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as observed. In the same figure we have plotted
also the nucleon polarization taking the neutron ef-
fective charges consistent with a hydrodynamic
model of the recoil effect, i.e., (=Z/A) for E1 and
(+Z/A®) for E2. Use of a single effective neutron
charge of 0.5 for both E1 and E2 essentially gives
the same results as the one plotted in Fig. 3 as a
solid curve.

Thus, within the context of the direct-reaction
model and the limits of uncertainty of effective
charges, the observed forward-peaking and the
polarization data at 90° suggest that the photonu-
clear-reaction yield curve contains both E1 and E2

(and some M1) transition strength at y-ray ener-
gies corresponding to and above the giant-dipole
region.
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The following reactions were studied. At E, =6.2 MeV: B'%,n)N'2, At E,{=10 and 11 MeV:

B, m)N2(p)Cl, B, p)CR(m)CY, BYn,p)Cl2(p)BY, B%n,p)C%(a)Be, B

%n,p)C(d)B1,

States at 5.3 MeV in N'2 and 20.5 MeV in C!? were identified as members of an isobaric triad,
with J", T=3%, 1 having a pronounced two-particle structure. Angular correlations support
this assignment. For these and other states, branching ratios of the emitted particles are
measured, and conclusions on isospin purities and other properties are drawn.

I. INTRODUCTION

Nuclear transfer reactions are often used to
yield information on quantum numbers and wave
functions of the states populated in the final nucle-
us. If a final state is unstable to particle emis-

sion, additional or supplementary information can
be gained by measuring correlations between the
first and second emitted particles. This will be
of particular importance if the state cannot be
formed by elastic scattering on a neighboring nu-
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cleus. This is true for the nucleus N'?, most of
the states being unstable toward proton emission
into the B-unstable nucleus C!. Population of
these states by the reaction B'°(%,x) will be suita-
ble for revealing two-particle correlations in
these states, while their decay may exhibit their
structural relationships to the states of C!!.

In the same experiment in which we therefore
studied the reaction B!°(%, n)N'2(p)C!, we also ob-
served the mirror reaction B*°(%,p)C"%(z)C"!, popu-
lating presumably analog states and leading to the
same final states. In this case proton decay to the
respective states in B" is also possible, as well
as a decay to Be®, and in a few cases deuteron de-
cay back to B!, From observation of all these
features general information on highly excited par-
ticle unstable states could be expected. The (%,%)
and (&,p) reactions on B! fortunately can be com-
pared with a recent study® of the reaction B!°(¢, p)B*?
leading to states presumably analogous to those of
N'2 and C'?,

II. EXPERIMENTS

The present study involved: (i) neutron time-of-
flight measurements of the reaction B°(k,n)N'2 at
E,=6.2 MeV, (ii) coincidence measurements be-
tween neutrons and charged particles x in reac-
tions of the type B'°(k,nx), and (iii) coincidence
measurements between two charged particles x,y
in a process of the type B'°(k, xy), both at E, =10
and 11 MeV. The accelerator used is a 5.5-MV
van de Graaff generator. It can be used in conjunc-
tion with terminal pulsing and a Mobley bunching
system to produce nanosecond pulses of singly
charged helions.? It also can be operated, by
means of a terminal analysis magnet, to produce
dc beams of doubly charged helions. The target
consisted of B! enriched to 94%. It was evaporat-
ed as a layer of unknown thickness on a Ta backing
for the experiment of type (i) and as a self-support-
ing foil of (30+5)-ugcm™2 thickness for type (ii)
and (iii).

In measurement (i) the neutrons were detected
by liquid scintillators (Ne 213, 1 in.X4 in. diam)
after a flight path of 6 m; the threshold for the re-
coil protons was set at 700 keV. Pulse-shape dis-
crimination was used to discriminate against y-
radiation background. In measurement (ii) the %
beam was focused onto a target in the center of a
cylindrical vacuum chamber. Neutrons were
again detected by NE-213 scintillators (2 in. X5 in.
diam) placed outside the chamber in its median
plane 60 cm from the center. Charged particles
were detected and identified by two solid-state de-
tector telescopes (AE counter 20 u, E counter
1000 p) placed inside the chamber, that could be
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moved independently in the median plane around
the target.??

The summed energy signals from the telescope
were fed into one input of a two~-dimensional multi-
channel analyzer. The time difference between a
fast signal from the E detector and a correspond-
ing signal from an associated neutron in the scin-
tillator was measured with a conventional time-to-
pulse-height converter and fed into the other input
of the analyzer. Coincident events were stored in
a two-dimensional array containing 32 channels
for the time-of-flight difference and 128 channels
for the charged-particle energy. A multiplication
signal from a particle identifier circuit ensured
that only proton signals were stored in this part of
the experiment. The thresholds were 1.5 MeV in
the telescope and 600 keV in the scintillator cir-
cuit; the over-all time resolution was <3 nsec.

In measurement (iii), correlated events detected
in the two telescopes were registered, using a
coincidence time covering the flight time of the
fastest (10-MeV protons) and the slowest (3-MeV @)
particles to be investigated. Here the digitized en-
ergy signals were fed into a PDP-9 computer and
registered in an array of 512X512 channels, with
additional bits characterizing the identification as
protons, deuterons, helions, or « particles.

From a storage buffer the events were stored on
magnetic tape and evaluated off-line.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Results from B‘o(h, n)N12 and Comparison
with B'*(z, p)C'? and B'%(¢,p)B"

Figure 1 gives as an example the neutron time-
of-flight spectrum observed at 0°. All known
states in N'2 as given in the recent compilation of
Ajzenberg and Lauritsen® have been identified. In
addition we found levels at 4.3 and 5.3 MeV which
have also been observed in a most recent measure-
ment of the C'%(k, t)N*2 reaction by Ball and Cerny.*
Further states observed in the coincidence experi-
ment are quoted in Sec. 3 B4.

Predominantly populated is the state at 5.3 MeV
which has been excited very weakly in the (%, t) re-
action. Angular distributions were evaluated only
for this state and for the ground state, shown in
Figs. 2 and 3. The solid lines represent distorted-
wave Born-approximation (DWBA) calculations us-
ing the code DWUCK?® with optical-model parameters
listed in Table I. The framework of the theory of
Glendenning® was used which gives the cross sec-
tion in the form

do
EC{ E CSTZEIEGNLSJTB#LIZ
LSJT u N
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FIG. 1. Neutron time-of-flight spectrum. Levels in N2 and background lines are indicated.

(notation of Ref. 6). In the DWBA amplitude B}, ,
the form factor for the two nucleons transferred
was calculated by a code of Sichelschmidt.” In
this code the usual oscillator wave functions are
replaced by eigenfunctions of a Woods-Saxon well
that are developed into an oscillator basis. Itturned
out that the best fit was obtained by assuming

that in the formation of the strong state at 5.3 MeV
the two protons were transferred in the configura-
tion (19,,,)% ; 7z =010» and in the formation of the
ground state they were transferred in the simple
shell-model configuration (194,19, /5) yrz=12.° FOr
the excited state at 5.3 MeV, therefore, quantum

numbers J", T=3* 1 can be deduced, taking into
account the 3*,0 ground state of the target nucleus
B'® and the strong selection rules of the (#,n) re-
action.® Strong two-particle structure for the 5.3~
MeV state would imply rather weak excitation in
the C'2(h, t)N*2 reaction, as is born out by experi-
ment.*

It is noteworthy that Middleton and Pullen,! in
the mirror reaction B'°(¢,p)B!2 at E,=10 MeV,
have observed predominant formation of a state
in B'2 at 5.61 MeV with apparently the same prop-
erties. Therefore we conjecture these states to
be members of an isobaric triad having T=1, T,

TABLE I. Optical potential parameters for two-nucleon transfer reactions on B, (See Ref. a.)

E Vo o a w v a’ Vo e
(MeV) (Me (fm) (fm) (MeV) (fm) (fm) (MeV) (fm)

¢t + Blob 10 150 1.22 0.73 20 1.25 0.81 24 1.3
T+Blob 14 150 1.22 0.73 20 1.25 0.81 24 1.3
T+ B10D 11 150 1.22 0.73 20 1.25 0.81 24 1.3
T+ Blob 6.2 120 1.22 0.73 20 1.25 0.81 24 1.3
p+B2c 10 46 1.29 0.66 36 1.25 0.5 24 1.3
p+Clece 9 46 1.29 0.66 36 1.25 0.5 24 1.3
n+NiZe 6 46.5 1.29 0.66 36.5 1.25 0.5 24 1.3
n+Ni2e 1 47 1.29 0.66 37 1.25 0.5 24 1.3

(2p) (

(pm) bound 1.25 0.65 Ago=25

(2n)

“See R. H. Bassel, R. M. Drisko, and G. R. Satchler, Oak Ridge National Laboratory Report No. Nr3240, 1962

(unpublished).
bValues chosen with reference to the tables of P. E. Hodgson, Advan. Phys. 17, 563 (1968)

®Values calculated with formulas of D, Wilmore and P. E,. Hodgson, Nucl. Phys. 55, 673 (1965); Ann. Rev. Nucl. Sci.

17, 10 (1967).
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=11, The corresponding state with T,=0 is ex~
pected in C!? at an excitation energy around 20
MeV. This may be identified with a state found at
20.6 MeV by Comfort and Baglin® to be populated
strongly in B'°(k,p)C!? at E,=13.9 MeV. [In the
present work we do see such a state, which we
would like to assign an excitation energy of 20.5
+0.1 MeV. In the singles spectra it is covered at
many angles by lines from C!2(k,p) and O'®(%,p)
due to target contaminants. In the coincidence
spectra discussed below, it shows up very clearly,
however.] From these qualitative arguments it
may be concluded that we have the complete J", T
=3* 1 triad before us.

Further evidence may be taken from a DWBA
analysis of the differential cross sections of Refs.
1 and 9, which we have performed with the param-
eters listed in Table I and using the same wave
functions in all cases. The results are shown in
Figs. 4 and 5. The nice agreement is further sup-

do

E(qrbitrary units)

T T T T T

1 i 1 1 1
30 60 90 120 150 O,

FIG. 2. Angular distribution of neutrons from B!’-
(h,n)N'%, final state at 5.3 MeV. Solid line represents
DWBA calculation,

port of the assumed equal structure for these
states.

All relevant properties of these states being
equal, the cross sections for two nucleon transfer
reactions should be determined solely by the spin-
isospin factor®:!°

T, T T
Csr’=bgs (T: T T‘i‘)
z z 2

2

The isospin Clebsch-Gordan coefficients being
identical (=1) in this case, Cg,* turns out to be 1
for (k,z) and (¢,p), and 3 for (k,p). Hence it is ex-
pected that the cross sections for (%,n) and (¢,p)
should be equal and twice the value for (%,p). The
results of Refs. 1 and 9 imply a ratio o(t,p)/o(k,p)
~3.5. A rough estimate of the (,#) and (&, p)
cross section at 11 MeV based on the coincidence
measurements described below gives a ratio
o(h,n)/o(k,p) =3, which is in surprisingly good
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FIG. 3. Angular distribution of neutrons from B!’-
(r,n)N'2, ground state. Solid line represents DWBA cal-
culation.
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FIG. 4. Angular distribution of protons from B!, p)C'2,
final state at 20.6 MeV (supposed analog to the 5.3-MeV
state in N'2), Data from Ref. 9. Solid line represents
DWBA calculation,

agreement with this ratio. Thus the Glendenning
theory® appears to be an appropriate description
for these transitions.

In a recent paper Cohen and Kurath!! predict a
rather large spectroscopic amplitude for two-nu-
cleon transfer to a state with J", T=3% 1 located
theoretically at 19.63 MeV in C'2, It may be con-
cluded that we have here this state and its analogs,
because such energy deviations are to be expected,
taking into account that the theoretical values are
derived from an intermediate-coupling calculation
for the whole p shell.

B. Results of the Two-Dimensional Measurements

1. Survey and Typical Examples

Two-dimensional spectra were stored separately
for the following outgoing reaction channels, re-
sulting from B +#4:

BOHNE et al.

2
%(mb/sr)
- T T T T T
- _
5.0t E{=10MeV .
— —
- L=0 -
(Middleton et al.)
1 Il 1 | It
30 60 90 120 150 O¢.m.

FIG. 5. Angular distribution of protons from B¢, p) B2,
final state at 5.61 MeV (supposed analog to the 5.3-MeV
state in N'%). Data from Ref, 1. Solid line represents
DWBA calculation.

(a) p+n+CH Q.. = 0.975 MeV,
(b) p+p +BH = 3.738 MeV,
(c)p+d+B® =-5.494 MeV,
@) p+7+Be® =-6.587 MeV,

(e)p+a+Bed
(f)d + 1 +Be®
(g)d+a+Be”

12.326 MeV,
=-6.028 MeV,
=-4.346 MeV .

Only for the channels a, b, ¢, and e was the cross
section large enough to show up above the back-
ground of accidental coincidences.

Figure 6 shows, as an example, a two-dimen-
sional display of proton energy and neutron time
of flight corresponding to channel (a). The coinci-
dent events are seen to be located on four kinemat-
ic loci, related to five states in the final nucleus
C!, It is seen that the intensity varies strongly
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FIG. 6. Two-dimensional display of proton energy and neutron time of flight in the reactions B®+ 2 — Cll+ n+ p,
Solid lines marked C}!' represent transitions to the ith excited state in C!!, Intermediate states in C!2 and N!2 are indica-

ted by arrows.

along these loci, indicating sequential reactions
to be predominant.’? They involve either states in
C*? [channel a,:B*(k,p)C*3(n)C"], or in N'2 [chan-
nel a,: B°(h, n)N*2(p)C*].

Figure 7 shows the projected spectrum of one of
these plots onto the proton energy axis. Strongest
were, as mentioned above, transitions through the
states at 20.5 MeV in C*? and at 5.3 MeV in N2,
The weak lines could be assigned to several states
in C!2 and N2 by the kinematic behavior at differ-
ent angles.

In channel (b) also, the same state at 20.5 MeV
was strongest in the reaction B'°(%,p)C*2(p)B*.
Because of the identity of the two protons each
line appeared twice on the kinematic locus, making
the analysis more difficult in this case.

Channel (c) was quite strong, but could not be
resolved from the reaction C'?(k,p)N**(d)C'2, so
that no quantitative information could be extracted.
The relatively strong occurrence of these deuteron
channels could be easily explained with the as-
sumed mechanism for the (&,p) reaction, where an
(np) cluster is transferred, forms an intermediate
state, and is subsequently emitted again.

Channel (e) results in a four-particle state, as
the Be® nucleus is unstable against @ decay. Events
from a nonsequential reaction mode therefore
could have been scattered over the whole array.
However, the very weak reaction appeared to be

confined predominantly to the kinematic locus cor-
responding to the process B'°(%,p)C'%(a)Be®g.s.

The same preference for the sequential mode in
this channel has been observed by Waggoner e¢-
al.,®® who investigated this reaction thoroughly pop-
ulating lower excited states in C'2, Predominant se-
quential @ decay of C!2 states through Be® was also
observed by Epstein ef al.'* in the reaction B''+p
~C!2=Bef+a.

2. Angular Corrvelations

Only for the two strongest lines in channels (a,)
and (az) could complete angular correlations be
evaluated; they are given in Fig. 8. For the 20.5-
MeV state in C'2 (channel a,) the angular correla-
tion is isotropic. This is expected for L =0 trans-
fer in the (%,p) reaction, and thus corroborates
the assignment J" =3 * discussed earlier.

The angular correlation related to the proposed
analog state at 5.3 MeV in N'2, however, is neith-
er isotropic nor even symmetric about 90°. This
fact immediately implies the presence of two over-
lapping states of opposite parity. Such a pheno-
menon has been discussed by Huby and Liu!® with
respect to a similar case which we had observed
in the reaction C'?(d,n)N'3(p)C'2, where two over-
lapping states with 3~ and 3* were involved.®
Huby and Liu'® have shown that a very weak excita-
tion of the level of opposite parity is able to cause
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FIG. 7. Energy distribution of coincident particles emitted in the reaction B!%(k,np)C!! (ground state). The distribution
along the kinematic locus related to the ground state of C!! was projected onto the proton energy axis, with background
due to random coincidences subtracted. Intermediate states in C!? and N'? are indicated.

large asymmetries. The occurence of such a

state is not unlikely, taking into account the large
width of the state discussed so far (=250 keV)!? and
therefore does not alter the earlier considerations
on this state.

While in the N3 case the situation could be
checked by direct scattering of protons on C'%,
this is not possible here, as N'2 has no suitable
stable neighbors. Note that the asymmetry, and
thus the mixture, does not change appreciably at
E, =10 MeV.

Fitting the angular correlation by Legendre poly-
nomials in principle should give information on the
angular momenta involved and on the mixing ratio.
However, because of the large spin (3*) of the tar-
get nucleus, there is so large a variability in the
angular momentum values that no definite conclu-
sions can be drawn, as was pointed out by Liu.!®

From the measured angular correlation one may
get a rough estimate for the cross section of the
(h,n) and (h,p) reactions at 11 MeV. Assuming
azimuthal isotropy one obtains, by integration over
neutron angles, do(k,p)/d2=0.2 mb/sr at 6,=42.5°.
By means of a DWBA calculation to extrapolate to
0°, a value of 1 mb/sr at 0° is obtained, only slight-
ly smaller than Comfort and Baglin’s® value at 14
MeV. In a similar way, but with larger uncertain-
ty due to the anisotropic correlation, one can esti-
mate the cross section at 11 MeV for the (%,#) re-
action to be 3 mb/sr. The ratio thus agrees with
the corresponding ratio of the (¢,p) and (k,p) reac-
tions mentioned above.

3. Branching Ratios

The other states in N'2 and C'? seen in Fig. 7 and
corresponding spectra at other angles were too
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TABLE II. Relative intensities in the decay of some
C!? states to ground states of the final nuclei. B!%(r, p)-
Cl2x; C2¥(p) B, Cl2%(ng)Cl, C2*(ay)Beb. One proton
detector at 42.5° lab; the other detector at 42.5° (proton
and o) or 44° (neutron) on the opposite side of the beam.
The energy identification in the case of pp coincidences
being twofold ambiguous, the respective states are
grouped together. Statistical error estimated 20%.

Ci2*(p0)B11 012*(n0)cll C‘z*(ozo)Beﬂ
E, (MeV) 0,=42.5° 0,=142.5° 0,=42.5°
in C12* 6,=—42.5°  0,=—44,0° 0,=—42.5°
20.5/23.5 0.95 1.0 ?
21. . . .
5/22.6 0.9 0.22 <0.02
23.0/20.99 0.62 0.255
23.9/20.24 0.38 0.3

10(h.p)C'2*(20.5MeV)—en+ 1
(h.nIN'Z (5.3 MeV )—ep+ = g:S.

|
|
d20 O.Q/n\
dQpdQn (a)
[arbitrury unils] I beam
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bty e
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{ |/?\
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FIG. 8. Angular correlations in the sequential reac-
tions Bk, np)Cl!, Detector position as indicated in the
inserts. (a) B, p)CE. Mev(#y)Cy' s, proton detector
fixed at 42.5° lab, neutron moving, (b) Bz, 7) 1% yev(pg)-
C“_ s.» neutron detector fixed at 0° lab, proton moving,

(c% same as (b), neutron detector fixed at 20°., The angu-
lar scale refers to the c.m. system of the respective re-
coil nucleus, cl? o Nw; cross sections were trans-
formed to these systems.

weakly excited for a complete angular-correlation
measurement. In Table II we therefore only list
representative intensities observed at roughly
equivalent angles for C!2 states decaying by proton,
neutron, and a emission to the ground state of the
respective final nuclei. Assuming the angular cor-
relations not to be too anisotropic these data should
be roughly proportional to the total cross section.

Comparison with the numerous states in the
giant resonance region quoted by Ajzenberg-Selove
and Lauritsen® shows that rather few states are ex-
cited in the (&, px) reaction at all. In all cases the
a decay is very weak, which supports the assign-
ment of predominantly 7 =1 to these states. (7=0
states in this excitation region should be much
broader, because of the unhindered o decay.) For
pure T =1 states, however, the neutron and proton
decay should be the same, apart from barrier pene-
tration effects that should amount to 30% in this
region.!® This requirement is well fulfilled for the
20.5-MeV state, corroborating the pure T'=1 char-
acter deduced from the two-nucleon transfer in-
vestigation into this state and its analogs.

For other states under discussion a marked dif-
ference in neutron and proton decays is apparent.
This can be made plausible qualitatively by assum-
ing a small amount of 7 =0 admixture. Barker and
Mann*® have shown that the different cross-section
ratio for the reactions C'3(y,n) and (y,p) involving
dipole states in this energy region can be explained
by such an isospin impurity.

Another interesting feature is the branching ra-
tio of both neutron and proton decays to the vari-
ous excited states of C'! and B!, respectively.
Only for states above 22-MeV excitation energy
in C!? was an observation of the decay to excited
states possible. Owing to the very small intensi-
ties we only list in Table III the relative values for
C!2 states between 22 and 25 MeV as observed at
various angles grouped together.?® It is seen that
in both channels the first excited state in the 4 =11
nuclei is populated weakly. This appears to be

TABLE III. Branching ratio of the decay of C!%*
states into excited states of the respective final nucleus
C!! or B!, The z and p channels are not normalized to
each other in this case. Intensities are averaged over
the excitation energy between 22 and 25 MeV in C'2,
Statistical error estimated 15%.

*
ClZ (n‘ )Cll Clz*(pi)B“
JT,Cl, E, (MeV) relative  E, (MeV) relative
and B!  in Cl! intensity in Bi! intensity
§” 0.0 1.0 0.0 1.0
3 1.995 0.1 2.124 0.1
o
3 4.305 4.444
- 0.7 0.
3 4.794 5.019 8
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FIG. 9. Energy levels of the A=12 nuclei, from Ref. 18. Levels in N!? found in this work: see text. The level indi-
cated by a dashed line close to 5.3 MeV and its parity was derived from an analysis of the angular correlation. The T =1
levels on the right are theoretical predictions from Ref. 11. Analog states are connected by dashed lines; tentative con-

nections are indicated by dot-dashed lines.

hard to explain by angular momentum selection
rules alone, and might indicate a significant struc-
tural difference.

4. Level Scheme of N¥?

Sequential decays through hitherto unknown
states in N'2 at 6.4, 6.9, 7.7, and 9.2 MeV (uncer-
tainty of about +50 keV) were identified (see Fig. 7,
bottom scale). From the way their position varied
with emission angle this decay mode could be estab-
lished. In Fig. 9 we display the complete level
scheme of N'2 together with the corresponding
scheme of C'? and B2, The well established analog
states? have been connected by dashed lines. The
dot-dashed lines have been tentatively drawn con-
necting supposed analog states.

IV. CONCLUSION

The prominent feature of this work is the exis-

tence of an isobaric triad with J", 7=3%1 in the
A =12 nuclei, which has a very pronounced two-
particle structure. This assignment is based on
the analysis of two~nucleon transfer reactions and
on the decay properties of these states. It is con-
sistent with predictions of Cohen and Kurath!! de-
rived from intermediate-coupling calculations for
the p shell.

That the other states discussed are populated so
weakly in B°(f,p)C'? suggests that they do not have
a notable two-particle structure. The experimen-
tal result that the giant dipole resonance does not
show up markedly implies that its pure one-parti-
cle—one-hole states®! are not excited in the two-
nucleon transfer reaction, as has been pointed out
already by Comfort and Baglin.® Thus the nature of
the states seen in this work probably is a mixture
of different components of various structures, as
is suggested by the proposed isospin impurity.
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For a more thorough understanding on the experi-

mental side investigations at higher % energy
would be worthwhile, and on the theoretical side
predictions on the branching ratios based, e.g., on
the Cohen-Kurath!! or Gillet?* wave functions will
be needed.
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