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ABSTRACT 

The results of 201 MeV (p,p') studies of ÙL » 0 spin-flip transitions at 

very forward angles are discussed. The reasons for making comparisons between 

(p»p')> Cp,n) and electromagnetic measurements of Ml transitions are outlined. 

After presenting some of the experimental and theoretical uncertainties, a 

summary of the results on the Zr isotopes plus other nuclei to mass 140 is 

given. Results from 4 8Ca, the N - 28 Nuclei 5 0 T i , 5 1V, 5 2 C r and 5 4 F e are dis

cussed and compared with (p,n) and electromagnetic measurements. In the Ni iso

topes, the T and T +1 components of the 1 spin-flips transition were observed 

both in (p,pM and in Cp,n) reactions. 

1. INTRODUCTION 

In the last few years, the insights gained from the study of Gamow-Teller 

(G-T) transitions by (p,n) reactions and the consequent theoretical develop-
2) 

ments have led to substantial breakthroughs in our understanding of M1 exci
tations in the parent nucleus. There had been a long standing problem in nuclear 

physics as to why searches both by (p,p') and (e,e') had not observed any subs-
3 4) 

tantial M1 strength for nuclei above about mass 60 . The problem was exa
cerbated by the observation of strong G-T transitions in (p,n) reactions, 

including an indication of the analogue in the final nucleus of the 1 , T 

5) ° 
state in the parent nucleus . The reason that the G-T transition is such a 
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dominant feature of the spectrum at high proton bombarding energies and at 

very forward angles, is because of the strength of 7 relative to the other 

parts of the nucleon-nucleon interaction under these kinematic conditions. We 

believed that the same term would dominate the (p,o') reaction under these 

same conditions. This led us to carry out a successful search for the M1 reso

nance in the Zr isotopes using the 201 MeV proton beam of the Orsay synchro

cyclotron, coupled with the highly developed detection system of the spectro- -

.6) 
which allowed (p,p') measurements at laboratory angles as 

.7,8) 

meter magnet 

small as 2°. 
•J Q\ 

in Zr and a subsequent broad survey of the M1 réso
ut 

nance over a wide range of nuclei has already been published and will only 

be very briefly reviewed in Section 3. 

The recent interest in the field has focussed on more detailed comparisons 

of the results obtained from different reactions including (Y,Y') (e,e') (p,n) 

and Cp,p'). While all these reactions have some sensitivity to the a.T operator, 

the complete operators which mediate the different transitions are different in 

detail. This is illustrated schematically in figure 1 where one sees that in 

the parent nucleus, the 1 , T 

state can be excited.both by 

££/-j+] W& \ \ N IAStates electromagnetic interactions 

and by (p,p'). In the (p,n) 

reaction, the analogue of the 

1 , T state is populated but 

the bulk of the strength goes 

the anti-analogue 1 , (T -1) 

state. 

The complete effective inter

action for direct reactions 

induced by protons can be para-

\Wf> AE(1*> 

Tig. J.- JtztatiorulUpi oe&ieen lp,nl, [p,p'\ 

ami tZeabtomagm&u. -Lnt&ractùmi jo t txtUiijiq 

t itaiti. metrized as follows 10) 

V e f f " V C + V o + VW + WV + WV^I-V 

+ ( V LS + VLST < V V ] î ' î + ( V T + 7TT <V*2>] S 

where V_ i s che Coulomb term and the tensor term S 1 9 i s given by 

12 

12 

S12 * "T [3<o rr)(S 2.r) - r
2 ( î r c 2 ) ] ' 

However for 0 to 1 transitions, at a proton bombarding energy near 

200 MeV and at very small momentum transfer, most of these terms disappear or 



can be neglected. Thus the operator for the (p,n) reaction under these condi
tions can be approximated simply by the V term. For the case of (p,p'), the 
situation is slightly more complicated since the isoscalar spin-flip term, 
particularly the tensor part, is not completely negligible. Nevertheless the 
inclusion of this term makes only about a 202 difference to the calculated 
cross section. Thus it is a reasonably good approximation to say that the 
(p,pr) reaction for exciting t states is also dominated by the V term. I 
should stress perhaps that in the actual reaction calculations reported here, 
the complete interaction was used, either from the parameterization of Love 
and Franey or from the Paris potential. 

For electromagnetic interactions, the M1 operator can be written as a sum 
of isoscalar and isovector terms, 

Because of the values of g (2.73 JJ„) and g (- 1.91 u„), the isovector 
term dominates this expression. Thus for those cases where there is a pure 
neutron excitation, the orbital term disappears and the M1 operator also 
reduces to a a.T term. For those cases, and only for those cases, should there 
be a close comparison between the relative strengths observed in (e,e') and 
(p,p'). This is the reason why one often speaks loosely of 1 spin-flip tran
sitions as M1 transitions. For other cases, where both proton and neutron 
excitations contribute, there may be differences in detail between the results 
with the different probes. 

Such differences can, in principle, be used to extract information on the 
nature of particular transitions. The main part of this paper will deal with 
such detailed comparisons for particular nuclei. 

One other cautionary note, however, should be added here. A recent paper 
by de Haro et al. pointed out that proton and electron scattering might 
show different responses at different momentum transfer, q. Since the electron 
scattering data is normally taken at low electron energies at laboratory angles 
near 180°, there is generally a significant difference in q at which measurements 
are made with different probes. If de Haro et al, are correct, this may also 
help to explain the differences observed in the different reactions. A related 
observation has also been made in a paper from Oubna. 

Perhaps the most important question remaining in this field relates to the 
strength of the excitation. The measured strength in all the different reac
tions is always less than that predicted. Various models ' * have been 
proposed to explain this "quenching" of the strength. In (p,r.) reactions the 
strength can be compared to a sum rule based on fairly general principles. A 
very nice review has recently been given by Gaarde . However in Cp,o'), no 
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such sum rule is available and the observed strength must be compared with a 
calculated cross section using some particular model wave functions. This make 
it all the more important to choose a number of examples of different nuclei, 
and particularly to study the quenching as a function of mass number A. 

However before dealing with the more detailed comparisons between diffe
rent reactions for particular series of isotopes, let me first expose some of 
the experimental and theoretical uncertainties and then summarize the early 
resulLs. 

2. EXPERIMENTAL AND THEORETICAL UNCERTAINTIES 

While for these (p,p ?) experiments at very forward angles, the large size 
of the spectrometer and the trajectory tracing ability of the detection system 
are ideal for minimizing slit scattering» the multi-wire position detectors are 
subject to small differential non-linearities which introduce small spurious 
structures into the spectrum. These non-linearities probably arise from the 
discriminator settings on the individual wires and are very stable over a week 
long run. This problem is dealt with in two ways. First every energy region of 
interest is studied with two different settings of the spectrometer magnetic 
field to separate true from spurious structure. Second, a calibration spectrum 
of Fb(p,p f) at a high excitation energy, where the spectrum is known to be 
smooth, is taken before and after the run with very good statistics. These 
spectra are used to correct the experimental data to help eliminate small spu
rious structure. While this problem does limit our ability to examine very 
small peaks, it generally does not introduce any serious experimental limitation. 

A ubiquitous problem in the study of all kind of giant resonances is the 
treatment of the background. Normally the experimentalist simply connects low 
points on both sides of the feature of interest by some smooth curve which is 
often also constrained to extrapolate smoothly to the very high energy region 
of the spectrum if this is measured. In general, this is the procedure we have , 
followed. There have been very few attempts to predict the background theore
tically. One notable exception is the work of Osterfeld who calculated a 
theoretical background for the (p,n) reaction which is quite different from the 
usual experimentalists assumption. Unfortunately no such calculations presently 
exist for (p,pr)« While the background can pose a substantial problem in extrac
ting the cross section for a broad peak, in many of the cases discussed in the 
present paper, the peaks are quite narrow so that the background presents less 
of a problem. 

Apart from the perhaps more fundamental uncertainties related to hadronic 
scattering theory and the approximations made in describing the nuclear wave 
functions, there are more mundane differences in the theoretical predictions of 
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the Cp,pT) crass sections because different reaction codes, different interactions and 
even different optical potentials can be used to calculate the same reaction 
at the same energy. Our group has been particularly aware of this problem, 
since we have used not only the widely accessible DWBA 70-80 code but also 
the program RESEDA , which use.» the phase shifts directly and does not uti
lise the process of obtaining an effective interaction as is done in DWBA 70. 
The most common parameterization of the effective interaction due to Love and 
Franey has also undergone modifications with time with the most recent version 
being unpublished at present. One of the reasons for the change in these para
meters has been the improvements in the nucleon-nucleon scattering data and che 

subsequent improvements in the extracted phase shifts from the earlier values 
18) of Arndt et al. . In general our attitude has been to use the most recent 

19) published interaction of Love and Franey in the code DWBA 70, the most 
20) 

recent Paris potential in RESEDA and to state clearly which optical poten
tial is used in a particular calculation. While there was some lack of agree
ment observed in some of our earlier papers between the results from DWBA 70 
and RESEDA, these arosa mainly because different sets of phase shifts were used. 
More recently, when we have adopted the convention mentioned above (RESEDA-
Paris potential) (DWBA-Love-Franey 81 values) the differences observed in both 
shape and magnitude of the predicted cross sections are quite small. Some 
examples wi 
Section 4. 
examples will be seen later in the description of our Ca(p,p r) results in 

3. REVIEW OF PREVIOUS RESULTS 

a) The Zirconium Isotopes 

The first example in which the M1 excitation was seen in (p,p*) was in the 
90 Zirconium isotopes. A broad peak was seen in all even-even Zr isotopes Zr, 

92 94 96 
Zr, Zr and Zr as shown in figure 2. A similar bump has been observed in 

an experiment at TRIUMPF ' and also at LAMPF J in Zr. A detailed dis
cussion of the properties of the resonance observed in the Zr isotopes is given 

8) in a recent publication 
Let me briefly summarize the arguments why this bump observed around 8-9 

MeV is a 1 state. First, the excitation energy is about the expected value 
22) both from the theoretical prediction of Bertsch and from the position of 

the 1 , T Q analogue state observed in the Cp,n) reaction . Secondly the angu
lar distribution is very sharply forward peaked and agrees with that predicted 
from a DWBA calculation and with the measured (p,n) angular distribution to the 
1 , ( T

0~ 1) G - T state at the same bombarding energy (Fig. 3). The angular distri
bution also matches closely the AL = 0 angular distribution for a known 1 
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s t a t e in Ca. If the angular momentum t r ans f e r i s indeed zero , t h i s implies 

t ha t the s p i n - p a r i t y i s of course 0 + or 1 + . I f the s t a t e were 0 + , t he re i s no 

obvious reason why i t should not have been seen at lower proton bombarding 

energy. However the r e l a t i v e increase in s t r e n g t h of the V a T term expla ins the 

s t rong enhancement of a 1 + s t a t e . The s t r eng th observes i s reasonably c o n s i s t e n t 

with t ha t observed in the (p,n) r e a c t i o n . F i n a l l y , unpublished s p i n - f l i p measu

rements a t LAMPF 2 1 > show tha t the re i s s u b s t a n t i a l s p i n - f l i p s t r eng th in the • 

peak observed, again implying tha t i t i s a 1 + s t a t e . 

Microscopic Dis tor ted Wav« ca l cu l a t i ons were c a r r i e d out using both DOTA 70 

and RESEDA codes. Wave functions were taker, from s h e l l model c a l c u l a t i o n s of 

Anantaraman and Wildenthal 2 3 ) . The d e t a i l s of a l l these c a l c u l a t i o n s a r e given 

in the published papers . Unfortunately the phase s h i f t s used in the DWBA 70 and 

RESEDA ca l cu l a t i ons were d i f f e r en t leading to r a t h e r d i f f e r en t r a t i o s of expe

rimental to t h e o r e t i c a l cross sec t ions quoted in the paper 8 > v i z . for 9 0 Z r , 

0.26 from DWBA 70 and 0.41 from RESEDA. However a new RESEDA c a l c u l a t i o n , using more 

recent phase s h i f t s gives a r a t i o of 0.26 in pe r fec t agreeement with the DWBA 70 

c a l c u l a t i o n . Thus only about 25-30% of the predic ted s t r eng th i s observed. This 



is about the same fraction of the B(M1) strength observed in an (e,e') expe
riment for the presumably dominant neutron transition in Zr. However, 
in detail, the electron scattering does not agree with the observation of the 
broad feature. Instead the electron scattering identifies three definite 1 
states including one at 9.00 MeV, and seven other possible 1 states.. Although 
with the 30 keV resolution in the (p,p') experiment, it was not possible to 
clearly identify individual levels, no definite peak could be isolated near 
9.00 MeV. Consistent disagreements, particularly for broad structure, show up 
between (p,pf) and (e,e') measurements. 

b) Survey of 1 strength from A - 40 to A » 140 
40 140 So far 26 nuclei from Ca to Ce have been surveyed. In all cases either 

a broad feature or individual levels with very forward peaked angular distri
butions were observed. The sharpness of the angular distribution is demonstrated 
in figure 4 which shows two spectra fro 
at 3° has practically disappeared by 7° 
in figure 4 which shows two spectra from V. The prominent peak seen clearly 

140 The heaviest nucleus studied was Ce. The problem 
with heavy nuclei is that, while the cross section for 
exciting the 1 state remains fairly constant with mass 
number, the background increases making it more difficult 
to observe the 1 "bump". Improvements in selecting real 
events and in the beam characteristics may help to solve 
this problem and allow us to study even heavier mass 
targets. 

A summary of some characteristics of the resonance and 
the ratio of experimental to theroretical predicted cross 
sections (Q) is given in Table 1. The calculations were all 

'»E«.(M*I,B ^ done using the code RESEDA with the Paris potential. They 
**#• 4-~ Spzztvm ai pw- therefore update the numbers quoted in the earlier paper 9 ) 

ton Mutic. icattvUna d e s c r i b i l l g t h j s w o r k . o t h e r details of the calculations, 
teom 5 V | s | s t S, • 3 ' , . . . . . „ . . ,. . . 
1 <• including the assumptions about wave func t ions , are the (61 at a, • f. Ui'.iin. L, . same as those described previously. Note that the ratio 
avznZnp ai -âoo ipectia 
•tafcan uUtk di.UtA.wt remains fairly constant with mass number at least for 
mgaatie i-iiZdi it ihoim. reasonably closed shell nuclei above A - 48. 

The excitation energies of the structures observed remains rather constant 
as a function of mass which is not too surprising for an M1 transition. The 
excitation energy depends on the spin-orbit splitting plus a residual particle-
hole interaction both of which do not change greatly with A. This is expressed 22) more quantitatively in the calculation of Bertsch which matches the observed 
excitation energies quite well. 

http://di.UtA.wt


TABLE I : Sumaru/ ai the. matte abi&inid it. the. ZOO MeV (p,p r I 

2xcÂ£xtùM 05 MI xzionancm. 

Nucleus ** (Mal) T <M«7) E x (KeV) Q • 

T0 FWHM T0 • 1 

5 ,7 10.15 4 0.15 1.35 4 0.1 13 08 

S 8Ni 

6 0Si 

8.5 

8.9 

±0.1*' 

to.," 

10 

11 

11 

12 

65 

36» 

85 

58» 

0.23 4 0.03 

"si 8.8 t 0.,*' 14 03 
6 8Zn 9.6 ± 0.1 1.0 4 0.1 

8.6 4 0.1 0.9 4 0.2 
9 0Zr 8.9 ± 0.2 1.5 t 0.2 0.26 4 0.03 

? 2Zr a.s 4 O.Z 1.4 4 0.2 
9 4Zr 8.7 ± 0.2 t.4 t 0.2 
9 6Zr 8.6 4 0.2 1.2 * 0.2 
9 2Ko 9.0 4 0.1 1.1 4 0.1 0.34 4 0.05 

7.95 ± 0.1 0.70 4 0.05 
9 4M0 8.6 ± 0.15 2.35 4 0.15 

9 6 « 0 

9 8«o 

8.4 

8.5 

± 0.15 

4 0.15 

2.3 

2.2 

4 0.15 

4 0.2 
, 0°Mo 8.5 ± 0.15 2.8 ± 0.2 
, 2 0 S n 
1 2 4Sa 

8.4 

8.7 

4 0.15 

± 0.2 

0.27 4 0.05 

1 4 ° C e 

8.6 ± 0.2 0.25 4 0.07 

Q is Che attenuation Jactor defined in. the text 

Centraid energy 
b) 

Centroid energy when high energy structures are included 

4 . AN IMPORTANT EXAMPLE 48„ 

48 Because of the simplicity of its structure, the nucleus Ca has been a 

particularly interesting test case for the study of AL = 0, spin-flip transi

tions in medium weight nuclei. A prominent 1 level at an excitation energy of 

25) 10.2 MeV was first observed in backward angle electron scattering . The 

analogous G-T transition was also seen in the (p,n) reaction, first by'Anderson 
26} 

et al. at 135 MeV and later at 160 MeV . Inelastic proton excitation of this 

27 28"1 

state has also been reported. In two of the experiments ' ' , the energy 

resolution was very good, but the bomb-arding energies were below 100 MeV where 

the reaction mechanism is not particularly selective of spin-flip transitions ; 



in another (p,p') experiment the bombarding energy was 160 MeV ' , but the 

most forward angle reached was only 6°, and the experimental background was 

too high to permit the study of other components of the 1 excitation. 

He have also carried out a <p,p') measurement on this 10.2 MeV state in 

Ca both to compare the strength observed with that from other measurements 

and to search for other small components of the strength under rather good 

conditions. First che (p,p') reaction at 200 MeV is very selective of 1 strength 

as illustrated in figure 5 where, for example, at 2° and even 4° the 10.2 MeV 

state dominates the spectrum. Secondly as the state is sharp, there is little 

ambiguity in the background subtraction, so that the cross section can be 

obtained quite accurately. The experimental details are contained in a forth-
30) 

coming publication . The measured angular distribution of the 10.2 MeV state 

is shown in figure 6. It is very sharply forward peaked, which is characteristic 

of an orbital angular momentum transfer of zero at this bombarding energy. 

^ 

«tab» 12' I j 

_ _ 0MA7B (FULL H * | 

_ 0MA70 [SZMPU H-f] 

_ _ «SEOA ( S D * U *•*) 

1IJJ 1JJ 12JJ M 

EXCITATION ENERGY (MeV] 

icott&ted i*(m Ca. Tde uppi/moii ipeaVtum 

fau been saUzd to i'noa Hie. mskJUj sLXcJXzd 

fill- 6 . - Angatoi dlb&uJbu£Jjmi ioi 

(p,p ' l to tki. 10.1 Mel/ i-titi. ai UCa. 

The. pointe ivie. tkz m&uu/i&d va&iw, 

and ihe. cjsJvjzi axe. caJLcuZaZionà 
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In addition to the strong 10.2 MeV state, weak 1 states have been reported 
in the vicinicy of the strong state. In the earlier (p,p'> experiments at 65 MeV 

' and 44 MeV , no other I states were reported. However in a more recent 
measurement at 65 MeV, one additional 1 state was reported at 9.0 MeV with 
about TOZ of the str.ength of the 10.2 MeV state. We do not see this state. In 

+ 32) 
Ce,er) eighteen additional 1 states were observed between 7.7 and 12.7 MeV. 

2 
These raise the total value of B(M1) from 3.7 ± 0.3 u„ for the single state, 2 to » 5.0 u N . 

In the same interval of excitation energy, we see fifteen, additional 
states. Seven of these are within 42 keV of an (e,e r) state. The other states 
seem not to be correlated in energy. The angular distributions of most of our 
states have some forward peaking but possibly because of the presence of un
resolved states of higher spin, none has a shape matching that of the strong 
state. The forward peaked part indicates 1 strength less than 52 of that in 
the 10.2 MeV state foi. a few of the peaks and less than 35Z in toto. The latter 
estimate includes one peak below 7.7 MeV and five above 12.7 MeV. Of course, we 
cannot exclude the possibility of weak 1 strength spread over more states 
which are not resolved. 

Microscopic distorted wave calculations have been carried out using the 
codes RESEDA and DWBA 70. An optical parameter set from a fit to 201 MeV proton 

40 elastic scattering on Ca was used in both calculations. In addition, optical 
parameters from systematic studies of data obtained with 30 to 180 MeV polarised 

33) 
protons were also used in the DWBA 70 calculations. These parameters gave 
angular distributions which had very similar shapes and were about 102 lower. 
Three RESEDA calculations were carried out, one using phase shifts obtained 
from Arndt et al. , another with phase shifts of Bugg et al. and a third 

20) using phase shifts from the Paris potential . All of these calculations use 
a closed ^ f 7 / 2 shell for the 0 ground state, a simple vf ,,vf7 . configura
tion for the 1 state at 10.2 MeV, and a harmonic oscillator parameter a = 2.0 fm. 
All three sets of phase shifts predict angular distributions of very similar 
shape, but they have rather different normalizations. The calculation using the . 
phase shifts from the Paris potential -s shown in figure 6. It gives a ratio of 
experimental to theoretical cross sections, N, of 0.24. Using the Bugg phase 

19) shifts, which were also used by Love and Franey , the value of N is 0.22. 
However, phase shifts of Arndt et al. give an N of 0.33, demonstrating the 
sensitivity of the calculations to the phase shifts used. 

In the DWBA 70 calculation, the full Love-Franey parametrization of the 
interaction at 210 MeV was used without alteration. Two different wave functions 
were tried in this case. First, a simple vf,. ,„vf_ ._ configuration was used as 
in RESEDA. This is shown as a short dashed line in figure 6. In this case we 
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obtain N - 0.21. The second calculation, which used wave functions in a full 
35) 

f-p shell basis is shown as a long dashed line m figure 2. N has increased 

to 0.30. More recently a further DWBA 70 calculation was made with a new set 

of unpublished parameters from Love and Franey ̂  . This calculation is similar 

in shape but a little steeper than the earlier calculations, making it even 

more similar to the RESEDA prediction. The normalization factor for the full 

f-p shell wave function changes from 0.30 to 0.33 with the new Love-Franey 

parameters. 

All of the calculations give a reasonable fit to the shape of the experi

mental angular distribution out to about 12*. The RESEDA calculation and that 

with the latest Love-Franey match the data very closely. However, none of the 

calculations, even though they include ÛL • 2 components, reproduces the change 

in slope in the measured angular distribution which occurs near 12°. The cross 

section decreases only slightly between 12* and 16", whereas the predicted 

values continue to decrease rapidly with angle. One possible explanation xor 

this discrepancy is the presence of levels of higher multipolarity very close 

to the 10.2 MeV state. 
48 + 

As discussed above, in Ca, where the 1 excitation is almost entirely a 

neutron excitation, any quenching should appear in (p»p'), (p,n) and (e,e*) 

reactions in comparable proportions. Since only the sharp peak at 10.2 MeV is 

observed consistently in the different reactions, we will restrict our strength 

comparisons to this state. 
A summary of the quenching in the Ca(p,n) reaction was given in a recent 

37) 
paper by Osterfield et al. . The calculations include results obtained with 

three different sets of wave functions : pure particle-hole, standard RPA, and 

RPA including the A isobar. These results are summarised in Table 2 together 

with values from the present and previous (p,p () measurements. The quenching 

of the B(M1) value for the 10.2 MeV 1 state excited by (e,e') is also given 

in this Table. The absolute magnitude of the (p,p r) cross section is generally 

overpredicted by a factor of 3 to 4, the exact value depending on the details 

of the wave functions used. The ratio of predicted to experimental cross section 

from our measurement is qualitatively consistent with the ratios observed in 

(p,n) and <e,e') reactions and with two of the three previous (pïP*) 

measurements. 
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TABLE I : CompaiUion o{ expeAcmntaZ, CAO-s-i iisJUam, mtth piedicfc>"i $01 tins. 

10.Z Mel/ I* itatz 0;j 4!Ca. and the. OMOiogcui I* itatz in. 4SSc. 

Reaction 
Seam 

Energy 
Reference 

Have 

Function 

Reaction 

Code 

O (eip) 
Reaction 

Seam 

Energy 
Reference 

Have 

Function 

Reaction 

Code c (theory) 

(p,P') 201 MeV Presenc Work p-h RESEDA* 0.24 

201 MeV Present tforlc p-h DWBA70 0.21 

201 MeV Present Work full f-p b DHBA70 0.30 

160 MeV Ref. 29 full £-P b DWBA70 0.50 

65 MeV Ref. 27 p-h DWBA74 0.25 

44.4 MeV Ref. 23 RPA C FROST-MARS 0.85-1.0 

(P.a) 160 MeV Refs. 1,39 p-h FROST-MARS 0.27 

Refs. 1,39 RPA d FROST-MARS 0.37 

Refs. 1,39 RPA • A d FROST-MARS 0.56 

BftlDexp 

Refs. 1,39 RPA • A d FROST-MARS 

B(M1) theory 

Ce.e') 30-50 MeV Ref. 25 P-h 0.31 

Sef. 25 full f-p b 0.43 

Qsing phase shifts from Paris potential of Ref. 20. 

From Ref. 35. 

From Réf. 3S. 

From Ref. 37. 

48 
5 . ADDING PROTONS TO Ca : THE N = 28 ISOTONES 

In add i t ion to the i n t e r e s t i n g case of Ca, one might a l so ask what 

happen:; when one adds protons to the l f 7 / 9 s h e l l . These N =» 28 nuc l e i a re a l so 
32) 

interesting because a number of then» have been studied by both (e,e') and 

(Y»Yr) with polarized photons which is a very nice parity meter. In addition, 
41) 

shell model calculations by Metsch and Kmipfer are available for the even-
even nuclei. These calculations have been used to predict Cp,p') cross sections 

with the DWIA code RESEDA and nuclean-nucleon phase shifts from the Paris poten-
42) 

tial. A more complete report of this work will be published shortly. 

Spectra taken at 3° for Ca, Ti,. Cr and Fe are shown in figure 7. 

The spectrum from V was shown earlier (Fig. 4), For all the targets, nearly 

all the states observed at small angles between 8 and 15 MeV excitation energy 

have a forward peaked angular distribution well fitted by a AL * 0 shape. 

As one adds protons to Ca in moving to Fe, the simple state at 10.2 MeV 

excitation energy in Ca, which presumably arises mainly from the neutron 
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f^VjJfo'' 

""'WJ *;»J* 
"Cr(p,pO | 8t= 

' ft[p,P') 

'^Hi..a, 

B L-3* 

^ ^ l y i ^ ' 

excitation with the configuracion f f T / 0 , 

% ,+ l H* 
fç/ 7 , splits up into a number of diffe-

SO 

rent states. In Ti, this neutron excita

tion is still visible as a cluster of states 

whose centroid is vary close to the centroid 

of the simple state in Ca. Also visible 

in Ti is a further cluster of states near 

8.5 MeV excitation energy, which are predic

ted by the model of Metsch and Kniipfer to 

arise mainly from proton excitations with 
the s#me configurât ion J 

_, 5%, 
'. «, 

52 5% 7 / 2 ' " 5 / Z -
Howevei, for Ci and Fe, the strength is 

spread more widely between 8 and 12 MeV 

excitation energy and it is no longer possible 

to divide the states into neutron and proton 
52 

excitations. In Cr the centroid of the 
54 

strength is slightly lower than in Fe, 

Examples of angular distributions for 

some individual states in Ti are shown in 

figure 8. Wiïhin the experimental errors they 

1 0 E,(MeV)5 

FÂ9. 7 . - Specfifl a{ pwioni inetei-

tUaZly iacuttzn-id frtom Ca, t i , 
M C * and 547IL takui at 3°. 

a l l identical. This shape is well 

reproduced by the angular distribu

tion computed for the model state at 

13.00 MeV which is excited by a pure 

isovector interaction. However the 

angular distributions calculated 

for isoscalar transitions are 

"flat ter" than those calculated for 

isovector transitions. 

F-îq. %.- Angu£aA diA&Ubutioni $OA. icm& 

K£pA.Z6VVtlVCi.\lZ I &£a£z& and {OK ihl 

-summed vioa action, Z , •"• Ti. The. 

daihzd cu/ive ii {lorn a. tWIA calcuZation 

{ox. Z^ mctfi Oil modeZ a{ Ze.{. 41 Ui£ 

tzxt). 
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Since there i s a s u b s t a n t i a l i so sca l a r con t r ibu t ion to the t o t a l p red ic ted 

cross sec t ion , t h i s expla in why the summed experimental cross s ec t ion (E exp) 

i s s l i g h t l y s teeper than the summed t h e o r e t i c a l cross sec t ion (E th) (See F ig . 

8) . This discrepancy in shape between the Z exp and the E th angular d i s t r i b u 

t ions may e i t he r be because the: i so sca l a r component of the nucleon-nucleon 

i n t e r a c t i o n i s too strong or because the i s o s c a l a r con t r ibu t ion to the t r a n s i 

t i o n d e n s i t i e s given by the model i s too l a r g e . A s imi la r s i t u a t i o n a r i s e s in 

Cr and Fe but the discrepancy increases with mass number s ince the e x p e r i 

mental cross sec t ions become s teeper as Z i n c r e a s e s . 

For the r e l a t i v e s t reng ths of the s t a t e s descr ibed by neutron s p i n - f l i p 

conf igura t ions , the agreement with the e lectromagnet ic r e s u l t s i s genera l ly 

qu i te good. The proton s p i n - f l i p s t a t e s are r e l a t i v e l y more exc i t ed by i n e l a s 

t i c e l ec t ron s c a t t e r i n g than by i n e l a s t i c proton s c a t t e r i n g . The comparison i s 
52 i l l u s t r a t e d in figure (9a) for Cr where the ( p , p ' ) d i f f e r e n t i a l c ross 

F-u;. 9 . - HI itn.ength aa,&u.-
— 52 
button in Ct la] zxpvumzn-
taZ xuuZtà : pn,zan£ (p ,p ' l 
zxon actioiu axe. inown as 
iuZl Line* ; 8(M!I uaiau 
obtained itom the (a ,e ' ) 
meaju/iem&tis o$ Re£. 32 one 
àhown a& djuhzd tinei ; B(MM 
vaùxet iiom the. (Y.Y'I meaiu.-
n&nenti ai Re.i. 40 ana. .shown 
u dot-daihed tinea. The nax-
mZization uw> mode ioA. the 
itati at 9.14 He!/. Multiplet* 
aw. txtAkzd by an a&tuU&k lb) 
theawticsJ. piediatiam : uiing 
wave. $unaUoYU Ojj Ra-iS- 41 ion. 
52, Ct. Tfce nonnuZization mai made 
ion. a itats. pA.zdicXcd at 1.14 MeV. 

;c.(MeV) 
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sections at 4° are compared with Che B(M1) values extracted from inelastic 

32) electron scattering . Overall the agreement is quite good although there 
are a few states seen in (p,p r) fairly strongly (9.75 MeV and 10.50 MeV) which 
are not seen in (e,e'). 

The (p,p') cross sections at 4° calculated for the model states predicted 
by Metsch and Kniipfer are shown in figure 9(b) compared with the B(Ml) values 
predicted for these same states. The model predicts a strongly excited state 
at 9.14 MeV in (p,p') and in (e,e'), in agreement with the experiments. However, 
some states predicted to be strongly excited in (p,p'), such as the states at 
6.70 and 7.87 MeV, do not appear in the present spectra. 

The results for the other nuclei Ti and Fe are similar to those for 
52 

Cr. The overall strength is predicted in all cases to be spread more widely 
than is observed experimentally. In general, the experimental results are in 
better agreement with one another than would be expected from the theoretical 
predictions. This overall agreement is in marked contrast to the results obtained 
previously for V, where a large resonance centered at 10.15 MeV is observed 

43) ia (p,p') but no M1 transitions at all are seen in (e,e') 
Both the lack of low lying isoscalar strength and the shape of the experi

mental angular distributions, which are better fitted by a pure isovector tran
sition, imply that Metsch and Kniipfer overestimate the isoscalar contribution 
to their model states. The other possibility is that the isoscalar interaction 
used in the nucleon-nucleon potential is too strong. 

6. SUBTRACTING NEUTEOHS FROM 4 8 C a : THE CA ISOTOPES 

One of the reasons for the renewed interest in the subject of M1 transitions 
25) was the very beautiful (e,e f) data taken at Darmstadt on the Calcium 

isotopes. We have also taken (p,p f) measurements on these isotopes. We have also 
taken (p,p() measurements on these isotopes to see how the results compare 
with (e,e'). The "comparison with Ca has already been discussed in Section 4. 
In contrast to the reasonable agreement observed in Ca, there are significant 
differences observed for the other isotopes. 

Spectra obtained from (p,p') scattering on Ca, Ca, Ca and Ca are shown 
in figure 10. Th3se data are presently being analyzed but a few preliminary 

40 + 
remarks can be made. In Ca, the well known 1 state at 10.31 MeV is observed. 
However, an additional state at 12.03 MeV is also seen with a AL » 0 angular 
distribution. While this angular distribution does not distinguish a 1 from a 
0 state, the selective excitation at high bombarding energy suggests a spin-
flip excitation. So 1 state was observed in (e,e') near 12.03 MeV. Of 
course if this transition, is predominantly a proton excitation there may be 
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a cancellation between the orbital and 

spin parts of the BCM1) operator which 

might suppress the transition in (e,e')> 

The other possibility which cannot be 

excluded is that this is a Coulomb excited 

1*" state which would also show a very 

forward pes'ked angular distribution. 

However, it has been shown for the N - 28 

nuclei, that 1 transitions are generally 

weak in (p,p') at 200 MeV bombarding 

energy so that the B(E1) for such a 

state would have to be very large for it 

to be seen in (p,p') so strongly. 

42 + 

In Ca, no strongly excited 1 tran

sitions are observed, as can be seen in 

figure 10. This is in contrast with the 

25) + 
results from ( e ^ 1 ) where a 1 state 
at 11.2 MeV was seen with a B(M') value of 

2 
0.59 ± 0.05 u . This is therefore about 
16% of the strength of the single sharp 

state observed in Ca. In (p,p r), the upper limit on the cross section for a 
48 

state at 11.2 MeV would be about 3.3% of the strength of the state in " 
42 44) 

result is in agreement with that obtained in the Ca(p,n) reaction 
44„ 

Ca. This 

where 
44 

no analogue state of the 11.2 MeV scate has been seen. In Ca, the strength 

appears to be very fragmented in both (p,p*) and (e,e') measurements, so detailed 

comparisons are difficult at present. 

7. HIGHER ISOSPIN COMPONENTS : THE NI ISOTOPES 

In a nucleus where the M1 transition proceeds only by a neutron excitation . 

such as in Zr or Ca, and assuming that there are no correlations in the 

ground state, the isospin of the excited state is the same as the isospin, T , 

of the ground state. However, in a nucleus with both neutron and proton valence 

orbits, the particle and hole can couple to isospin T - 0 and T - 1, the latter 

then coupling to the core to produce states of isospin T and T +1. The first 

observation we have made of the T +1 component was in (p,p () measurements on 

the Ni isotopes. Spectra at 4° from the isotopes Ni, Ni, Ni and Ni are 

shown in figure 11. These spectra may be characterized by two components, one 

a broad component with much fine structure which is centered around 8-9 MeV 

excitation energy plus a sharp peak which moves to higher excitation energy as 
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Che mass of the target increases. The broad peak is 

identified mainly with the T • T component of the M1 

resonance and the sharp peak as pare of the T * T +1 com

ponent. In Ni, there are other smaller peaks, presumably 

pieces of the T +1 component. This trend is even stronger 
58 ° 

in Ni, where the two components are not well separated 

in energy. 

The energetics for Ni are displayed in figure 12. 

Energetics of i* states in M N i , w C u 

1 r / 
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zmUilon &Mm the. 

T ' 3 itatt in é 0Ni 

one. alio ikexn. 

0*,T.2 CT0) 

While the 1 , T » 3 state at 11.85 MeV is above the neutron threshold, this 

state is isospin forbidden to decay by neutron emission. Proton decay of the 

state is allowed but with an energy of only 2.32 MeV. The Coulomb and centifugal 

barriers ensure that the decay width of the state is small. Since the level 

density of T » 3 states near 12 MeV is not large, the spreading width of the 1 +, 

T - 3 state is also small so that the state has a narrow total width. Similar 

arguments apply for the other Ni isotopes. Even in Ni, where the T +1 level 

occurs at 15.62 MeV excitation energy, its observed width is limited by the 

experimental resolution of about 70 keV. 

The ratios of the (p,pM cross sections of the (T +1) to T states in the 

Ni isotopes has been calculated in a simple model by Toki 45) He simply allows 

neutrons to fill the fj/j, P 3 / 2 and f.„ orbits in turn; leaving the f 7 / , shell 

filled for protons. Then he relates the cross sections for exciting T +1 and 

T states in (p,p') by simple Clebsch-Gordon coefficients using the fact that 
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the transition strength is 'blocked" in some cases by r.he partial occupation 

of che t . . . orbit. His results together with the preliminary experimental 

ratios are plotted in figure 13. Also plotted are the results of a similar 

calculation using the fact that all p,,, •Pi/? t r a n s i - c i - o n s reach T states 

because they are all pure neutron transi

tions in this model. Considering the 

great simplicity of Che model, the agree

ment with the experimental results is 

extremely good. 

A detailed comparison of our (p,p r) 

b 

- i 1 r -

\ f c , 2 blocking 

65 A 

fcg. 73.- fcttio <?a ûtoa-i 4Zction& o£ 

T +1 to Tn A*ate-4 fa*, thz Mc i&otopzA. 

results with those from (e,e () and 

(p,n) on Ni and Ki was given at 
48) 

the Amsterdam Conference . While the 

energies of the states seen in (e,e*) 

generally agree with those seen in (p,p') 

the relative strengths are not too similar. 

Presumably this is due to the proton or

bital contribution to the B(M1) operator. 

Since the "quenching" produced by AN 
The, expexunentaZ dais, a te àhovtn. ai 

paJjvtA. The. tincA cuts. cc£cuJbx£iatu> 

dticfûbed -ùi text. 

excitations only applies to the isovector 

part of the transition operator, it is 

important to determine whether the quen

ching is the same in the isovector and 

isoscalar channels. Preliminary results on the Ni isotopes were also given in 
48) 

Amsterdam , where it was concluded ti.at these is significant quenching in 

the isovector channel. 

Finally, as a confirmation of our understanding of the structure in the 

Ni isotopes, it is interesting to return to the <p,n) reaction. The energetics 

of the Ni(p,n) Cu are also given in figure 13. We see that three 1 states 

are expected with isospins 3, 2 and 1 t the T • 3 and T = 2 states being analogues 

of the structures observed in (p,p f). Spectra from the (p,n) reaction carried 

out by a Kent State-MSU collaboration at IUCF on Ni, Ni, 
62 M. . 64... 
Ni and Ni are 

shown in figure 14. The expected components are seen, particularly the sharp 

T • T +1 component in the lighter Cu isotopes. A detailed discussion of the 

strength of this structure will be given in a forthcoming publication. 
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Ni(D.n)Cu E,'!34MiV 9„ «O» 

Eta. 14.- Speatta &/u>m (p,n) \zaationb 

on Ni, •Mi ond M M i at 0*. 

8. SUMMARY 

A 1 + spin-flip transition has been observed at very forward angles in 
. 1 4 0 inelastic proton scattering at 201 MeV on a wide range of nuclei up to Ca. 

The evidence that this feature is indeed an "Ml" transition is fourforld. 
Firsc, the excitation energy is consistent with theoretical predictions and 
with the energy of the analogue state observed in the (p,n) reaction. Second, 
the angular distribution has a very forward peaked character consistent with 
a AL • 0 transfer. This implies that the feature has J - 0 or 1 . The remai
ning possibility of a Coulomb excited 1~ transition can be definitely excluded 
in soma cases in light nuclei by comparison with <Y.Y') measurements with 
polarized photons 4 0 ) . Third, the strong enhancement of this feature at bombar
ding energies near 200 MeV suggests that it is a spin-flip transition mediated 
by the V piece of the nucleon-nucleon interaction. Finally, the strength 
observed is generally consistent with that measured in (p,n) reactions. The 
ratio of experimental to theoretical cross sections is generally about 25-30X 
for most of the nuclei considered, which is somewhat smaller than the fraction 
of the sum rule limit observed in (p,n). However, the <p,p') values are more 
sensitive to the details of the wave functions used to make the theoretical 
predictions so that additional correlations in the nuclear wave functions may 
help to explain this discrepancy. 

For Ca, where there is a reasonably clean experimental situation, the 
(p.p1) measurements agree quite well with the data from both (p,n) and Ce,e'). 

file:///zaationb
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However, unlike some of the other measurements, and even though the (p.p*) 
reaction at forward angles provides a rather sensitive measure of the 1 

48 strength, we see no other states in Ca which have more than 52 of the strength 
of the single sharp peak at 10.2 MeV. 

48 In the N - 28 nuclei, the single sharp peak in Ca fragments into a 
number of states as protons are added to the f 7/ 2 shell. In Ti, these states 
can be separated fairly cleanly into proton and neutron excitations but as the i 
number of protons increases this distinction is lost. The relative strengths of 
the (p,pf) cross sections and the B(M1) values in these nuclei agree fairly 
well, better in fact that would be expected using the model wave functions of 

41) Metsch and Knupfer . We conclude that the isoscalar term in either their 
calculations or in the nucleon-nucleor. interaction used is too strong. One 
exception to the overall agreement between (p,p') and (e,e*) is the case of Che 
odd A, N * 28 nucleus V, where a significant bump with much fine structure 
was seen in (p,p f) but no M1 strength was seen in (e,e r) in spite of a close 
search 

40 42 44 For the other Ca isotopes Ca, Ca, Ca whi^h we have studied, there 
are also discrepancies between the Cp,p') measurements and the (e,e f) measure-

. 40 ments. For example, in Ca, we clearly see a state at 12.03 MeV populated by 
a AL =* 0 transfer but no M1 transition was seen in (e,e'). On the other hand, 
in Ca a 1 state a.t 11.2 MeV was seen in (e,e 1) with a B(M1) value about 16Z 
of the B C M D value of the strong state in Ca. However, in (p,p') no state was 
seen near this energy. 

In the Ni isotopes Ni, Ni, Ni and Ni the T +1 an well as the T 
o o 

component of the M1 transition was observed both in Cp,p') and later in the 
(p,n) reaction. The higher isospin component is seen as a sharp peak which 
moves to higher excitation energy as A increases but remains quite sharp even 

64 at an excitation energy of 15.62 MeV in Ni. A very simple model explains the 
relative strength of the T +1 and T components quite well. However, the iso-
vector component of the resonance is only about 302 of the predicted magnitude. 
This is similar to the ''quenching" observed in other nuclei. ' 
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