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ABSTRACT
The “B and TiC T:B/éfanalogues of the llBe(O_.BE MeV) state have been

11
5C(p,t) C reactions. The new states

located utilizing the 15C(p,BHe)llB énd L
lie at 12.9% + 0.05 MeV in B and 12.47 £ 0.06 MeV in “'C and have total
widths of 350 * 50 keV and.550vi 50 keV,_respectively; their spins and parities
are found to be 1/2-. .A check on their isospin purify is achieved by exam-

ination of their charged-particle decay pfoperties;.it 1s found that the majof

decay mode is via L=1 isospin-allowed proton emission.
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I. INTRODUCTION
The simultaneous observation of tritons and 5He particles resulting
from the proton bombardment of TZ = f1/2 target nuclei has been shown to be
an effective method for locating low-lying T=3/2 states of the TZ = i1/2
residual nucléi.l’? Within an isospin formalism these reactions forming the
analogue states proceed froﬁ identical initial to final sfatesﬁ and in Born

approximation their cross section ratio may be written:

2 2 . '
aolp,t) St <tpmpTMT|ttmt> (tpn TMy |t m, ) (1)
p) T k. ' 2 2
d H tm TV |t t m T t.m,
where Kk and k are wave numbers and t , t,, t t., t and T are

2 b
t BHe v P t 3He i f

the isospins of the proton, triton, BHe, targeﬁ, residual state, and transferred
nucleon pair.. For residual T=3/2 states the isospin-coupling factors cancel
and the predicted cross section ratio is approximately unity since the (p,t)
and (p,BHe) reaction Q-values are nearly equal in light nuclei.

We wish to report the observation of T=5/2_ stateé in llC and llB
which have been located using the 13C(p,t)llC and 13C(p,BHe)llB reactions.
These states are unbound to isospin-allowed decay modes and lie in the proximity
of various nucleon thresholds which conceivably could destroy their isospin
purity (see, for example, Baz, et al.).3 In order to check thié, their decay
schemes have been investigated by making coincidence messurements betﬁeen

tritons or 5He particles forming the states and most of the energetically

allowed charged-particle decay modes.
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II. EXPERIMENTAL
The triton and 3He enefgy spectra and angular distribution data y
were simultaneously collected using both 43.7 and'50.5 MeV proton beams from
the Berkeley 88-inch cyclotron focused at the center of an evacuated
scattering chamber. The general beam transport system has been described
elsewhere.,+ Located at the center of the scattering chamber was a 7.6-cm

>

diameter gas cell which was covered with 2.5u Havar” foil and contained methane
enriched to 93% in 13C. Tﬁe gas pressuré‘in thg cell was maintained at
21.34 and 26.25 cm of ﬁg in the b43.7 and 50.5 MeV investigations, respectively.
Signals from two independent three-coﬁnter telescopes consisting of a
149u AE transmission detector (phosphorous-diffused silicon), a 3060 E
detector, and a 510u E-reject detector (both lithium-drifted silicqn)'were
amplified and used tovfeed power-law type particle identifiers.6 The E-reject
detector eliminated events traversing the E detector. Each telescope
subtended an angle of 0.25 deg and a solid anglé 6f 5 X lO-5 sr. A schematic
diagram of one of the two systems of detectors and électronics used in these
experiments is presented in Fig. 1. As indicated on the figure each total
energy signal (ET = AE'+ E) was fed into a 4096-channel pulse;height
analyzer and each particle identifier (PI) output was fed,to a four-channel
router. The gating signals genergted by the four chaﬁnels of the router were
used to route the totgl eﬁergy signals into the appropriate 1024-channel quadrant "
of the pulse-height analyzer. In this manner energy spectra'resulting from
tritons, 3He particles, and LLHé particles were stofed simultaneously.

"~ (The energy spectra of particles whose PI signals fell in the region of the

deuteroun-triton valley were also monitored to insure that no tritons were
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iost; this loss proved to be negligible in both investigations); Some of the
triton and 5He data accumulated during thése experiments and pertainihg fo
T=l/2 final states has been published eisewhere.7 The aversage energy resolution
(FWHM) was 150 keV for tfitons and 180 keV for 5He particles. An additional
1020y lithium-drifted silicon detector (fixed at 27.5 deg) served as a beam
energy monitor through continuous observation ofv uHe particles from the
15C(p,a)loB reaction. Beam energy variations throughout both experiments
amounted to less than 0.1%. |

The coincidence data were obtgined with a 50 MeV proton beam focused to
1.5 X 2.5 mm on a 1.1 mg/cm2 self-éupporting carbon targeﬁ, prepared from a
colloidal suspension enriched to 30% 13C. Two semi-conductor counter tele-
scopes:were used. They consisted of 147u AE plus 3050p E detectors
(System I) and.57u ME plus 500p E plus 908y E-reject detectors (System II)
and were mounted in coplanar positions with respect to fhe beam direction sub-
tending 9.4 X lO_)+ st and 4 x 1072 sr, respéctively,

Signals.frém both telescopes were passed on to much the séme electronics
previously mentioned. Triton‘and 3He energy spectra from System I which was
fixed at +30 deg (near an L=0 maximum for transitions to the T=5/2 mass-
eleven states as discussed below) were stored in portions of a 4096-channel
pulse-height analyzer. Energy signals from both systems, along with particle
identification routing signals, were fed into an andlbgue-buffer-multiplexer
and analogue-to-digital converter coupled to an on-line computer, provided
the events in each system satisfied the usual fast (21 = 50 ns)-slow coinéidence
requirements. System II was positioned at both -85 deg and -100 deg and was

. ' L '
adjusted to pass proton, triton, 3He, or He events, and, in addition, events
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where particles stopped in the 37w AE detector. [ “He and ‘He particles,
possibly emitted by the T=3/2 states under investigation; would have had
energies less than 6.2 MeV and hence could not penetrate this AE detector;

the kinematics permitted unambiguous.identifieation of these eVents.]

III. RESULTS AND DISCUSSION

A. Energy Spectra and Angular Distributions

Figure 2 presents energyrsPectra ofvtfitoné.and: 3He particlés'result-
ing from 50.5 MeV proton bombardment 6f 150;_‘Thé ihseté in each section of
the figure are an expanded portidn of the completeAspéctrum bracketed by arrows
from which the T=1/2 cénﬁinuum.backgfbund,.indiC§£ed by the daéhéd iiné,
has been subtracﬁed. Broad peaks located at 12.47 + 0.06 Mev iﬁ llC
and 12.9u + 0.05 MeV in llB’with widths of 550ui 50 and 350 i‘5d keV,
fespectively are apparent. The anguiar distfibﬁfiéﬁs of traﬁsitions to thésev
two states at Epv=.50;5"and 43-7 MeV are shown in Fig.-3. Tt can be seen
that the (ﬁ;t) and (p,BHe)_ angular distributions have identical shapesiand |
that the cross sections at each angle are essénfiéliy_identical within countihg
and background subtraction Statiétics; theSevdata.are consistent with the
T=5/2 diffefential cross séction rgtid of O.95A predicted by Eq. (1). The
eXcitation energies bf‘these.states wére establiShed:using the»knpwn eicitation
energies of the four lowest states of L 8 aﬁd'thé fi?e;lowest states of g 8,9
as calibration_dataj additionél calibraﬁidns providéd 5y .100 and ;QB stafes.

. 12 g . , - -
resulting from C target contamination were found not to alter the excitation

energies.
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Intermediate coupling calculations by Cohen and Kurathlo’ll

and By
Boyarkina12 predict that the lowést T=3/2 state in llB should lie between
12.5 and 13.7 MeV excitation. A simple Coulomb calculation predicts an
excitation of 12.78 MeV for the My T=%/2 state based on the Ny first
excited state (see below for discussion). These predictions are all consistent
with the measured excitation of 12.94% + 0.05 MeV. For the above reasons,

the B (12.94 MeV) and o (12.47 MeV) states are assigned T=3/2, and
are therefore analogues of a loﬁ;lying state in llBe.

Some discussion as to Whiéh state of llBe is the analogué of these
new T=5/2 states isvnecessary. Using a simple sheli model picture, the llBe
ground state should have J° = 1/27. However, it is known that the ground
state has J" = (1/2; 3/2; 5/2)%,%7 ana that the first excited state at

15 that

0.%2 MeV has J" = (1/2; 5/2; 7/2)-.11L Talmi and Unna have shown
because of residual two-body interactions, the 231/2 single—particle level
should lie about 0.2 MeV below the ipl/é level in llBe, which is consistent
with experiment. _

Since the 15C(p,t)llC reaction is limited to S8 =0, T =1 two-
neutron pickup, even (odd) angular momentum transfers in the 13C(p,ﬁ)llC
reaction form negative (posiﬁive) parity states of llC. Assuming a direct
pickup mechanism for the 15C(p,t)llc reaction, odd angular ﬁomentum transfer
to states at moderate excitation would require (Es)ek and/or (ld)2 admixtures
in the 130 ground state. Although calculations predicting the magnitudes of
these impurities are not avallable, they are expected to be small. The observed
cross section to the ll0(7.49 MeV; 3/2+) and the llc(6-.9o MeV; 5/2+) states -
whiéh would require L=1 and L=3 +transfers, respectively, for direct two-

neutron pickup - should provide rough upper limits for such considerations.
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The angular distributions to theée'states are shown in Fig. L. " As can be seen,

the cross section to the 7.#9 MeV state averages aboutv5 ub/sr: and that to v
the 6.90 MeV state averages about lO”ub/si.. In addition;_neither of thése
aﬁéular distributions shows the oscillatory structufe expected for a pure

L=1 or 3 ’direct process. This evidence indiéétés that the (25)? band

13 '

(1a)° impurities in the '°C ground state are relatively small. Hence, a

llC positive parity sﬁate is noﬁ expected to be pd?ﬁlated.by ﬁhe (p,t) -
reaction to the extent observed for the 12.47 MeV, T=5/2 state. |

' Also shown in Fig. 4 are the IBC(p’f)llc' angular diétributioﬁs to
the 2.00 MeV states 1/2” (L=Q); the ground state, 3/2' (L=2); and the 12.47
MeV T=3/2 state. The lld(lz.u7 Mév)' state angular distribution looks
very similar in shape to the L=0 dis£ribution ieading to thé‘.llC (2.00 MeV)
étate. The shift of the second maximum to smaller angles with increasing
excitation has been seen in many L=0 (p;t) angularvdistributions.l

The 1=0 character of the transition leading to the 110(12.u7 MeV)

11

state establishes these o ana B T=3/2 states to be J" = 1/27. Since

the ‘'Be ground state is known to have positive parity,l3 these T=3/2 states
. 11, 11 ' 11 :
in C and B are most probably the analogues of the Be(0.32 MeV)

state of known negati#e parity,lu which therefore would have a spin of‘l/EJ

B. Decay Schemes

The data presehtéd in Fig. 5 indicate that the 113(12.94 MeV) state and .
the llC(lE.h? MeV) state each have only one open JT=3/2V'pérticle;decay ‘ \
mode, i.e., via emission of an L=1 proton to the lOBé groﬁnd staﬁe and to |
‘the lOB(1.7M MeV; T=1) state, respectively. Excepf for the isospin selection

rulé, these states might décay via a numbér of other'modes illustréted'in the
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figure. Thus a check of the isospin purity of thesé ﬁew mass-eleven states
can be achieved by determining whether the isospin-allowéd decays predominate.
Coincidence events between tritons.orb 3He ‘particles forming these states and
all the energetically allowed charged-particle décaj modes shown in the

figure, except the lOB (2.15 MeV and 3.59 MeV), Be (2.9 MeV), and 7

Be (4.55
MeV) states, could have been detected.

Figures 6 and 7 show portions of two-dimenéional energy spectra coliected
with the System II telescope at -85 deg. Figu?e 6 contains a portion of the
triton-proton array. The bands drawn through the data were calculated from
the kinematics of the fhree-particle final state‘ t+p+lOB and are labeled by
the vafious residual states of lOB; these bands include corrections for the
finite geometry'of the counters, energy losses in the target, and electronic
resolution. The resolution of the Syétem I was about 185 keV for tritons and
300 keV for 5He particles and the proton resolution of System II was estimated
to be about 100 keV. 1In general thé Q-values of 12C and 16O cbntaﬁinant

15

reactions are such that they do not interfere with the C feaétions under

study; the 16O(p,t)luo(p)lBN ground state band (not shown) partially over-
laps the l5(:(p,t)llc(lo)loB(o.72 MeV) band, but the remaining l6o and  T%C
bands lie below the 103(2.15 MeV) band (two t+p+9B contaminant bands are
indicated in the figure). The calculated true-to-chance ratio for the data

in Fig. 6 is 8.6 and is consistent with the few chance events lying at 24.6 MeV
triton energy associated with the 12C(p,t)lOC ground state contaminant
reaction, which comprises the largest peak in the free triton energy spectrum.

Events at about 21 MeV triton energy corresponding to the decay of the

1 ' . 1
lC(lQ.hT MeV) state are prominent and center on the OB(l.?h MeV; T=1)
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band as expected frém-the isospin seiecfion rules. -

Figure 7 shows part of the triton-AE array containing coincidence
events between tritons and particles‘stopping in the AE detector Qf.
System II. Many of the events depositing less»than 2‘MeV in this détector
are due to regoil ions. The caiculated truefto-chance fate is:29 which is
again consistent wiﬁh the number bf-chanéé evéhts lying near the top of the
array. The upper band includes thé_ t+hHe+[73e ground and TBe (0.43 MeV)]
final states; these are unresoived due to the uHe energy losses in the target;
No clustering of events assoéiatéd ﬁith. &He decéy of the ;lC T=3/2 _state
is apparent in the data. The 12 ébntaminaht t+hHe+6Bé ground state band
is shbwn and other contaminant béhds lie béloﬁ it. o

The 3He-proton and 3He-AE éoincidence data are similaf to those shown
in Figs. 6 and 7 and contain éveﬁts indiéating that the 1y (12.94 MeV) T =3/2
state aecays‘pfedominantly vié isospinbalibwed profon émission to the. lOBe
ground state. .The other coincidence arrays contain essentially no evénts
corresponding to iSospin forbidden tranéitioﬁs.vx

In order to determine the major deéay modes of the T=5/2 states, the
counts contaired in the various kinematic bands in the above data were projectéd
onto the triton and 3He energy”axes. Figﬁre 8_shows the sum of these pro-
jections.from runs with the System II télescopevéf ;855 ahd -100°. Counts
~attributed to the decay of the _T=3/2 states were obtained by summing these

3

projeéted spectra,over the shaded triton and “He channels marked in the figure
and subtracting (A) the calculated chance background and (B) the "real"
continuum background. The continuum background was assuméd'smooth and was

estimated by averaging the observed couhts in the projected specﬁra over all
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channels not related to the T=3/2. evénté.
The resulting net‘coincidence counts were compared to the number pre-

“dicted from the triton or 3He singles data after transforming the isotropic
decay of the intermediate spin 1/2,T=3/2 states in the mass-eleven center of
mass system to the laboraﬁory, assuming lOO% decay via a given mode. The results
are tabulated in Table I where the errors include only counting statistics.
Additional errors in (1) estimating the magnitude of the singles background
sﬁbtraction to be made before computing the expected coincidence counts (see
Fig. 2) and (2) the solid angle of System II are about 30%. Unfortunately,
the large statistical errors evident in the téble along with the above con-
siderations preclude other than qualitative conclusions about the iéospiﬁ
purity of the mass-eleven T=5/2 statés; however, it is clear that most of the
decays proceed via the T=5/2 mode and hence these results support the T=5/2
assignment made on the basis of Eq. (l).

Another argument consistent with the conclusion that these states decay
predominantly by L=l proton emission can be based on the apparent agreement
between the experimental ratio.of their widﬁhs, .550 + 50 / 350 £ 50 = 1.57 £
0.27, and the calculatea proton penétratioh factor ratio. Assuming the inter-
action radius is given by_‘l.25 (A,l/5 + 1)fm, this ratio is,l.35.l7

In summary, tﬁo newbstates of llB and llC ha&e been located at
12.94 MeV and 12.47 MeV, respectively, with g =.1/2'; since these are almost
certainly analogues of the 0.32 MeV state of llBe, the spin of this state is
élso 1/2. Using these results the mass of'the uﬁobserved l;Nv analoéue
state may be predicted utilizing the isobaric multiplet maés.equatioﬁLlS

The mass excess of this lowest p-shell state of ll1\T is calculated to.be

2
25.03 £ 0.24 Mev (cl =0) and hence is unbound to proton emission.
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Table I. Decay modes of the llB and l;C T=3/2 states.
Net Counts . Predicted Counts” -
12,94 Mev)—> OBe g.5.4p 25.%:5.2 315 ' s
TLi(g.s.+0.48 MeV)+a 1.7k 7 L9.2
c(12.47 MeV) —> " B g.s.+p BRI 31.3
08 (0.72 Me¥)+p -1.1#1.7 - 32.2
108 (1.74 Mev)+p 32.416.3 35.0

| 7Be(g.s.+0.1+3 MeV )+ 8.2x5.4 : L6.3 .,

* v
Counts predicted as described in the text assuming 100% decay via a given mode.
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FIGURE CAPTIONS

1. Schematic diagram of the experimental setup of one of the semi-
conductor counter-telescopes.

2. The energy spectra of the 13C(p,t)llC and 15C(p,BHe)llB reactions.

The insets, showing the T=5/2 states, are expanded portions of the data
contained between the arrows. |

3. Angular‘distributions of transitions to the T=5/2 states arising from
both 43.7 and 50.5 MeV proton bombardment.

L, lBC(p,t)llC angular distributions. The. 1/2- states of e at 2.00
and 12.47 MeV (T=3/2) exhibit 1:0 distributions and the 3/2- ground |
state of llC has an L=2 pattern. TfansitionS'to the 6.90 and 7.49 MeV
positive parity states, forbidden for p-Sheli pickup, are shown fdr com-
parison. _

5.- Energy level diagrams for llB and llC in the vincinity of the p-shell
T=5/2 states, including energetically permitted: particle-decay modes. The
single isospin-allowed transition for each T=5/2 staté’is indicated by an
arrov.

6. Contour display of triton-proton 2-dimensional energy spectrum. The
kinematic bands correspond to (t+p+lOB) and (t+p+9B) three-particle final
states. The eventé héving about 21 MeV triton and 3 MeV proton energies are
attributed to the isospin allowed decay of the llC T=3/2 state. Symbols
for the number of events per'channel are given in the dpper right corner.

7. Contour display of tfitonwAE 2-dimensional energy épectrum.' The kine-
matic bands correspond to (t+uH¢+7Be)‘and (t+uHe+6Be) final states. The

events below 2 MeV AE energy are primarily due to recoil ions.



_1ho o UCRL-183%66

Fig. 8. Projections onto the triton and 3He energy axes of the data contained
in the kinematic bands. The shaded channels correspond to possible decays

of the T=3/2 states and the arrows mark the experimental spectrum cutoffs.

~

°
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access

to,

any information pursuant to his employment -or contract

with the Commission, or his employment with such contractor.



