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Interpretation of the (d, n) Reactions on F" and N" at 20.9 MeV
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The differential cross sections corresponding to the production of the first three and first two residual
states in the reactions F"(d,a)OD and N" (d n)C's have been measured from 1'/' to 1/0' and 17' to 112',
respectively, for a deuteron energy of 20.9 MeV (lab). The shapes of the angular distributions are con-
sistent with a cutoff-radius distorted-wave Born-approximation calculation using the zero-range approxi-
mation for the nuclear interaction. The best Gt was obtained for the P'(d, n~)O" which proceeded prim-
arily by L=O orbital-angular-momentum transfer. Arguments based on the character of the nuclear states
involved and the magnitudes of the experimental differential cross sections indicate that the most favorable
reaction mechanism is the pickup of a neutron-proton pair from the target nucleus.

INTRODUCTION

'HE reaction F's(d, n)O'r leading to the ground and
low-lying states of 0"has been investigated for

several energies between 5.5 and 14.7 MeV. ' ' In gen-

eral, the angular distributions exhibit an oscillatory-

type structure, with some large angle peaking which
tends to decrease as the deuteron energy increases. These
data have been analyzed primarily by assuming a two-
nucleon pickup mechanism and using either a plane-
wave (PWBA)' " or distorted-wave Born-approxima-
tion (DWBA)" "calculation. The DWBA pickup cal-
culation is appropriate for reactions in which the final

state can be formed by the simple extraction of a
neutron-proton pair from the target nucleus. The recent
analysis of Wesolowski et al. ,4 using shell-model con-

6gurations for F" and the ground state of 0'~, has
demonstrated the applicability of the DWBA pickup
calculation for deuteron energies of 10.2 and 11.5 MeV.
It is interesting that the cross sections for production of
some of the states of 0', which are not readily formed

by the simple removal of a neutron-proton pair from
F", are comparable to those corresponding to produc-
tion of the characteristic shell-model states. In addition,
the angular distributions display many of the charac-
teristics of a pickup process. However, the energy de-

pendence of the differential and integrated cross sections
indicates that the reaction mechanism may simplify for
higher deuteron energies. The present investigation of
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the F"(d,n)O" reaction at 20.9 MeV was carried out
with the hope of clarifying the reaction mechanism.

In order to gain additional insight into the (d,n) reac-
tion mechanism, the N "(d,n) C" reaction leading to the
ground and 6rst excited states of C" was also studied.
Although this reaction was studied previously by
Fischer and Fischer" at essentially the same deuteron
energy, only the ground state of C" was resolved.

PROCEDURE

The Lewis Research Center 6xed-energy cyclotron
provided a source of 21.0&0.1-MeV deuterons. The
particle-detection and discrimination scheme was the
same as that used in a previous (d,n) experiment. "The
F" targets used were 1.43%0.05-mg/cm' commercial
6lms of Teflon'r (CFs). Alpha particles of interest from
the F"(d,n)O" reaction were distinguished from those
from the C"(d,n)B" reaction by virtue of the large
difference in Q values (+10.038 and —1.351 MeV, re-

spectively). As anticipated, the Teflon targets deterio-
rated as a result of the deuteron bombardment, even

though the beam current was about 30 nA. Conse-

quently, each target was changed after 15 p, C of charge
had accumulated in the Faraday cup. A 6xed-angle
counter, which recorded deuterons scattered elastically
from C" and F", monitored the target thickness. The
internal consistency of the data justifies this procedure.

N's gas having a purity of 99/q's was used for the

N "(d,n)C" experiment. It was contained in a cylindri-

cal gas cell 4~3 in. in diam and 4 in. thick. The walls of

the cell were covered with Havar foil" 0.0001 in. thick. .
The pressure was measured with a resistance-type

strain-gauge transducer to an accuracy of 0.05 mm Hg.
The nominal pressure of the gas was 14.5 mm Hg. The
ambient temperature of the gas was measured to an

accuracy of 0.5 K with an iron-constantan thermo-

~6 G. E. Fischer and V. K. Fischer, Phys. Rev. 114, 533 (1959)."J.R. PrIest and J. S. VIncent, Phys. Rev. 152, 989 (1966).
"These films were manufactured by the Dilectrix Corp. ,

Farmingham, Long Island, N. Y., and were kindly donated by
Professor O. E. Johnson, Purdue University."Obtained from Isomet Corp. , 433 Commercial Ave. , Palisades
Park, N. J.

"Havar is a cobalt-base high-strength alloy manufactured by
the Hamilton Watch Co., Lancaster, Pa.
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FIG. I. Typical a-particle spectrum for the reaction F"(d,n)0'
at a laboratory reaction angle of 25'.

couple, using an ice-water mixture as a reference
temperature.

EXPERIMENTAL RESULTS

The over-all energy resolution was about 300 keV full

width at half-maximum (FWHM). This was adequate
to completely resolve the ground and first two excited
states of 0'~ and the ground and first excited state of
C" (Figs. 1 and 2). The third and fourth excited states
of 0"were partially resolved, which permitted a rea-
sonable estimate of the differential cross sections for
production of these states. These were subsequently
used to extract integrated cross sections. The angular
distributions are shown in Figs. 3-8. The experimental
data are tabulated elsewhere. "The quoted errors are
due only to statistical uncertainties. The probable sys-
tematic error in the absolute diGerential cross section is
estimated to be 15%.

DISCUSSION

The common characteristics of the data are the fol-
lowing: (1) All of the angular distributions have some
semblance to that expected for a simple direct-interac-
tion process. They are all peaked in the forward direc-

FIG. 3. Angular distribution of differential cross sections for
F"(d,o)0", leaving 0"in the first excited state. The curve repre-
sents a cutoff-radius DWBA calculation for I =O.

tion, and there is little enhancement of the differential
cross sections at large angles. (2) The most distinct
direct-reaction-type pattern is seen in the angular dis-
tributions corresponding to the production of the 0.871-
MeV first excited state of 0" and the ground state of
C".The angular distributions suggest that the reaction
mechanism is simple and that an interpretation may be
possible within the framework of a direct-reaction
model. (3) The differential cross sections for production
of the 3.058-MeV second excited state of 0' and the
3.09-MeV first excited state of C"are noticeably smaller
than those for the other states of the same residual
nucleus.

Some additional insight into the reaction mechanism
is obtained from the integrated cross sections. The pres-
ent data were integrated from 20 to 170, and are
shown, along with aQ other available data, in Fig. 9.
There is some structure at lower energies where com-
pound-nucleus effects are expected to be important.
However, for energies greater than about 11 MeV, the
structure is small, and all cross sections decrease ap-
proximately monotonically as the energy increases. The
behavior is very much the same for all five states of 0".
This linear relationship between ln0- and E~ is charac-
teristic of a direct reaction, and can be understood, for
example, in terms of the plane-wave formalism of
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Fro. 2. Typical n-particle spectrum for the reaction N" (d,n)C"
at a laboratory reaction angle of 25'.
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FIG. 4. Angular distribution of differential cross sections for
F"(d,u)0", leaving 0"in the erst excited state. The curve repre-
sents an incoherent mixture of the 1.=0 and I =2 cutoff-radius
DWBA calculations.
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FrG. 5. Angular distribution of differential cross sections forF"(d,o.)O', leaving 0"in the ground state. The curve represents
an incoherent mixture of the L=2 and L=4 cuto6-radius DWBA
calculations.

Newns. "For a reaction of the form X(d,n) F, Newns ex-

presses the differential cross section for the pickup of a
neutron-proton pair from the target nucleus as

da'
~e &k~lsy~) p —g s~ s(Qr)

dQ L

where
K'=K K=etk '+ke' —k ke cose,

Q=k.—(Mr/Mx)4,
k and ks are the c.m. wave vectors associated with the
n particle and deuteron, y is the parameter associated
with the Gaussian form of the n-particle wave function

f =X exp( —y' P;&, r;ss), I.A is the orbital angular mo-
mentum transferred, jL is a spherical Bessel function,
and A z, is the structure factor. Since E and Q depend on
the deuteron energy, the integrated cross section will

depend on energy through both the exponential term
and jL. However, the main dependence is in the expo-
nential term. Assuming that the energy dependence is
contained only in the exponential term the integrated
cross section can be written as do/dII e &~«'r', where

P is a constant which arises in the calculation of k and
ke'. The observed linear relationship (Fig. 9) between
lno. and E~ then follows from this expression. Fitting
this expression to the ground-state data for Eq&11.5
MeV yields a value of 0.34 F ' for p. This value is
within 10% of that used by experimenters' " 'e who
used Newns theory (or variations thereof) for 6tting
angular-distribution data.

This similar behavior of the integrated cross sections
versus energy for all Gve states of 0" is interesting be-
cause the character of these states is quite different. The
ground and 6rst excited states of 0'r (Fig. 10)s' may be
readily interpreted, assuming that 0'~ is an inert 0"
core plus a neutron in a 1d5~2 orbital for the ground state
and in a 2s~~2 orbital for the Grst excited state. "The
study of the 0"(d,P)0'r stripping reaction confirms
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FIG. 8. Angular distribution of differential cross sections for
N's(d, a)C", leaving C" in the ground state. The curve represents
a cutoff-radius DWBA calculation for L=2.
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Fn. 6. Angular distribution of differential cross sections for
F"(d,n)O'r, leaving 0" in the second excited state The curve.
represents a cutoG-radius DWBA calculation for L= 1.
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Fro. 9. The F"(d,a)OD diiierential cross sections integrated
from 20' to 170' plotted against the deuteron energy in the labo-
ratory system.

these assignments. '~ In the same study, the differential
cross sections for production of the 3.058-MeV state are
very small and the angular distribution is isotropic
within experimental uncertainties. The formation of this
state is assumed to require excitation of a nucleon from
the 0"core. The angular distributions corresponding to
production of the 3.846- and 4.555-MeV states exhibit
weak /„=2 and 1 =1 stripping-type patterns, respec-
tively. The assignment of spin and parity 2 to the
3.846-MeV state would be consistent with the capture
of a neutron into a single-particle 1f7/s orbital. However,
more recent measurements indicate that the spin and
parityof this sta, te are ~

' ""and that this state and the
one at 4.555 MeV require excitation of a nucleon from
the 0"core for its formation. "The production of these

states in any direct (d,n) process would be a second-order

eGect, and this seems to be borne out by the significantly
smaller integrated cross sections for Eg& 14.7 MeV. The
shape of the integrated cross-section —versus —energy
curve is also indicative of a direct-reaction process.

In several (d,n) reactions at low energies, it has been

found that the integrated cross sections are proportional
to 2I+1"" "It is clear from Fig. 9 that there is little,
if any, validity of this rule for the F"(d, )Oo'r reaction,
even at the lower energies. Nevertheless, an interesting
correlation is observed in the integrated cross-sections—
versus —2I+1 plot in Fig. 11.The two solid points corre-

spond to the well-defined single-particle states, while

the open circles correspond to the excited-core states of
0'~. An approximate proportionality between the inte-

grated cross sections for production of a given type of
state and 2I+1 is observed. The data at 14.7 MeV also

exhibit the same behavior. '

ANALYSIS OF EXPERIMENTAL DATA

The previous discussion of the gross character of the
angular distributions and integrated cross sections indi- '

cates that a more detailed direct-reaction analysis is

508 Bi2
4.555 Bi2-

3.846 5i2

5.058 Ii2

0.87l ling+

FIG. 10. Low-lying levels of 0'7. The ener-
gies are taken from Ref. 25. The spin and
parity assignments are discussed in the text.

appropriate. The DKBA theory as formulated by
Tobocman" was chosen for this analysis. The cuto6-
radius DWBA of a zoRTRAN code written by Gibbs
et at.34 was used for the numerical calculations. This
calculation employed the zero-range approximation for
the nuclear interaction. There are two aspects of these
calculations which should be discussed in some detail.

(1) In the cutoff-radius approach, all contributions to
the transition amplitude are neglected for radial dis-

tances less than the cutoff radius. The physical rationale
behind this approach is certainly questionable. Never-
theless, in many direct-reaction analyses, this technique

GND. 5'+
0l7
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why DWBA calculations are sometimes inconsistent in
explaining experimental results, Buck and Rook" have
examined the DWBA formalism in general. Their con-
clusions can be briefly summarized as follows: (a) "It is
very suspect to use the DKBA for reactions other than
deuteron stripping or inelastic scattering to low-lying
states, and even these may be suspect if the angular-
momentum transfer I. is large or the initial and anal
mornenta are widely different, " (b) in the cutoff-radius
DWBA, ambiguities in the optical potentials used for
6tting the elastic scattering results are irrelevant, and
(c) the cutoff radius is to be treated as a phenomeno-
logical parameter, but should be about 1 F larger than
the nuclear radius. The analysis of our data is to be con-
sidered a test of these ideas,

(2) A (d,rr) reaction is customarily viewed. as either
the pickup of a neutron-proton pair from the target nu-
cleus or the direct knockout of an n particle from the tar-
get nucleus. In a low-resolution survey of (d,n) reactions
using 15-MeV deuterons on nuclei from Z=28—83,
Mead and Cohen" "observed two strong peaks in the
n-particle-energy spectra. They concluded that the low-

e~ergy peak is in accord with statistical compound-
nucleus theory and that the principal features of the
high-energy peak can be explained on the basis of a two-
nucleon pickup process. Furthermore, it has been con-
cluded that (p, t), (p,He'), and (p,n) reactions on 0",
which should be much like (d,n) reactions on light nu-

clei, also proceed by a pickup process. " The pickup
mechanism is certainly more appealing within the con-
text of a shell-model description of the target and re-
sidual nuclei. The cuto6-radius DWBA calculation em-

ployed here determines the shape of the angular distri-
bution, but not the absolute magnitude. Just as in
simple plane-wave calculations, the reaction mechanism
cannot be distinguished on the basis of the shape of the
angular distribution. "Some effort is made, however, to
differentiate between the processes on the basis of the
shell-model description of the nuclei involved and the
relative magnitudes of the experimental cross sections.

The elastic scattering wave functions for the incident
and exit channels were generated using a Woods-Saxon
potential of the form

where V, is the Coulomb potential for a uniformly
charged sphere of radius E. Ideally, the parameters for
the incident deuteron and exit n-particle channels should
be obtained from an optical-model 6t to the elastic
scattering data at the proper c.m. energies. There are,
however, no such data available for this analysis. Our

"B.Buck and J. R. Rook, Nucl. Phys. 67, 504 (1965)."J. B.Mead and B.L. Cohen, Phys. Rev. Letters 5, 105 (1960).
's J. B. Mead and B. L. Cohen, Phys. Rev. 125, 947 (1962)."J.Cerny and R. H. Pehl, Argonne National Laboratory Re-

port No. ANL-6878, 1964, p. 479 (unpublished).
"N. Austern, in Selected Topics in Nuclear Theory, edited by

F. Janouch (International Atomic Energy Agency, Vienna, 1963),
p. 30.

Deuteron channel
a-particle channel

V (MeV) W (MeV) a (F)

+55 +11 0.65
33 9 0.50

Z (F)

3.95
4.54

In the DWBA calculation employed here, the bound-
state wave functions for the exchanged particles (taken.
as a lump) were eigenfunctions of a Woods-Saxon
Hamiltonian, with eigenenergy equal to the binding en-

ergy of the lump. The cutoff radii were 1—2 F larger than
the radius of the Woods-Saxon potential having a dif-
fuseness parameter of 0.4 F. Thus the DWBA form
factor was essentially a monotonically decreasing ex-
ponential function of the radius r. The calculation of the
shape of the angular distribution is therefore insensitive
to the quantum parameters of the bound particles. This
procedure negates any comparison of ratios of cross sec-
tions leading to diQerent states of the residual nucleus.

Frs(d e )0"
We chose to analyze these data first because of the

apparent simplicity in the angular-distribution pattern.
This circumstance allowed us to determine the appro-
priate cuto6-radius parameter which was used in subse-
quent calculations. The selection rules for transitions to
the 6rst excited state of 0"allow I-=O and 2, where L,

' J.R. Priest, J. S. Vincent, E.T. Boschitz, and R. W. Bercaw,
in Proceedings of the International Conference on nuclear Physics,
Puris, I964 (Editions du Centre National de la Recherche Scien-
tiaque, Paris, 1965), Vol. II, p. 888.

42 R. H. Pehl, J. Cerny, E. Rivet, and B. G. Harvey, Phys. Rev.
140, 8605 (1965).

4' H. R. K. Tjin A. Djie, and K, W, @rockman, Jr., Nucl. Phys.
74, 417 (1965),

experience in the optical-model analysis of 40-MeV
ri-particle-scattering experiments on light nuclei has
shown that reasonable fits can be obtained, at least up
to 90, using a set of parameters which do not vary ap-
preciably from nucleus to nucleus. "There are, of course,
ambiguities in sets of parameters. The parameters for
the deuteron channel are somewhat more dificult to esti-
mate. Realistically, the optical potential should contain
a spin-orbit term. However, the direct-reaction code
used did not include a spin-orbit term. An examination
of the literature for optical-model analyses of deuteron
elastic scattering using the above-mentioned simple
Woods-Saxon form showed that reasonable Gts could
be obtained without having extreme variations in the
parameters. ' O' Therefore, a typical set was chosen. The
cutoff-radius DWBA calculation, which should not be
particularly sensitive to either ambiguities in the optical
potential or details of the parameters, will justify this
procedure. The parameters chosen for the F"(d,cr)O"
analysis are shown in Table I. These parameters were
Gxed throughout the calculation. Only the cutoft-radius
parameter was varied.

TABLE I. Optical-model parameters used in DWBA calcula-
tions. The radius of the uniformly charged sphere for the Coulomb
potential was also equal to E.
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is the orbital-angular-momentum transfer. However, the
well-defined oscillatory pattern with deep minima is
very characteristic of a pure L=O orbital-angular-
momentum transfer. '4 The cutoff-radius DWBA cal-
culation for L=0 and a cutoff radius of 4.58 F is shown
as the solid line in Fig. 3. The agreement with experi-
ment is quite satisfactory over the entire angular range
studied. The main deficiency is that the experimental
minima are shallower than those predicted by theory. It
is presumptuous, however, on the basis of the simplicity
of the model employed, to expect exceptional agreement
without at least including some contribution from the
L=2 DWBA calculation. While it is not uncommon to
treat the nuclear-structure coefficients associated with
the different allowed L components as adjustable pa-
rameters, the procedure is questionable. 4 Since the
direct-reaction code employed here is equipped to handle
only a single L value, some provision must be made to
mix incoherently the components for the various values
of L. Although we treat the structure factors as adjust-
able parameters, the arbitrariness of this choice is mini-
mized by using the following procedure: Using exactly
the same optical-model-potential parameters and cutoff
radius as for the L=O calculation, we repeated the cal-
culation for L=2. We then mixed the L=O and L=2
calculations by determining the normalizing constants
P and y which minimized the X' function defined by

(3)

Here o-I, is the differential cross section obtained by
DWBA, o-, ~~ is the experimental differential cross sec-
tion, and ko p& is the statistical uncertainty in the ex-
perimental cross section. The result of adding 11/o of
the L=2 component is shown in Fig. 4. The agreement
with experiment is not exceptionally better than that
obtained using only the L=O contribution (Fig. 3),
but it is more realistic in the sense that there is much
better agreement at the minima.

With regard to the ideas of Buck and Rook" con-
cerning the cutoff DWBA, we note that the cutoff
radius used, 4.58 F, is indeed about 1 F greater than the
nuclear radius of F" if we assume R= 1.3A. '".Further-
more, the good fit obtained for L=O supports their con-
tention that L=O transitions are more appropriately
described by DWBA.

F'e(d ne) 0'~

For the transition to the ground state of 0'~, the al-
lowed values of L are 2 and 4. Using the same optical-
model-potential parameters and cutoff-radius parameter
as for the previous calculations, the differential cross
sections for production of the ground state of 0'" were
calculated. The incoherent contributions were then de-
termined using Eq. (3).The results are shown in Fig. 5.

44 Reference 35, p. 28.

The agreement with experiment is not as good as that
obtained for production of the erst excited state. Never-
theless, the theoretical curve does reproduce the general
character of the experimental results. The relative pro-
portions of the L=2 and L=4 components of the cross
sections are consistent with those obtained by Taka-
matsu' and by Cosper et u/. ,' who used PWBA analyses
for the same reaction at 14.7 and 9.2 MeV.

F"(d) ne) 0"
This residual state has spin and parity ~ . There is no

model which provides an adequate quantitative de-
scription of this state. Apart from the small cross sec-
tions, the angular distribution (Fig. 6) and energy de-
pendence of the integrated cross sections (Fig. 9) have
all the features of the data for the lower states of 0'~.
This would suggest that the mechanism for production
of all three states is the same and that the smaller cross
sections are a consequence of a small-structure factor.
This can only be conjectured, however, because of the
lack of a quantitative description of this 2 state.

The angular-momentum selection rules allow L=1
for this state. The cutoff-radius DWBA calculation us-
ing the same optical-model-potential parameters, but
with a slightly larger cutoff radius of 4.93 F, is shown
in Fig. 6. Again the agreement with experiment is not
spectacular, but the calculation does reproduce the gen-
eral character of the angular distribution.

N" (d, n) C"

The ground-state spin and parity of both N" and
C" is —,

' . In the shell-model description, this is attri-
buted to the odd Ipi~2 proton in N" and to the odd
1p„,neutron in C"."The first excited state of C" has
spin and parity ~+. Extensive measurements on the
C' (d,p)C" reaction indicate that this is the 2si~2 shell-
model state. "Although this would imply that the 2s&~&

state lies lower in energy than the 1d5~2 state, it has been
shown that this inversion is possible through interaction
of 2si~~ and 1de~2 nucleons with the 1pi~~ shell. "Hence
the (d,n) reaction leading to this state by a pickup proc-
ess should be inhibited, and this is indeed borne out by
experiment (Fig. 7). The differential cross sections for
production of this state are in general more than a factor
of 2 smaller than those corresponding to the ground-
state transitions. The fact that only a partial angular
distribution was obtained precluded any detailed
DWBA analysis.

The angular distribution for the N" (d,ne) C" reaction
is shown in Fig. 8. These results are in agreement with
those of Fischer and Fischer. "For the cutoff DWBA
analysis for this reaction, the optical-model V, S", and a
parameters were the same as for the F"(d,n) 0'i analysis.
The radii of the incident deuteron and exit n-particle
channels were reduced to 3.80 and 4.26 F, respectively,

"I.Talmi and I. Unna, Ann. Rev. Nucl. Sci. 10, 353 (1960).
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to account for the smaller radii of the N" and C"nuclei.
Both L=0 and L= 2 are allowed for this reaction. The
best visual Qt (Fig. 8) to these data was obtained for
L=2 with a cutoft radius of 3.30 F. This value is only
slightly larger than the nuclear radius of N". This Gt,
though not striking, is substantially better than that
obtained with L= 0. An incoherent mixture of the L=0
and L=2 DWBA calculations gave no signi6cant im-
provement to the fit. The DKBA 6t is somewhat better
than the PWBA fit obtained by Fischer and Fischer, "
who also used L=2.

CONCLUSIONS

The angular distributions for the (d,n) reactions on
F"and N" are fitted by the cuto6 DWBA calculations.

The cutoG radii required. for the 6ts were about 1 and
0.2 F larger than the target-nucleus radii for the F"
and N" data, respectively. This is in fair agreement with
the predictions of Buck and Rook" for cutoff-radius
DWBA calculations. The best Qt was obtained for the
reaction Frs(d, nr)O", which proceeded primarily by
L= 0 orbital-angular-momentum transfer. This result is
also in accord with the speculations of Buck and Rook."
Although the theoretical calculations do not distinguish

the reaction mechanism, i.e., pickup versus knockout,
arguments based on the character of the nuclear states
involved. and the magnitudes of the experimental di6er-
ential cross sections favor the pickup mechanism.
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Partial-Wave Analysis of Inelastic Electron Scattering on the Collective
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A partial-wave analysis of inelastic electron scattering on the giant (isospin) resonance is carried out for
even medium and heavy spherical nuclei, taking into account the effects of finite energy loss. The giant
resonance is treated collectively (Steinwedel-Jensen two-Quid model) by the dynamic coupling of the Gold-
haber-Teller dipole mode to the collective quadrupole surface oscillations. The eGects on the inelastic elec-
tron cross section due to the coupling of the surface phonons with their associated transition charge to the
dipole modes are investigated. Since no experimental results are available yet, we calculate and discuss the
electron scattering cross sections for several nuclei and compare them with the predictions of the pure
dipole-mode model and the Born approximation. The nuclear parameters used are determined by fitting the
photoabsorption cross section to experiment.

I. INTRODUCTION
' QREVJOUS work on the photoexcitation of the giant

resonance of heavy deformed nuclei' indicated,
6rstly, that the structure of the giant resonance in the
total photoabsorption cross section can be interpreted
and understood as a collective dipole oscillation of a
proton fluid against a neutron Quid (Steinwedel-
Jensen two-Quid model)', secondly, that the main
structure results from the coupling of two collective
modes, namely the dipole volume oscillations and the
surface quadrupole vibrations of the nucleus (dynamic

*Supported in part by the U. S. Army Research 0$ce
(Durham) and the National Science Foundation.

)On leave from Frankfurt-am-Main University, Frankfurt,
Germany.

' M. Danos and W. Greiner, Phys. Letters 8, 113 (1964); Phys.
Rev. 134, B284 (1964);H. Arenhovel, M. Danos, and W. Greiner,
Phys. Rev. (to be published).

'H. Steinwedel and J. H. D. Jensen, Z. Naturforsch. 5, 413
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collective model of Danos and Greiner). The situation
in spherical medium and heavy nuclei is similar. '
Because of the large energy ratio of the center of the
dipole energy structure to the energy of the first
excited 2+ (collective, vibrational) state, Acor/A~v=20,
the slow quadrupole oscillation does not change the
nuclear surface appreciably during one dipole oscil-
lation. Therefore, the giant resonance of a vibrating
spherical nucleus essentially feels a deformed nuclear
surface. The energy distribution of the dipole states
is determined. by the nuclear shape. Hence, we also
have a strong dipole-quadrupole coupling for spherical
nuclei through the boundary condition. This adia-
baticity argument enables one to carry over to spherical

3 H. J. Weber, M. G. Huber, and W. Greiner, Z. Physik 190,
25 (1966);H. J. Weber, M. G. Huber, and W. Greiner, Z. Physik
192, 182 (1966); 192, 225 (1966); M. G. Huber, M. Danos, H. J.
Weber, and W. Greiner, Phys. Rev. Letters 15, 529 {1965);
Phys. Rev. 155, 1073 (1967); H. Arenhovel and H. J. Weber,
Nucl. Phys. A91, 145 (1967).


