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the observed average final energies. On the
basis of these initial conditions we further cal-
culated by the method of Boneh, Fraenkel, and
Nebenzahl' the average energy of the 'He at the
time of its decay taking into consideration its
exponential decay with a half-life of 8 &10 "sec.
This curve is also shown in F4g. 3. The mea-
sured average energy of the 'He at the time of
breakup (6.3+0.8 MeV) yields a unique graphical
solution to the initial conditions, i.e., Er(0)
=40+11 MeV and E,(0) =3.9+0.9 MeV. This solu-
tion applies only to neutrons which are coincident
with (y particles above 9 MeV. An approximate
correction for the missing events gives E~(0)
=31+11MeV and E,(0) =3.2+0.9 MeV.

The average initial conditions obtained here for
the emission of 'He are similar to those obtained
in Ref. 5 from trajectory calculations which were
used to reproduce the properties of the long-
range cy particles in spontaneous fission of '"Cf
and in particular their angular distribution rela-
tive to the fragments. Our results are also in

good agreement with a similar trajectory calcu-
lation performed by Musgrove' who fitted his
calculation to the experimental angular distribu-
tion of Raisbeck and Thomas' which is narrower
than the experimental angular distribution' used
by Boneh, Fraenkel, and Nabenzahl. Rajagopalan
and Thomas' recently remeasured this angular
distribution and found it to be in substantial
agreement with the results of Raisbeck and
Thomas. " We have also performed trajectory
calculations in which E~(0) is a Gaussian distri-
bution with o = 12 Me V and a mean E~-(0) = 28 MeV,

E,(0) has a Maxwellian distribution with E,(0)
=3,0 MeV, and the initial emission of the 'He is
isotropic between 30' and 150' with respect to
the fragment direction. The calculated o. spec-
trum (which takes into account the lifetime of
'He and the backward recoil of the cy in the 'He

decay) is shown in Fig. 2 to be in good agreement
with the experimental results.

One of us (E.C.) would like to thank J. Peder-
son for his valuable comments.
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Baisbeck and Thomas (Bef. 7) and Bajagopalan and

Thomas (Hef. 9) also made trajectory calculations to
fit their experimental results. They state (Ref. 9) that
their results are in substantial agreement with the re-
sults of Musgrove (Bef. 6) despite the fact that they ob-
tain a much lower fragment kinetic energy at scission
(7.5 MeV versus 25 MeV of Bef, 6),
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The ( Li, d) reaction hae been performed ou ' Ni aud Ni at 88 MeV. For Ni angular
distributions were obtained and compared to distorted-wave Born-approximation calcu-
lations. One spectrum was taken for 64Ni. A reduction in cross section is observed and
is compared with the results of ( 0, C), (P, t), and {~He,n) experiments.

The investigation of four-particle configura-
tions in nuclei has recently been extended from
nuclei of the sd shell into the Ni region~ 3 via the
("0,"C) reaction. However, extraction of reli-
able spectroscopic information is difficult be-
cause of the strong Q-value dependence of the
cross section' and the uncertainties in knowing

the various configurations of the transferred four-
nucleon cluster. ' A more attractive approach is
the ('Li, d) reaction which extensive studies'~ on
light nuclei have shown to be a good o, -transfer
reaction. Furthermore, distorted-wave Born-
approximation (DWBA) calculations indicate that
the Q-value dependence of the cross section is
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!3ISTANCE ALONG FOCAL PLANE

FIG. 1. Deuteron spectrum taken with spark counter
in the focal plane of the split-pole spectxograph. Ener-
gy resolution, about 80 keV (full width at half-maxi-
mum).

much weaker. Since Lis+ beams mith energies up
to 40 MeV—where compound contributions in ('Li,
d) are expected to be very small —are now avail-
able with intensities of several mieroamperes,
the expected low ('Li, d) cross sections no longer
pose a severe experimental problem. Further-
more, the higher energy resolution obtainable
in a ('Li, d) experiment is expected to provide
more definitive spectroscopic information. Thus
it is desiraMe to study the ('Li, d) a-transfer re-
action and to eompaxe the results with the pre-
vious (' 0, 'sC) work. s'3

Self-supporting targets of "Ni and "Ni have
been bombarded with a high-intensity 38-MeV
'I i3+ beam from the University of Rochester MP
tandem Van de Graaff accelerator. The target
thickness was -100 pg/cm and the beam inten-
sity mas - 2 p,A. The deuterons mere analyzed in
a split-pole spectrograph and detected by a sonic
spark counter' mounted in the focal plane. Abso-
lute cross sections mere measured relative to
the elastic scattered Li" at 10', where o„/o„„,„
= 1.0 & 0.05. The position-momentum calibration
of the spark counter mas made by observing the
positions of known States populated in the reac-
tion 2C('Li, d)~60 and by observing the position of
elastic scattered Li as a function of field strength.
Vfith this calibration, excitation energies could
be determined to better than & 20 keV.

Shown in Fig. 1 is a, deuteron spectrum takeo

at 40' i»e "»('Li,d)' Zn experiment. The
known states at 1.80, 2.17, 2.34, 2.74, and 2.88
MeV, excited via the reaction ~Zn(p, t)' Zn, ' are
weakly excited 1Q comparison to 'the stx'onger
transitions to states at 3.18 and 4.04 MeV. Strong
states were seen in the ( '0, 'sC) experiments s at
3.20 and 3.80 MeV. The higher energy resolution
obtained here allows the complete separation of
two states at 3.87 and 4.04 MeV, which probably
appeared as one broad peak in the '3C spectrum. ~ 3

States seen at 4.95 and 5.20 MeV in the present
experiment were not observed in the ("0, C) ex-
periment. For the "Ni taxget, a deuteron spec-
trum mas taken only at 50'. The spectrum showed
that the 0+ ground state and the 2+ states a,t 1.08
and 2.82 MeV were populated.

In both cases, it appears that the ('Li,d) reac-
tion is very selective. The energies of the ex-
cited stRtes RQd the measured c1088 sections Rt
50' Rnd 20' are shown in Table I. The population
of the ground state and the first excited state in
~ZQ and Zn differ by a, factor of 2-3 at 50',

whereas in (~'0, 'C) they differ by a factor of 10.~
How much of this decrease in cross section is

due to kinematics and hom much is due to the nu-
clear structure can be estimated from a DWBA
RIlalysls. The DWBA cRlculatlons were pex'fol Bl-
ed with the code D%UCK." As in Ref. 7 the reac-
tion mas assumed to proceed by the transfer of a
spin-0, mass-four pRrticle into a bound state of
a Woods-Saxon well; the parameters V=105-110
MeV, x =1.2 F, a=0.5 F mere used. The num-
ber of radial nodes mas chosen to correspond to
the center-of-mass motion of four particles in
the fp shell for I, =0, 2, 4 and in the fp,g shell for
L, = 3. The optical-model parametexs for the out-
going channel were taken from Maixle et aL."
For 'I i, a strong absorption parameter set mas
used, mhieh has been extracted from heavy-ion
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TABLE II. Optical-model parameters.

&Or

(Mev) (F) (F)
f4'~ S'~ rog gg V, 0

(MeV) (MeV) (F) (MeV) (F)

d' 70.4 1.25 0.742 ~ »

Li 100.0 1.19 0.488 ].7.0
14.0 1.24 0,714

1.26 0.26 1.3

H,ef. 11. Ref. 12.

elastic-scattering data' and which has been used
in DWBA calculations for the (d, eLi) reaction.
Both parameter sets are presented in Table II.
The calculated angular distributions (Fig. 2) do
not show a strong diffraction structure. Since
early work suggested that the spin and parity of
the 3.18-MeV state in 62Zn is 3 and since quar-
tet-model calculations predict a 4+ state at this
energy, ' the calculations were done for L = 3 and
I =4 transfers. The results differ only in the
fine structure of the angular distribution, there-
fore precluding a determination of the angular
momentum transferred. The calculations show

that the shape of the predicted angular distribu-
tions is not very dependent on the mass number
within the Ni isotopes. This fact suggests that
even without a complete angular distribution for
the reaction on ~¹i,a comparison of the cross
sections at one angle on1y for the reactions on
the two Ni isotopes will reflect the dependence on
the nuclear structure.

Table III shows the extracted relative enhance-
ment factors, t =-cr(expt)/o(DWBA), for the o trans-
fer. Disregarding the strongly excited states at.
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FIG. 3, AngulRr dlstrtbutionS fol' Nl( Ll ~ d) Zn Rt

El~b =38 MeV. For the transitions to the states at 0.0,
0.96, and 3.18 MeV, the solid lines in the picture rep-
resent DWBA calculations with L =0, 2, 4. The dashed
euxve in the distribution of the 3.18-MeV state corre-
sponds to an L =3 transfer. The lines in the right part
of the figure are only to connect the experimental points,

TABLE IO. ' Ni{ Li, @ Zn.

Ex
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&do(el)/d~ in pb/sr.

3.85 and 4.04 in ' Zn, which have unknown spin
and parity, the ground state has the largest u-
particle enhancement factor. The reduction in
the cross section for "Zn relative to ' Zn can-
not be explained by the kinematics alone, as the
0%'BA calculations predict a decrease in cross
section of only (20-30)/0. More refined DWBA
calculations, which take into account finite-range
effects Rnd the strong cluster structure of 'I i,
are not expected to exhibit a stronger Q-value de-
pendence. ~s The strong decrease, therefore, sug-
gests the presence of a blocking effect which is
less pronounced than as reported in the ("0,"C)
experiments, ' but larger than observed in (P, t)
experiments. l' Recent (RHe, n) workl' on the ¹

isotopes shows a strong decrease in the cross
section with neutron number similar to the pre-
sent result.

In conclusion, it is now possible to investigate
n-particle configurations in the fp shell via the

( Li,d) reaction. With the small Q-value depen-
dence in the cross section and the good energy re-
solution, the ( Li,d) reaction should provide more
spectroscopic information than is possible with
the ( '0,"C) reaction. For the reactions studied,
a blocking effect seems to decrease the o.-parti-
cle enhancement factor of 6 Zn versus that of 6 Zn

by a factor of -2. %'ith the assumption of a sim-
ple u-particle transfer, the zero-range DWBA
CRlculatlons Rre Rble to describe the experimen-
tal data surprisingly well. Encouraged by these
results, we have planned further investigations
of this reaction in the fp shell and heavier mass



V@I.UMa 2g, NUMsER 12 18 Sepal'zMsza 1972

regions.

~Work supported by the U. 8. Atomic Energy Comxnis-
siono

)Work supported by a grant from the National Science
Foundation.

~A. M. Friedman, H. J. Fortune, G. C. Morrison, and
R H Siemssen in Proceedings of the International
Conference on tinclear Reactions Indgced by Ireaoy lons,
IIeide Eben, t'uly 29N, edited by R. Bock and W. R.
Hering (North-Holland, Amsterdam, 1970), p. 171.

H. Faraggi, A. Jaffrin, M. C. Merxnaz, J. C. Faivre,
J. Gastebois, B. G. Harvey, J. M. I oiseaux, and A. Pa-
pineau, Ann. Phys. (New York) 66, 905 (1971).

3H. Faraggi, M. C. Lemaire, J. M. Loiseaux, M. C.
Mermas, and A. Papineau, Phys. Rev. C 4, 1375 (1971).

4A. Cunsolo et al. , J. Phys. {Paris), Colloq. 6, 171
(1971).

~I. Rotter, Nucl. Phys. A122, 567 {1968), and A135,

378 (1969), and Fortschr. Phys. 16, 195 (1968); D. Rob-
son, Comments Nucl. Paxticle Phys. 5, 16 (1972).

K. Bethge, Annu. Rev. Nucl. Sci. 20, 255 (1970), and
references therein.

L. J. Denes, W. W. Daehnick, and R. M. Drisko,
Phys. Rev. 148, 109V {1966).

H. W. Fulbright and J. A. Bobbin, University of
Rochester Report No. UR-NSRL-9, 1969 (unpubbshed),
and Nucl. Instrum. Methods 71, 23V (1969).

~L. C. Farwe11, J.J.Kraushaar, and W. W. Baer,
Nucl. Phys. A186, 545 (1972).

~OP. D. Kunz, Code SNUCK, Boulder, Colo.
~'C. Mairle et al. , Nucl. Phys. A134, 180 (1969).
' U. C. Voos, W. von Oertzern, and B.Bock, Nucl.

Phys. A135, 207 (1969).
H. H. Gutbrod, H. Toshida, amI B.Bock, Nucl. Phys.

A165, 240 (1971).
' Q. Bassani, N. M. Hintz, and C. P. Kavaloski, Phys.

Rev. 136, B1006 (1969).
W. P. Alford, R. Lindgren, and D. Elmore, private

coMHlunication.

Continued-Fraction Method for Perturbation Theory

D. F. Scofield~
Aerospace Research Laboratories, Wight-I'atterson Aim Pw'ce Base, Ohio 45483

(Received 24 July 1972)

A direct operational approach to the solution of the Schrodinger equation has led to an
iterative nonperturbative method for its solution. The method, when applied to the Ma-
thieu equation and the anharmonic-oscillator equation, is superior to the perturbation-
iteration method and to Rayieigh-Schrodinger perturbation theory both in terms of rate
of convergence and range of coupling constant allowed.

l'n the application of the linked-cluster many-
body perturbation theory (LCMBPT) to atoms'
one must evaluate ever more topologically com-
plicated diagrams. Moreover, the theory is not
especially rapidly convergent if precise results
are desired. In addition, special techniques must
be employed to sum to infinite order certain class-
es of diagrams. Thus, it mould be of advantage
for practical calculations to develop a formalism
which eliminates many of the difficulties with
LCMBPT, but which retains as many of the vir-
tues of LCMBPT as possible. This Letter pre-
sents a summary of a contribution to this endeav-
or. The method reported has as its asymptotic
expansion the Rayleigh-Schrodinger perturbation
theory (RSPT), but converges for the case of the
anharmonic oscillator in three iterations where
RSPT diverges. The method provides more rap-
idly convergent results for the Mathieu equation
than. perturbative approaches.

%e begin by considering the motivation which
led to the continued-fraction method (CFM) which

has provided these results. Consider the time-
independent Schrodinger equation H l n) = E l n)
for any state I n); assumed for simplicity to be
nondegenerate and not necessarily the ground
state. A splitting of the Hamiltonian is assumed
of the form H H, +IV with H, l n), =E„oln)o. From
here on me mill suppress the o. subscripts and the
explicit indication of the dependence of the pertur-
bation(A. V) on the coupling constant, X. Let P,
= l n) „(n I and Q, = I -Po with P,' = P, snd Pot = Po
be projection operators onto and out of the space
spanned by I n), . Then with the introduction of
the reduced resolvent To(E) =Q,j(E -Ho), we can
obtain the reaction operator (or transition oper-
ator) t(E) for the state l n), whose matrix ele-
ments give the level shifts

E-E'=.( It(E)in&.,

mhere

t (E) = V+ VTO(E)t(E).

The Lippman-Schwinger equation (2) 2 may be


