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pose significant challenges to both nuclear-struc-
ture and nuclear-reaction theory. We have dem-
onstrated a strong sensitivity of such data to both
the shell-model configurations involved and their
isospin constituency. These results suggest that
A„data at moderately large momentum transfer
may be used as an important spectroscopic tool
complementary to the (e, e') and (s, s') reactions.
Our results for the 8 ' excitation in "Zr provide
convincing evidence of the dominant role played
by the NN spin-orbit force in the excitation of
high-spin natural-parity states.

This work was supported by the National Sci-
ence Foundation.
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Radiation from the Negative Lithium Ion
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o

It is confirmed that the 3489-A transition observed in beam-foil excited lithium spectra
originates from the negative lithium ion. It is most probably the transition 1s2s2p
—»2p &, as suggested by Bunge. A new electric field acceleration technique provides
identification of the charge state of the emitting ion. The decay curve is a cascade-free
single exponential. The polarization and beam energy dependence of the light yield have
also been measured. The transition has been identified in heavier isoelectronic ions.

PACS numbers: 32.30.Jc, 31.20.Di, 34.50.Hc

We have verified the recent suggestion by Bunge'
of a radiative transition between core-excited
bound states in the Li ion. This is the first time
that observed line radiation has been ascribed to
a negative ion.

Since negative ions have only a finite number of
bound states, in contrast to neutrals and positive
ions, the possibilities for radiative transitions
are limited. Additionally, most of their multiply
excited states (Feshbach resonances) decay rapid-
ly through autoionization processes. Thus, in H

and He a number of electron resonances' have
been observed, notably the recent H photodetach-
ment work of Bryant

equal.

' H continuum absorp-
tion does not involve bound final states, but con-
sists of bound-free transitions. 4 However, some
states in Li with all four electron spins aligned
are metastable (in the Coulomb approximation)
against autoionization. Similar long-lived states
might also exist in heavier negative ions such as
the alkalis. However, to our knowledge, no ra-
diative emission has ever been identified from
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FIG. 1. Lithium spectrum (upper half), 90-keV beam
energy, 1.90 mm from foil, used to obtain relative
light yields from Li, Li, Li **, and Li excited states
as a function of beam energy power half). The yields
of Li **have been normalized to 1.0 at each energy.

such negative ions.
Bunge' suggested that the 3489-A line observed

in many lithium beam-foil spectra is the transi-
tion 1s2s2P''P-1s2P''S' of Li . Even though the
theoretical precision claimed by Bunge appears
to identify the transition, the lithium spectrum in
this region is complicated. Other identifications
of both this line and nearby transitions (see Fig.
1) have been made in the doubly excited neutral-
lithium quartet system, and a number of these
identifications remain uncertain. Hence a con-
clusive identification needs to be made.

We made several preliminary test measure-
ments of the 3489-A transition. As the charge
state of this transition is different from all of the
other identified transitions, it might be expected
that its excitation function with projectile velocity
might also be different. Hence, we obtained spec-
tra as in Fig. 1 for three different beam energies
(30, 60, a.nd 90 keV) at three separate decay
lengths (1.90, 3.48, and 5.06 mm) after foil exci-
tation. The intensities extrapolated to the time of
excitation (Fig. 1) show that each of the three
transitions of doubly excited neutral lithium
(Li'**)and the 3489-A line have the same projec-
tile velocity dependence, and are distinctly dif-

FIG. 2. Experimental decay curve of the 3489-A de-
cay.

ferent from the Li' and singly excited Li' transi-
tions. From these results alone it is not surpris-
ing that previous work' had identified the 3489-A
transition as a Li'** transition. However, Bunge
expects similar excitation functions for Li quin-
tets as for Li' quartets.

The Li transition is predicted to be from a
'S,' state, which has spherical symmetry and
hence should have zero orbital alignment or ori-
entation. This was verified by measuring the cir-
cular polarization fraction 8 to be zero for the
3489-A line when excited by a carbon foil tilted at
50' to the beam axis. We found S=(0.1 a0. 5)%,
whereas for the two Li'** transitions, 3714 and
3618 A, we found S=(2.8&0.1)%and (1.2+0.3)%,
respectively.

As the 1s2p''S' state is the most energetic pre-
dicted bound state' of Li, this transition should
be rigorously cascade-free —a case unique in
beam-foil excitation. This has been observed,
and Fig. 2 shows a single exponential decay. (Ap-
proximately twelve counts of photomultiplier dark
current have been subtracted from each point. )
From just the observation of a single exponential
one cannot unambiguously conclude that the decay
is cascade-free. However, had the decay not
been a single exponential (and most beam-foil de-
cay curves appear multiexponential) the proposed
assignment would have been proven incorrect.
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While some of the above tests agree with the
prediction of Bunge, ' definitive evidence has been
obtained by applying an accelerating (and retard-
ing) electric field parallel (and antiparallel) to
the beam after foil excitation. Bunge' suggested
the use of a perpendicular field, but this is a dif-
ficult technique for such a short decay time.

For an uncascaded decay curve of lifetime ~,
the intensity of light I, detected along a uniform-
ly viewed segment Ax of beam of instantaneous
velocity p, at time t since excitation, 'is given by

I= Ce '~' sinh(b, x/2v7).

a spacing 8~. In this case, t and g are given in
terms of the foil emergent velocity v, and the
downbeam distance x from the foil by

~= [(1+x/x, ) "-1](2x,/v, ),

v = v, (1+ x/x~)'i'.

(2)

(3)

Here, x~ is the distance which would be re-
quired for this field to accelerate the ion from
rest to v„and characterizes the field strength.
For a foil emergent ion of charge state Z which
has an energy corresponding to an accelerator
terminal voltage V„x~ is given by

A uniform electric field is applied parallel to
the beam just downstream from the foil, by use
of field plates with a potential difference V~ and

x~ = Vos ~/Z V~.

In terms of these quantities, the ratio of the
field-on to field-off intensities becomes

(4)

I( V~)/I(0) = exp(-[(1+ x/x~)'~' —1 —x/2x~] (2x~/voT)] sinh[~ x/2vo r(l + x/x~)'i'] /sinh(a x/2v07).

For A x «2 vo ~ and x( 6vo T «x~, Eq. (5) can be
very accurately represented by a low-order pow-
er expansion, in terms of which the difference
between field-reversed measurements is given by

[I(V~) —I(- V~)] /I(0) = (x/2v07'- 1)x/x~. (6)

10

(For the Li measurement reported here x=1
mm, v, ~=3.9 mm, and x~ =182 mm. ) Notice
that this expression passes through an optimum
at the distance x= g, 7 downbeam and changes
signs at the distance x=2m, T downbeam. This oc-
curs because two competing factors are distort-
ing the exponential decay curve: The accelera-
tion causes a given distance downbeam to corre-
spond to an earlier position on the decay curve
[cf. Eq. (2)J, but the increased velocity [cf. Eq.
(3)] decreases the dwell time of the ion in the
viewed region. Since the former depends on 7
and the latter does not, their contributions vary
along the decay curve.

In the top part of Fig. 3, we show three curves
of 3489-A light using accelerating voltages of
+4000 and 0 V which show clearly the changes
caused by the field. These changes correspond to
light emission from negative lithium ions. Each
of the three decay curves have been normalized
for equal intensity at the foil. The photon counts
at each point were collected for a fixed time to
avoid stray-field effects associated with beam-
charge integration at the Faraday cup. To elimi-
nate spurious results due to long-term foil and
beam-current variation, measurements were
made at each point with the three field conditions.

Thus, in the lower part of Fig. 3, we compare
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FIG. 3. Decay curves of the 3489-A decay in zero field
(open circles), in accelerating field (plusses), and in
retarding field {dash). In the lower half are shown the
differences of the field-affected decay curves of 3489
A (closed circles), 3684 A (plusses), and 3714 A (open
circles) at 70 keV. The theoretical curves discussed
in the text are given by a solid line for Li (3489 A)
and a dashed line for Li (3684 A).

1320



VOLUME 45, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OCTOBER 1980

directly the differences in the relative light emis-
sion for oppositely applied voltages of &4750 V
for 3489 (Li ), 3684 (Li '), and 3714 A (Lin). The
"fish-curve" represents the predictions of Eq.
(6) [in the exact form of Eq. (5)] with use of meas-
ured values for V,, p~, s~, 7, and 6x for the
intensity difference ratio [I(+ V) —I(-V)] /1(0).
The figure shows clearly the two competing ef-
fects for the two charged components, while the
neutral component remains unaffected. The dwell-
time effect in the observing distance dominates at
times less than two natural lifetimes. Thus, the
3684-A decay from the longer-lived 4p'P Liii
state (~= 5.6 ns)' does not reach the crossover
point as does the 3489-A decay (~=2.3 ns) at a
distance of about 7.5 mm from the exciter foil.
The rapid increase in this ratio beyond the cross-
over point is very sensitive to the decay time of
the transition.

Having verified that the 3489-A line is a Li
transition, it is interesting to note that we have
found the excitation functions of levels in two dif-
ferent charge states to be the same (cf. Fig. 1).
Hence, it appears that the excitation energy rath-
er than electron-capture and -loss cross sections
is most important in the excitation mechanisms
of the beam-foil interaction. Clearly, in this
case, an inner-shell 1s electron has been pro-
moted for both the Li and the Li'~* states. The
Li excited-state population is surprisingly high,
being comparable to those of many neutral-lithi-
um states (e.g. , Fig. 1). However, we roughly
estimate the Li emission to come from less than
10 ' of the beam ions. There being only three
states of Li, this suggests the negative-charge-
state fraction is small. This fraction is unmeas-
ured and thus the ground- to excited-state popula-
tion ratio is also unknown.

We have made a preliminary search in the
spectra along the isoelectronic sequence for the
1s2s2p' 'P-1s2p' 'S' transition. A multiconfigu-
ration Dirac-Fock calculation, similar to one al-
ready published' for the Li I-like 1s2s2p'P'-
1s2P"P transition shows good agreement with the
observed wavelengths —Table I. The 1909-A line
identification has been suggested independently
by Andersen. ' The BD transition previously had
an alternative classification, ' which subsequent
work shows may be in error:" The higher-Z
ions have partially resolved fine structure which
help to confirm their identification; the FVI tran-
sition appears in a spectrum of Knystautas etal. "

Since submission of this manuscript, we have
learned of two independent verifications of the Li

TABLE I. Wavelengths of the ls2s2p P- ls2p 58'

transition. The experimental precision is+ 1 A.

Ion Theory (A) Experime nt (A)

Li
BeI
Bii
C ril
Nrv
Ov
Fvr
Ne vs'

3489
1821b
1279
989b
807b
682b
589
519

3489
1909
1324.5
1015.6

825
695
597'

Ref. l.
This work.
H. G. Berry, J. Bromander, I. Martinson, and

R. Buchta, Phys. Scr. 3, 63 (1971).
Refs. 10 and 11.
Unpublished beam-foil spectra from this laboratory.
Ref. 8.

Also at Department of Physics, University of
Chicago, Chicago, Ill. 60637.

(b)Permanent address: Department of Physics and
Astronomy, University of Toledo, Toledo, Ohio 43606.

C. F. Bunge, Phys. Rev. Lett. 44, 1450 (1980).
See, e.g. , J. S. Risley, in Atomic E%ysics, edited by

G. zu Putlitz, E. W. Weber, and A. Winnacker (Plenum,
New York, 1975), Vol. 4, p. 487; D. L. Mader and
R. Novick, Phys. Rev. Lett. 32, 185 (1974).

H. C. Bryant, B.D. Dieterle, J.Donahue, H. Shari-
fian, H. Tootoonchi, D. M. Wolfe, P. A. M. Gram, and
M. A. Yates-Williams, Phys. Rev. Lett. 38, 238 (1977).

See, e.g. , S. Chandrasekhar and F. H. Breen, Astro-
phys. J. 104, 430 (1946).

A recent listing and analysis are given by J.Broman-
der, S. Hultberg, B.Jelenkovic, L. Liljeby, and
S. Mannervik, J. Phys. (Paris), Colloq. 40, Cl-10
(1979); S. Larsson, R. Crossley, and T. Ahlenius, J.
Phys. (Paris), Colloq. 40, Cl-6 (1979).

See Refs. 1 and 5, and H. G. Berry, Phys. Scr. 12,
12 (1975).

F. Gaillard, M. Gaillard, J. Desesquelles, and
M. Dufay, C. R. Acad. Sci. 269, 420 (1969).

K. T. Cheng, J. P. Desclaux, and Y. K. Kim, J. Phys.

identification: one by Mannervik, Astner, and
Kisielinski" using a similar electric-field tech-
nique, and another by Desesquelles" using a Dopp-
ler-shift technique.

We thank Bob DeSerio for help in the experi-
mental work. This research was performed un-
der the auspices of the Division of Basic Energy
Sciences of the U. S. Department of Energy.

1321



VOLUME 45, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OCTOBER 1980

B 11, L359 {1978).
T. Andersen, as quoted by C. F. Bunge (private com-

munication) .
' I. Martinson, W. S. Bickel, and A. Olme, J. Opt.

Soc. Am. 60, 1213 (1970).
H. G. Berry and T. L. Subtil, Phys. Scr. 9, 217

(1974).

E. J. Knystautas, M. C. Buchet-Poulizac, J. P.
Buchet, and M. Druetta, J. Opt. Soc. Am. 69, 474
(1979).

S. Mannervik, G. Astner, and M. Kisielinski, J.
Phys. B 14, L441 (1980).

J. Desesquelles, private communication of work to
be published.

Chaos in a Laser System under a Modulated External Field
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It is shown that a single-mode laser under the influence of an external modulated field
may shower chaotic behavior. The poorer spectrum and the separation distance are cal-
culated to demonstrate the existence of chaos.

PACS numbers: 42.55.-f

Recently, chaotic behaviors have been reported
on various systems. ' ' For a single-mode laser
system Haken4 showed that the laser equations
reduce to the Lorenz equations with an appropriate
scaling of variables. However, the realization
of the Lorenz-type chaos in the laser system is
difficult because of some restrictions on param-
eters. Graham' showed that a reduction to the
Lorenz equations may also be obtained for a
mode-locked pulse train in an infinite laser sys-
tem or in a ring laser, but the periodic bound-
ary conditions in the latter case select periodic
solutions only. For a laser system under an ex-
ternal field, Rabinovich reported that a chaotic
behavior appears for a certain range of param-
eters. ' However, for values inside the region of
parameter space quoted in Ref. 6, we have not
been able to reproduce his chaotic state. In the
present note, chaos is numerically shown to exist
in a laser system under a modulated external
field.

We will use the approximation of a spatially-
homogeneous field and assume single-mode opera-
tion. For simplicity we will assume that the reso-
nance frequency of the two-level atoms and the
cavity frequency are equal. Then the laser equa=
tions read'

dE/dt = —z(E —E,„,) +igP,
dP/dt= —y~P —igEa,

do/dt = -y ~~(o- o,) —2ig(PE* —P*E),
where E, P, and 0 are the complex light ampli-
tude, the total complex dipole moment and the in-

version, respectively. We consider a laser sys-
tem under a time-dependent external field E„,.
We approximate Eq. (1) by assuming z «y, y~~.

Then the adiabatic elimination of the atomic vari-
ables, P and o; yields

dx/df = —inx+(z —1)x+A(~) (2)

with z =R/(1+ ~x~'), where we put, t=v/K, R
= g oo/y~, E=(y~y~~) xexp(iQT)/2g, Ee„,=(y~y~~)
&A(r) exp(i07)/2g. The parameter 0 is the de-
tuning of the external field frequency from the
cavity frequency. The modulation of the external
field is represented by A(T) We wil. l first con-
sider the case, A(T) =a (= const). A steady state
of Eq. (2) is obtained by putting the right-hand
side equal to 0. We denote the steady state-value
of z as z, . This steady state loses its stability
when a root of the equation,

z' —2z ' +~[(z,—1)'+0'] =0z -g z
R B 5z,

has a positive value, where z, satisfies

R =z, +a'z, /[(z, —1)'+0'].
From Eqs. (3) and (4) it may be readily seen that
for a sufficiently large R the steady state always
becomes unstable. For small a the instability
occurs at R = 1+2a'/O'. The instability is of hard-
mode type. Therefore, we can expect that above
a certain value of R the time evolution of Eq. (2)
shows a limit-cycle behavior. The phase dia-
gram of Eq. (2) is shown in Fig. 1. Above (below)
each curve the limit cycle (the steady state) ap-
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