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els in 39Ti,, at 3.88 MeV (07) and 4.32 MeV (27)
which, besides the ground state, are the most
strongly excited states in the (¢,p) reaction® are
not observed in the (*%0, **C) two-proton—trans-
fer reaction. A similar situation is found in
52Cr,e. However, the first 0" excited state at
2.66 MeV which has an important (pf),-,? neutron
component is strongly populated by both (¢,p) and
(*%0, **C) reactions. A thorough analysis of these
cross sections will involve a nuclear-structure
form factor, taking into account the (#lj);, -,
pair-correlation and shell-model configuration
mixing, as in the (¢,p) reaction formalism.® It
would be worthwhile in the future to compare the
two-proton transfer with the two-neutron trans-
fers also induced by heavy ions such as (0, '°0).
In the four isotopes investigated, the two-pro-
ton-transfer cross-section values display a cer-
tain correlation with the known electromagnetic
transition probabilities®: A decrease of B(E2)
values is observed in **Ti and °°Ti with respect
to ®2Cr and **Cr. This emphasizes the role of
pairing forces in the interpretation of the so-
called vibrational levels in spherical nuclei.
Furthermore, the fact that o transfers do not
populate these levels® shows the dominance of

pairing over quartetting” in the structure of low-
lying Ti and Cr states.
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We develop a projection-operator theory of photodisintegration. It is shown that the
coupling of 3p-3h (three-particle, three-hole) modes to the 1p-1h modes can explain the
intermediate structure of the giant resonance in oxygen when the 1p-1h states are treat-
ed as “doorways” for y-ray absorption and for particle emission. The structure prob-
lem is treated using the interacting-boson approximation of Iachello and Feshbach.

One of the more interesting problems of nuclear-structure theory centers about the understanding
of the giant-dipole resonance. The general features of the phenomenon can be accounted for by either
the collective model® or the particle-hole models.? These models reproduce only the gross structure
and do not account for intermediate structure, such as that observed in oxygen® and other light nuclei.
Naturally this structure is believed to be due to more complicated configurations coupled to the simple

1p-1h modes.

In the photonuclear cross sections for O, such intermediate structure is especially pronounced in
the 20- to 26-MeV region.® Experiments with energy resolutions of several hundred keV reveal reso-
nances at about 21.0, 22.3, 23.0, 24.3, and 25.0 MeV (see Fig. 1). The main features at 22.3 and 24.3
MeV have been reproduced by continuum shell-model calculations.” However, the cross sections in
these models are too large by factors of 2 or 3. The peaks at 21, 23, and 25 MeV cannot be explained
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FIG. 1. The total cross section, O'%(y,n,)0!® to the
O ground state. The points are the experimental data
of Ref. 4. The dashed curve is obtained from the T
matrix of Eq. (7). The solid curve is obtained from
the dashed curve by averaging with a function describ-
ing the experimental energy resolution (AE =250 keV).
Increasing the assumed energy resolution to AE =350
keV makes for very good agreement with the main
peak at 22 MeV but makes the fit at the other peaks
somewhat worse.

in the 1p-1h models. Gillet, Melkanoff, and Ray-
nal® have made an attempt to explain this struc-
ture by using 2p-2h states.

In this work, it will be shown that the interme-
diate structure in this region can be explained by
a proper extension of the 1p-1h model to include
3p-3h states.

We begin by formulating a T-matrix expression
for photonuclear reactions using a projection op-
erator technique.” We define a P space to in-
clude some limited number of open channels, a
doorway d, and a g space which includes those
parts of the Hilbert space not contained in either
P or d. Treating the electromagnetic coupling L | | L !
in perturbation theo.ry afld. inc.ludin‘g.only a single 2l PH202T ON |253N ER G\2(4[ Me 5;’ 26
doorway state for simplicity in writing, we have
that

o(y,n,) Lmb]

(@, 135,19, )P, 13 +3C,p(E 1) =3Cpp) “15C7 |0)

T(E) =(2. 5] 0) + E—(®,13C,, +3,p(EN=3Cpp) 5Cp, 10 7 M
where

(E-3pp) | 2.)=0, (2)

(E-3¢,4)| 25 =0, (3

¥¢=H +Hq(E-H ) 'H, (4)
and

WY=H" +Hq(E-H ) 'H?, (5)

with 3Cp, = P¥Cd, etc. Here H? is the electromagnetic coupling term, 10) denotes the target ground
state, 1®, is a doorway state (of particle-hole structure), and |®,)) is a continuum state of the P
space.

The structure of the T matrix is complicated but may be greatly simplified by making some assump-
tions. First we assume that (g |H?|0)=0 so that 3" —=H?, i.e., the states |g) are assumed to have no
significant electromagnetic coupling to the ground state. Second, we assume that the states |q) are
not coupled to the few P-space states, |®,(7), so that ¥p, ~H p,.

The treatment of ¥C;; is somewhat more complicated. To understand the structure of this term we
make a further division of the g space: g=¢g’+¢q”. The ¢’ space is taken to contain certain 3p-3h
states to be specified below; these states are considered as doorways for the coupling of the 1p-1h
dipole states to even more complex modes. The ¢” space contains more complicated modes as well
as the many open channels not included in the P space. Application of these ideas to the specification
of 3C,; leads to the following approximation:

N2
<q’a IJCM I <I>a> gEd +Z (1|;<?E:i|%ng\i,) +E[Aq" (E)-‘é‘irq"(E) ]y (6)

a’ a”
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where I' ; describes the width of the g’ states due to their coupling to the ¢” space. The term Aqn(E)
-3il «(E) describes the contribution to the T-matrix denominator due to the coupling of the 1®,) di-
rectly to the open channels in the ¢g” space. Putting these ideas together and neglecting A » and a
small term in the numerator, 3C,;p(E-3Cpp) “23¢?, we have

(@, ) 1Hp, @) @, |HY 0)

T(E) =&, |H"|0) +

with V_,={(q’|H|¢,) and Gp' ") =(E~Hpp) "', The
extension to several doorway states |¢,) is easi-
ly made and, if desired, the energy average of
T may be obtained by replacing E by E + 3il,
where 7 is the width of the averaging interval.
For O we define the P space to include only
the channels in which the residual nucleus (O
or N*®) is in its ground state or first excited
state. The single-particle d;,, resonance is re-
moved from the P space to the d space by the
methods of Wang and Shakin.® The states |¢,)
are then constructed by doing a particle-hole cal-
culation using the J=17, T =1 states made from
the orbits 1d; 5, 2815, 1p1/5"", 1ps,”! and the
1d,,, “wave-packet.”® The single-particle wave
functions are obtained from a Woods-Saxon po-
tential and the residual interaction is chosen to
be

V,; ==V(Il, +0.46115)8(F ~F,), (8)

where II, and II; are spin-triplet and -singlet
projection operators. The strength V,=4m(1.76)*
X8.5 MeV was chosen to reproduce the energies
of the dipole states at 22.3 and 24.3 MeV. These
two states were then used as doorway states
l9y-

In order to describe the intermediate structure
we need to construct the g’ states which we take
as 3p-3h states, or three-“boson” states. The
“multiboson states” may be constructed by tak-
ing direct products of low-lying “single-boson
states.” For reference we list the following low-
lying states to be used as building blocks for the
three-boson states: for T=0, J=3" (6.1 MeV)
and J=1" (7.1 MeV); for T=1, J=3"(13.2 MeV),
J=27(12.7 MeV), J=1"(13.5 MeV), and J=1"
(17.43 MeV). The energies given for the 7=0
bosons are experimental values. Also, in our
calculation, we take the lowest J=1", T =0 state
obtained to be the spurious state and disregard
it

Using the listed states we construct a 3p-3h
state: The states |J,, T,) are coupled to an inter-
mediate 2p-2h state |J,,, Ty,), Which is then cou-
pled to |J,, T,) to form a 3p-3h state. For our
purposes we only construct states with total J
=17, T=1. The unperturbed energies (the sums
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|

of the “boson” energies) are generally higher
than that of the 1p-1h dipole states. These states
are brought down in energy by considering the
effects of the particle-particle and hole-hole in-
teractions. For the treatment of the p-p and h-h
correlations we find the methods of Iachello and
Feshbach® very useful. We find that the p-p and
h-h interactions treated as perturbations in the
multiboson states have diagonal matrix elements
which are much larger than the (neglected) off-
diagonal ones, indicating the utility of the class-
ification scheme. In Table I we present the cal-
culated spectra of the three-boson states as well
as their coupling-matrix elements to the two 1p-
1h doorways. (Only a few states are strongly
coupled.) The energies listed in Table I for the
three-“boson” states represent the sum of the
energies of the noninteracting bosons listed above
and the diagonal matrix elements of the p-p and
h-h interactions. These latter matrix elements
are calculated in an approximation discussed in
Ref. 9 where certain complicated recoupling
terms, which are expected to be small, are ne-
glected. We have not attempted to calculate the
recoupling terms, but instead we allowed our-
selves the liberty of making some relatively
small adjustments of the three-boson spectrum
to obtain the best fit to the experiment. The ad-
justed energies are given in the table. Most of
the adjustments made are small compared to the
matrix elements of the p-p and h-h interactions;
in the most extreme case the lowest state (at
20.2 MeV) is moved up 1 MeV which is still less
than 20 % of the p-p and h-h matrix element of
-5.5 MeV.

In order to compare with the experimental
data, it is necessary to choose ', and 2} [ .
Since little is known concerning these quantities,
we choose them to be equal and independent of
energy. Their value is determined by requiring
that the integrated cross section for 0*%(y, n,)0*
be equal to the experimental value.* In this way
we determined L ,=2; »[' »=0.25 MeV. The cal-
culated (y, n) cross section (dashed line) to the
O ground state is shown in Fig. 1. In order to
compare with the experimental data we have av-
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Table I. The energy spectrum, configurations, and coupling-matrix elements to the dipole states, for

the three-boson states.

Adjusted
Energy Energy Configuration Coupling Matrix Element to Dipole State at
(MeV) (MeV) (JlTl)(Jsz)Jlg(J3T3) 22.3 MeV 2h.3 Mev
26.7 26.6 (10) (10) 2 (11) 0.014 MeV 0.0069 MeV
26.4 26.6 (10) (10) 2 (31) 0.0033 0.0016
25.9 25.7 (10) (10) 2 (21) 0.042 0.013
25.8 25.7 (30) (10) b (31) -0.061 -0.030
25.6 25.7 (30) (10) 3 (31) 0.19 0.092
25.1 25.0 (30) (10) 3 (21) -0.1k -0.07
25.0 25.0 (30) (10) 2 (11) -0.0k47 -0.02
2h.7 2k.85 (30) (10) 2 (31) 0.23 0.11
2h.2 24,85 (30) (30) 0 (11)2 0.%0 0.20
24,1 24.85 (30) (10) 2 (21) -0.22 -0.11
23.3 22.8 (30) (30) & (31) 0.0033 0.0017
23.3 22.8 (30) (30) 2 (11) 0.098 0.049
23.1 22.8 (10) (10) 0 (11) 0.29 0.1k
23.0 22.8 (30) (30) 2 (31) 0.090 0.0L5
22.5 22.8 (30) (30) 2 (21) 0.13 0.066
20.2 21.25 (30) (30) 0 (11) 0.48 0.24

2This (11) is the 1”7 state at 17.43 MeV. The other (11) states are the 13.5-MeV, J=1" states.

eraged the theoretical curve with an experimen-
tal energy resolution assumed to be AE =250
keV, yielding the solid curve. The result is in
excellent agreement with the data of Caldwell
et al.* Other experiments show essentially the
same structure.*

Angular distributions have been measured by
Jury, Hewitt, and McNeill,'® Thompson and Bag-
lin, ' Stewart,!® and Verbinski and Courtney.°
Our calculation provides strong support for the
assumption that the major components of the in-
termediate structure are due to J=1" states.

(A small admixture of positive-parity states in
this region is, of course, possible.) It is inter-
esting to note that in a study of C**(He?, y)O'° to
the O® ground state, resonances were observed
at 24,05 and 25.1 MeV.!! This observation is in
keeping with our assumption of important 3p-3h
components in the giant-resonance structure.

Finally, we wish to point out that part of the
success of our model is due to the use of the ex-
perimental energies for the 7=0, J=3"and J=1"
states, as our 1l-particle, 1-hole calculation
puts these states at somewhat higher energies.
We assume that a more extensive calculation in
which we were to consider the effects of 3p-3h
states in depressing the energies of the low-lying

1p-1h states would improve this aspect of our
calculation., Also, it would be interesting to ob-
tain more information concerning the parameters
[',rand 25 »L 0, as well as the possible modifica-
tion of our results through considering the ef-
fects of ground-state correlations.
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Using a number of realistic, local and nonlocal, separable two-nucleon interactions,
it is shown that threshold s-wave pion production is sensitive to the D-state probability
of the deuteron and the nonlocality of the interaction. This enables one to use the reac-
tion p+p — 7* +d to study the relative strength of the central to tensor potential and the
nonlocality of the nucleon-nucleon interaction at short distances.

Recent calculations using two-nucleon poten-
tials with varying short-range behavior,! and rel-
ative strengths of the central and tensor compo-
nents,? have shown large variation in the binding
energy and saturation density of nuclear matter.
These variations are a direct result of uncertain-
ties in our knowledge of the nucleon-nucleon (N-
N) interaction.

At present it is known that the long range (»
>1.6 F) part of the N-N interaction is due to one-
pion exchange (OPE). However, the intermediate
and short-range part of the potential is not
uniquely determined. Consequently, this region
has been represented by different phenomenologi-
cal models, some of which are local while others
are nonlocal or velocity dependent. It is the lack
of real theoretical understanding, together with
uncertainties in the experimental information,
which leads to the large variations in the calcu-
lated properties of nuclear matter.

One such experimental uncertainty is the D-
state probability of the deuteron, P,. It has
been shown? that variation of P, from 1 to 9%,
while keeping all other properties of the deuter-
on constant, leads to large variation in the bind-
ing energies of both nuclear matter and finite nu-
clei. The reason is that the quadrupole moment
of the deuteron @, and the coupling parameter
p,, which at low energy is related® to @, do not
uniquely determine the range and strength of the
tensor part of the N-N interaction.

In an attempt to constrain the value of P to
better than the present range of 3-8 %,* and pos-
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sibly gain information about the N-N potential at
short range, we have studied the sensitivity of
low-energy s-wave pion production in the reac-
tion

p+p—~1t+d 1)

to variations in these properties. One expects
Reaction (1) to give information about the N-N
interaction at momentum transfer greater than
the pion mass.

The transition amplitude, to second order in
the pion-nucleon interaction V, is given by®

Td.p=<XaIV|Xp(+)>+<Xd|V(E—H)-1VlXp(+)>y (2)

where x,; is the wave function for a deuteron plus
a free pion, and x,” is the two-proton scattering
wave function. Here H is the full two-nucleon
Hamiltonian plus a pion kinetic-energy operator.
The pion-nucleon interaction density is taken to
be of the same form as that used by Woodruff®
and Koltun and Reitan,” namely

V=H,+H, +H,, 3)
where
Hy=(4m)2( f /u)iG AV 7+ o (x)]
+[prem@e) +7-7(x)pl/2M}, (3a)
Hy =41 p " 9% (x), (3b)
H,=4TA,u %1+ @ (x) X7 (x). (3¢c)

As usual, o and 7 are the nucleon-spin and -iso-
spin operators, respectively, and P is the nucle-



