :
1.0 11 12 13

|Enf(P)|2 are obtained for K", D,", and T,* by solving the  place in this region, and that the states corresponding to
=0,1,2 will have a very small participation on the total five-

g fold differential cross section€6DCS as we will observe

to the adiabatic solution of the electronic equatiosi lgiven below.

in [21]. We have verified our results by comparing our vi-  Actual (e,2e) setups do not have the necessary energy

brational energy values, to those given if17] and[21]. resolution to distinguish between two neighboring levels.
In Table I, we present the ionization potentigfs corre-  The experimental setup of Cie et al.[7], for instance, has

sponding to the energy difference betwegr0 of a target ~an energy resolution of about 3 eV for an incident energy of

and n;=0,1,2,3,...N; of the corresponding ionlN; corre- 4000 eV and that of Jungt al. [22] about 0.5 eV for an

sponds to the highest level that reaches the dissociation limitncident energy of 250 eV. This means that the experimental
We also present in Figs.(&—3(c) the variation of the Vvalue of 5DCS will correspond to the sum of the theoretical

probability densities in terms of the internuclear distapeé ~ SDCS corresponding to the levels found in the given energy

the three species as indicated. On each figure the large curvégmain such that

with full lines centred orp=1.4a.u. correspond to that of

the fundamental state of the target; the others correspond to No+ Mg

the different levels of the respective ions designated hyit o®= > oﬁ,ﬁ’) , (15)

is interesting to observe thi® ,(p)|? for the three isotopes Ni="o

vanishes outside the domain<p<2a.u., and that

|Zq,(p)|? for n=0,1,2 are relatively small in this domain. wherea{>’ correspond tar’), given by Eq.(5), and where

This means that most of th@onization events will take M; represents the number of the vibrational levels of the

same equatiofil4) with the potentialJ 25 (p) corresponding
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010 FIG. 4. The variation of the fivefold differen-

tial cross sectiorf5DCS of the (e,2e) ionization

of H,, D,, and T, in terms of the ejection angle

0. for an energy resolution of 1 eV. The incident
and the ejected electron energies are 4168 eV and
100 eV, respectively; the scattering angle
=8.9°. The different curves correspond to the
transition designateda) corresponds to the tran-
sitions from H to H,", (b) to those of D to D,",
and(c) to those of [ to T,".
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residual ion involved for a given energy resolutiog,being  involving nine levels. These observations can be explained
the label of the first level involved. by the positions of the maxima of the curves corresponding
Choosing an energy resolution around 1 eV, we present ifo the different vibrational densities of the ions given in Figs.
Figs. 4a)—4(c) the variation of the 5DCS given in EGL5  3(a)-3(c). From this point of view one can say that anZe)
for Hy, Dy, and T,, respectively, for an asymmetric situation experiment on a diatomic system can eventually probe the
with an incident electron energy value of 4168 @étup of  densities of the vibrational levels of the final-state ions.
Cheid et al. [7]), and an ejected electron energy value of gqr experiments with lower-energy resolutios3 eV)
100 eV, for a scattering angi,=8.9° corresponding to the  comparable to the dissociation energy of the residual ion, we
favorable situation, whergk|=|ke|, which results, for the consider all the levels present in the corresponding potential
particular value of the ejection angte=280°, in a recoil well given in Table I. Figure 5 shows the variation of the
momentumlzrecoi,= k— |Ze equal to zeraBethe ridge. This, total 5DCS for the three molecules in terms of the ejection
as we observe on these figures, is confirmed for all the curvesngle. In contrast to the higher-energy resolution ¢&ags.
corresponding to differenny that have their maximum at 4(a)-4(c)] where the differences between the 5DCS of the
this particular angle. It is also observed that, in the case ofhree molecules are around 0.04 a.u., here they are of the
molecular hydrogen, the 5DCS involvirg to |5 is rela-  order of 0.1 a.u. This confirms what has been lately observed
tively more important than the others. In the case g2  [19] in the measurement of the multiply differential cross
must underline the fact that, for the same experimental resasection of the photodouble ionization of,ldnd D, where a
lution of 1 eV, we have one or more extra levels to considesignificant difference has been measured between the cross
as the levels are nearer to each otfieable ) and the pre-  sections of the two molecules. La{@0], this difference has
dominant 5DCS corresponds to that involving the transitiongeen observed to diminish for higher-energy resolutions ex-
I3 tol/,. The same observation can be done in the case cfctly as in our case.
T, for which the levels are still more concentrated. Here the It has been sometimes considefé&d that, as the equilib-
predominant 5DCS correspond to those going fignto 17,  rium internuclear distance of the fundamental level ofis!
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FIG. 5. The variation of the 5DCS of the,@e) ionization of H, 14 50 o.(0e9

(full curve), D, (dashed curve and T, (dash-dot curvein terms of
the ejection angl@, for an energy resolution of 3 eV. The incident  F|G. 7. The variation of the 5DCS of the,e) ionization of H,

and the ejected electron energies are 4168 eV and 100 eV, respaf-terms of the scattering and the ejection angles for the same en-
tively, the scattering anglé;=8.9°. ergy conditions as in Fig. 4.

at aboutp=1.4a.u., most of the ionization events should y|ie| to it or antiparallel to the momentum transkeand thus

occur at this distance. In Fig. 6, where the variation of the,_ - L
5DCS of the three systems ?s given in terms of the internus_ Krecoii- These two favorable situations are represented by

clear distance for fixed values offs=8.9° andd.=280° in the two picks that we observe 8=170" and 350° as ex-

. . . pected.
two resolutiong1 and 3 eV, one can see that this approxi- P
mation is not always true especially in the cases of higher
resolution(1 eV) where the curves are not centered on the

equilibrium position. _ o We have developed a procedure for the determination of
Figure 7 shows, for a low resolutid eV), the variation  he multiply differential cross section of the,e) ioniza-
of the total SDCS of Hin terms of the ejection and scatter- {jon of molecular hydrogen and its two isotopes considered
ing angles in the above asymmetric c&4268 eV, 100 €Y. 45 3 vertical transition, which permits the introduction of
For scattering angles higher than 15°, the SDCS is negligibl§iprational probability densities of the initial and the final
as expected. The maximum aroufig=38.9° represents the giates. As the three molecules present the same adiabatic
Bethe ridge as mentioned above. |t.IS also observed that, fifjectronic structure, it is shown that the 5DCS depends
small scattering angle®/(<2°), theejected electron has the gtrongly on the energy resolution of the experimental setup.
tendency to emerge in the forward directiof,€350°) for  The experimental verification of these results, as was done in
this high incident electron energy value. This can be exthe case of photodouble ionization, will open the way for
plained by the fact that, at small scattering angles, the mofrther measurements on heavier diatomic targets such as
mentum transfer is very small and is oriented in the forwarchjtrogen or sodium, whose vibrational levels in the initial
direction. Now, the recoil momentunk¢..i=k—Kke) willbe  and final state are much closer having consequently
optimal in two situations, when the ejection direction is par-temperature-dependent population densities, in contrast to
H,, D,, and T,, which are considered to be initially in their
0020 - fundamental state as very high temperatutteusands of
degreesare necessary to have them vibrationally excited.

CONCLUSION

0.018 -

0.016 [~

0014 APPENDIX

ooz To determine
0.010 [~

5DCS (a.u)

0.008 -

rlp

pa—<eik‘*icuze,raa,ayblsog(rz,p) {e“lae%}>,

0.006 -
0.004 -

000z - we write

0.000
1

1
—le “1a <CI)1 T, (r21p)|eiar2b>'
rlp s’g

FIG. 6. The variation of the 5DCS of thee,@e) ionization of (A1)
H,, D,, and T, in terms of the internuclear distangefor two . o
energy resolutions 1 e\lashed curvésand 3 eV(full curves. For  Using the relations ;,=|R,— 14|, R=R,+p/2 [Fig. 1(b)]

the same energy conditions as in Fig. 4. we obtain

Pa= < eik“ F}C(lze fla )
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Pa=e”z'ﬁ’2<<1>1sag(rz,p)le‘“’2b> with J(v,u) = fdF e ("a*#") and
R ik Ry
P —ariadi AP N n N
XJC(ke’”a’“)e 1drlaJ |F’ea—rla|dRa w(k,d,x)=fdre—'f*'f‘“1F1(—iae,1;i(kr+k.r)),
(A2)
as which represents a particular case of the Nordsieck integral
& [16] that can be given in simple analytical expressions.
J’ . e 4w o In a similar way we can obtain
S o k2€
R-F| Kk
M I, ks M(p) - - -
p.=e* P22/ k(f) (Ko, K—Kg, ) pp=e"*P2\2/r iz @(Ke k—ke,a)
X{I(B,a)+I(0,8+a)} (A3) X{I(B.a)+I0B+a)=e"rp,.  (Ad)
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