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Abstract 

The reactions 11 
 B(p, 3He) 9Be and B(p,t) 9B have been studied at 145 MeV 

proton energy. New T = 1/2 states have been observed at 15.96 ± 0.04 MeV in 

9Be and at 15.29 ± 0.04 MeV and 15.58 ± 0.014 MeV in 9B; and in addition there 

is a possible state or states at 15.13 MeVin 9Be. The results were compared 

with DWBA calculations using (lp)-shen wave functions and there is reasonable 

agreement for .the ground states, lowest 5/2 excited states and the lowest 

3/2 (T= 3/2) axalogue states. Several candidates are proposed for a 3/2 

(T = 1/2) state near the analogue state. The results are discussed in terms 

of isospin mixing in the analogue states, prompted by previously observed devia-

tions of their masses from the quadratic multiplet mass equation All the experi-

mental evidence indicates that isospin mixing of more than few percent is extremely 

unlikely. • 	 . 

* 
Work performed under the auspices of the U. S. Atomic Energy Commission. 

tPresent Address: Chalk River Nuclear Laboratories AECL, Chalk River, Ontario, 
Canada. 	 . 	 . 

ttNATO Fellow; permanent address: I.P.N., Orsr, France. 
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1. Introduction 

If it is assumed that.two-body forces are responsible for charge depen-

dence in nuclei then, to first order, the masses of members of an isobaric multi-

plet are related by the so-called isobaric multiplet mas equation (IMME), 

M(A,T,TZ) =(A,T) +(A,T)T +(A,T)T 2  

where the coefficients are related to diagonal reduced matrix elements of the 

charge-dependent part of the total Hamiltonian. The states themselves are 

assumed to be characterized by a unique isOspin T. By using second-order per-

turbation theory the IMME can be extended to include 1 ) the additional terms 

T 3 The coefficients d and are functions only of off-diagonal 

matrix elements, and the other coefficients must be redefined to include off-

diagonal as well as diagonal elements. . .. . 

Experimentally it is possible, by measuring the masses of all four mem-

bers of a T = 3/2 quartet, to determine the magnitude of the coefficient J. 

independently of any assumptions about e. What light, this may shed on the 

extent of isospin mixing is illustrated by considering the interaction between 

two states--one with T = 3/2,. the other with T=.1/2--which appear in a 

I TI = 1/2 nucleus. The perturbed energy of the T 3/2 level can be expanded 

with the help of the Wigner-Eckart theorem in powers of T,  where the coef-

ficient of the T 
z 
 term is ) . 

= -[ 	(E32  - E1/2 )F1  (T = IH 	II')(H 	IIi)  

Here H 	 is the 
1th 

 rank tensor component of the charge-dependent part ofCD 

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

analogue-state wave function Is 

a(T= ± 	= (E3,,. - E112 ) 	 (3) 

where the ± •signs correspond to T = ± 1/2. Under these restrictive limits 

of only two-state mixing, it is now possible to derive, from Eqs. (2) and (3) 

several relationships which are otherwise model independent: 

Ct2 ( +  ) ± (B312  - E112Y1 	 (4) 

Ct2( 1) - Ct2(+ ) = 2(E32  - E12Y' 	 (5) 

Thus, it is evident that eve.if the d coefficient is measured to.be zero, 

isospin mixing cannot be precluded; and conversely, a significant d coefficient 

is compatible with no isospin mixing in one of the ITI 	1/2 nuclei but not in 

both. 

There has been recent experimental activity2_14) in determining the 

value of d from isobaric-quartet mass measurements. The most accurate results 

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

are +9.1 ± 3..7.keV, -0.9 ± 2.9 keV and 6.3± 14.9 keV, respectively. It appears 

that the only quartet which displays a significantly non-zero d coefficient is in 

thas 9--this involves the .grbund.tatea:Of 	and 9Li, and the lowet •T = 3/2 states 

.4  
in 9 	9 B and Be It is then of particular interest to study the mass-9 system 

with a view to isospin mixing so as to discover what special circumstances have 

determined the size of its d coefficient. 
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In probing this question previously, Jnecke 1 ) has pointed out that two 

T = 1/2 states of uncertain spin lie at 500 keV and 'u  2500 keV below the 3/2 

(T = .3/2) analogue states in both 9B and 9Be; if one of these states were also 

3/2 , then it might well mix with the analogue state, perturbing its energy 

sufficiently to cause the observed d value. However, by assuming such two-

state mixing he requires very large off-diagonal Coulomb matrix elements and 

predicts isospin impurities in the analogue state of rt,  16% if mixing occurs 

with the nearer T = 1/2 state or 't )% if it is with the other. These predictions 

are very nearly the same for both B and 9Be. 

It now seems unlikely from the measured widthsof the levels involved 

that such large isospin impurities in the analogue state could occur, par-

ticularly. in 9Be. An excited states in 9Be are unstable to neutron emission 

and consequently almost all known T = 1/2 states have F 100 keV The lowest 

T = 3/2 state, if it had pure isospin, would be bound to isospin-conserving 

particle decay and its width would  be determined by radiative decay. Certainly 

some impurity must be present èince its width is measured to be 0. 4 keV 5 ), but 

the size of the impurity will be approximated by 0.4/F 112  where F12  is the width 

of the T = 1/2 state with whiáh it is assumed to mix. For r 	 100 keV, the
1/2 

corresponding impurity must be less than 0.5%. Since both T = 1/2 states sug-

gested by Jnecke have widths of more than 400 keV, such large impurities as he 

suggests are improbable. 

If mixing does occur with a T = 1/2 state atlower excitation energy, 	. 

then it can be seen from Eq. (5) that a larger impurity is to be expected in the 

analogue state in 	 ;. than jBe since only ail uper 1Imtof <15 keV 6 ) has been set 

experimentally on its width, this possibility .cannotbe ruled out. Similarly, 



	

-5- 	 UCRL-199 514 

Eqs. (14)  and (5) can be used to set limits on the mixing if it occurs with 

T 1/2 states at higher ener:gy., but few siuch states have been observed 5 ), par-

ticularly within a few MeV of the analogue state. 

We have studied the reactions 11B(Dt) 9B and 11B(D. 3He) 9Be. If the 

lowest analogue states in 9B and 9Be were pure isospin-3/2, then the angular 

distributions of the corresponding reaction products would have the same shape 

and their relative intensities would be given by7 ) 

R7/dP,t) 	kt 	=096 	 (6) 
dc1/d (p, 3He) 	k3He  

Should the impurity of the analogue state in 9B be greater than for 9Be--which 

must be true for two-state mixing if E 	 < E312  and d is positive--then one
1/2 

of two possibilities will occur depending upon the spectroscopic amplitude for 

production of the interacting T = 1/2 state. If the amplitude is small com- 

pared to. that for production, of the T = 3/2 state, then the ratio H will be 

reduced by approximately the percentage-impurity of the state; if the amplitudes 

are comparable then H may increase or decrease but in either case the T = 1/2 

state itself should. be  produced with comparable intens.ity to the analogue state. 

Of course, only relatively large impurities could be observed by changes in R 

since the statistical uncertainties of. the experiment and the approximation 

inherent in Eq.. (6) do not warrant great precision. However, it was hoped that 

even if such large effects did not exist, new 1 = 1/2 states just above the ana-

logue state might be discovered to explain the apparent discrepancy.  
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2. Experimental Procedure and Results 

The (p,t) and (p, 3He) reactions were carried out using the external 

45 MeV proton beam from the Berkeley 88-inch cyclotron. Reaction products were 

detected and identified using a solid-state counter telescope. Tri.tons and 3He parti-

des were detected simultaneously and spectra were recorded at seven angles between 

20 0 
 < 0cm 

600  with an energy resolution of 120 keV (full width at half 

maximum) for tritons and " 150 keV .for 3He. A detailed description of the appa-

ratus has been given elsewhere 8 ). 

	

Triton and 3He spectra taken at e 	 = 31.50 are shown in fig. 1; the
lab 

2 
data were taken using a 300 igm/cmi self-supporting boron target enriched to 

98 % in 11B. Impurities are marked in the spectra, while peaks due to states 

in 9B or 9Be can be observed by comparison with the level schemes which are 

also shown. Below the T = 3/2 analogue states at " 14.5 MeV in both nuclei 

these schemes are the same as those which appear in ref. 	and we see no evi- 

dence for additional states. However, above this energy we observe new T = 1/2 

states at 15.96 ± 0.04.MéV in Be and at 15.29 ± 0.04 MeV and 15.58 ± 0.04 MeV 

in 9B; 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 other angles and their identification was based upon consistent kine-

matic behavior. 

Angular distributions are shown in fig. 2 for those states which were 

observed with sufficient intensity and statistical definition. The curves in 

the figure are the result of distorted-wave Born-approximation (DWBA) calcu-

lations performed using the óomputer program DCK 9 ). Optical-model parameters 

1012 for the proton channel were taken, from 45.5 MeV elastic scattering ) on C 
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while, for the inass-3 channel, parameters from 29 MeV He scattering ) on N 

were used. Spectroscopic amplitudes were calculated12 ) using the (lp)-shell 

wave functions of Cohen and Kurath 13 ). The configurations of states shown in 

the top half of the figure were associated with their predictions for the ground 

state and excited st ateb at 2.94 MeV and13.61 MeV in the mirror mass-9 nuclei. 

The agreement in shapes is sen to be excellent and the relative magnitudes 

which are compared in the top half of table 1 certainly agree to within the 

expected accuracof two-nucleon transfer reactions 1)4 ) ,  particilarly considering 

the range of excitation energies being studied. These data have been used to 

confirm 5/2 for the spin of the 2.33 MeV level in B which is the mirror of 

the 2.43 MeV level in 9Be. 

The angular distributions shown in the bottom half of fig. 2 are for 

T = 1/2 states in the neighborhood of the analogue state. Th three (p,t) curves 

are identical, as are those for (p, 3He), and represent DWBA calculations for 

the 3/2 states predicted to lie at 10.04 MeV. Clearly, the voor statistics 

and the uncharacteristic shapes of the angular distributions make it impossible 

to positively identify any of the observed states as being 3/2 or not. 

Siice 11B is 3/2, all negave parity states with J < 1/2 in mass 9 

can be produced byL = 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 evident that the observed 

transitions are'generally weaker than predicted. Inaddition, the 3/2 state 

expected at 4.66MeV does not appear at all In our spectra. Thus, no con-

clusion can be made regarding the spins of the three pairs of observed states, 

although negative parity seems most probable. 
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Further comparison with the shell-model calculations 12 ' 13 ) indicates 

several discrepancies, most notably the absence of the 1/2 state predic;ed to 

appear :with appreciable strength at u  2 MeV. A state has been reported1 ?) at 

2.78 MeV in Be which was thought to be 1/2 , but we see noindcation b' it. 

We do see, however, the broad states at 7 MeV in 9Be and 9B, and it apears 

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

in 9Be, 
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3. Discussion 

In discussing the posBibility of two-state mixing, between the analogue 
U 

state and.a nearby T = 1/2 state, it is convenient to divide the approach between 

two possibilities E112  <•E312  and E112  > E312 . The first possibility has been 

discusbed at some length in sec. 1 where the significance of the cross-section 

ratio for the analogue states was pointed out; the experimental value is 

F = 1.10 ±0.10. This value is,if anything, higher than the calculated 0.96. 

(see eq. (6)) and precludes strong mixing with a weakly populated T = 1/2 state 

in 	The most intense T 1/2 level within a few MeV below the analogue state 

is that at 12.06 MeV, but even it is a factor of four weaker than the analogue. 

Thus we can rule out the possibility of significant isospin mixing with T = 1/2 

levels at lower excitation. Of course, if either of the pairs of levels at 

12 MeV or 14 MeV were 3/2, which the results in sec. 2 indicate as .a 

possibility, then there will certainly be a weak interaction ( 1%) with the 

analogue state and this. could be sufficient, at least within the limitations 

of eqs. (1)  and (5), to explain the observed d coefficient. 

There are now at least two pairs of T = 1/2 levels at higher excitation 

energy than the analogue with which the possibility of mixing must be considered. 

For these levels E 	- E312  750 keV and 1.5 MeV. 	ere 	> E32 , eq. 

(5) indicates that the mixing in 9Be must be greater than in 9B, and since the 

width Of the T.= .1/2 levéls.isaproidnatëly independent. of T, this means that the 

width of the T = 3/2 state in B must be r < 0.14 keV which is the width of its 

analogue in 9Be At present only an experimental upper limit has been set 6 ) and 

it is too high to test this hypothesis. Further, eq. (14) can now be written: 

2  c ( 9Be) > a(E12  -E312)_ 



 

0.li. 	9.1 
r112  .E112  -E312  

where F112  is the width of the T. = 1/2 state. This indicates that, if mixing 

with the 15.13 MeV "state" is to explain the observed d coefficient, then its 

width must be F 	40 keV while if the 15.96 MeV state is responsible, 

F 80 keV. In either case, the impurity in the analogue state might be as 

little as 1%. It does seem unlikely, though, that a 3/2 (T = 1/2) level at 

this excitation energy would be narrower than 11.0 keV, and in fact our data 

determine the width of the 15.96 MeV level to be '" 300 keV. Thus it is improb-

able that strong isospin mixing occurs with T= 1/2 levels at higher excitation 

energy than the analogue state. 

The present results, taken together with previously measured level-

energies and widths in 9  B and 9Be, make the possibility of very significant 

isospin mixing in the lowest-energy T = 3/2 analogue states rather remote. The 

sensitivity of existing methods, though, is such that mixing of the order of a 

percent or, less could not be experimentally plecluded. Examination of eqs. (4) 

and (5) indicates that formixing with any of the pairs of T = 1/2 states we 

have discussed, a one percent impurity might be sufficient to explain the observed 

d coefficient.However, even this small an impurity would require anoff-diagonal 

charge-dependent matix element of more than 100 keV which is a factor of three 

higher .than most experiment&i. exampies16). It would require a very special set 

of circumstances to explain the d coefficient in terms of two-state mixing with 

T = 1/2 states. 

U 

'-A- 
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It is interesting to note that charge-dependent mixing with another 

T = 3/2 state can also cause a d coefficient through a relationship very 

similar to eq. (2). In that event even large mixing would have little effect 

on the width of either state, and all experimental criteria might be satisfied 

with relatively little actual isospin impurity. 

Recently, the effects of the Coulomb interaction on levels in mass 9 

have been investigated theoretically by Tomaselli 17 ) who used the calculated 

1 
energies and (lo)-shell wave functions of.Barker ). FiveT = 1/2 states and 

one T 3/2 state (an 3/2) are considered as interacting with the lowest 

analogue state, and the result for its width in 9Be agrees well with experiment 

giving an isospin impurity of ' 0.03% ( 0.7% for 9B). We have made a simple 

extensIon of that calculation to derive a value 19 ) of d, but the result, 

-2.6 keV, involved a coherent sum of larger quantities so that the significance 

of its disagreement with experiment is difficult to evaluate. No charge-

dependence in the nuclear forcewas considered in the foregoing calculations. 

If strong two-state mixing is unlikely and the experimental results 

must be explained by the cumulative effects of roughly-similar interactions 

with many states, then it may well be difficult to explain why the d coefficient 

for mass 9 is apparently so much larger than for mass 13. Possibly the most 

fruitful course at this point woi1d be to remeasure the relevant masses and also 

9  determinethé width bfthélt. T'= 3/2 aalogue state in B. 
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Table 1. Comparison of experiment and DWBA calculations for the 

reactions 11B(p, 3He) 9Be and 11B(p,t) 9B 

• 	 11 / 3 9 	 Calculated 	 11 • 	 B.p, He) Be 	
Levels 	 B( p,t) B 

Ex( 9Be) 	(exp) 	(theory') 	Ex 	J,T 	d a(h) 
 da() Ex(9B) 

(MeV) 	 (MeV) 	 (MeV) 

0.00 0.32 0.45 0.00 3/2,1/2 1.00 1.00 0.00 

2.43 0.22 0.20 2.94 5/2,1/2 0.31 0.23 2.33 

14.39 0.16 0.40 13.61 3/213 3/2 0.40 0.16 14.67 

0.071 4.66 3/2,1/2 0.18 

11.82 0.030 0.039 12.06 

13.12 0.019 0.094 10.04 312 ,1/2 0.050 0.011 14.01 

15.96 0.014 0.049 16.02 

aCross sections are quoted at 0 = 37° , the peak of the observed (p,t) angular 

distribution to the ground state.of 9B; they are all normalized to that transi- 

tion. 

bThe (p, 3He) cross sections were calculated using a spin-dependence factor 4 ) 

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

Fig. 1. Spectra of tritons and 	 1 He particles from the reactions B( 3  
p, He) 9  Be 

and B(p,t) 9B recorded at 31 50  for 190 pC. The energy level diagram is 

taken from ref. 5) 
with additional levels at " 15 MeV from this work The 

sJght difference in the energy scale between 9Be and 9B is due to the 

effects of, energy loss bythe reaction products in the target and counter 

dead-layers. 

Fig. 2. Measured angular distributions for states observed in the reactions 

11
B(p, 3He) 9Be and 1 (p,t) 9B The curves are results of DA cculations 

which are described in the text. 
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