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Multiple differential cross sections for single ionization of H,, D,, and T, molecules
by fast electron impact: Influence of vibrational states
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Multiple differential cross sections fore(2e) reactions are computed for,HD,, and T, targets at high-
impact energies by using a first-order Born approximation within the formal theory. Results are compared with
previously existing calculations. The influence of vibrational states in obtaining differential cross sections is
determined for an asymmetric coplanar geometry.

PACS numbd(s): 34.80.Dp

One of the most important processes in atomic physics isonal states for the lowest rotational levels, respectively. Ne-
ionization of atomic and molecular targets by electron im-glecting the exchange and capture terms, the transition
pact. In particular, this reaction is of interest in many fieldsmatrix element reduces to twice the direct tésee Ref[7]
such as plasma physics, controlled fusion devices, and radider a detailed explanationAveraging over all molecular ori-
biology. In previous works, theg(2e) process for simple entations one obtains the 5DCS as
molecular targets was studietbee, for instance, Refs.

[1-5]). The present work deals with single ionization of di- o5 = iJ' da oD )
atomic molecules of hydrogen, deuterium, and tritum by Vit 4ar PE vt

impact of fast electrons. Recentlgee Ref.[6], hereafter ) o

referred to as)| transitions between the lowest vibrational These cross sections exhibited a strong dependence on the
level of electronic ground statézg of H,, Dy, and T, to f|'rE)a|1I \?.bre}tpgal tg,tateis. Mtakln_g the furpr(??rtlon overt?ll pos-
final vibrational states of thés . electronic states of ), ~ SIP'€ fina] vibrational states, important differences between

D,", and T,*, were studied theoretically by calculating the the 5DCS’s of H, D,, and T, were obtained for an energy

fivefold differential cross sectio(bDCS of this process by a :gtS:tlich)tr:c;T ﬁisrgglow:llcgégvzlé i?rgr?irgsmgbsngoé?attgi 'g;t'?rl]e
model in which the electronic transition probability is modu- ’ ’ g

lated by the probability density of the initial and final vibra- target to all the V|brat|9nal Ieyels O.f thf gro+und elecironlc
tional levels. It was assumed, as usual for high-impact-s'tate of the corresponding residual ions'HD, ", and T,

energy values, that the ionization reaction takes place In this work we repeat the same_calc_ulatlons by e”?p'oy'

through vertical transitions, i.e., at fixed molecular internu-"9 the formal theory in which the vibrational and rotational

clear distances. Moreover, the molecular internuclear vectoff@ve functions are introduceth contrast with J in the first-

p was supposed to remain frozen during the collision. order qun approxmaﬂqn of the t'ransmon matrix element.
Multiply differential cross sections were thus expressed ad!oW. using the adiabatic discription of the molecules, we

the product of the electronic transition matrix elemttp) write the initial and final eigenfunctions as a product of elec-

and the probability density of finding the diatomic target at atronlc, vibrational, and rotational wave functions as

given internuclear distance. The sevenfold cross section was U= (9,0)0, 5(p)Y3u(Q) &)
obtained by employing the expression R P
7 and
0-517)1/-: 1o 2
mdQ,dQed0sd(ks/2) e= l/fef(q,P)EufJ/(P)YJ/M/(Q,;)- (4)

:(277)4ke_k5 fxdp P22, (0|40, ()2t (p)|2 whereM andM' are the eigenvalues of the rotational angu-
ki Jo f : lar momentumJ, defined with respect to a body fixed frame,
1) andq denotes all the electronic coordinates.
Let us consider the sum of the 5DCS'’s corresponding to

The momenta of the incident, scattered, and ionized eledhe transitions from a given initial statev,J,M) of the
trons are indicated bl , ks, andk,, respectively. The solid ground electronic state of the target to all the rotational
angles corresponding tp, k. and ks are denoted by},
Qc, and (), respectively|®, (p)|* and |Z, (p)|* repre-
sent the probability densities of the initial and final vibra- *There is a misprint in I. The multiplicative factor 2 is missing.
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FIG. 1. Fivefold differential
cross sections as a function of the
ejection angled, for H,, D,, and
T, molecules for an energy reso-

0 lution of 3 eV. (al) Results ob-
tained as inl for 6;=1°. (a2
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- 18x10*
K " Present results obtained with Eq.
% lex10%3 (9) for 6s=1°. (b1) Same asal),
= but 6,=8.9°. (b2) Same ada2,
1102 i but 6,=8.9°.
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(J',M") levels of a given vibrational ’J’) level of the J 2J+1
ground electronic state of the residual ion: 2 YjM(Qp)YJM(Qp): yp (8)
M==-J T
7
O'(Vf),vi M .
it follows that
KeKs
=J%, 2(277)4Ti ) 1 , KeKs
O-vaViJ_E dez(Z'ﬂ') TI

0 2
<YJ'M'|JO dp p*E7 5:(p)0,5(P) (P Yom)| -

S
As the final rotational levels are not resolved in the existingwhiCh differs, fOTJZO' frof‘” the express?or) used !n | ob-
Funed by replacing Eql) into Eq. (2). It is interesting to

experimental setups, we can apply the closure relation ovel ) )
the final rotational states by neglectiriépllowing lijima note that the sum over all final rotational states and the av-

et al.[8] and McCarthy[9]) the J’ dependence of the final €'a9d€ OVer the |n|t|_al valu_es oW abov_e performed_ are
state vibrational wave function. and obtain equivalent to the point of view adopted in I. In fact, it was
’ previously assumed thatremains fixed during the collision
(7) process due to the fact that the collision time is much smaller

X

o 2
X J dp p?E%(0)0,a(p)G(p)]| . (9)
0

T vy M than the vibrational and rotational times. Then, averaging
K.k over rotational states is equivalent to integrating over all the
=2(2m)* E 2 orientations of the molecule taken to be equally probable,
i and then to dividing by #.
o 2 Initial and final electronic wave functions corresponding
X(Y fo dp p?E3.(p)0,5(P)ti(P)| [Yam). (6 tothe H molecule and to the 5 +e~ system are chosen as

in 1. According to this, the initial'S, bound state of the

Now, as the rotationally averaged cross section is indeperfliatomic molecule is given by the Heitler-London wave
dent of the initial rotational distribution, for a given quantum function, and the finafX g bound state for the residual mo-
numberJ all [JM) states can be considered as equally problecular ion by a linear combination of atomic orbitals.
able[10]. Therefore, the differential cross section averaged In the following we consider;=0 andJ=0, and for
over the initial quantum numbeM, for a given value of),  simplicity o, oo is written aso, . In Fig. 1, fivefold differ-
can be written as ential cross sections as a function of the ejection afiglere
given for an energy resolution of 3 eV that corresponds to
the sumafff’) given by Eq.(9) over all final vibrational states.
Two different physical situations are considered: the first one
is obtained for a small scattering angle=1°, and the sec-
Keeping in mind that ond one corresponds to a larger scattering arigte8.9°.

J
1
(5 (5)
O-Vf,ViJ_ 2J+1 M;J O-Vf vidM - (7)
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vibrational states must be included depending on the consid-
ered molecular target. In this casé”), as defined by Eq.

(9), must be summed over the different bands, giving place
to the expression

vigtAveg

25) Avig) ™~
vep,VigTAv
f0,7f0 0 v =vio

(10

g

where v¢q is the lowest final vibrational state of the band,
andA vy, is the number of considered vibrational states. The
lowest bands of the final vibrational states dominate the dif-
ferential cross sections for,HT,, and D, targets. These are
the cases for thé0,4) and(1,5) bands in I{’, the(1,7) band

in D,", and the(1,8) and(2,9) bands in 'I;’. This behavior

is again completely different from the one obtained using the
crude approximation given by E¢l) (see ).

To sum up, €,2e) multiple differential cross sections
have been calculated for a coplanar geometry using the for-
mal scattering theory. The influence of vibrational states on
differential cross sections is determined according to the en-
ergy resolution. When differential cross sections are summed
over all final possible states, the results for different targets
are in close agreement. This behavior was obtained for a
noncoplanar geometry in Refll], where the theoretical
procedure is valid for any kinematics. Moreover, we have
estimated separately that for the kinematic conditions consid-
ered in this work, the inclusion of all possible final vibra-

FIG. 2. Fivefold differential cross sections as a function of thetlonal states |n the Computanon of f|Vef0|d d|fferent|a| Cross

ejection angle),, for an energy resolution of 1 eV fda) H,, (b) D,,

sections gives a contribution of at most 4%, in comparison

and(c) T, molecules. The incidence and ejection energies are 416§ i1, 5 calculation in which only electronic transitions are

and 100 eV, respectively, argl=18.9°.

taken into account.
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