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Abstract

The'réagtibné llB(p,3He)9Be and 11B(p,t)9B have been studied at 45 MeV

proton energy. . New T = 1/2 states havé'beenvobserved at 15.96 * 0.0k4 MeV in

%Be and at 15.29 * 0.04 MeV and 15.58 # 0.0k MeV in %8, and in addition there

is a possiblé state or'stétes at v 15.13vMeV'in.9Be.‘_The fesults were compared
with DWBA caicglations using‘(lpj;shell wave funétions and there is reasonable
agreement for the ground states, lowest 5/2° excited states and the lowest

3/27 (T = 3/2)‘anal§gue stét¢s.' Several candidates are proposed for a 3/2”

(T =A1/2) stafe near the analogue state.  The resulté arebdiscusséd in terms

of isospin mixing in the analégue‘staies;bprompted by previously observed devia-
tions of their'masses from thebquadrafic multipiet mass equation. All thé experi-
mental.evidence indicates that isospin mixing of more than few percent is extfemel&
unlikei&; |
¥ , : : : ‘ . :
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l. Introduction
If it is assumed that.two;body forces are responsible for charge'depen—
dence in nuclei then, to first ordef, the masses of members of an isobarié multi-

plet are related by the so-called isobaric multiplet mass equation (IMME),
M(A T,T, ) a.(A 'I') + h(a, T)T +&(A T)T . ‘ (1)

where the ébefficieﬁts ére related'fo.diagbnal reduced mafrix elements of the
chargefdependentipart of the total Haﬁiltonian.‘ The staﬁés thémselves are
assumédrto.bé éharécteriied-by a unique isospin T. By using second-order. per-
turbation theory fhe IMME can be extended‘té inéludel) ﬁhe additional terms
g’l‘z3 };:-'T.Zh. The coefficients ,.9. and‘ S, @are functions only of‘off—dia‘g-‘onal
matrix'eleﬁents, and the other coefficients must be redefined to include off-
diagonal as well as diagonal élements. |
‘Experiﬁeﬁtaliy it ié possible; by measuring the maéses of ali four'mem-

bers of a T = 3/2 quaftet, to determine the mﬁgnitude of the coefficient‘é;

indepehdently of‘any agsumptions about vé# .Wﬁét light this may shed on.the
éxtent of isospin mixing is iiiﬁstrated by considéring the iﬁteraction between
two:states-fone with T = 3/2, the other with T =.1/2--which appear in a

]TZI =1/2 nuéleuSa The perturbed energy of the T =13/2_levél can‘be'expanded
with the-héip of the Wigner—Eckart théorem in bowers.of TZ,_Where the coef-

ficient of the TZ3 term is°)

&= -/i5 - )rl (7 = -HH(l)lll ><-3-un(2)u1> o (2)

3/2 1/2 CDh "2 Ch "2

Here é;) is the ith rank tensor component of the charge-dependent part of

the Hamiltonian and ET is the excitation energy of the state with isospin T.
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The correspondihg.amplitude a of the T = 1/2 component admixed into the T = 3/2

analogue-state wave function_ise

L el e 23y, @)

“(Tz - —) = ( 3/2 Byl /6 2 D 2 /55 cD

where the * -signs correspond to Tz = + 1/2. Under these restrictive limits
of only two-state mixing, it is now possible to derive from Eqs. (2) and (3)

several relatiohships which are otherwise model independent:

i%)' (£, - E )

3/2 " "1/2 4=0 o (1)

AP - (+ D - aaley, - m o (5)

Thus, it is evideht that even<if-the d coefficient is measured to .be zero,

1sosp1n m1x1ng ‘cannot be precluded and conversely, a s1gn1f1cant 4 coefficient
is compatlble with no 1sosp1n mixing in one of the |T I = 1/2 nuclei but not in
both. |
| - i e o2hy .
There has been recent experimental activity ) in determining the
value of d from isobarie-quartet mass measurements. The most accurate results

at present relate to masses 9, 13, and 21 for which the measured 4 coefficients

_are +9 1+ 3.7.keV -0.9 % 2.9 keV and 6.3 4.9 keV, respectlvely It appears

that the only. quartet whlch dlsplays a 51gn1f1cantly non-zero 4 coefficient is in

mass 9——thls 1nvolves the .ground: states of 9C and 9L1, and the lowest T = 3/2 states

9 9Be. It is then of particular 1nterest to study the mass-9 system '

B and
with a view to 1sosp1n m1x1ng so as to discover what spec1al circumstances have

determlned the size of its 4 coefficient.
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In probing this question previously, Janeckel)‘has pointed out that two
= 1/2 states of uncertaln spin lie at v 500 keV and ~ 2500 keV below the 3/2° *
9 -

(T 3/2) analogue states in both B and 9Be, if one of these states were also
3/27, then it.might well mix with the analogue state, perturbing its energy
sufficiently to oause the observed 4 value. However,:by assuming.such two-
state mixing he requires ver& large off;diagonal Coulomb matrix elements and
predlcts 1sosp1n 1mpur1tles in the analogue state of v 16% if mixing occurs

with the nearer T = 1/2 state or N h7 if it is with the other. These predlctlons

9B and 9

are very nearly the same for both Be.
It now seems unllkely from the measured widths’ of the levels involved
that such large lsospin impurities in the analogue state could occur, par-

9

ticularly in Be. All exoited_states in 7Be are unstable to neutron emission
and consequenfly.almostlall known T = l/2vstates have.FvZflOO keV. The lowest
T = 3/2 state, if it had pure<iSOSpin, would be bound to isos?in—conserving.
particle'decay aud its width would bevdetermined by fadiative decay. Certainly
some impurity:musf be present since its widfh is measured to be 0.h keVs), but
the size of the.impurity will belapproximateﬂ by O.Ll/l‘l/2 where Tl/é-is the width
of the T = 1/2vst'ate with vhich it is assumed to mix. For T, 2 100 keV, the
corresponding.impurityvmust be';g§§_§ggg_o.s%., Since both T = 1/2 states sug-
gested by Jauecke have widths of more than_hOO keV, such_lafge impurities as he
suggests afevimprobable.

If mlxing does”occur uith a Tv=ll/2 state'at'lower excitation energy .
then it can be seen from Eq.'(S) that a larger impurity is to be expected in the «
.analogue state in 9B than in~9Begvsince only'ahuupper limit.ofr<15 keV6)>has been set

experimentally on its width, this possibility cannot be ruled out. Similarly,
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Egs. (h) and (5) can be used to set limits on the mixing if it occurs w1th
1/2 states at hlgher energy, but few such states have been observed ) par-

tlculerly within a few MeV of the analogue state.
o o fed the ¥ 11500 )9 9

We have studied the reactions (p,t)”B and B(p, He) Be. If the

4 9 9

lowest analogue states in °B and Be were pure isospin-3/2, then the angular

distributions'of the corresponding reaction products would have the same shape

‘andftheir relative intensities would be given by7)

do/an; (p,t) kt

d0/a (p,3He) X3

R = =0.96 . (6)

He

Shouid the impurity of the analogue state in 9B be greater than for 9Bee;which
must be true»for two—stete'mixing if El/2 < E3/é and d is positive—fthen one
of twovpossibilities will occur depending upon the spectroscopic amplitude for
production of tne interacting T = 1/2 state. If theramplitude is small com-
pared to_that”for production. of the T = 3/2 state, then the ratio R will be
reducedvby.approximately the percentage—impurity of tne state; if the amplitudes
are comparable then R mey increase or decrease but in either case the T = 1/2
state itselfﬁshould.be produCed With compsrable intensity to the.analogue state.
Of course, onLy relatively large impurities could be observed by chenges in R
since the statistical uncertainties of the experlment and the approx1matlon ‘
inherent rn Eq. (6) do not warrant great prec1s1on. However, 1t was hoped that
even if such large effects did not exist,.new T = 1/2 states just above the ana-—

logue state might be discovered to explain thevepparent discrepancy.
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2. Experimental Procedure and Results
The (p,t) and (p, He) reactions were carried out us1ng the external v
45 MeVv proton beam from the Berkeley 88-1nch cyclotron. Reactlon products were |
detected and 1dent1f1ed using a solld—state counter telescope. Tritons and 3He parti—dl
cles were'detected simultaneouslyvand;spect?a were recorded at seven angles between
20°} < 8 < 60° with an energy resolution of v 120 keV (full width at half

3He, A detailed description of the appa-

maximum) for tritons and Vv 150 keV for
.ratus has been glven elsewhere )
Triton and 3He spectra taken at 6 = 31.5° are showu in fig. 1; the
datavwere taken u51ng a 300 ugm/cm self-supporting bohon target enriched to
98 % in ;1B. impurities are marked in the spectra; while peaks due to ststes
9 9.

in "B or “Be can be observed by comparlson with the level schemes which are
also shown. Below the T = 3/2 analogue states at v 14.5 MeV in both nuclelA
these schemes are the same as those. whlch appear in ref. 5) and we see no evi-
dence for addltlonal states | However, above thls energy we‘observe new T = 1/2
states at lS 96 0.0k MeV in 9Be and at 15. 29 O oL MeV and 15. 58 + 0.0Lh MeV
9B

in 3 and in addition there is a possible state or states at ~ 15. 13 MeV in

9Be.- Although some of these states are weak in the figure, they do appear
clearly at_othervangles and their identification was,hased upon consistent kine-
matic behavioh.' |

Angulsr;distributions_arefshown'in'fig. 2 for those states which were
observed with sufficient intensity and statistical definition. The curves in A
the figure are the result ofidistofted;wave Born;approximation (DWBA) calcu—
lations performed using the comﬁuter program DWUCK9). Optical-model parameters

for the proton channel were taken from 45.5 MeV elastic scatteringlo) on lgC'
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while, for the mass-3 channel, parameters from‘29 MeV 3He scatteringl;) on th
were used. Spectroscoplc amplitudes were calculatedlz) using the (lp)—shell
wave functlons of Cohen and Kurathl3). The conflguratlons of states shown in
the top half of the flgure were assoclated with their predlctzons for the ground
state and excited.states at 2.9h MeV and 13.61 MeV in the mirror mass-9 nuclei.
The agreement in shapes is seen to be excellent and the relative magnitudes
which are compared in the top half of table 1 certalnly agree to within the
expected accuracy of two—nucleon transfer reactlonslh),_part1c1larly considering
the range of exc1tat10n energles being studled These data have been used to’

confirm 5/2° for the spin of the 2.33 MeV level in 2

9

B wh1ch is the mirror of
the 2.143 MeV level in “Be.
The angular distributions shown in the bottom half of fig. 2 are for

=1/2 states in  the nelghborhood of the analogue state.. The three (p,t) curves
are identical, as are those'for (p,3He),:ahd represent DWBA calculations for
the‘3/2— stateslﬁredicted to lie a£-1o.bh MeV. Clearly,'the poor statistics
and the uncharacteristlc shapes of thedahgular distributlons make it impossible
to positively'identif& any of thehobserved states as being 3/2 or not.
Since g 45 3727, all negative parity states with J < 7/2 in mass 9

can be -produced by L =2 transfer, all with angular distributions more or less

like those in fig. 2. The calculated and measured relative cross sections are

compared in the bottom of table 1 from which it is erident that the observed
transitions are_generally weaker than predicted. In addition, the 3/2  state
expected at h.66»MeV does not appear at,all in our spectra. Thus, no con-
clusion can be made regarding the splns of the three pairs of observed states,

although negative parlty seems most probable.
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-JFurther comparison with the shell-model calculatibnsle’l3) indicates

several discrépancies, most notably the absence of the 1/2° stete predicsed to
appear with appréciable strength at v 2 MeV. A state has.been reportedl?) at

9

Be which was thought to be 1/27, but we see no'incication o7 it.

9

2.78 MeV in

We do see, however, the broad states at.% T MeV in 9Be and B, and it ap)ears

from our data that the 7.1 MeV state in 7B is mirror to the 7/2” state a: 6.66 MeV
9 | |

in “Be,
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3. Discussion

In discﬁss{ng ﬁhe poSsibility of‘twéfstaﬁé mixing,_ﬁétweén the anélogue
staté and. a néérbyAT = l/é-state,.it is cgnvenient to divide the approach between
two possibilities; El/2 <-E3/'2 and El/2 > Eé/zi iThg first possibility has been
diséus%ed at some length ih.gec. 1:wheré thé significance of the cross-section
ratio for thé_analégue stateé:was pointed out; the exéefimental value is
R =1.10 £ 0.10. - This value is, if anyining, higher than the calculated 0.96
(seevéq. (6)) and précludes'éﬁroﬁg mixing with a weakly pbpulated T ; 1/2 state

9B. The most intense T = 1/2 level within a few MeV below the analogue state

in
is that at 12;06‘MéV, but even it:is a factor of fouf‘weaker than the analogue.
Thus we can rﬁle out thé’§OSSibilit& of éignifiCant isospin mixingIWith T =’i/2
levels at lowef excitation. Of eburée, if either of £he'pairs of levelé at
v 12 MeV or %.ih MeV wefe’3/én,.wﬁich_théArésults.in séc. 2 indicate as a
possibility, then there‘ﬁill certéinly be §>wéak interactioﬁ (E;i%) withbthe
anal§gue stéte and this.coﬁld be_sufficiehi, at;léast ﬁithin the iimitétions
of egs. (L) and (5), to explain the observed d  coefficient. |

There are now at least'two pairs'df T = 1/2 levels at higher excitation
energy than thé énalogue with whichvthe poséibiiity of mixing must be considered.’
For theée leveis El/2 - E3/2 ~ 750 keV apd7¥ 1.5 MeV. Where El/2 > E3/2€,eq.
(5) indicatés that ﬁhe mixing in 9B¢ must be greater than in 93} and siﬁqe the
ﬁidth of the.T'=,l/2 1evengis §p§réxima€é1y indépéndent of'Tz, this means that the
width of the T = 3/2 state in 9B must be T < 0.} keV which is the width of its
9B

- v » ‘ . . 6
analogue in e. At present only an experimental upper limit has been set ) and

it is too high to test this hypothesis. Further, eq. (4) can now be written:

2.9 ' N |
o?%se) > g(r, , - B, )
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or
_ v
0. o - 9.1 - . ' . :
T P yie— - o
1/2  T1/2 3/2- - » ‘ - v
where Pl/2 .is the width of the‘T-= 1/2 state. Thisiindicates_that, if mixing

with the 15. 13 MeV "state" is to explain the observed 4 coefficient, then its
width must be I' € 4o kev whlle 1f the 15. 96 MeV state is respons1ble,
r 5;80 keV. In either case, the 1mpur1ty in the analogue state might be as
little as 17. Tt does seem unlikely, though, that a 3/27 (T = 1/2) level at
this'exCitation energy wonld be;narrewer then_hO keV, and in fact our deta
determine_the:width of the‘15.96 MeV level tovbe v 300vkeV. Thus it isbimprob—
able that strbng isospin mikiné occurs with T '= 1/2 ievels at higher excitation
energy than the'analogue state. |

The present results, taken together with previously measured level-

9B and 9

energies and w1dths in Be, make the poss1bility of very significant
isospin mixing in the lowest-energy T = 3/2 analogue_states rather remote. The_

7 sensitivity of existing nethods; though, is such thaf mixing of the order of a
percent,oriless could not be experimentally precluded. Examination of egs. (L)
and (5) indiéetes that for mixing with any of the pairs of T = 1/2 states we

have discnssed, a one percent,impurity might be sufficient to explain the observed
51 coefficient.However even this small an impurity would require an-off-diagonal

charge dependent matFrix element of more than 100 keV Whlch is a factor of three A

higher than most experimental examplesl6). Tt would require a very spec1al set : ,.f
of circumstances to explaln the EL coeff1c1ent in terms of two-state mixing with

T = 1/2-states,'
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‘It‘is intefesuing'tb note that chaﬁéeAdependent miiing with anPther
T = 3/2 statelean.alsp cause & ;l ;coefficient thrqugh'a ielationship very
similar to eq. (2). In fnatvevent even laréebmiking would have little effect
on'thelwidth of:either state, and all enperimental eriferia might be satisfied
- with relativel& little actual.iseapin impurity. ‘

Recenfly, fhe effects of the Coulomb interaction on levels in maas 9
have been investigaied theoretically by Tomasellil7),who used the calculated
venefgies'and.(lb);shell Wave functiona of EarkerIB). Five T = 1/2 sfates.and
one T '= 3/2 state (all 3/27) are con81dered as 1nteract1ng with the lowest

9%

analogue state, and the result for 1ts w1dth in “Be agrees well with experiment

glVlng an 1sosp1n 1mpur1ty of ~ 0.03% (v 0.7% for 9B)Q We have made a Slmple
extension of that calculation to:derive a value 9) of Eb but the result,
-2.6 keV, involved a coherent sum of largef quantities so that the significance
of its disagreement with experiment is difficult to evaluate. No charge-
dependence in the nuclear forcevwas‘considerEd in the foregoing calculations.

Ir strongvtuo4state'mixing is unlikely and the experimental results
must bevexplained by the cumulative effects of roughly-similar intefactions
with many statea, then it.may well be difficult to explain vhy the d ceefficient
for mass 9 1is apparently Yo) much larger than for mass 13. Possibly the most
fruitful course: at this p01nt would be to remeasure the relevant masses: and also

9

determine‘the Wldth\Of*thﬁ'l@WESth‘='3/2 analogue_state in “B.
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Table 1. Comparison of experiment and DWBA calculations for the

‘reactions lB(p, He)9Be and B(p,t)9
11 9 Calculated_ 11, 9
B(p, 3ke)7Be ‘ Lovels _ B(p,t)’B
. o b . C - 8 a )
& v ag™? :

Ex(9Be) a%-(exp) a%- (theory)‘ Ex I g%-(thoory)> %%-(exp) £x (B
(MeV) o | o (Mev) o . (Mev)
0.00 o 0.32 0.45 0.00 3/27,1/2 1.00 1.00  0.00
2.43 0.22. - 0.20 2.94  5/27,1/2  0.31 0.23 2.33

1k.39 10.16 - 0.bo 13.61 3/27,3/2  0.k0 -0.16 - 1k.67

0 0.07T 4.66  3/27,1/2 0.18

11.82  0.030) S S 0.039  12.06

13.72 0.019 0.09L 10.04  3/27,1/2 0.050 . [0.011 = 1k.01

15.96 0.01k o ~ lo.ou9  16.02

%Cross sections are quoted at 6 _ = 37°, the pesk of the observed (p,t) angular

distribution to the ground stateof 9

B; they are all normalized to.that transi-

tion.

b 3 ' . R . A L ' 14
The (p, He) cross secplons were calculated using a spin-dependence factor )

D(1,0)/D(0,1) = 0.55.

g
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- Figure Captions

Fig. 1. Spectra of tritons and’3He particles from the reactions llB_(p,SHe)gBe

Fig.

and llB(p,t)gB recorded at '31.5° for 1940 nCQ The energy level diagram is

‘taken from ref. °) with additional levels at v 15 MeV from this work. The

9 9

s%ight difference in the energy scale between ~Be and “B is due to the
effécts of_eneréy loss by the-réaction products in the target‘and counter
dead—layers.. |

2. Measuréd aﬁgular distribufioﬁs for states observed ih the reactions

|

llB(p,3He)9Be and llB(p;t)gB. . The curves aie!results-of DWBA calculations

which are described invthe;tekt.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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