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which we found to be predominant over the atomic
signal as soon as soon as the laser intensity de-
creases below 1 GW/cm?,

In conclusion we would like to emphasize that
the validity of second-order perturbation theory
is well verified for the two-photon ionization of
cesium in the 460-540-nm wavelength range.

The deep minimum in ionization cross section
predicted by theory is clearly demonstrated in
the present experiment and absolute values of o,
are found in satisfactory agreement with theoreti-
cal results, Finally, as far as the position and
the depth of the o, valley are concerned, our ex-
perimental measurements are sufficiently accu-
rate to be useful to test the accuracy of the diff-
erent calculational models proposed in the litera-
ture.?

Moreover, it is obvious from Fig. 3 that the
“laser-bandwidth effects” predicted in Ref. 6 are
not observed in this experiment, although our
laser line is five times wider than the line of the
argon-ion laser used by GVW, Finally, with re-
gard to the “time-dependent effects” of Ref. 5,
we point out that under our experimental condi-
tions the sudden approximation?® does not apply
since the laser-pulse rise time is orders of mag-
nitude larger than the Rabi oscillations period 27/

6, where 0 is the detuning from the resonance
7P, state.
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Direct Inversion of Rotationally Inelastic Cross Sections: Determination of
the Anisotropic Ne-D, Potential
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The anisotropic interaction potential for Ne-D, is determined by a direct inversion
method from the measured rotationally inelastic j =0—j =2 and elastic j=0—3=0 differ-
ential cross sections. The values obtained yield the repulsive part of the interaction in
the range 2.43 to 2.77 A. This is the first inversion of inelastic scattering data. The
method is restricted to weak inelastic systems. It is computationally simple, and involves

only errors of ~ 5% in the inverted potential.

PACS numbers: 34.20.—b, 34.50.Ez

The purpose of this Letter is to present a first
direct inversion of measured inelastic molecular
cross sections, to yield the underlying intermo-
lecular potential energy surfaces. For purely
elastic atom-atom scattering systems, direct in-
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version methods have been available for some
time, 2 and have proved successful in avoiding
the difficulties of trial-and-error fitting. The
motivation to develop such methods for inelastic
scattering stems from recent progress in molecu-

1397



VOLUME 44, NUMBER 21

PHYSICAL REVIEW

LETTERS 26 MAy 1980

lar-beam scattering experiments, that made pos-
sible the measurement of rotationally state-se-
lected differential cross sections (des) for a num-
ber of systems.?"® The cross sections obtained
in these experiments contain information sensi-
tive to the anisotropic potential involved. Sys-
tems for which state-selected dcs were deter-
mined include Ne-HD,* He-HD,® HD-HD,® and D,-
HD,” where the transitions measured were j=0
—j’=1and j=0-~ j’=1; and He-Na,,® for which
transitions j—- j’ for several j values were ob-
tained. Very recently, an inversion method was
proposed for data consisting of such state-select-
ed elastic and inelastic cross sections,’ but it
was tested only for artificial (simulated) data. In
the present Letter we apply the method to meas-
ured cross sections for Ne-D,, and determine
the anisotropic potential for this system.

An optimal experimental system for the pur-
pose of the present inversion method would beam
X +H, (D,) since for X +HD systems the effect of
the anisotropic part of the potential is partly
masked by the influence of the mass asymmetry.*°
Thus, the experimental results recently obtained
for the dcs of the j=0- ;=0 and j=0-j’=2 tran-
sitions in D,-Ne scattering at energy E =0.0849
eV are used as input data.'* Since the inversion
procedure requires data from the entire nonos-
cillatory region, the measurements which were
available only from 38° to 108° were extended in
the backward direction. The experiments were
carried out in a molecular beam machine® con-
sisting of two colliding nozzle beams, a sensi-
tive mass-spectrometer detector operating at
pressures lower than 10™!° mbar, and a pseudo-
random-chopping technique for analyzing the
flight times of the scattered particles. Compared
with the published experimental arrangement,
the pumping facilities were improved to produce
nozzle beams at stagnation pressures up to 195
bars from nozzles of 10 um diam. In this way
the velocity resolution (Av/v =0.04), the scat-
tered intensity, and the fraction of molecules in
4 =0 (0.89) could be considerably improved. The
data for the cross-section ratio (j =0~ j’ =2)/
(j=0-~4’=0) are given in Table I. These values
are obtained by carefully fitting the measured
time-of-flight distributions with calculated func-
tions which account for all the experimental aver-
aging effects and by transforming these data to
the center-of-mass (c.m.) system.'® In fact, the
final values given in Table I are averaged over
two data sets measured for orthodeuterium and
normal deuterium, which are in good agreement
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TABLE 1. Input data.

0 Oyoa/ g Uncertainty
37° 0.035 +0.011
51° 0.056 +0.010
66° 0.079 +0.011
80° 0.112 +0.011
94° 0.154 +0.012
108° 0.193 +0.013
136° 0.297 +0.040
150° 0.316 +0.045
163° 0.352 +0.055

within their experimental errors. The errors
are estimated from the scatter of the data and
the fit procedure to the spectra. Since the c.m.
angles for the elastic and the inelastic transition
are very close, only the average angle is given.
For low-anisotropy, mass-symmetric systems
the potential surface can be represented to suffi-
cient accuracy in the form V(r,y) =V () +V,(r)
X P,(cosy), where  is the distance between the
atom and the molecular c.m., and y is the angle
between the distance vector and the molecular
axis. The inversion procedure deals then with
the determination of the unknown functions V,(r)
and V,(r) from the measured dcs o, ;/(f) (6 is
the c.m. scattering angle) for j=0 and j’'=0,2.
The assumptions involved in the method are the
following®: (1) Restriction to a two-state frame-
work (j=0,2) is made. (2) The relative angular
momentum of the collision partners 7! is as-
sumed to be approximately conserved. (3) Inelas-
ticity is taken to be significant only for large-an-
gle scattering, corresponding to small-impact
collisions. For this angular range the cross sec-
tions are smooth, free of interference oscilla-
tions. A classical-limit approximation can then
be used, relating 6 uniquely to a corresponding
angular momentum I value. (4) Restriction to low
anisotropy and moderate collision energies is
adopted, implying that the exponential distorted-
wave approximation'? should be valid. A detailed
discussion of the validity of (1)-(4) for the sys-
tems studied here can be found in Ref. 9. In the
framework of the above assumptions it can be
shown that to a good approximation V() is the
potential obtained if the total dcs 0,,(6) = 04-4(6)
+0,-5(0) is inverted as in a purely elastic-scat-
tering problem. A suitable inversion method for
the elastic case is available,® and thus V,(r) can
be assumed known. In the present practical case
of Ne-D, a reliable V,(r) was available from a
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simultaneous fit to the measured total differential
cross section and the virial coefficient.'* [V,(r)
is shown in Fig. 2.]

The inversion of the anisotropic potential com-
ponent V,(») is done in a two-step scheme: From
the o, ;(6) the S-matrix elements Sy,(?) (j=0,2)
are determined as a function of I; V,(r) is recov-
ered from the Sy;(!). These two steps reverse
the two conceptual stages involved in the calcula-
tion of 0, ;(6) when the potential is known. It is
shown in (9) that under conditions (1)—(4) above,
the S,;() are approximately given by

10D ? =sin[a®)], [Seo@I*=1-[Se@I%, (1)

_002(0) Ly 164/To+3)|
0-0"’0(6) lO leav,(lav')'_é‘l ’

where 6,,(1)=3[6,0) +6,()], and 6,(), 8,() denote
the classical deflection functions calculated from
the isotropic potential V (») at the two channel en-
ergies E,, E,, respectively. [,,, !, are defined

as the solutions of

0olo+3)=0; 0,(l,,+3)=0. (3)

The above equations hold only for angles beyond
the diffraction-oscillation regime in the des
which contain the most sensitive information on
V,(r). Inthe present case, the I values obtained
from the smooth range were 6 <1< 26. The a(l)
values extracted from the data of Table I by Eqgs.
(1)-(3) are shown in Fig. 1. The a(l) can be
shown to be distorted-wave integrals®:

a(l) =Cfom‘poz(o)(Y)Vz("’)%z(o)(T’)d"’; (4)

where C is a constant and z/;j,‘°), §=0,2, are the

two zero-order channel-wave functions calculat-

ed from V,(») only. Figure 1 shows the compari-
son between the a(l)’s extracted directly from the
data, and those reproduced from the inverted

tan®[a(?,,)] (2)
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FIG. 1. The distorted-wave integrals a(l) obtained by
inversion of the experimental data. The solid line shows
calculated values based on the potential derived by in-
version.

V,(r) obtained below. The excellent agreement
obtained indicates consistency of the inversion
results.

The extraction of V,(r) from the a(l) is done by
one of the variants of the peeling method®**: The
v space is divided into small intervals in each of
which V,(r) is approximated by a linear function.
It was shown® that each a(l) is sensitive mainly to
a contribution from a small » interval. By use
of some estimate of V,(r), the segments into
which # is divided can be chosen to correspond
to the regions to which the various a(l) are sen-
sitive. The sensitivity ranges from all a(l) avail-
able in the present example cover the domain
2.43-2.77 A. The inversion procedure deter-
mines V,(») in the range to which the data are
sensitive. Previous knowledge is necessary of a
rough estimate of V,(») for large », outside the
above sensitivity range. (We used for large » the
values from Tang and Toennies™ that fit experi-
ments sensitive to this regime.’®) The peeling
starts from a(l) for the largest 7 available, using
that quantity to determine the longest-range lin-
ear segment of V,(»)."® The a(l) for successively
lower 7 are used to determine the interaction in
shorter-range intervals.*!* The method derives
explicit equations for the linear parameters of
V,(r) in each segment and the inversion is there-
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FIG. 2. The anisotropic potential Vo(R) for Dy~Ne ob-
tained by the inversion of the data of Table I and the
isotropic potential V (Ref. 11). The dots mark the
range of the potential based on the real data, whereas
the open circles are extrapolated values. For compar-
ison the V,(R) potential determined by a fit procedure
(Ref. 11) is given.
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fore direct.

Figure 2 shows the inverted potential, com-
pared with results of a trial-and-error fitting
effort'! (coupled-channels calculations were used
to calculate cross sections from the trial poten-
tials). The agreement is excellent; the small
deviation seen can be attributed to the limited
flexibility of the potential function used for fitting
(it could not reproduce the data points for the two
smallest angles). The error in the results is ex-
pected to reflect mostly the experimental error
in the data. It can therefore be estimated from
Egs. (2) and (4). It is of the order of 5% in the
potential in the present case. A small additional
error (~3%) could arise from the inaccuracy of
using an assumed potential in the range of large
¥ (to which the data are only slightly sensitive).
Comparison of the inverted potential with the
semiempirical model of Tang and Toennies'*
shows that the latter is more repulsive, typically
by a few millielectronvolts (3 meV at 2.5 A). The
deviation is significant in view of the estimated
error for the present results. The example of
this Letter shows that the inversion method is
easy to apply and reliable. It avoids the use of
fitting procedures with repeated solution of com-
plicated coupled-channels equations for trial po-
tentials. It is an advantage of the method that it
can be applied in its present form to a major
class of experimentally accessible systems (e.g.,
X +Hy, D).
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Image Formation with Ultracold-Neutron Waves
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Three-dimensional ultracold-neutron focusing by a total-reflecting concave Fresnel-
zone mirror has been observed. In the neutron wavelength range from 60 to 80 nm,
real-image formation was achieved up to a magnification of 6. The measured image
positions, magnifications, and intensities agree with expectation. Within the instrumen-
tal resolution no image broadening due to diffuse scattering has been observed.

PACS numbers: 41.80.-y, 06.90.+v

Recently, two of the present authors have pro-
posed' an achromatic optical device for image
formation with ultracold neutrons (UCN’s) in the
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wavelength range 60 nm <) <80 nm. In principle,
concave mirrors may be used for image forma-
tion with UCN’s utilizing the property of total re-



