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The results are given in Fig. 4.

V. CONCLUSIONS

We have seen that equivalent two-body Hamiltonians
can give widely diferent results for the binding energy
and equilibrium density of nuclear matter. However,
these large changes in energy and density tend to be
correlated in an interesting way: An increase in binding
energy is accompanied by an increase in equilibrium

'4 F. Coester and H. KOmmel, Nucl. Phys. 17, 477 (1960).
Brandow's parameter It. (defined in Ref. 3) is related to 77 by
~=227. See also F. Coester, in Lectures irl, Theoretica/ I'hysics,
edited by K. T. Mahanthappa (Gordon and Breach, Science
Publishers, Inc. , New York, 1969), Vol. XI.

density. Our rough calculation in the separation approxi-
mation shows why this is true. The saturation curves
form a one-parameter family. The parameter charac-
terizes the distortion of the wave function. Thus the
softer of two equivalent potentials, which produces less
distortion in the wave function, will give a larger bind-
ing energy and density. Exact values of the healing
parameter g, which is a measure of the distortion in the
wave function, have been calculated. These values
support the idea that smaller distortion implies larger
binding energy and density.

The wide range of results obtainable from equivalent
two-body Hamiltonians suggests that nuclear-matter
calculations might help to pin down the nature of the
nucleon-nucleon potential. Theoretical error bounds on
the higher-order corrections to the Brueckner approxi-
mation would be essential for that purpose. It is im-
portant to emphasize additional theoretical speci6ca-
tions for acceptable potentials and to scrutinize the justi-
fication of these speci6cations.
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The "N(d, d') "N reaction to the first excited state oi "N(2.31 MeV, 0+, 1) ivas investigated for isospin
nonconservation. Angular distributions were taken for nine incident deuteron energies between 5 and 10
MeV. The symmetries observed in the angular distributions indicate a predominantly compound-nuclear
reaction mechanism. The observed violation arises most probably from "Coulomb mixing" in the "0
compound nucleus. The measured cross-section ratio of the first to the second (3.95 MeV, 1+, 0) excited
state of "N varied from 3 to 1 j& for deuteron energy. increasing from 6 to 10 MeV. The region of excitation
of "0 between 26,0 and 31.0 MeV was investigated by measuring the excitation function for inelastic
deuteron scattering to the second excited state of '4N for deuteron energies between 5.9 and 12.2 MeV
at a laboratory angle of 60'. Gross structure was observed at excitation energies of 27.2 and 29.6 MeV
in "O. The presented data are compared with photoabsorption data for this range of excitation energy.

I. INTRODUCTION

THIS work was undertaken to study the effects of
isospin nonconservation in the '4N(d, d')'tN reac-

tion. Previous deuteron inelastic scattering experi-
ments' ' involving light nuclei showed no direct evi-
dence of the reaction proceeding to states whose forma-
tion is forbidden by isospin conservation. Comparison
with the yields to nearby states for which isospin is

*Work supported in part by the U.S. Once of Naval Research
under contract Xo. Nonr 1623(05) and based upon portions of
a thesis submitted by J. R. Duray to the Graduate School of
the University of Notre Dame in partial fulfillment of the require-
ments for the Ph. D. degree.

f Present address: The Ohio State University, Columbus, Ohio.
~ C. K. Bockelman, C. P. Browne, W. W. Buechner, and A.

Sperduto, Phys. Rev. 92, 665 (1953).' D. W. Miller, B, M. Carmichael, V. C. Gupta, V. K. Rasmus-
sen, and M. B.Sampson, Phys. Rev. 101, 740 (1956).' B.H. Armitage and R. E. Meads, Nncl. Phys. 33, 494 (1962).

conserved typically gave upper limits on the order of a
few percent or less.

Preliminary investigations of the "N(d, d') "N reac-
tion indicated the feasibility of directly observing the
inelastic deuterons that populate the first excited state
at 2.31 MeV (J"=0+, T= 1). The primary goal of this
study was to find the shape of the angular distribution
of the 2.31-MeV level and to measure the cross section
as a function of incident deuteron energy. Interest in
the energy dependence of the angular distribution of
this isospin-nonconserving reaction was stimulated by
work done on the "C(d, cr)'oB (1.74 MeV, 0+, 1) reac-
tion4s and more recently on the "O(d n)' N (2.31

4 L. Meyer-Schutzmeister, D. von Ehrenstein, and R. G.
Alias, Phys. Rev. 14'7, 743 (1966).

~ J. W. Janecke, T. Yang, W. S. Gray, and R. Polichar, Phys.
Rev. 1'l3, 1301 (1968).
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MeV, 0+, 1) reaction. ' In both reactions, the isospin-
nonconserving groups have forward-peaked. angular
distributions and resonant structure in their excitation
functions for incident deuteron energies corresponding
to the main strength of the giant dipole resonance.
Below this "threshold, " most of the angular distribu-
tions are, as expected, symmetrical.

Recently, Noble' tried to explain such behavior of the
T= 1 angular distributions along with a smooth increase
in the nonconserving excitation function, and. even
more recently he tried to explain such behavior with
the resonant energy dependence of the excitation func-
tion. The basic problem with which these proposals are
concerned. is how to relate the excitation function,
which exhibits a compound-nuclear behavior, to the
forward-peaked angular distribution.

The erst excited state of "X should be a relatively
pure T=1 state. It is expected' that for very low and
very high excitation energies in the compound system,
the isospin T will be a good. quantum number. The ex-
citation energy in the "0 compound nucleus, corre-
sponding to r4N+d, is 20.7 MeV. In this region of
broad overlapping states, isospin is expected to be a
good quantum number because such states have such
short lifetimes that the Coulomb force does not have
time to mix components of differing isospin into states
initially formed with weLL-dehned isospin. The main
strength of the giant dipole lies between the excitation
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FIG. 1. Excitation function for inelastic deuterons to the
second excited state of '4N (E =3.95 MeV, 5~=1+, 7=0). The
laboratory observation angle was 60 . The curve is drawn to aid
the eye. Arrows indicate energies at which angular distributions
were measured for the 6rst (2 ='1) and second (T=O) excited
states. The uncertainties indicated are statistical.
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energies of 22 and 24 MeV in "0 and has relatively
pure isospin, as is indicated by a comparison of rsO(y, P)
and "O(y e) data. ""

For most cases of nonconservation of isospin, the
predominant mechanism for breakdown is considered
to be mixing in the compound nucleus. That is to say,
a T=O compound state has mixed into it a T=1
component (of the same spin and parity) by means of
the Coulomb force. For T=O reaction products, then,
T=i. final states are populated to the degree of the
T= 1 impurity in the compound state. This population
will be proportional to the lifetime of the compound,
state. Although mixing in the compound nucleus is
certainly, to some degree, a cause of the nonconserva-
tion of isospin, proposals' ""not involving mixing in
the compound nucleus have been made to explain the
un|.xpectedly large violation that has been observed.
These proposals have been concerned mainly with a
deuteron-target (or equivalently the deuteron-residual
nucleus) electromagnetic interaction.

The '4N(d, d')'4N reaction offers a good test for the
proposed deuteron-target interactions. In addition,
this reaction proceeds through the giant dipole region
of the "0 compound nucleus. Since the observed for-
ward. -peaked angular distribution of the rsC(d, n) "8
and rsO(d, n) "N isospin nonconserving reactions also
occur in the giant-dipole-resonance region of "N and
"F, respectively, the r4N(d, d') "N reaction can be used.
to investigate any inhuence that the giant dipole has
on the isospin nonconservation.

FIG. 2. Examples of the photographic emulsion data of the
inelastic deuterons going to the 2.31-MeV state of "N. The
arrows indicate the summation interval used for area extraction
as discussed in the text. The bombarding energy was 7.67 MeV.
The upper plot shows a run made at 60' and the lower plot a run
at 80'.

' R. M. Polichar, J. Ja,necke, T. F. Young, and W. S. Gray,
Bull. Am. Phys. Soc. 13, 1425 (1968).' J. V. Noble, Phys. Rev. 162, 934 (196/); I'F3, 1034 (1968).

J. V. Noble, Phys. Rev. Letters 22, 473 (1969).
~ A. M. Lane and R. S. Thomas, Rev. Mod. Phys. 30, 257

(1958).

' N. W. Tanner, G. C. Thomas, and E. D. Earle, Nucl. Phys.
SZ, 45 (~964).

S.C. Cook, J.E. E. Baglin, J. N. Bradford, and J.E. Grifhn,
Phys. Rev. 143, 712 (1966)."R.J.Drachrnan, Phys. Rev. Letters 17, 1017 (1966)."T.A. Gri6y, Phys. Letters 21, 694 (1966).
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FIG. 3. Angular distributions of inelastic deuterons to the erst excited state of "N (E,=2.31 MeV, 0+, 1) . The solid line is the result
of a least-squares fit of Z&u&P&(O). The mean incident deuteron energy Td, in MeV, is shown on each plot,

II. EXPERIMENTAL PROCEDURE

The facilities of the physics division of the Argonne
National Laboratory were used in accumulating the
data for this experiment. The nominal energy of the
incident deuteron beam from the tandem accelerator
was determined by magnetic analysis. The energy
resolution of the beam, as de6ned by the geometry of
the entrance and exit slits of the analyzing magnet,
was typically 0.15%.

The reaction products were momentum-analyzed by
a broad-range magnetic spectrograph of the Browne-
Buechner type. Both photographic emulsions and a
position-sensitive solid-state detector mounted at the
focal surface of the spectrograph were employed as
particle detectors.

The 'N target was made by evaporating adenine
onto a Formvar and gold backing. Since adenine has a
low melting point, target life with few exceptions was
short, even though a rotating target holder was used to
dissipate the energy loss of the deuteron beam over a
large target area. By evaporating the adenine in pill
form and using constant evaporator geometry, the tar-
gets were found to be reproducible to within ~4%%uq as
determined by normalization runs.

The excitation function for the second excited state
of '4N was measured with a position-sensitive detector at
a laboratory angle of 60 . The deuteron energy was
varied from 5.9 to 12.1 MeV in steps of 200 keV. Cer-
tain regions of the excitation function were repeated in
100-keV steps. The 2.31- and 3.95-MeV groups were
recorded simultaneously on photographic emulsions for
incident deuteron energies (,Ts) of 6.37, 7.12, 7.67,
8.46, 9.37, 9.87, and 10.16 MeV. The momentum range
of the spectrograph was not sufBcient to allow simul-
taneous recording of both groups at lower deuteron
bombarding energies. Consequently, only the angular
distributions of the 2.31-MeV state were measured for
deuteron energies of 5.47 and 5.87 MeV. Typically,
runs were made at laboratory angles of 20', 40', 60',
80', and 130'.

The identification of the deuterons was readily made
from the track length in the emulsion and the measured
momentum, To enhance the yield of the 2.31-MeV
group, a fairly thick nitrogen target was used. Energy
loss in the target broadened the observed groups and
slightly decreased their energy. From the position of
the strong 3.95-MeV group on the photographic emul-

sion, the input deuteron energy was determined and
then used to find the expected position of the weak
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FIG. 4. Angular distributions of inelastic deuterons to the first excited state of N (8 =2.31 MeV, 0+, 1).The solid line is the result
of a least-squares 6t of Z~u~P~(O). The mean incident deuteron energy Td, in MeV, is shown on each plot.

2.31-MeV group. Since this group arose from an isospin-
forbidden reaction, it was very weak and hence often
dificult to observe above background. The width of
the 3.95-MeV group was used. in conjunction with a
relative stopping-power curve to estimate the proper
summation interval for the 2.31-MeV group. For a given
angular distribution, the normalization of one angle to
another was made through the ground-state protons
from the '4N(d, p) "N reaction that struck a fixed solid-
state detector. The angular distributions at different
energies were normalized to one another by means of the
excitation function of the 3.95-MeV state. The angular
distributions were then converted to differential cross
section using the measurement of Green and Middle-
ton."Their value was 1 mb/sr at 60' in the laboratory
for a 9.0-MeV deuteron energy. The uncertainty in this
number, taken from their data, was about 25%. This
uncertainty has not been included in the errors quoted
herein.

III. RESULTS

Figure 1 shows the excitation function obtained for
the second excited state (3.95 MeV) . Arrows are

placed on the figure to show energies at which angular
distributions were measured for the first (2.31 MeV)
and second excited states. Typical data for the forbid-
den 2.31-MeV group are shown in Fig. 2. The proper
summation interval obtained from the strong 3.95-
MeV group, as explained above, is shown by arrows in
Fig. 2. The back.-angle data, of which the lower portion
of Fig. 2 is indicative, would not have lent itself to an
unambiguous area extraction had not this procedure
been employed. The large difference in summation inter-
val between 60' and 80' seen in Fig. 2 comes from the
use of diferent targets for the two angles. The input
energies calculated from the positions of the 3.95-MeV
group varied by no more than 0.2% for a complete
angular distribution. This variation arose primarily
from changes in target position from reflection to trans-
mission. The proper summation interval for the 2.31-
MeV group was always known quite accurately.

The angular distributions were fitted by least squares
to a sum of Legendre polynominals of the form

do/dQ= Q a)Pi(8).

reen and R. Middleton proc. phys. Soc. (london) The results of these fits for the 2.31-MeV state are
A69, 2g (1956). indicated by the solid lines in Figs. 3 and. 4. The
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TABLE I. Coefficients for the least-squares 6t of Legendre polynomials to the angular distributions of the 2.3I-MeV level of '4¹The
indicated uncertainty is the standard error. The units are pb/4n sr.

Deuteron
energy
(MeV) Cp

5.47
5.87
6.37
7.12
7.67
8.46
9.37
9.87

10.16

29.9&2.0
41.9&13.0
46.3&5.7
35.5~3.7
51.1~4.3
22, 8&5.1
17.4~2.6
17.4~3.3
20.0%1.0

30.8~4. 1
42. 5+23.4

36.7+9.3
17.9&4.8

4.6&1.8

5.4+5.3
5.3~33.6

51.3~15.8
0.7&8.4

65.9+9.9
29.7~12.1

18.7+6.2

10.7&2.8

—23.0&41.2
64.2~20.2 36. /~36. 2

—35.4~13.0
32.9~14,4

criterion for acceptability for these fits was a minimum
in the standard deviation of the fit as a function of the
number of fit parameters. In Fig. 5, the solid lines
show the fits for the 3.95-MeV state. Xo acceptable fit
could be made to the 3.95-MeV angular distributions
for deuteron energies of 8.46 and 9.37 MeV. The dashed
curves through these data in Fig. 5 serve merely as a
guide. The incident deuteron energy indicated is the
mean of the energies from the individual runs. The
deviation from the mean was less than 0.2%. The co-
efFicients determined by the least-squares fits are
tabulated in Table I for the first excited state of '4N

and in Table II for the second excited state. Figures 6
and 7 are plots of the total cross section of inelastic
deuterons to the isospin-"forbidden" 2.31-MeV state
and the "allowed" 3.95-MeV state of "N, respectively.
The total cross sections at Tq ——8.46 and 9.37 were esti-
mated by means of a planimeter since no acceptable
least-squares fit could be made.

IV. DISCUSSION

A. Isosyin Nonconserva. tion

In practice, the "degree" of nonconservation of iso-
spin, or the amount of T=1 impurity present, is ob-
tained by comparing the forbidden cross section with

an allowed cross section at a comparable final-state
excitation energy. There are, however, four factors
which should be considered in determining the forbidden-
to-allowed ratio.

The first of these factors is the influence of the final-
state spins and parities. Many of the forbidden transi-
tions that have been investigated are of the 0+ to 0+
type, which occur frequently in (d, n) reactions. Hashi-
moto and Alford" first pointed this out, noting that the
statistical factors alone would result in a lower cross
section than for, say, a 0+ to a 3+ transition.

The second factor to be considered is the penetrabil-
ity. This effect is normally small when the energies of
the reaction products are well above the barrier and
the allowed and forbidden groups correspond to com-
parable excitation energies. If the reaction under con-
sideration proceeds through a region of high density of
compound-nuclear states, the statistical relation for
the cross section given by Hauser and Feshbach" can
be used to correct the observed ratio. The calculation
includes not only the usually small effects of penetrabil-
ity but the statistical effect of the spin and parity of the
final state.

The remaining two factors are not so easily taken
into account but are nevertheless significant in some
cases. The most important but highly elusive effect of

TABLE II. CoefFicients for the least-squares fit of Legendre polynomials to the angular distributions of the 3.95-Mev level of "N. The
indicated uncertainty is the standard error. Units are mb j4s. sr.

Deuteron
energy
{MeV)

6.37
7.12
7.67
8.46
9.37
9.87

10.16

0.68+0.04
I.56~0.06
1.45~0.03

no Gt

no 6t
1.32+0.08
1.62+0.11

0.19~0.08
—0.39+0.10 0.32~0.15

0.17~0.07

0.78~0.18
0.97~0.25

—0.21+0.19
0.49~0. 10

0.46+0.26
0.96+0.37

"V. Hashimoto and W. Parker Alford, Phys. Rev. 116, 981 (1959),
"W, Hauser and H. Feshbach, Phys. Rev. 87, 366 (1932),
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FIG. 5. Angular distributions of inelastic deuterons to the second excited state of "E (E,=3,95 MeV, 1+, 0) ~ The solid line is a
least-squares 6t of Z&a&P&(O). The incident deuteron energy Td,, in MeV, is shown on each plot. The dashed curves for T&=8.46 and
9.37 MeV indicate that no fit could be made.

TABLE III. Measured isospin impurities for incident deuteron
energies between 6 and 10 MeV. The ratio 2I is o (2.31)/o(3.95),
i.e., the ratio of the T=1 to T=0 cross section.

Deuteron
energy
(Mev) (%)

6.37
7.12
7.67
8.46
9.37
9.87

10.16

6.7+1.2~

2.3&0.3
3.5~0.4
1,8~0.4
1.7&0.3
1.3&0.3
1.2%0.1

~ See text for penetrability estimate.

the two is the amount of direct reaction contributing to
the intensity of the allowed group used in measuring the
ratio. Certainly such an effect should be taken into
account, but at this time there is no reliable method for
doing so.

The fourth and last factor that should be considered

is that of the different configurations of the final states.
Accurate estimates are diS.cult to obtain since they re-

quire detailed spectroscopic information. A crude esti-
mate of the effect may be obtained from isospin-allowed
scattering data.

The inelastic scattering of deuterons has an advant-
age that most isospin-nonconserving (d, n) reactions
do not have, viz. , no spin inhibition is involved. The
correction usually made when restrictions from angular
momentum effects are present has, however. , the ad-
vantage of correcting for penetrability effects as well.
In the present work, penetrability corrections were
applied only to the data at T&=6.37 MeV.

For inelastic deuterons going to the 3.95-MeV state,
the Coulomb barrier in the exit channel corresponds to
an input deuteron energy of 7.0 MeV. In order to esti-
mate the penetrability for the T&=6.37 MeV case, the
square-well (5.14 fm) transmission coefTicients were
calculated using Coulomb functions tabulated by
Gove. '~ The ratio of the coeKcients for the 3.95-MeV

' %.T. Sharp, H. E.Gove, and K. B. Paul, Graphs of Coulomb
Functions (Atomic Energy of Canada Limited, Chalk River,
Canada, 1955).
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Fn. 6. Total cross section of inelastic deuterons to the 6rst excited
(2.31 MeV) state of"¹The curve is drawn as a guide.

'8 W. W. True, Phys. Rev. 130, 1530 (1963).' E. K. Warburton and W. T. Pinkston, Phys. Rev. 118, 733
(1960).' l. Talmi'and I. Unna, Phys. Rev. 112, 452 (1958).

level indicates a reduction of about 50% in the 3.95-
MeV cross section. This then reduces the measured
ratio at Tq=6.37 MeV by a factor of 2. For incident
deuteron energies greater than 7.0 MeV, the exit-
channel penetrability correction was small. The ob-
served cross-section ratios, i.e., the ratio o.(2.31)/
o (3.95), are shown in Table III.

The measured ratios are all of the order of a few per-
cent. This would seemingly indicate the approximate
validity of isospin as a good quantum number for this
reaction proceeding through this region of excitation in
the "0compound nucleus. The angular distributions to
the 3.95-MeV level at T~= 9.37, 9.87, and 10.16 MeV
may indicate some forward peaking, but, in the ab-
sence of data at very large angles, this is uncertain.
The lack of fits at T~——8.46 and 9.37 MeV and the very
different shapes make an interpretation of forward
peaking even less tenable. In any case, contributions
from direct reaction do not appear to be appreciable.

The effect of different configurations for the first and
second excited states of "N could have a pronounced
effect on the measured ratio. The configuration for the
2.31-MeV (0+, 1) state is generally" "thought to be
Pt~ss. The 3.95-MeV (1+, 0) state is considered to be
core excited, viz. , having a ps~s 'pries

' conftguration
with a possible Pt~ss admixture. Ideally, it would be de-
sirable to know what the cross-section ratio would be in
the absence of isospin conservation. For an extremely
crude estimate of the effect of final-state configurations
in the present (d, d') work, we look to (p, p') scattering
data from "X. A comparison cannot be taken too
seriously since diferent intermediate nuclei are
involved.

Bockelman et al. ,' for 0&,b
——90' and a proton energy

of 7.5 MeV, measured do. (2.31)/do(3. 95) to be about

0.5. Karwaker and Hebbard" measured this ratio as
0.1 at three laboratory angles for proton energies from
9.3 to 10.5 MeV. At 10.5 MeV, Oda" measures the
same ratio as &0.1.For larger proton energies, the data
indicate a sizable direct-reaction contribution although
the ratio remains roughly 0.1 or less. These rather
large differences in o (2.31)/o (3.95) for the (p, p') case
do not necessarily indicate that such differences in
yield would occur for the (d, d') case with no isospin
restriction. The difference in final-state population ob-
served. in the (p, p') data is brought out to suggest the
possibility that a similar effect could exist in the (d, d')
case. If this and the previously discussed effects are
present to an appreciable extent in the present (d, d')
case, the measured yield ratio underestimates the iso-
spin impurity.

Using the recipe of Barker and Mann" and comparing
"O(p, n) and "O(p, p) data, " an isospin impurity
(i.e., the T=O amplitude) of 0.25% for excitation
energies between 27.5 and 29.0 MeV in "0is estimated.
This amplitude was used to approximate the T=1
amplitude in predominantly T=O states of the same
excitation energy. Applying MacDonald's ground-state
estimate24 to the 2.31-MeV state of '4N and using
0.25% for "0,an impurity of 1%or less in the "N (d, d')
reaction is calculated. These estimates from the photo-
absorption data and Macoonald's ground-state esti-
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2'L. G. Earwaker and D. F. Hebbard, Nucl. Phys. 53, 252
(1964).

22 Y. Oda, M. Takenda, N. Tokano, T. Yamazaki, C. Hu, K.
Kikuchi, S. Kobayashi, K. Matsuda, and V. Nagahara, J. Phys.
Soc. Japan 15, 760 (1960).

s~ F. C. Barker and A. K. Mann, Phil. Mag. 2, 5 (1957).
'4 W. M. MacDonald, in 2Vuclear Spectroscopy, edited by F.

Ajzenberg-Selove (Academic Press Inc. , New York, 1960), Part
3, pp. 932.

5.0 6.0 7.0 8.0 9.0 IO. O
DEUTERON ENERGY{MeV)

Fxo. 7. The total cross section of inelastic deuteron scattering
to the second excited state of "N is shown by the solid circles.
The cross section of the first excited state is indicated by the
triangles on the same scale for comparison. The curve is drawn
as a guide.
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mate, however, do not reflect the variation with energy
of the impurity that is measured. Estimates'2" have
been made of the T= 1 amplitude in the deuteron wave-
function. These estimates are based on a virtual excita-
tion of the deuteron from the deuteron-target electro-
magnetic interaction. (The original estimate in Ref. 13
for the T= 1 amplitude of the deuteron contains a
numerical error. The correct amplitude should be 2.5
Z&(10 '.) But here again there is no energy depend-
ence of the T= 1 impurity.

The isospin impurities measured in this experiment
should be considered as lower limits in view of the
possible contribution of the four effects previously out-
lined. The observance of structure in the excitation
function taken at 60' (Fig. 8) and in the total cross
section (Fig. 6) along with the symmetries observed. in
the angular distributions are indicative of a compound-
nucleus reaction mechanism. If the above effects are

significant, the mixing in the compound nucleus is
much greater than the 0.25% estimated from the
photoabsorption data. Only mixing in the compound
nucleus could account, however, for the variation with
energy.

The "direct reaction" phenomenon reported in the
' C(d& a)MB reaction' ' and the "O(d, n) "N reaction'
is not obviously present in the "N(d, d') "N reaction.
Broad structure is seen centered at about Tg=6.2
MeV in the 2.31-MeV, T=1 cross section, which cor-
responds to 26-MeV excitation in ' O. This region is
slightly higher than the main strength of the giant
dipole resonance, although structure is obviously ap-
parent in photoabsorption data" with an intensity of
about 40% of the main peak at 22.3 Mev. There is a
possible indication of resonant structure at Tq=7.6
MeV that corresponds to about 27 MeV in "O. More
data would be required, however, to substantiate this.
Noble's recent proposal concerning forward peaking in
the nonconserved cross section' does not apply in the
(d, d') case since we observe no forward peaking in the
2.31-MeV cross section. However, the region of excita-
tion in the compound nucleus is comparable, viz. , the
energy region of the giant dipole.

For the incident energies where the nonconserved
forward-peaked angular distributions in the "C(d o.) MB

reaction are observed, the isospin-conserved angular
distributions of the ground, erst, and third excited
states are also forward peaked. 4 The reaction mecha-
nism for the '4N(d, d')'4N reaction is that of the com-
pound nucleus for both the first (T= 1) and the second
(T=O) excited states of ' N. In both the (d, d') and the
(d, n) reactions, structure is observed in the noncon-
served cross sections corresponding to the giant dipole
region of excitation. On this basis, we suggest that a
mechanism for "mixing" of isospin in the compound.
nucleus could be an interaction with the bulk properties
of the giant dipole, i.e., with its deformed and/or
oscillatory" character.

"M. Goldhaber and E.Teller, Phys. Rev. N, 1046 (1948).
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In Fig. 8, we show the variation with energy of the
differential cross section for the 2.31-MeV data for
constant angles. The variations in the ratio do (2.31)/
do. (3.95) for a fixed angle are more apparent than the
variation of the total cross-section ratio with energy.
The four factors discussed earlier are also more sensi-
tive when the ratio is taken for a fixed angle. In gen-
eral, the ratios for the forward angles are higher than
those given in Table III by about a factor of 2. The
back angles are down relative to the Table III values

by about the same amount.
It is of interest to compare the violation observed in

the (d, d') reaction with that observed in the
'4N(d n)'sC (E,=15.1 MeV, 1+, 1) reaction. "In both
reactions, the same region of excitation in "0 was
covered, and neither is restricted by angular-momen-
tum considerations. It would be expected that the vio-
lation observed in both reactions would be about the
same if the nonconservation arose from "mixing" in
the compound nucleus. In the (d, n) reaction, the state
in "C used in measuring the ratio was the 12.71-MeV
(1+, 0) state. The measured impurity of 3% for Tq=
7.2 MeV was attributed to "mixing" in the compound
nucleus. In the (d, d') reaction, the ratio for the same
incident deuteron energy was measured as 2.3%. This
agreement with the (d, n) data suggests, then, that
differences in the configuration of the first and second

excited states of ' X play a relatively minor part in the
measured ratio. It would be necessary to measure the
cross section for the 2.31-MeV state in finer energy
steps to compare it properly with the resonance struc-
ture seen in the '4N(d n) "C (15.1 MeV) reaction.
The angular distributions measured in the present work
and the agreement with the (d, n) reaction as to the
amount of violation seem to indicate a compound-
nucleus reaction. Further work on the two reactions is
planned with a view to comparison of excitation func-
tions.

B. States in '60

The excitation energies covered in "0 by the 60'
yield curve of the 3.95-MeV state ranged from 26 to 31
MeV. Although these data are taken for one laboratory
angle, the general trend of the total cross section for
this level suggests that the gross behavior of the 60'
excitation function is similar to that of the total cross
section.

A tabulation of existing data on the structure of "0
in the excitation energy range 26—30 MeV is presented
in Table IV. The isospin-conserved "N(d, n) "C data
are given in the first three columns as they were pre-
sented by Chaudhri. ~~ Correspondence with other data
that are tabulated is indicated when there is agree-

~~M. A. Chaudhri and L. Lassen, in Congres International de
~' C. P. Browne, W. A. Schier, and I. F. Wright, Nucl. Phys. I'hysiqle Nucleaire (Editions du Centre National de la Recherche

66, 49 (1965). Scienti6que, Paris, 1964), Vo}.II, 32II/C253.
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TAsLE IV. Structure observed in "0for the excitation energy range 26-30 MeV. The symbols ao, aI, and a2 refer to n particles going
to the ground state and first and second excited states of "C, respectively. The symbols d1 and d2 refer to inelastic deuterons measured
in this experiment going to the first and second excited states of '4N. "A(L)" indicates an asymmetry in the angular distribution that
was least-squares fitted with all orders of Legendre polynomials up to order L. "S(l)" indicates symmetry in the angular distribution
for even orders only of Legendre polynomials up to order l.

"N(d' ~)"C
reaction

14N(d, a) "C
reactionb

16O (~ I) 15O

reaction'
"O(y e) "0

reaction&
"C('He, ao) "C

reaction'
'4N(d, d') t4N

dl d2

26. 1

26.5
(27.0)'
27.4
27.75
27.9

28.35

26.0

26.6
26.95
27.3
27.65
27.9

26.0

26.5
27. 1

27.4

28.0

25.94

27.0
27.4g

28.2

27.45

26.2

27.6

S(6)

S(4)
S(4)

A(1)

A(3)
S(4)

28.65
28.95
29.3
29.6

28.7
28.95

28.6

29.4
29.75 29.85
30.3 30.| 29.&

30.2g

29.6

28.9 A(2)
S(0)
A(2)

S(4)
S{4)

a See text, Ref. 27.
n-particle group leading to 15.11-Mev state in»C. See text, Ref. 26.

0 See text, Ref. 11.
d See text, Ref. 28.

e See text, Ref. 29.
Structure indicated by data but not stated in text of paper.

g' Considered doubtful; see Ref. 27.

ment by an arbitrarily chosen value of ~100 keV.
The structure in the '4N(d, n)'sC* reactionM is that
observed in the nonconserved component. Results of
two measurements"" of the "0(y e)"0 reaction are
listed in columns 5 and 6. The most recent observation
of structure in ' 0 wa, s with the "C(Hes, ns)' C reac-
tion."The structure observed at 27.6 MeV in "0 was
identi6ed as a J =3, T=0 state. The last two columns
in Table IV indicate, to within 100 keV, the correspond-
ence of the angular distributions of the (d, d') reac-
tion with excitation energy in "O. This correspondence
does not necessarily indicate that structure was ob-
served in the present work, but rather shows where
angular distributions were measured and what the re-
sults were of the least-squares analysis. Angular dis-
tributions corresponding to excitation energies of 25.6,
26.0, and 28.1 MeV are not included in Table IV. An
"A" indicates that both even and odd orders of I egen-
dre polynominals were used to fit the distribution, the
highest order being indicated in parenthesis. An "S"
indicates that only even orders were used, with the
maximum order l given in parenthesis. A similar table
has been presented by Subvert" for excitation energies
of 20—25 MeV in "O.

"J.T. Caldwell, R. R. Harvey, R. L. Bramblett, and S. C.
Fultz, Phys. Letters 0, 213 (1963)."H. R. Weller, N. R. Roberson, and D. R. Tilley, Phys.
Letters 258, 541 (1967)."M. SuBert, Nucl. Phys. 'lS, 226 (1966).

In Fig. 9, the 60' excitation function of inelastic
deuterons to the 3.95-MeV state is compared with the
excitation function obtained from the ' N(d, n)"C*
(15.1 MeV, 1+, 1) reaction. m In the latter, the total
cross section was measured by the 15.11-MeV 3f1 radia-
tion going to the ground state.

An interesting feature of Table IV is the correspond-
ence between the isospin-conserved and the noncon-
served (d, n) reaction of Refs. 27 and 26, respectively.
In the conserved reaction, corresponding structure was
seen at all angles at which data were taken. The non-
conserved reaction, on the other hand, does not contain
all the structure seen in the conserved (d, n) reaction.
Nevertheless, surprising correspondence is seen, which
suggests that the nonconserved reaction is selective in
its resonance. One possibility for the selectivity is that
the observed resonances arise from appreciable con-
centration of T=1 impurities in a relatively high
density of wide T=0 compound states of the same spin
and parity.

The main strength of the giant dipole resonance in
"0 is concentrated in two prominant peaks in the
(y, m) and (y, p) data that correspond to excitation
energies of 22.2 and 24.1 MeV. In the vicinity of 24.1
MeV in ' 0 (2'@ 3.9 MeV), the conserved (d, n) cross
section of Ref. 27 exhibits very sharp dips. Although
the nonconserved (d, n) data of Ref. 26 are influenced
somewhat by the Coulomb barrier at this deuteron
energy, the yield is also down (but beginning to in-
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crease), peaking at the first resonance observed in the
excitation function at Tg=4.3-4.6 MeV (see Fig. 9).
Suffert has observed resonant structure in the
'4N(d, y) MO reaction corresponding to 22.7 MeV in
"O. This structure lies in the valley of the two most
prominent photoabsorption resonances. The (d, yo)
reaction should be isospin conserving. The fact that a
prominent resonance is observed is attributed'0 to the
reaction proceeding through an isospin impurity in the
compound nucleus.

The nonconserving (d, n) cross section in Fig. 9
exhibits pronounced structure for deuteron energies
from 4.3 to about 9.0 MeV, above which the cross sec-
tion is down by more than a factor of 2 from that at
7.0 MeV. The tapering oB of the structure could arise
from the fact that the excitation energy in "0 is being
further removed from the main strength of the giant
dipole resonance. In the (d, er) data of Fig. 9, this taper-
ing off is nicely Gtted by

o = (7.2X10s)/(E, —22.0)'

for E,~p26.0 MeV. This could imply that all or part of
the structure observed is due to an interaction in-

volving the giant dipole. Gillet and Bloch," trying to
account for the "fine structure" that appears through-
out the giant dipole region, have suggested that there
exist a number of low-lying 2-particle —2-hole (2p-2h)
states that, through configuration mixing (i.e., through
an interaction with the 1p-1h state describing the giant
dipole) can yield structure. The results&' of calculations
predict 2p-2h quasibound states at 23.0, 23.9, 24.4, and
26.0 MeV in "O. These four quasibound states are
formed by the mixing of con6gurations with the follow-

ing spins and parities: 0+(0) —1 (1), 2+(0) —3 (1),
2+(0) —2 (1), and 2+(0) —1 (1), respectively, where
isospin is indicated in parenthesis. The structure ob-
served in I'ig. 9 at 24.7 and 25.9 MeV could correspond
to these states.

Off the giant dipole resonance, the structure in the
photoabsorption yield becomes weaker, and contribu-
tions from 351 and E2 absorption are probably present
along with the dominant E1 absorption. There may be
a correspondence (in Table IV) of the (d, er,') data with
that of photoabsorption. Et must be emphasized that
correspondence of the excitation function and the
angular distributions with structure in the giant dipole
could be coincidental, in which case the following would
be of no consequence.

8r V. Giilet and C. Bjoek, Phys. Letters 18, 58 (1965).' V. Gillet, M. A. Melkanog, and J. Raynal, Null. Phys. A9'1,
631 (1967).

The gross structure in the 60' excitation function for
the 3.95-MeV state is peaked at T~=7.4 and 10.1
MeV, which corresponds to 27.2 and 29.6 MeV, respec-
tively, in "O. Because of the large input energy incre-
ments (ATq= 100—200 keV), the observed structure
could come from a contribution of a number of reso-
nances in "O.In particular, for Tq 7.6——7 MeV (E,= 27.4
MeV), both the 2.31- and 3.95-MeV angular distribu-
tions were fitted with even orders of Pi(0) (up to and

including /=4). The weak assumption that orbital
angular momentum in the exit channel does not limit
the distribution implies that the spin of the compound
state must be &2. The correspondence with photo-
absorption structure would imply that the spin of this
resonance at 27.4 MeV in '0 is 2+, according to the
assumption that along with E1, only M1 and E2 ab-

sorption make significant contributions. Discounting
this correspondence with the photoabsorption structure,
the symmetry in the angular distributions could be due

to the reported" J =3 resonance at E,=27.6 MeV
(I'~0.6 MeV). However, the '4N(d, ne) "C reaction"
clearly shows two well-resolved groups at E,=27.4
and 27.75 MeV.

Near 29.6 MeV in "0 (Tg 10.16 MeV), the angular
distributions (for Tq= 9.8 and. 10.1 MeU) were nearly
symmetrical. The 3.95-MeV distributions show a slight

asymmetry in the scatter of the 60' and 100 data
points, which is assumed to be due to some direct-
reaction contribution. At Tg= 10.1 MeV, the 2.31-MeU
angular distribution is indicated in Table IV as being
asymmetric. The highest / value involved in the fit is 2.
The fit to the 3.95-MeV distribution at T~——10.1 MeV
puts a lower limit of 2 on the spin, which is compatible
with the 2.31-MeV distribution that indicates the spin
to be &1. By the same correspondence as before, this
suggests a 2+ assignment for E =29.6 MeV in MO.

The total cross section of the 2.31.-MeV level in I'ig. 6
shows an indication of structure at E =27.4 MeV,
whereas the 3.95-MeV cross section in Fig. 7 (similar to
the 60' excitation function of Fig. 1) shows broad
structure almost 2 MeV wide. The structure observed
at Ts 6.0 MeU (E,=25.9 M——eV) is probably analogous
to that observed. in the i4N(d, n) "C reaction shown in
I'ig. 9.
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