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scattering angles at all energies are due to the
fact that we have neglected the long-range forces.
The inclusion of above-mentioned effects is ex-
pected to improve the results substantially.

Figure 2 represents my curve and the meas-
ured values.” The agreement between the present
results and the experimental values is very satis-
factory. The effect of the double scattering can
be judged by comparing the Born (single scatter-
ing) and the present curves. This effect is ap-
preciable for large scattering angle. It has been
seen that with the increase of energy, the agree-
ment between the present results and observed
values are also improving.

The author is thankful to Mrs. Sunanda Guha for
checking calculations.

!D. M. Chase, Phys. Rev. 104, 838 (1956); D. E.
Golden, N. F. Lane, A. Temkin, and E. Gerjuoy, Rev.
Mod. Phys. 43, 642 (1971); J. B. Fish, Phys. Rev, 49,
167 (1936); H. Stier, Z. Phys. 76, 439 (1932); R. J.

Glauber, in Lectures in Theovetical Physics, edited by
W. E. Brittin and L. G. Dunham (Interscience, New
York, 1959), Vol. 1, p. 315,

%y, Franco, Phys. Rev. Lett. 20, 709 (1968); A. S.
Ghosh and N. C. Sil, Ind. J. Phys. 43, 490 (1969); A. S.
Ghosh, P. Sinha, and N. C, Sil, J. Phys. B 3, L58
(1970); A. S. Ghosh and N. C. Sil, Ind. J. Phys. 44, 153
(1970); A. S. Ghosh and N. C. Sil, J. Phys. B 4, 836
(1971); K. Bhadra and A, S. Ghosh, Phys. Rev. Lett.
26, 737 (1971); E. Gerjuoy, in Proceedings of the Sev -
enth Intevnational Confevence on The Physics of Elec-
tronic and Atomic Collisions, Amstevdam, The Nether-
land, 1971, Invited Papers and Progvess Reports, ed-
ited by T. R. Govers and F, J. de Heer (North-Holland,
Amsterdam, 1972), p. 247.

33. Chaudhuri, A.S. Ghosh and N. C. Sil, Phys. Rev.
A 10, 2257 (1974).

B. H. Bransden, Atomic Collision Theory (Bejamin,
New York, 1970).

5H. Tai, P. J. O. Teubner, and R. H. Bassel, Phys.
Rev. Lett. 22, 1415 (1969).

83, F. williams, J. Phys. B 8, 2191 (1975); C. R.
Lloyd, P. J. O, Teubner, and E, Weigold, Phys. Rev,
A9, 2552 (1974).

'J. F. Williams and B. A. Willis, J. Phys. B 8, 1614
(1975),

Doubly Excited Autoionization Resonances in the Absorption Spectrum of Li* Formed
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In a technique using a continuum generated by focusing a laser beam on a target of high
atomic number, the spatially resolved absorption spectrum of Li* formed in a second

laser-produced plasma was studied from 200 to 50

A, The doubly excited resonances,

1s2,S-2snp 'P, as well as the principal series and its adjoining photoionization contin-
uum were observed, The Fano parameters, ¢ and I', of the 252y 'P were derived from
the absorption profile. Comparison is made with theory.

Controlled experiments on the absorption spec-
tra of atomic ions are of importance because they
can provide information which cannot be obtained
from emission spectra, particularly on inner-
shell and double electron excitation and also on
photoionization continua. Little work however
has been done in this field, although some recent
experiments have shown promising results.'™ In
this Letter we report some work on what promis-
es to be a relatively simple procedure for obtain-
ing the absorption spectra of a wide range of ion-
ic species.

In our experiments, the absorption spectra of
laser-produced plasmas were systematically
studied. The main effort was concentrated on
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lithium because in its singly ionized state it con-
stitutes the second member of the heliumlike iso-
electronic sequence and consequently its double
electron transitions, if observed and studied,
would be of considerable theoretical interest. A
single @-switched ruby laser (pulse length, 40—
50 nsec; pulse energy, 1 J) was used to produce
both the ionized species and the background con-
tinuum. To generate the continuum, part of the
laser beam was sharply focused on a tungsten tar-
get (Fig. 1). Following the work of Ehler and
Weissler* we found, in a separate series of ex-
periments,® that plasmas generated on tungsten,
uranium and other targets of high atomic number
gave continua of various degrees of uniformity
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FIG. 1. Schematic diagram of experimental arrange-
ment,

which could be used for absorption studies in the
soft-x-ray region. To produce the absorbing
plasma the remainder of the beam was diverted
by prisms onto the lithium target, the surface of
which was prepared freshly iz vacuo. Sharply fo-
cused beams gave a strong emission spectrum of
LiIll and a much weaker spectrum of LilIl; to
maximize the column density (zl) of ground state
Li", the beam was defocused and optimum condi-
tions for absorption found empirically. The plas-
ma plume was directed parallel to the spectro-
graph slit and as the continuum was emitted from
an essentially point source, spatial resolution,
with a magnification factor of about 20, was at-
tained on the photographic plate (Fig. 1). The
spectrograph was a 2-m grazing incidence in-
strument which used a Bausch and Lomb grating
(1200 grooves/mm) at an incident angle of 86°.
Figure 2 shows the absorption spectrum of the
principal series, 1s2'S —1snp'P of Lill taken
through a plasma produced by a relatively sharp-
ly focused laser beam. It is seen that the absorp-
tion is very strong, indicating a high density of
Li* ground-state ions, and that it falls off rapidly
with the distance, x, from the target surface.
The photoionization continuum is clearly in evi-
dence. The line broadening is also very pro-
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FIG. 2. One-electron of Li*., The scale in the verti-
cal (x) direction measures the distance from the target
surface.
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FIG. 3. Two-electron absorption of Li*.

nounced, especially near the target; the absorp-
tion profile is not simple and in particular shows
a strong, relatively narrow core. These phe-
nomena are a reflection of conditions in the plas-
ma. Indeed the technique of ionic absorption com-
bined with spatial resolution may prove a useful
tool in plasma diagnostics.

The wavelengths of the first three lines of the
principal series are given from emission obser-
vations by Kelly®; the present work gives for n
=5, 6, and 7 the wavelengths 168.74, 167.27, and
166.39 A (£ 0.07 1’\), respectively.

The main objective of the present work was to
observe the doubly excited states of Li* (i.e., the
analogs of the states involved in the Madden-Cod-
ling” series of He), to determine their energies,
and to study their profiles. The first three mem-
bers of the 1s2!S - 2snp 1P series were indeed ob-
served and the » =2 member can be clearly seen
on Fig. 3 which shows the absorption spectrum in
the 70-90 A region. A profile of the feature is
shown in Fig. 4. The focusing of the laser beam

O (arbitrary units)
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FIG. 4. The 1s2'S-2s2p 'P resonance of Li*. The

points represent a typical set of experimental data.
The line shows the computer output for the calculated
profile. For the particular set of data used the values
of g and T were —1.31 and 0.074 eV, respectively
(least-squares values). The triangular instrumental
function had a full width at half-maximum of 0.08 eV,
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TABLE 1. Values of A, E(, n*, I, and q for the
1s21S-2snp 'P resonances of Li*.

2s2plp
This work A(X) 82.49 +0.03
Eg(eV)  150.29 #0.05
n* 1.779+0.003
T (eV) 0.075+0.025
LR )
Theory
Balashov et ql® Eq(eV) 150.59
T (eV) 0.0605
Bruch et al® Eg(eV) 150.54
Chan and Stewartl!0 Eg(eV) 150.32
Drake and Dalgarnoll Ey(eV) 150.25
T (eV) 0.0592
Sharma and Wilson!? £ (eV) 151.52
283plP 2shplp
This work
x (R) 76.98:0.05  75.64%0.05
Eg(eV) 161.06+0.10 163.91£0.10
n* 2.91£0.02 3.90£0.06

in obtaining these results was considerably less
than that used in observing the principal series
(Fig. 2). In this way extraneous broadening ef-
fects were reduced to a minimum so that good
wavelengths and reliable line profiles could be
determined. Measurements were made on a pho-
toelectric comparator and the wavelengths (Table
I) were taken at the point of maximum slope in
the center of the profiles.
To study the profiles quantitatively, microden-

sitometer traces were taken of a number of plates
“of varying exposures and at various points (x po-
sitions) along the line. The microdensitometer
readings were converted into plate density, D,
and this in turn was taken to be proportional to
log,,I, where I is the intensity of the radiation
transmitted through the absorbing plasma. This
procedure was justified because the total varia-
tion in density across the profile was relatively
small compared to the background and because
the plates used for the final measurements were
of intermediate blackening so that it could be as-
sumed that the observed densities lay on, or
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near, the linear part of the characteristic curve
for the emulsion. Hence if the slope of the latter
is v, we may write AD = yA(log,,I). From Beer’s
Law, 2.3A(log,,I) =— A(onl) and hence for a given
absorption path there is a direct proportionality
between AD and Ao. [The number density of the
absorbing species is not constant along the path
and the column density should be expressed as
Jn(l)dl; this does not, however, affect the argu-
ment.] Thus, from the densitometer traces o
could be plotted as a function of wavelength. De-
spite the fact that such plots, constructed as they
are from incremental values, AD, of the density,
are indeterminate in absolute magnitude and
scale, they may nevertheless be used to extract
values for ¢ and I', the parameters which charac-
terize, respectively, the shape and width of the
resonance.

The observed spectrum is the convolution of an
instrumental function and the true spectrum. The
instrumental function was determined from densi-
tometer scans of sharp atomic lines, both in
emission and absorption; scrutiny of the traces
indicated that a triangular profile was the most
suitable approximation to use. An analytical ex-
pression was derived for the convolution of the
triangular function with the theoretical resonance
profile®®

0=0,(q +€)%/(1 +€?), 1)

where € is 2AE /T, AE being the energy measured
from the origin of the resonance, E,. As absolute
values of 0 were not available o, was taken as un-
ity in calculating the convoluted profile, o,, which
was then transformed to 0! = Ao, +B, where A
and B are constant factors which are necessary

to bring the calculated and observed profiles onto
the same scale. This scaling procedure does not
affect the derived values of ¢ and I'. The values
of these parameters were obtained by a least-
squares fitting of the observed and computed pro-
file, a process which also involved the determina-~
tion of the constants A and B (which, of course,
are of no physical interest).

The result of the analysis is shown for a typical
set of data in Fig. 4. The final numerical results,
which are averages of measurements made from
several plates, are given in Table I. TableI also
includes the results of various theoretical calcu-
lations for Li*.

It is seen that for the 2s2p P resonance, the
energy is in excellent agreement with the value
of Drake and Dalgarno'! who, using the Z™* ex-
pansion method, made the most comprehensive
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theoretical calculations for this level. It is also
in good agreement with Chan and Stewart’s!® “cor-
rected” value, although it must be noted that the
correction applied in this case was of an essen-
tially empirical nature. The discrepancies in the
other cases are in the same direction as for the
corresponding state in helium. In the case of
higher series members, for which fewer calcu-
lations have been made, quite good agreement is
found with the available calculations.®’® The I
value for the 2s2p 'P level is, within the rather
large experimental error, in good agreement
with the values of Drake and Dalgarno'! and Bala-
shov et al.® With regard to ¢, little theoretical
information is available for Li*. Balashov et al.?
estimate that it lies between - 2.0 and - 4.0,

while the semiempirical procedure of Krishtenko'*
gives —2.4.

In the electron spectra generated by the beam-
foil excitation of lithium, Bruch ef al.® have in-
terpreted one of their prompt-decay peaks as due
to the autoionization of the 2s2p 'P state. Although
problems of blending, energy resolution and line-
width occur in the electron work, the value given
for the excitation energy of the peak, 150.3+0.5
eV, is close to the value determined in the pres-
ent work. There is little doubt therefore that the
interpretation of Bruch et al.® of the peak as due
to 2s2p decay is correct, although blending with
other features as suggested by the authors may
also be occurring.

In their recent work, Lucatorto and Mcllrath?
have measured the photoionization cross section
at threshold for Na*, In the present experiment,
it is possible to get some information on the
strength of the continuum absorption of Li* rela-
tive to that of the principal series lines. By ar-
guments similar to those already given, it can
be shown that the ratio of the differential oscilla-
tor strength in the continuum, df/dE, to the os-
cillator strength, f,, of a series line is given by

@f/dE)f," ' =AD,/[,AD(E)dE,

where AD, is the change, due to absorption, in
plate density for the continuum and the integral
is the change in density for the line evaluated
over its width. From plates of medium density
obtained with plasmas showing substantial line
broadening, the ratio of the oscillator strengths
was derived by measuring the continuum at 2 eV

above the limit and by using the series line with
n=4. The value of the ratio obtained was 0.7 eV™!
and when this was combined with the f value
(0.044) for the n =4 line as calculated from the
lifetime measurements of Schurmann et al.'® a
value of 0.03 eV~ ! for the differential oscillator
strength of the continuum was obtained. This
compares favorably with the theoretical value
0.0224 eV™! derived from the work of Bell and
Kingston.'®* The good agreement between experi-
ment and theory must be regarded as somewhat
fortuitous, especially because the error in the
experimental value is estimated to be about a fac-
tor of 2.

The current work shows the usefulness of laser-
produced continua for absorption studies. Exper-
iments with two lasers exploiting time resolution
are currently being initiated in this laboratory.

*Work supported by the National Science Council of
Ireland.
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FIG. 2. One-electron of Li*. The scale in the verti-

cal (x) direction measures the distance from the target
surface,
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FIG. 3. Two-electron absorption of Li*.



