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x(3413), but the fit is of marginal statistical sig-
nificance. At the 90% confidence level we find
that there are no monoenergetic y rays in the
¥(3095) spectrum between 50 and 1000 MeV with
branching fractions larger than 2.0%. Upper
limits in other channels are 1.7% for x(3095)
-~ x(2850)y, 1.0% for y’(3684)—x(2850)y, and
2.5% for '~ x(3455)y, all at the 90% confidence
level. There is some evidence for this last x
state in the exclusive channel 3’— x(3455)y, x
- 3y, with a branching-ratio product of (0.8
£0.4Y%.%°
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Recent improvement in electron-beam resolution has made possible the direct study
of isotope effects in differential cross sections in H, and D,. The observation of the re-
duced-mass dependence (u~1/?) of vibrational (v=0— 1) cross sections and isotopic inde-
pendence of rotational cross sections at 4 eV has been understood using the frame-trans-
formation theory. Generalization and limitation of the theory are discussed. Specific
predictions are made for cross sections in HD, HT, DT, and T,.

Scientific investigations involving isotopes in
molecules have been a subject of current interest
in many different fields. Typical examples are
interstellar molecules, thermal neutron scatter-
ing, laser isotope separation, and the nuclear fu-
sion problem. Of particular importance is the
substitution of deuterium or tritium for hydrogen,

because the effects are more pronounced as a re-
sult of the greater change of the reduced mass.
For the nuclear fusion problem one needs explicit
cross sections for D,, DT, and T, while most
electron impact cross sections' have been meas-
ured only in H,.

Conventionally isotopic substitution in molecules

1327



VOLUME 38, NUMBER 23

PHYSICAL REVIEW LETTERS

6 JUNE 1977

has been used in spectroscopic studies to unravel
complex spectra because the isotope shifts in ro-
tational and vibrational energy spacing are well
known. In electron-molecule collisions isotope
effects in scattering cross sections are not well
known and constitute the subject of the present
work.

Previous experiments have revealed that the
momentum transfer and integrated rotational
cross sections in H, and D, are nearly the same
at low energies.? We report here a crossed-beam
study of the isotope effect in the differential ro-
tational and rotational-vibrational cross sections
in H, and D, at 4 eV where the scattering process
is dominated by a broad shape resonance °Z *.
The present apparatus is capable of resolving in-
dividual rotational transitions in both H, and D,.
Thus a direct study of the isotope effects in in-
dividual cross sections can be made. In this Let-
ter we first present predictions of the isotope ef-
fects in various scattering cross sections using
the frame-transformation theory.®* Then we show {

do® (8 =0)/dS = (4x®) S, |2P, +[S

v
SO

and

dov(]-'] + 2)/d9 = (4K2)-1(j09 20]]+2 0)2|Spgv - Smrv|2(%)(Po+%Pg),

where k is the wave vector in units of a,”%, (...,

.|...) denotes the Clebsch-Gordan coefficient,
and P; is the Legendre polynomial,

Isotope effects in scattering cross sections en-
ter via the dependences on S, , and ]T in Egs. (1)
and (2). The S matrices for various partial waves
(IA) appear in both equations in quadratic form
and can be expressed as derivatives of body-
frame phase shifts §,, with respect to the inter-
nuclear distance R. Specifically for v=1, we

have
S,a*Rgdd,,/dR , (3a)

where Ry is the scale length. For a harmonic
oscillator,

R =(i/pw)?=[r/u (/)22
= (n?/ k), (3b)

where &, the spring constant, is isotope indepen-
dent. More generally, previous work® shows that
(approximately)

S;a’« (Rg dd,,/dR)". (3e)
The factor f enters only in Aj =0 cross sections.

1328

the experimental data for H, and D,. The good
agreement between experimental observations
and the theory enables us to predict with confi-
dence the unmeasured results for HD, HT, DT,
and T, in terms of the known results in H, over
a broad energy range (1~10 eV). We shall also
point out that certain isotope effects such as the
dependence on the reduced mass u of vibrational
cross sections and the isotopic independence of
rotational cross sections are of general validity.
These effects occur in molecules when the scat-
tering processes are characterized by short in-
teraction times,* such as broad resonances or po-
tential scattering. )

A more precise criterion of “short interaction
time” exists in the frame-transformation theory;
i.e., the S matrices are entirely determined in
the body frame and are independent of the rota-
tional quantum number of the electron-molecule
complex. Under these circumstances, the dif-
ferential scattering cross sections for vibration-
al excitation (0— v) have been shown® to be

(Spo” +2S,,°)* +e.c.] P,
+S,5" +2S,, [*($P, + 2P,) +f18,5° = Spi’l?(3) Py + 2P,

(1)

(2)

It reflects the averaging of the p-wave anisotrop-
ic scattering over the rotational states (other
terms have unit contribution as a result of this
averaging) and is given by

. D0, 2010,
b,

where the population of the rotational state j is
given by

p;=2j +1)g(j) exp[—3(j+1)B/KT].

In Eq. (5), K is the Boltzmann constant and 7,

the temperature, is measured to be 300°K, The
rotational constant B and the nuclear spin statis-
tical weight, g(j), are isotope dependent. These
and other basic parameters for the various iso-
topes in molecular hydrogen are listed in Table I.

In summary, the theory predicts that isotopic

substitution produces two distinct effects in dif-
ferential cross sections. One, due to the reduced
mass as Egs. (3) show, is that all differential
cross sections are multiplied by the factor u'”/ 2
where v is the final vibrational level. The other,
due to the factor f, enters via the isotope effects

@)

(5)
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TABLE 1. Parameters for the isotopes of molecular - —1 ij e
hydrogen: reduced mass, p; rotational constant, B; (a)
nuclear spin statistical weight, g;; and population fac- = a
tor, £. % v=0—>0 V=01
p B g E{ I :
(nuclear mass) (meV) Even 0Odd f? | eod l oiame
z
H, 1/2 7.33 1 3 0.226 z \\\/ W//
D, 1 3.67 2 1 0.252 I PV, MY
T, 3/2 2.44 1 3 0.302 A S
HD 2/3 5.50 1 1 0.270 -o.! o o1 03 04 05
HT 3/4 4.89 1 1 0.273 ENERGY LOSS (eV)
DT 6/5 3.05 1 1 0.276 T T T
1 (b)
2 At high temperatures, f approaches 0.25 for all iso- w t
topes. g ‘ v=0-+>0 v=0—>1
o ° d
g 50
z Coll amem e ;"\ e
in rotational-state populations (different nuclear g i) J Ly LU I L
spin statistical factors and rotational constants) s | \ [\, \ “
and it affects only the elastic and the pure vibra- I A UT.) o W e 250
tional cross sections. U R N B
-01 [ 01 \ 04 0.5 0.6 0.7

The above theoretical predictions are tested
against the crossed-beam measurements on dif-
ferential rotational and vibrational cross sections
in H, and D,. Previous work® in H, has already
shown good agreement between experimental re-
sults and theory for both the energy dependence
(1-10 eV) and the angular dependence (up to v =3
level). The present experiment chooses an inci-
dent energy of 4 eV (the center of the *Z* shape
resonance) at 90° for testing isotope effects, on
the basis of signal-to-noise ratio considerations.

The crossed-beam electron impact spectrome-
ter used in the present study has been previously
described.® The apparatus consists of an electro
static hemispherical monochromator, a molecu-
lar beam which crosses the incident electron
beam, and a hemispherical energy analyzer to
examine the scattered electrons. With improved
control of the electron optics and the shielding of
stray fields in the collision region, we have been
able to achieve an energy resolution of 11,5 meV
(full width at half-maximum in the energy-loss
peaks) for the present isotope studies. The elec-
tron-beam current at this resolution is about 1
x107'° A, The temperature for both the H, and
the D, molecular beams is estimated to be 300°K.

Figure 1(a) shows the energy-loss spectra in
D, and Fig. 1(b) the corresponding results in H,.
Results are shown for both v=0—~0 and v=0—-1
vibrational transitions. The separation of the
main peaks (Aj=0) in D, is smaller than that in
H, in accordance with the well-known vibrational
spacing dependence on j~ Y2, Profiles of the ro-

ENERGY LOSS (eV)

FIG. 1. (a) Intensity of electron scattering in D, plot-
ted against energy loss measured at 90° and at a fixed
incident energy of 4 eV. Vibrational and rotational
transitions are identified. (b) Same in H,.

tational transition peaks are dictated primarily
by the rotational-energy—spacing dependence on
p~! and by the rotational-level populations given
by Eq. (5).

We will now explicitly examine the isotope ef-
fects on each type of differential cross section at
90°, and discuss the corresponding experimental
results. The situation for the rotational inelastic
cross sections given by Eq. (2) is simpler and
will be discussed first. From earlier discus-
sions, the D,/H, cross-section ratio is expected
to show a u'”/ 2 dependence for all values of v.
Specifically this ratio for the pure rotational tran-
sition (v=0) is 1.0, and for the vibrational-rota-
tional transition (v =1) it is 0,71, These ratios
are in good agreement with the experimental ob-
servations as shown in Table II.

Consider next the rotational elastic cross sec-
tions. At 90° both the second and the third terms
in Eq. (1) vanish, and the isotope effects are par-
ticularly simple. For the elastic process the
first term dominates and contributes about 97%
to the cross sections, and so there is no observa-
ble isotopic effect as is observed in the experi-
mental result in Table II. On the other hand, the
pure vibrational process (v=1) is dominated by
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TABLE II. Ratio of D, to H, cross section at 90° and 4 eV.

Experi.men‘cb
Cross sections Theory? 4j=0 j=0 j=1 j=2 j=3
Rotational (» =0— 0, j—j+2) 1.00 0.96 1,10 0.80 1.15
Vibration-rotational (v=0—1, j —j+2) 0.71 0.72 0,79 0,72 0.78
Elastic (v =0— 0,4j=0) 1.00 1.05
Pure vibrational (v =0—1,4j=0) 0.56 0.55

aEstimated accuracy is 1%.

bExcept for the elastic result, all others are measured as ratios to the elastic cross
sections. The estimated errors are 5% for the elastic, and about 10% for the other

measurements,

the 2 * resonance, and the first term becomes
negligible. Therefore the fourth term in Eq. (1)
shows that the D,/H, cross-section ratio should
be (1/V2)f (H,)/f(D,), which has a value of 0.56.
Again it is in excellent agreement with the ex-
perimental value of 0.55 in Table II.

The above comparison shows that the experi-
mental results for all differential cross sections
are consistent with the theory in regard to iso-
tope effects, The cross sections for T,, HD, HT,
and DT can be calculated with the aid of Table I
and Egs. (1), (2), and (3).

For practical applications, vibrational cross
sections are usually measured without the resolu-
tion of rotational states. Under such circumstanc-
es it can be shown that the vibrational cross sec-
tions (summed over final and averaged over ini-
tial rotational states) are given by Eq. (1) with
f_= 1. Hence the vibrational cross section (v =0
~ 1) behaves as 1~ 2, or more generally the
cross section (v =0~ v) behaves as p.”"”2 for both
the differential and the integrated cross sections.
This effect could be of interest for electron im-
pact on other molecules, e.g., hydrocarbon mole-
cules,

Finally we wish to point out that the present
theory on isotope effects applies only to potential
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and broad resonant scattering. The case of nar-
row resonances requires further study.
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