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Abstract: Neutron-hole states in orbits well below the Fermi surface 
have been observed in a number of medium-heavy nuclei from A=90 
to 209 using one nucléon pick-up reactions. The excitation 
energies, angular distributions of such broad and enhanced 
structures «ill be discussed. The fragmentation of the neutron-
hole strengths as well as the spreading of such simple mode of 
excitations into more complex states are compared to recent 
calculations within the quasiparticle-phonon or the single 
particle-vibration coupling nuclear models. We report on recent 
measurements of J for inner-hole states in 6 9Zr and l i s " I S S n 
using the analyzing power of the (j5,d) and (a^t) reactions. 
Large enhancement of cross-sections are observed at high excita
tion energy in the study of the (p,t) reactions on Zr, Cd, Sn, Te 
and Sm isotopes. The systematic features of such high-lying 
excitation are related to the ones observed in one neutron pick
up experiments. The origin of such concentration of two neu
tron-hole strengths in Cd and Sn isotopes will be discussed. 
Preliminary results bbtained in the study of the (a,6He) 
reaction at 218 MeV incident energy on "Zr, "'Sn and 2 0 > P b 
targets are presented and compared to the (p,t) results. 
Finally the properties of hole-analog states populated in 
neutron pick-up reactions (from 5°Zr to 2 0 ePb) will be pre
sented. 

1. Introduction 

Studies of one nucléon transfer reactions to orbits near the 
Fermi surface have established that, to a good approximation, nu
cléons inside the nucleus move independently in an average potential. 
When one comes to study high-lying states, e.g. inner-hole states 
well below the Fermi surface, one can expect interesting features 
showing deviations from bare single-particle properties. The state 
density increases and the structure of nuclear levels becomes more 
complicated with increasing excitation energy. Under such condi
tions, one would like to examine the behaviour of a number of simple 
excitation modes of the nucleus. Many examples of such simple struc
tures, such as multipole giant resonances, isobaric analog states, 
one or two holes states, and more recently giant "spin-flip" reson
ances are under study using a variety of nuclear reactions. In this 
field "light" ions beams (p,d,JHe and a) in the energy range of 40 to 
200 MeV have turned out to be quite successful in probing such high-
lying excitations of the nucleus. 

The examples which I shall discuss in this paper are the hole-
states observed at high excitation energy (4 to 15 MeV) in one and two 
nucléons pick-up reactions on target nuclei ranging from 3 0Zr to 
2 0 3 B i . I would like to only summarize this work since recent reports 
on these questions have been given recently.1 Ï 

The investigation of the deeply-bound states in nuclei were 
thought for a long time to be limited to light nucléon systems. The 
extensive studies of the (p,2p) knock-out reactions2), supported 
later by the (e,e*p) experiments3) have established the usefulness of 
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the shell model picture for nuclei up to , , , ,Ca- 5 aNi. When one comes to 
heavier nuclei, these approaches are not easily applicable both for 
experimental reasons (coincidence yield and energy resolution) and 
because of the structure of the nucleus. In Fig. la a schematic 
representation of the nuclear well for two nuclei *"si and ! 0 8 P b is 
presented. The radius of the well increases like A 1' 3 whereas the 
potential depth remains rather constant when one goes from 2 e5i to 

Pb. However in the case of 2 0 BPb f one has to fill up the well with many more orbitals leading to very closely spaced subshells as 
opposed to the 2 8Si case. On the other hand, due to the residual 
interactions which will mix the pure sinale-hole states with the high 
density of 2h-lp levels as represented in Fig. lb, the inner-hole 
states will overlap leading to broad structure in the energy spectra 
of the residual nucleus. 

0) b) MSUX-80-403 

i 

Fig. 1. (a) Schematic representation of the nuclear potential for 
A=28 and A=208 
(b) Schematic representation of the valence, inner hole states in a 
nucleus and of the density of more complex states (2h-lp) and (3h-
2p). The lower figure is obtained when one switchs on the residual 
interaction. 

In the next section, I shall discuss the one neutron pick-up 
data on different isotope chains and its connection with the col
lectives properties of the target nucleus. The theoretical pre
dictions for the response function of a hole-state to high excitation 
energy will be compared with experimental results. In section 3, 
repent measurements of analyzing powers in the study of the (p,d) and 
(d,t) reactions on Zr and Sn targets will be prosented. The 
systematic features of the two nucieon pickup data at different 
incident energy and preliminary comparison between the (P,t) and the 
(o,sHe) reactions to high-lving states will be discussed in section 
4. 
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It is also well known that one neutron pick - up experiments 
excite both components of the isospin doublet (T<;=T<,-1 and T>,=To+lî 
when To is the isospin of the target. In view of the large amount of 
new experimental data accumulated in the last five years on hole-
analog states (T> configurations) and their close connection with the 
inner-hole strengths in nuclei (T < states), the properties of such 
high-lying levels will be considered in section 5. Finally some 
conclusions will be drawn in section 6. 

2. Inner-holes states observed in one neutron pick-up experiments 

Since the initial observation of deep-hole states in (p,d) 
reactions by Sakai and Kubo,*) neutron pick-up reactions have been 
widely used to study high-lying neutron-hole strençhts in medium-heavy 
nuclei. They have been observed in (p,d), (d,tî and (3He,a) reac
tions at various energies from waas 90 to mass 209. 5~ l 8ï 

Similarly proton-hole states corresponding to inner shells have 
been populated via the (d,3He) reaction on i*»' n«' is%ffl and

 9 0Zr 
targets.13""20). Spectra from the (p,d) and (3He,cO reaction on a 
number of target nuclei are displayed in fig. 2. These data were 
taken respectively at 42 Mev for the (p,d) reaction p>»d at 70 MeV for 
the (3He,a) case using the Michigan State University K-50 rsochronous 
Cyclotron. A number of common features are observed in the spectra of 
fig. 2 and they are typical of the results obtained in the study of 
neutron pick-up reactions to inner-hole states. Above the well 
resolved low-lying states, the residual spectra exhibits rather 
Strong excitations of group of states or gross structure peaks riding 
on s continuous background. The energy spacing between the "giant-
resonance" like structure and the low-lying levels is in general 
larger for nuclei near closed shells. Moreover some "fine-structure" 
peaks could be observed in some cases ( 8 9Zr, 1 1 1 r i 17ijn?07Pb) whereas a 
broad bump with a high energy tail is present in the Te and Sm 
spectra. Before dealing with the nuclear structure information which 
one can extract from the systematics of the existing data, I would 
like to briefly describe the experimental procedure and the reaction 
model used in the data analysis. 

2.1 EXPERIMENTAL PROCEDURE AND REACTION ANALYSIS 

2.1.1 Experimental procedure 

As one probes deeper in the nucleus, both high incident energy 
and a large range of excitation energy are required. In the spactra 
of fig. 2, the explored region was about 28 Mev for the ^He,a) 
experiments and 10 to 14 MeV for the (p,dî studies. This was accomp
lished using a 50 cm gas delay-line counter backed by a plastic 
scintillator placed at the focal plane of a split-pole spectrometer. 
Such a detection system ensures a clean identification of the emitted 
particles and allows measurements at very forward angles (to 2 5 lab 
angle). In order to extract the cross-sections of the high-lying 
states a background subtraction has been made (see horizontal solid 
and dashed lines in fig. 2). 

The energy resolution in the outgoing channel as well as the 
angular momentum matching conditions are two other very important 
parameters in view of the expected fragmentation and spreading of the 
inner-neutron hole strength in medium-heavy nuclei, tf one carefully 
chooses the incident energy and the reaction, one could selectively 
enhance hole states with large (A=4 to 6Ï or low {I=1 to 2) angular 
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Pig. 2. Typical spectra from 
the (p,d) and ( He,a] reactions 
on heavy nuclei to inner hole 
states. 
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momentum transfers. The best example of such an approach is î t the 
tin isotopes where as many as seven measurements have been 
reported.1' I*~1 l f * 7 ) In all these experiments, a bump has been 
observed near 5.5 MeV excitation energy which is populated by a 2. =4 
transfer. This narrow structure, identified with the lg 9/ z inner 
hole strength, is enhanced in the (3He,a) studies whereas a broad 
side peak is only clearly observed in the (p,d) and (d, t) studies. 
These features are clearly present in the spectra of Fig. 3 obtained 
at MSU for the reactions »»* ' » i9Sn(p,d) ] 1 l ' 1 1 7Sn at 42 MeV incident 

Fig. 3. Energy spectra from the reactions 112'i lBSn(p,d) at 42 MeV 
incident energy. 

energy. The forward angle data enhances the 1=1 component {labelled 
pi/z,P3/2 in Fig. 3) whereas in the. spectra taken at 6=2 5 , one 
can clearly observe the narrow peak corresponding to the A =4 compo
nent. These spectra were obtained with an energy resolution of 25-
30 keV and therefore one could see, especially in the case of il'Sn, 
that the broad structure consists of a number of narruw peaks. The 
existence of such "fine structure" was first reported by the Orsay 
group using the (d,t) reaction with 18 keV er.etgy resolution. l l ) I 
would like to emphasize that only a careful analysis of each fragment 
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will allow an unambiguous determination of the centroid energy and 
spreading width of such high-lying excitation 

2.1.2 Analysis 

The experimental data have been compared to DWBA calculations 
performed wi th the code DWUCK. 2 M As a guide for our analysis, we 
have calculated the angular distributions for a number of low-lying 
states {from 8 9 zr to 2 0 7Pb) populated through various & transfers 
(1=0 to 6) either in the (3He,a) or the (p,d) studies. 

The analysis of all the 70 MeV (3He,a) data was similar to the 
one reported in the study of the 2 0 8Pb{ 3He,ct) 2 0 7Pb reaction.16) The 
optical potentials for both 3 He and a channels correspond to deep 
families ;V3H~=160 MeV,Va=2D0 MeV) and similar set of parameters have 
been successfully used in the analysis of this reaction to hole 
states in Zr l s ) Sn 1 ?) and pb l 6' i a) isotopes. The calculations were 
made using the zero-range local approximation with a normalization 
constant of N=23. 

In the case of the (p,d) reaction at 42 MeVr the Becchetti-
Greenlees23} parameters were employed for the proton channel and the 
deuteron potential was deduced using the same set of results wi thin 
the adiabatic approximation. 2 k ) Exact finite-range calculations were 
found to make very little difference for both the shape and the magni
tude of the îp,d) cross-sections whereas the use of non-locality 
increases the quality of the fit to the experimental data. 

Typical examples of the results of such analysis for various 
transfers and Q values are shown in figs. 4 and 5. Very good fits are 
obtained for both reactions allowing in general an anambiguous 
determination of the angular momentum transfer I. The importance of 
the very forward angle data in the case of the (3Hefa) reaction is 
shown in fig. 4 (differences between I and £+1 transfers). Another 
check is the deduced spectroscopic strengths obtained from such 
anal/sis. Overall agreement is found between our results and the 
ones reported in previous studies of the low-lying hole states in 
medium heavy nuclei. 

In view of the consistent analysis carried out for a wide range 
of nuclei the results obtained are quite satisfactory and give us 
some confidence in extending such an analysis to deeply-bound hole 
states. In order to make a qualitative comparison with nuclear 
models, one has to determine the lowest energy moments of the 
neutron-hole strength distributions for each orbital na,J 

( i ) the occupation number N = X [ C 2S- or observed amount of 
total strength, the upper limit beirtg equal to 2J+1. 

(ii) the centroid energy E = E.E.C2S./N. This quantity is related 
to the neutron binding energy. l l l 

(iii) the spreading width o given by the relation 
a 2 = Z((E-E ()

2C 2S./N 

where C zS i is the fraction of the hole-strength in the fragment i at 
the excitation energy E^. In performing such an analysis, one has to 
make the following assumptions which of course will limit the ac
curacy of the quantities E, N and a. 

(a) only I transfers are determined in the study of transfer 
reactions. In many cases valence and inner holes belong to spin-orbit 
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Pig. 4. Angular distributions for the low-lying states in 1 2 9 T e , 
i<t3ut7 S m populated in the (3He,ctl reaction. Solid curves are DWBA 
predictions. Reaction names and l values are indicated in each case. 

partners (lf 5/ z and lt-,/2 in Zr, lg 7/ 2 and lgs/a in Sn, Te, Sm, 
etc.,). Therefore one has to assume that the low-lying states (up to 
3 MeV) correspond to the fragmentation of the valence orbits. Very 
recent polarization data for both valence and inner shells will help 
in clarifying this situation (see section 3). 

(b} The explored energy range in the residual nucleus is 
limited to a maximum value E„. Moreover, even high resolution experi
ments will be not able to separate the contributions coming from dif
ferent subshells due to the high level density. These two factors 
will certainly limit our knowledge of the high energy tail of the hole 
strength distributions, and might lead to a centroid energy ~E which 
is shifted to low energy. 

(cî The procedure adopted to extract C 2S values which is well 
established for strong hole components located near the Fermi level 
might be not applicable to highly fragmented deep-hole states. In 
particular the form-factor could be very different from the one 
deduced from the binding energy or separation energy methods. These 
effects have been evaluated in the case of inner-holes in 2 0 7 P b by 
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Fig. 5. Angular distributions for the low - lying states in 
ik3'i * 7 S n populated in the (p,d) reaction. Solid curves are DWBA 
predictions for the indicated I values. 

comparing the spectroscopic strengths deduced using a Wood-Saxon form 
factor to those from Hartree-Fock calculations.18 ) Significant dif
ference (up to 30%) have been found between the extracted C 2S values. 

(d) Whereas the main part of the "giant-resonance" like 
structure is populated by a direct one-step process both low and high 
energy tails seem to contain large collective components (hole-
phonon or core-polarized configurations). l 7 ) An estimate of the 
two-step process contribution to the lg 3/ 2 inner-hole strength in 
l l 5 S n 1 7 ) has been found to give results which differ by as much as 50% 
in the high energy tail of the neutron-hole distribution. 
Taking into account these limitations, let us examine the results in 
various regions of the mass table. 
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2.2 NUCLEAR STRUCTURE INFORMATION AND COMPARISON WITH NUCLEAR 
MODELS 

2.2.1 The Zr region (20<N<50) 

One neutron-hole strength corresponding to the If? A inner shell 
has been observed in the 90Zr(*He,a)a3Zr reaction8' ' s • i s ) at 39, 100 
and 205 MeV incident energy. High resolution work 1 5) has shown 
highly fragmented structure between 3.5 and 7.0 MeV excitation energy 
populated by an &=3 transfer. The relèvent structure information is 
summarized in Table 1 and compared to the H.F. calculations of Beiner 
and Lombard using a density-dependent force.26) 

Table 1. Centroid energies, widths and total strengths for inner-
hole states in s 9Zr. 

nfcj C 2Si/N F=2.35o 

(MeV) 

E 

(MeV) 
^ F 
(MeV) 

b 
e s o 
(MeV) 

exp theo 

l f 7 / 2 

2s-ld 

0.5-0.7 2. 

>5 

23 5.20 

-15.0 

8. SO 

14.40 

3"°c 5.1° 
4.40 

a) Ref. 26. 
b) Spin-orbit splitting for fs/z-f7/z neutron orbitals. Theoretical 

values are from Ref. 26. 
c) Spin-orbit splitting from proton-hole states in , 9 Ï . See Ref. 20. 

Useful information is obtained especially for the spin-orbit 
splitting between lf7/2 and lfs/2 neutron orbitals. Similar results 
have been obtained for proton-hole—orbits by Wagner et al.

2 0) The 
discrepancy between the quantities E and E^p might be greatly reduced 
if a better determination of the high energy tail of the lf 7/ 2 hole-
strength were obtained. 

High energy (p,d) data on , 0Zr have recently been reported') 
using the unpolarized and polarized bean of the Indiana University 
Cyclotron. A typical spectrum obtained at 90 MeV is shown in fig. 6. 
There is also an indication of additional broad structure under the 
region of the IAS (8-10 MeV) and around 15 MeV. Similar features are 
also present in the study of the (3He,o) reaction at 100 MeV and 
130 MeV. 2 5) The highest part could possibly be attributed to pick-up 
from the next inner shell, 2s-ld shell. The results from the 
polarized beam experiments will be discussed in the next section. 

2.2.2 The Cd, Sn and Te region (50<N<82) 

As mentioned earlier inner hole-states in the Sn isotopes from 
A=lll to A=123 have been studied by raany groups. A recent high 
resolution study of the (3He,a) reaction") has beautifully demon
strated the change of the fragmentation and the spreading of "\e 
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l g j / 2 inner hole strength with mass 
number. These results are clearly 
observed in fig. 7. From a 
theoretical point of view, the first 
calculation of such a strength dis
tribution has been made by Koeling 
and lachello 2 7) using a quasi-
particle phonon model. The 
theoretical results were unable to 
explain the observed strong frag
mentation and the theoretical 
strengths were much larger than the 
experimental ones, in a very recent 
report by the Dubna group 2") some-
whav different predictions are 
obtained, in much closer agreement 
with the empirical' systematics. 
While the same basic model is used, 
the improved agreement is attributed 
to the following features: 

a) a larger phonon basis, with 
multipolarities X> 3. The influence 
of the Lowest Energy Octupole 
Resonance (LEOR) is found to play an 
important role in the fragmentation 
of the strength and the spreadina is 
increased by the inclusion of hijt.er 
raultipole modes. the 3°zr(p,d) reaction at 88 

b) The basis being extended to MeV. 
2 phonon states leads to both a 
larger fragmentation and a significant broadening of the strength 
function. Such terms are of critical importance in reaching a 
qualitative agreement with the experimental data. The results of 
such a model E o r 1 1 1 , u s ' 1 1 6 S n are compared to the experimental results 
in fig. 8 and Table 2. I would like to point out that the 
calculations predict an additional bump at higher excitation energies 
(see fig. 8) in all the tin isotopes, such structures have been 
observed by the Okaka group. 9) Their results are also listed in 
Table 2 and match the theoretical predictions reasonably well. 

In view of the observed increasing fragmentation and spreading 
of the l g ? / 2 hole strength with mass number in the Sn isotopes, one 
would like to study such phenomena in neighbouring nuclei which Jo 
not have a proton shell closure. If these excitations are mainly 
neutron hole excitations, they should show similar behaviour of their 
centroid energies and spreading widths as long as the low and high 
lying collective modes of the target nuclei do not have strong 
irregularities. 

In Pig. 9 is displayed the data obtained in the study of the 
n i r i i i i u r i i n , i i i M ( p j a ) reactions at 42 MeV incident energy. Due 
to the good energy resolution (25-35 KeV) one can clearly observes 
some narrow peaks, strongly excited near 3.1 MeV in 1 0 S C d . As the 
mass number increases from A=105 to A=115 a large fragmentation 
occurs together with a broadening of the main structure. The 
centroid energy increases slowly from 3.1 to 4.9 MeV, a picture quite 
similar to the one observed in the tin isotopes for an equivalent 
neutron number. 

2000 

M 

90ZrCp.d)8'Zr 
E-88MeV 

8|ab-25* 

x10 
i 

Si» 

Excitation energy in^Zr(MeV) \ 

600 channel number 1300 

Pig. 6. Energy spectra for 
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The spectra from the 
study of the 
l l k ' l l t T e ( l H e < a , l Z > » l l t T e 

reactions are presented in 
fig. 10. In this case, the 
high energy part of the 
spectra is dominated by a 
very broad bump whose 
characteristics are listed 
in Table ?. additional 
information has been 
obtained b̂  a study of the 
(p,d) reactions on the 
l ! ! , 1 ! , n ! , T e isotopes and 
the results of that analysis 
are also reported in 
Tabls 2. The extracted 
angular distributions for 
the grcss structure peaks 
labelled A and B in 
1 ! ! " " T e are shown in 
fig. 11 together with the 
DWBA predictions. In all 
cases the angular distribu
tions are well reproduced by 
an 1=4 transfer suggesting 
that they correspond to the 
lg9/2 inner neutron «.hole in 
the Te isotopes. The 
theoretical predictions of 
the Dubna group 2 8), made 
only for the '!'Te nucleus, 
are in overall agreement 
with our experimental 
results (see Table 2). The 
important features in the 
case of the inner-hole 
strength in the Te isotopes 
are the following! 

(a) no fine-structure 
is observed inside the broad 
peak. This result is 
consistent with the 
broadening of the 1Ç9/2 
strength in the heavier tin 
isotopes (A>120) 

(b) The centroid 
energy also increases slowly 
from 5.5 to 7.5 NeV 

(c) A second bump 
which carries a significant 
amount of strength (30 to 
40%) is present in the Mqh 
energy tail of the i-..n 
structure (see fig. 10). 

Ew-M 

>ïU MM 

?«,MM: 

II 

EilHlVI I 

Pig. ' 7. Comparison of the 
fragmentation and spreading of the 
lg 9/ 2 inner-hole orbital in the 
lli>lis>li3Sn isotopes. Shaded areas 
corresponds to mixing of I =1+4 
transitions. The horizontal line 
indicates the background level used in 
the analysis. 

<tl 



( 9ç / 2 ) " 1 Théo — SofcMveloKSBO) j 

' Exp. 5.47 Exp. — Orsay (1979I 

Cfy) I Th«a 6.8 

Tllïï 

Fig. 8. Strength functions of the lgs/2 neutron-hole states in 
iis>Ii9 S r f r o m R ef. 28. Tne dashed vertical bars are experimental 
strengths found in the region A , B and C listed in Table 2. 

(d) These broad peaks are excited quite differently in the (P/d) 
reaction where only a narrow structure [T~2 KeVf see Table 2) is 
populated around 5.00 (A=121) to 6.00 (A=129) HeV excitation energy. 
Again here one can notice the difference in selectivity of the two 
reactions and we can conclude that the (3Hefcc) process is well suited 
to the study of inner shells corresponding to large I values. 

2.2.3 The transition .region: The Samarium isotopes (82^1J<90) 

In order to test if the mechanism responsible for the frag
mentation and the spreading of the inner neutron-hole strength is 
linked with the collectivity of the low-lying states, one could look 
for a system which shows a stronger variation of its collective 
properties with mass number than the cd, Sn or Te isotopes. In 
fig. 12, 13 are presented the spectra obtained in the study of the 
' " " " " " S m l ' H e , , ! and '"•'"• a'' s°'• 5 2'' s*Sm(p,d) reactions. 

For the neutron closed shell target (''•'•Sm, N*82) one observes 
the well known fragmentation of the low-lying hole strengths (es
pecially 2d s/j and l g ? / 2 ) and around 7.6 HeV excitation energy in 
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Table 2. Experimental and theoretical caracteristics of the 
hole-strength distributions of the lg ,/2 orbital in l ' " " s' " 'Sn 
and l 2 " l 2 J ' I2*re isotopes. 

Nucleus s£" Ef E(MeV) N r(MeV) 
(MeV) Exp Then Exp Theo Exp Theo 

3 . 4 - 4 . 5 ( A + B ) 
3 . 4 - 5 . 3 ( A + B + C ) 

4 . 1 0 
4 . 7 0 

3 . 8 
6 . 2 

0 . 5 8 
1 . 2 8 

4 . 8 - 5 . 8 ( B i 
3 . 6 - 6 . 5 ( A + B + C ) 
H . E . B a ) 

5 . 4 7 
5 . 1 9 
6 . 7 0 

5 . 5 
5 . 5 
7 . 6 

2 . 5 
4 . 7 
3 . 2 

2 . 7 
4 . 8 
2 . 6 

0 . 5 9 
1 . 6 8 
2 . 6 0 

0. 
1. 
1 . 

. 63 

.39 
03 

4 . 3 - 6 . 5 B 
3 . 8 - 6 . 5 B+C 
H . E . B a > 

S . 6 1 
S . 3 9 
7 . 0 0 

5 . 8 
5 . 7 
7 . 5 

2 . 5 
2 . 8 
2 . 4 

4 . 3 
4 . 5 
3 . 4 

1 . 0 5 
1 . 5 5 
1 . 9 0 

1 . 
1 . 
1 . 

, 15 
,36 
,27 

3 . 8 - 6 . 0 * 
6 . 0 - 9 . 5 * 

5 . 0 0 
8 . 2 5 - 4 . 6 

b) 
- 1 . 9 0 

2 . 8 0 

4 . 2 - 6 . 7 * 
6 . 7 - 9 . 7 * 
4 . 2 - 9 . 5 + 
9 . 5 - 1 6 . 0 + 

5 . 4 5 
8 . 2 0 
5 . 6 0 

1 1 . 2 0 

5 . 3 

6 . 3 

4 . 0 
b) 
5 . 5 
2 . 9 

3 . 3 

7 . 6 

1 . 9 0 
3 . 0 0 
3 . 7 0 
6 . 1 0 

2 . 3L 

4 . 6 - 7 . 3 * 
7 . 3 - 1 1 . 3 * 
4 . 0 - 1 0 . 0 + 

1 0 . 0 - 1 6 . 0 + 

6 . 0 0 
8 . 8 0 
7 . 5 0 
1 2 . 2 

3 . 3 
b) 

5 . 5 
3 .B 

2 . :0 
3 . 4 0 
4 . 6 0 
5 . 2 0 

a) H.E.B. denotes high energy bump observed in ref. 9. The 
experimental values are therefore from ref. 9 for that line. 

* exp values from the study of l 2 2 >l 2I* w1 3 0Te(p,d) reactions 
at 42 MeV. 

+ exp values from the study of n»'UiTe( He,o) reactions at 
70 MeV. 

b) In that energy range a mixing of £=1+4 transfers have been 
observed in the study of the 1 2 z " 2 4 " 3tTe(p,d) reactions. 

both reactions a broad structure is also excited. When one goes to 
heavier Sm isotopes, the energy spacing between valence-holes near 
the N=82 shell (3p, 2f to lh , i/2 states) decreases strongly and 
disappears in ' s ' Sm {see figs. 12,13). This is consistent with the 
existence of a transition from spherical to deformed nuclei around 
N=88. As regards to inner-hole states, the "•• " 5° " S 2 " 5,*Sm spectra 
exhibit a narrow structure whose controid energy decreases with mass 
number (from 4.4 to 2.9 MeV) but have simultaneously an extremely 
large high energy tail (up to 20 MeV in i 5 lSm). Combining good energy 
resolution and detailed analysis of the two reactions, very accurate 
neutron-hole strength distributions have been obtained. For example, 
we present in figs. 14 and 15, the angular distributions obtained'for 
the gross structure region in """"'"''sin isotopes. The resulting 
information is summarized in Table 3. The following comments 
summarize the systematics 
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Pig. 9. Energy spectra from the reactions l ° 6' i l °' l 1 2 ' 1 1 *'1 1 6Cd 
(p,d) i " ' i « » ' > i i ' M Ï M » * c d i 

(a) For neutron number ranging from 82 to 40 we have a complete 
description of the hole strength distribution for the 1 ** 'Sm nucleus. 
The gross structure peak around 7.6 MeV corresponds to the lg a/ 2 

inner hole. The angular distribution obtained foe this bump in the 
(prd) study indicates some mixing with 2p states. More than 50% of 
the lg»/2 strength lies between 6 and 12 MeV in I 4 , 3Sm whereas the 
remaining part of that strength can be found between 12 to 16 MeV (see 
Table III). 

(b) The picture changes drastically in the heavier Sm iso
topes. For example the main fragment of the lhn/ z hole strength 
decreases from 2.0 MeV in l l , 7Sm to 0.27 MeV in 1 5 1Sm. A large part of 
the strength (30%) is found is a narrow structure {called A) whose 
exci tation energy decreases and whose width slightly increases wi th 
mass number (see Table 3 and f igs. 12,13). These results are 
consistent with the ones obtianed in a previous study of the ('He,a) 
reaction on the l h 7 ' l S I * lS3Sm isotopes.12) This effect could be 
explained qualitatively by the increasing role played by the 
deformation in the Sm isotopes. However our results clearly 
demonstrate that this structure also contains B,=4 and 4=2 strengths 
(20-40% and 20% respectively). 

(c) Moreover the high energy tail of the broad symétrie 
structure observed in the neutron pick up studies could be fitted by a 
second broader bump (called B, see figs. 12,13). The results of the 
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analysis snows cnat in this 
energy range a large amount 
of I =4 strength is found 
whereas the full 11=5 
strength is observed below 
this energy. This indi- _ """ c \\ '" ,f I L I 
cates a much larger 
spreading of the lgs/2, 
lg 7/ 2 strengths. Taking 
into account that the main 
part of the ^7/2 strength 
is found between 0 and 
5 MeV (see Table 3),. it 
is reasonable to assume 
that the hole states corre
sponding to the lg 9A orbit 
lie in the high energy 
tail. 

In conclusion, the 
increase of nuclear de
formation between A-148 and 
A=154 explains qualita
tively the strong decrease 
in excitation energy of the 
lhj 1 /j strength and leads 
to overlapping structures 
for the 2ds/2, lg»/i and 
lgs/2 hole-strength distri
butions. A similar trend 
as regard to the spreading 
and excitation energy has 
been found for the lgs/2 
inner-proton hole strength 
in a study of the ' "" l w " 1 SJSm(d, JHe) reaction.'9! However in that 
case the In s h strength is well concentrated in a narrow peak whereas 
in neutron'pick-up reactions it seems to be spread over a wider range 
of excitation energy. 

I J < lTe( He,a) 
a from the 
123,110,, 

2.2.4 The lead region (82<N<126) 
Two recent studies of the * 0 BPb( 3He,a ) 2 l l 7Pb reactions' «'»• ) up 

to 25 MeV excitation energy have investigated in det il the frag
mentation and spreading of both valence (subshells above N=82) and 
inner (below N=82) hole states in 2° 7Pb. In Ref. 16), similar in
formation has been obtained for the 2°s'2°«pb isotopes. Due to the 
selectively for large il values of this reaction, the missing 2f7/2> liu/i and lh 9/ 2 hole strengths have been found to lie in a inter
mediate energy excitation region (4 to 6.7 MeV). Inner hole 
strengths corresponding to orbits below the shell closure N=82, with 
large J, values (lhn/z, 197/1 and lgs/2), are observed as two broad 
structures with centroid energy respectively at 8.5 and 14 HeV exci
tation energy in 20":-b. , 6 " 8 ) The high resolution study of ref. 16) 
has shown that about 501 of the lhii/2 strength is found in well 
separated states or groups of states located between 6.7 and 9.6 MeV 
excitation energy whereas the high energy tail of such structures 
contains an additional 25* of the lhi 1/2 strength. This result lead 
to a spin-orbit splitting for the lh 9/2-lhn/ 2 orbitals of 4.9 MeV as compared to 5.6 MeV from Hartree-Fock calculations. 2«'2 ' ). 
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The comparison of the 
neutron pick-up energy 
spectrum obtained on a 2 0 B p b 
and a 2 ° 9 Bi target is shown 
in fig. 16. The similar
ities between the two 
spectra are striking. The 
only noticeable difference 
is the spreading of the 
gross structure in region A, 
B and c which is larger in 
2 0 « B i than in 2 0 7 P b . This 
could be explained by the 
opening of the Z=82 proton 
shell in 2 " B i leading to a 
larger level density for an 
equivalent excitation energy 
in 2««Bi than in 2 » 7 P b . 

The problem of the 
fragmentation of 
spectroscopic strengths in 
2 l >'Pb have been recently 
examined by Giai et a l . " ) 
They have used the Hartree-
Pock (HP) fieia with Skyrme 
force III to generate 
single-particle states and 
RPA calculations to generate 
the collective excitations 
of the core. The 
fragmentation is obtained by 
self consistent calculations 
of particle-vibration^ 
coupling. The collective' 
states include RPA low-lying 
states of natural parity up 

.Msux̂ so-̂ oo 
io|!?4Te(3He,«> 

70MeV 

Pig. 11. for 
the 

are 
the 
are 

Angular distributions 
to L=5 and giant reasonances the bump regions A and B from 
up to L=4. The results of analysis of the ( 3He,a) reaction 
such calculations are pre- t»»'i»»re. Solid and dashed lines 
sented in fig. 17 for the DWBA predictions. Dashed lines for 
lh 9/ 2 and lh ( L / 2 strengths background angular distribution 
and are compared to the only presented to guide the eyes, 
experimental results of Ref. 
16, 18). 

In each figure, the -
strength distribution is 
plotted as a function of E x w i t h upper and lower energy scales corre
sponding to the calculated and experimental values. To allow an 
easier comparison the theoretical scales have been shifted by about 
2 MeV. in fact the HF s,p energies are input in the calculations and 
the energy levels are found 2 MeV higher than the experimental 
values,. For the h 9 / 2 strength, the strongest fragment is predicted 
to carry 434 of the total strength as compared to the experimental 
values of 69 or 50*. The rest of the strength is mostly spread over 
an interval of 3 MeV in general agreement with the data. For the 
Ih,,/, inner shell strength, the calculation predicts a strong frag
mentation with three main states containing 21, 17 and 12% of the 
strength respectively. The total theoretical strength is D.77 in the 
displayed energy range, in general agreement with the value of 
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Fig. 12. Energy spectra from the reactions ' '•'',1 *> "• s a r l s i r l s» Sm 
(p,d) at 42 MeV incident energy. 

Ref. 16). The theoretical and experimental spreading are in 
reasonable agreement except that the calculations predict a non-
negligible amount of strength below 6 MeV. The calculated spreading 
widths of the lh11/z is equal to 5.2 MeV as compared to 3.7 MeV from ref. 16). Using a similar approach an estimate of the spreadinq of 
<hii/ 2) - 1 strength have been also made by G. Bertsch et al. 1 0) and 
t'ney have found a smaller value 7=2.0 MeV. 

The theoretical approaches discussed in this section are rather 
encouraging in view of the results obtained in the Sn, Te and Pb 
region. They have demonstrated the importance of the coupling of the 
one hole states to both the low and high-lying collective modes in 
predicting reasonably well the fragmentation and the spreading of 
inner neutron-hole strengths. 

3. Transfer reactions to inner-hole states using polarised beams 
It has been mentioned in subsect 2.1.2, that the analysis of 

inner-hole strength distributions is limited by the fact that only 
the £ transfer and not the J of the state is determined in transfer 
reaction studies. On the other hand, for a long time, asymetry 
measurements in transfer reactions, using polarized proton and 
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deuterons beams have been 
known to discriminate bet
ween J= 1+1/2 and J=a-l/2 
spin values for low-lying 
states. 

Recent studies of the 
(p,d) reactions cprried out 
a rather high incident 
energy (60 to 200 MeV) have 
shown that large values of 
analyzing power could be 
obtained. 1 1" 2} Preliminary 
DWEA calculations suggest 
that analysing power mea
surements (Ay) might give 
rather good discrimination 
between dictèrent j's. In 
addition the spin-deter
mination of deeply-bound pro
ton hole h..\s been ijiade by ;\y 
measurements via (â,3Hc) ré
pétions.-1' " 2') 

Earlier measurements of 
the (p,d) reaction at 90 KeV 
on s°Zr, 1 2 C • '"-m B l l a n d 
IHI*Si."i ) targets have shown 
that înner-hole states are 
strongly excited. Measure
ments have therefore been 
made using the 90 KeV 
polît1 S zed proton beam of the 
Indiana University Cyclotron 
Faciiity (IUCF) on 9 ,Zr, 
, 2 c S n and ""pb targets.^ 

A study of the (d,t) 
reaction at 40 MeV bom
barding energy to inner-hole 
states in fl9zr and 1tsSn was 
also carried out recently at 
Grenoble using the ISN iso
chronous cyclotron and a 
preliminary revort on that^ 
stucv wijl be presented' 
here. 
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Pig. 13. Energy spectra from the 
reactions ''", '1'"'«Si!(!lle(n| at 
70 MeV incident energy. - • 

3.1 THE (;j,d! REACTION TO INNER HOT.E STATF.S 
90 MeV 

IN 8 9Zr and 1 1 9 S n at 

3.1.1 Experimental method 

The reaction products from the (p,d) reactions were detected by 
a pair of ffi.E solid state detector telescopes, placed on either side 
of the beam in a large scattering chamber. Each telescope consisted 
of a 2mm Si, 4E followed by 1.0 cm intrinsic Ge E detector. Particle 
identification were made using SIM modules to avoid large dead tin-.e 
in the computer. The energy resolution was about 150 keV full width 
at half maximum (FWHM). 



The beam polarization 
was measured before 
injection into the main 
stage and was found to be 
around 70% in both spin up 
and spin down directions. 
Checks were made before 
and after each data taking 
run and the polarization 
was found to be extremely 
stable. Typical beam 
intensity on target was 
about 100 nA. The spin 
direction was flipped 
automatically every minute 
during data taking to help 
avoid systematics errors. 
Cross-sections and analyz
ing powers were_̂  measured 
for the 5 0 Zr(p,d) and 
'"'fnfp.d) from 15° to 50° 
in the laboratory. Data 
was taken at a few angles 
for the S 8Ni(p,d), used as 
an energy calibration, and 
for 2 0"Pb(p,d). 

3.1.2 Results and analysis 
The measured Ay for several low-lying states is aozr are dis

played in fig. 18. In general Ay measurements for J=£+l/2 states are 
positive and increase rapidly with angle beyond 20° whereas for J=8.-
1/2 they have negative values at forward angles and are smaller than 
J=!+l/2 ones. DWBA calculations have been made using the code 
DWUCK.2 ' ) While it is possible to obtain good fits to angular 
distributions for a wide range of optical potentials, the analyzing 
power predictions were found to be quite sensitive to the optical 
parameters. The best results have been obtained using the proton 
potential deduced from the systematics of Schwandt et al.3"M (except 
the Vso term which is slightly modified to obtain better fits to the 
data) and the deuteron potential of Duhamel et al.'5) The results are 
indicated by the solid lines in fig. 18. 

This set of parameters reproduces the angular distribution and 
analyzing powers for a number of low lying levels in e=zr and 1 1 5 S n 
(see fig. 18). In addition the deduced spectroscopic strengths for 
these states are in overall agreement with previous determinations. 

Inner-hole states in 1 1 9 S n are clearly seen in the spectra of 
fig. 19. The analyzing power for the region from 4.3 to 6.6 MeV which 
was assumed to correspond to the 9/2 hole state is shown in fig. 20. 
The solid line in that figure is a line obtained from the experimental 
Ay measurements for the ground state of B'Zr which is known to have 
J =9/2 (see fig. 18). The dashed line is a result of the DWBA calcu
lation for a J =9/2 assumption whereas the dot-dashed line is the 

Fig. 14. Angular distributions for the 
bump and the underlying background from 
the "•"SmCHe.a ) and the ""SmlPrd) 
reactions. Solid and dashed curves are 
DWBA prediction for the indicated A 
values. 
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Table 3. Experimental characteristics of the neutron-
hole distribution in Sm isotopes. 

Nucleus n£j 
2 a 

(PEAKS) 

b 

E P ( M e V > 
A "A 
(BUMP A) 

ïC 2S f t 

c 
AE 

EB,rB(MeV) 

(BUMP B) 

* c \ 

1 4 4 s m l hll/2 11-13 

2 d 5 / 2 

i g 7 / 2 

i g 9 / 2 

5-6 

8-9 

6-12 

7.6;2-3 
5.2 12-18 

-;4.0 
1.8 

1 4 8 s m 

l hll/2 
2 d5/2 
29 7/2 

B-9 

3-4 

4-5 

3.6-5.0 

4.45;1.2 

3.5 

1.6 

1.3 

5.0-7.0 

5.8;2.3 <2.00 

i g g / 2 — — >6.4 

1 5 2 S m 

l hll/2 
2 d5/2 
l 97/2 

^9/2 

5-8 

3-4 

1-2 

2.1-3.8 

2.9:1.7 

3.5 

1.8 

3.4 

3.8-8.0 

5.05j2.7 

0.9 

52.7 

>9.4 

a) Summed spectroscopic strength for n&J oribtals foijnd in well-
resolved peaks. _ 

b) AE Energy range considered in the analysis; E . T, £C 2SA centroid 
energy , spreading width and strength oE the narrow structure 
A. 

c) same as b) for the structure B. 

theoretical prediction for 3=1/2 . Taking into account the expected 
small angular shift due to angular momentum differences, rather good 
agreement if- obtained between the Ay measurements from the gs of ï 9Zr 
and the one obtained for the "bump" region in l l sSn. The dashed curve 
from DWBA calculations is also in reasonable agreement with the data 
whereas the calculation for J =7/2 cannot reproduce the absolute 
value and the phase of the experimental points. These results pro
vide for the first time a unique spin assignment of 9/2 for the broad 
structure in , l sSn. This work is reported in more detail in a contri
bution to this conference by Kasagi et al. 3 5 

3.2 THE (d,t) REACTION TO INNER HOLE STATES IN 

3.2.1 Experimental method 

115 Sn at 40 MeV 

The outgoing tritons from the (d, t) reaction were detected at 
the focal plane of the QSD spectrometer in a gas proportional chamber 
backed by a plastic scintillator. Due to the high rigidity of the 
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tritons, only the time of 
flight signal (provided by 
the RF burst relative to the 
plastic scintillator fast 
outDut) was used to ensure a 
clean identicifiction of the 
emitted particles. The solid 
angle of the spectrometer was 
about 1 msr and an energy 
resolution of 30-35 keV was 
obtained. 

The polarization of the 
beam was checked in a small 
scattering chamber located 2m 
before the target and equip
ped with a ' 2C polarimeter. A 
remote control system was 
used during data taking runs 
in ordet to obtain a measure
ment 'At the beam polarization 
every 10 rain. Typical beam 
intensity on target was about 
10 nA. The spin direction 
was flipped automatically 
every 0.3s during data taking 
to avoid systematic errors. 
Cross sections and tensor 
analyzing powers were 
measured for the 116Sn^a',t) 
reaction from 10 to 30 lab 
angle up to 8 MeV excitation 
energy. A few data points 
were taken for the 9°Zr(d\t) 
used for calibration energy. 

3.2.2 Results and analysis 

In fig. 21 are displayed the energy spectra from the 
1 l 6Sn(d,tî' l 5Sn reaction for both spin directions of the incident 
beam. These spectra exhibit rather large asymétries in the low-lying 
excitation energy region {0-3 MeV) where a number of levels do not 
have well established spins as well as in the region around S MeV 
where a broad, fragmented structure is populated. In the energy 
range 3 to 6 MeV, the level density of states becomes higher. There
fore the spectra have been divided in a number of energy slices 
labelled by capital letters C to H. The solid line which joins, the 
minima in the cross sections observed between 3 to 8 MeV excitation 
energy represents our assumption of the background. 

Zero range local approximation DWBA calculations have been car
ried out in order to reproduce the shape and the magnitude of the 
cross section and analyzing power data. The deuteron optical para
meters were taken from the study of the (3,d) and (q\d') reactions at 
30 MeV on a number of medium-heavy nuclei.37) The tritons parameters 
were taken from the compilation of Perey and Perey.22 1 The mea
sured angular distributions and analyzing powers together with the 
results of the DWBA calculations for a few low-lying states in 1 1 5 s n 
are shown in Fig. 22. The experimental angular distributions are 

Fig. 15. Angular distributions for 
the bumo and background reaions for the 
'»• " 5 zSm< 3He,a) and " ""SnKp.d) 
reactions. Solid and dashed curves are 
DWBA predictions for. the indicated £ 
values. 
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Fig. 16. Comparison of the energy spectra obtained in the study of 
the 2 0 e Pb(3He,a) and *°9Bi(3He,a> reactions at 70 MeV incident 
energy. 

well reproduced by the DWBA calculations and this results is also 
valid for I transfers ranging from 0 to 5. The dashed curve corres
ponds to a different set of deuteron potential parameters (adiabatic 
approximation from Becchetti-Greenless parameters,2") the comparison 
between the solid and dashed curves indicates the weak dependence of 
the extracted spectroscopic factors with the optical parameters 
whereas the shape of the angular distributions are independent of 
such choice. 

The analyzing power data displayed in fig. 22 shows rather 
strong J dependence and this effect is nicely reproduced by the DWBA 
calculations. The shape and the relative phase of the analysing 
power prediction is nearly independent of the choice of the optical 
parameters. However the magnitude at the minimum and maxima of the 
analysing power was quite sensitive to that choice. The adopted set 
mentioned above was found to best reproduce the experimental data. 

It is interesting to note the spin assignment of J=9/2 obtained 
here for the 3.67 MeV level in u 5 S n , observed in previous 
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Fig. 17. Calculated and experimental ft (Ref. 16) and B !Ref. 18) 
distributions of the lh 9/ 2 and lhn/ 2 hole strengths in 2 0'pb. 

studies 7' 8' 1 1' 1 7) and interpreted as the first fragment of the lgs/2 
inner hole strength in M*Sn. The strong J dependence for £=4 
transfer (see fig. 22) could be used therefore to determine the spin 
of the fragmented structure at 5 MeV excitation energy populated by 
an «,=4 or £=4+1 transfer in pick up reactions. 

The angular distribution and analyzing power for the region 
around 5 MeV (4.9-5.9 MeV slice H) are displayed in Fig. 23. The 
angular distributions could not be fitted by a unique 9, transfer in 
agreement vith previous (d,t) studies 8" 1) but by an 1=4+1 mixing. 
The strength of each component was fixed to the average value found in 
the previous report of the (dft) reaction to deep-hole states"'11). 
This leads to a good fit of the angular distributions (see fig. 23). 
After fixing these values, one also obtains reasonable agreement bet
ween the theoretical prediction and the experimental data for the 
analyzing power measurement assuming J=9/2 and J=l/2 transfers solid 
curve fig. 23). All other spin combinations give rather poor fits to 
the analyzing power data as shown for example by the dashed line of 
Fig. 23 (9/2T,3/2~). 

In conclusion transfer reactions to deep hole states in 1 1 9Sn 
have established for the first time a spin J=9/2 for the narrow struc
ture observed around 5 MeV excitation energy. However a significant 
amount o£ £=1 J=l/2" (2p,/2 subshell) strength is also visible in that energy range if the selectivity of the reaction enhances the 
lower 9. components. 
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Fig. 19. Energy spectra from the 
1 2 0Sn(p,d) reaction at 89 MeV incident 
energy with proton spin up (top) anJ 
down (bottom). 

Pig. 18. Analyzing 
power versus angle for 
low lying levels in a ! Z r 
from the reaction 
9 0 Zr(p,d) at 90 MeV 
incident energy. Solid 
curves are DWBA 
predictions. 

4. High-lying two neutron-hole strengths observed 
in transfer reactions 

Since the initial observation of a broad structure between 7 and 
9 MeV excitation e"ergy in the study of the <p,t) reaction on the tin 
isotopes, 3 8) a systematic investigation of this phenomena was under
taken at incident energies of 42 and 90 MeV using the (p,t) reaction 
on a wide range of target nuclei. ," 1 r 3 9 f >* 6 In addition, very 
recently, preliminary data have been obtained on high-lving two 
neutron-hole states using the (cir8He) reaction at 218 MeV bombarding 
energy.' 1) In fig. 24 are displayed the triton energy spectra 
obtained at 42 MeV bombarding energy on 9 ° z r , °Cd, ar.2 "Te 
targets. In each spectra one could observe broad structure, which 
contains some fine structure in the case of the '°Zr target, located 
at rather high excitation energy in the residual nuclei (7-1C tfev). 
Such a picture is very similar to the ones observe in the systematic 
study of one neutron pick-up experiments presented in Sec. 2. The!-e 
observations raise the following questions: 

(i) Are these structures related to those observed in (p.d), 
and (3He,tv) experiments? 

(d,t) 
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(ii) Is it possible to 
determine if the 
structure arises from 
pick-up of both 
neutrons from deep 
orbits as had ini
tially been sup
posed?' ' ) 

A close examination of the 
systematics obtained at 42 
MeV for the Sn and Cd iso
topes will be discusses in 
more detail in the fol
lowing lines since one 
clearly has some evidence 
which supports the con
clusions that 

Ay 
0.6 

0.4 

0.0 

-0.2 

10 
- 9 0-Zr(p,d) 8 9Zr(g.s.) 

20 30 40 50 

a) the structures are 
clearly related to 
hole states observed 
in one neutron pick-

• up experiments 
b) these excitations 

arise mainly from 
pickup of one 
particle from a deep 
orbit and one from a 
valence orbit 

c) A secondary "bump" 
observed in the Cd data (see arrows in Fig. 24), located at 
higher excitation energy than the main "peak" could be due to 
two nucléon pick-up from deep-lying orbitals. 

Fig. 20. Analyzing power of the broad 
structure near 5.5 MeV in ussn compared 
with the gs transition of •> Zr (solid 
line). DWBA calculations for the g s/ 2 transfer (dashed line) and for a g7 ,2 transfer {dotted line) are also shown. 

4.1 THE (p,t) REACTION ON Sn ISOTOPES AT 42 MeV INCIDENT ENERGY 
This work was done at Michigan State and the outgoing tritons 

were detected in the focal plane of the Enge split-pole spectrograph. 
The detection system has been already described in subsec 2.1.1. 
Spectra from the (p,t) reaction on » , z " l« ' " s " 2 a ' ' " " " S n have 
been obtained. AS an example the ' '•'''°Sn(p,t)' 1 6'' 1 6Sn energy 
spectra are shown in fig. 25. The measured cross sections for the 
broad structure for all the Sn isotopes are rather constant with a 
slight maximum near A=118. Their excitation energies increase with 
increasing mass whereas the width of the structure has a minimum for 
the l l e S n (p,t) l l s s n reaction. This behaviour is very similar to the 
trend one observes in one neutron pick up experiments on tin isotopes 
as shown in fig. 26, where the systercatics of excitation energies 
from one and two nucléon pick-up reactions on the tin isotopes are 
reported. 

A simple pairing model was proposed recently to explain the 
energetics of these high-lying excitations. 1 "**) In Table 4 the 
predicted excitation energy for one and two holes states in I 1 B S n are 
presented. As seen from Table *» the excitation energy of the deep-
hole pair (2d model) would be twice the excitation energy of the one 
deep hole (Id) plus a constant ( 0.9 MeV for the number given in 
Table 4 ) . This dépendance is shown as a dashed line .\i fig. 26 and 

5« 



Fig. 21. Energy spectra from the reaction 1 , sSn(d,t) at 40 MeV 
incident energy with deuteron spin up (top) at and spin down 
(bottom). 

obviously does not fit the trend of the two hole states in the Sn 
isotopes. 

The differences between the two solid lines of fig. 26 15 nearly 
constant (3.1 to2.8 MeV) and such a behaviour is expected if the 
feature observed in the (p,t) reaction is produced by picking up one 
particle Erom a deep orbit and one Erom a valence orbit as proposed by 
Nomura''3) (see Table 4). Additional evidence for such a conclusion 
was obtained in the study of the (p,d) reaction on two odd tin 
isotopes 1 1 7'"'sn at 42 MeV incident energy using the same experi
mental arrangement as for the (prt) reaction. Both spectra displayed 
also in f ig. 25 show a broad structure at approximately the same 
excitation energy as the one observed in two neutron pick-up 
reactions (see fig. 26). In the (p,d) reaction, for a one step 
process, these "bumps'* can only come from picking up one particle 
Erom a deep orbit. Therefore the features observed in ' '"' 3Sn(p,d) 
must arise Erom the coupling of the hole in the inner shell (g,/2t P!/2) with a hole near the Fermi surface which is present in the 
1 I'M "Sn ground states. 

This observation supports the previous conclusion that a large 
fraction of the observed strength in the (p,ti reaction on Sn iso
topes arises from pick-up of a neutron Erom a deep orbit and a neutron 
from a valence orbit. However a number of factors tend to moderate 
this Conclusion. 

(a) The excitation energies oE the bump Erom the (p,d) studies on 
ii7ni9 S n i s slightly lower than the ones measured £or the same 
final nucleus in (p<t) experiments. 
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(b) The widths of these 
structure in the 
'"* 1 1 9Sn[p,d) data 
are significantly 
lower than the ones 
deduced from the 
(p,t) studies. This 
experimental evi
dence is discussed 
in Ref. 42). 
The measured angular 

distributions for the 
broad strucutures in the 
i i i M i » . L s i S n ( p f t ) a c 
tions at 42 Mev were not 
able to give a definitive 
answer as regards the 
structure of the two-hole 
states (2d or ld+lv as
sumption). As an exam-
pier the measured angular 
distribution for the bump 
in '•l ° Sn is displayed in 
fig. 27 together with the 
results of the DWBA cal
culations. Details of 
these calculations are 
reported in Ref. 42. The 
experimental data does 
not exhibit any particu- pig. 22. Angular distribution and 
lar pattern reflecting analyzing power from the 1 1 6 S n (d,t) 1 1 5Sn 
the fact that a number of reaction at 40 MeV incident energy, solid 
l transfers contribute to and dashed curves are DWBA predictions for 
the observed feature, the adopted set of optical parameters (see 
Two assumptions were made of subsect 3.2.2.). The J=3/2 , 5/2 and 
in the calculations. In 7/2 cases correspond respectively to the 
one case both particles Ex=0.5, 0.985 and 0.614 MeV levels in 
were assumed to be picked 115Sn. 
up from the deep orbits -
lg,/ 2, 2p 3/y 2p,/ 2, In the other case one particle was picked up 
from a valence orbit either lg7/2 or 2d 5/ 2 and the other particle was assumed to come from the lgg/2 inner shell. In both cases no single I 
transfer dominate and the incoherent sum is featureless as can be 
seen in fig. 27 r in which the theory is compared to the data. As 
mentioned above no definitve conclusions can be drawn from the com
parison with shape of the theoretical predictions. The 2d assumption 
gives slightly better agreement with the data at forward angles (see 
fig. 27). 

4.2 TWO NEUTRON PICK DP FRACTION ON THE Cd ISOTOPES 
A similar study of the (p,t) reactions has been made on the Cd 

isotopes. Triton spectra measured at a laboratory angle of 20 are 
presented in fig. 28. Between 4 and 12 MeV excitation energy, broad 
structures are again observed in the displayed spectra. However one 
can notice two new factors which were not present in the Sn spectra. 
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" Fig. 23. Angular distribution and 
analyzing power from the l , 6 S n 
(3,t) l l 5Sn reaction at 40 MeV for the 
"bump" region (labelled H in Pig. 21). . 

a) 

b) 

In the lighter Cd isotopes (10,*Cd) 
some narrow peaks are observed in 
the bump region. 
A second broad structure (labelled 

located 
energy. 

»Cd) is excited and 
higher excitation 

M Cdln.H M M 

E : U t W 

O B l « ( M l " , h 
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^ 3 

Fig. 24. Triton energy 
spectra from the (p,t) 
reaction at 42 MeV 
bombarding energy on 3 0Zr, 

The first and second "peak" are marked 
by arrows in the spectra of fig. 28. 
The simple pairing model for the excita- 1 1 0Cd, and 1 3°Te targets, 
tion energy discussed above was also 
applied to the Cd isotopes using the 
same values of Vdd(-1.7 MeV! and 4(1.4 
MeV). The excitation energies of the 
two broad bumps observed in the Cd 
spectra are plotted against target mass together with the results of 
the (p,t) studies and recent results from the 1 2 ," 1 3°Te(p, t) reac
tions in fig. 29. 

In the case where the target mass for Cd and Sn or Sn and Te are 
the same (A=122, 116; A=124) the value of the excitation energy of the 
lowest bump matches very closely the value for the tin isotopes. This 
lowest bump exhibits a smooth trend between Cd, Sn and Te whereas the 
higher energy component has a much steeper slope with A (see 
Fig. 29). Using the same notation as for the Sn isotopes (see 
Table 4) the pairing model prediction for the v+d case (see dot-
dashed line in fig. 29) matches very well the magnitude and the vari
ation with A of the excitation energy of the lowest bump. On the 
other hand the (2d) calculation, shown by a dashed line in fig. 29 has 
a similar slope to the peak energy of the higher component- in the cd 
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f Fig. 25. Energy spectra from the ' 2 0 ' ' ' °Sn(p, t) ' ' ' ' ' ' 6Sn and 
u s 'ii»an(p,d) 1 1"" ,Sn reactions at 42 MeV. 

isotopes and is about 1 MeV higher than the experimental values. A 
choice of vdd of about -0.7 MeV would lead to good agreement between 
the pairing model predictions for the 2d assumption and the data 
points. Angular distributions have been obtained for the two struc-
utre in the Cd isotopes and have featureless shapes as was the case 
for the Sn isotopes. 

4.3 COMPARISON OP THE (p,t) AND la, He) REACTION AT HIGH INCIDENT 
ENERGY 
As mentioned in the introduction to the present section, mea

surements were made of the (p,t) reaction on 9 t Z r , 1 2 0 , 1 2 2 , l 2 ' ' S n 
targets at higher proton incident energy near 90 MeV using the 
Indiana K200 cyclotron. The results of the analysis of the data 
obtained on the Sn isotopes have been published recently. 3 ,1 

The high energy data have confirmed the observation of broad 
structure in the tin isotopes near B-9 MeV excitation energy as shown 
'in the spectra of fig. 30. The deduced centroid energies and widths 
for the gross structure peaks are in overall agreement with the 
values obtained at 42 MeV incident energy. The measured angular 
distribution in case of l 2 0 s n target shows similar features to the 

; one measured at lower incident energy and could only be fitted by a 
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a mixture of different 8. transfers. 
However at 90 MeV incident energy 
the largest contribution to the 
cross sections comes from large 1 
transfers (1=5,7). Another 
interesting feature observed in the 
high energy (p,t) data is the strong 
population of a cluster of states 
between 3.5 and 5 HeV excitation 
energy in '"sn (see left part of 
fig. 30). in spite of the lack of 
energy resolution, both the dis
played spectra in f ig. 30 show 
rather low cross sections in the low 
energy region (0-3 Mev). The cross 
sections increase sharply wit'.) 
excitation energy and the two-hole 
strengths is concentrated in a 
small number of peaks or a gross 
structure "bump". It is inter
esting to compare such results with 
the ones obtained in a recent study 
of the (a,«He) reaction at 218 HeV "'"""" I 

incident energy on <">ïr, " » S n and P i q . 2 6. Excitation energy of 
2»»Pb targets.*') The experiment the iowest broad feature versus 
was carried out at the Institut de target mass in Sn isotopes ob-
Physique Nucléaire using the s e r V e d in one and two neutron 
218 Mev a beam from the K200 syn- transfer. The solid lines are to 
çhrocyclotron. Typical beam g u i d e t;le e y e # T h e d a s n e d l i n e 

intensity on target was about corresponds to twice the excita-
200nA. The «He particles were t i o n e n a r g y o f t h e s i n a l e h o l e 

detected at the focal plane of the state, 
magnetic spectrometer MONTPELLIER. 
Details of the detection system have been given elsewhere. » s) An 
energy resolution of about 200 keV has been achieved. Before this 
experiment, the (a,*He) reaction had not been extensively used for 
nuclear structure studies. A recent report on the , 0Zr(a, 6He) and 
2 0 ePb(a, sHe) reactions at 64 MeV bombarding energy has been presented 
by the INS Tokyo group a few months ago.*') The resulting data ob
tained at 218 HeV is displayed in fig. 30. The main features are very 
similar to the 90 MeV (p,t) results. The low-lying, low spin states 
are very weakly or are not populated at all. Again the cross section 
rises rapidly above a few MeV of excitation energy and strong excita
tion of a limited number of levels is observed in the £hree targets. 
The differential cross sections at forward angles (e=3,5° lab angle) 
are of the order of 20 to 50ub/sr for the most strongly excited peaks. 

A bump centered around 10.1*0.3 MeV is clearly seen in the 
l l 8Sn(a, 6He) spectrum (see fig. 30) with a width somewhat larger than 
the one observed in the 90 and 42 Mev (p,t) studies ( 3.0 MeV instead 
of 2.1 MeV), Due to the different selectivity of the two reactions, 
both in I transfer and in sensitivity to various components of the 
neutron wave functions, one might expect that these two reactions are 
populating different configurations of the deep-hole pair or of the 
deep hole-valence hole in this excitation energy range. Another 
interesting feature is seen in the spectra obtained for the 2 0' Pb 
nuclei. A number of states with rather high spins are strongly 
excited. They were identified by comparison with the results ob
tained in the study of the ' ' 'Pb(p, t ) 2 "Pb reaction at 80 MeV.*') 
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Table 4. Excitation energies in the pairing model for a single 
deep-hole state (Id) a deep-hole pair (2d) and a valence hole 
plus a deep hole (v+d). 

State Excitation energy relationship Numerical ( 1 1 BSn) 

Id 

2d 

v+d 

2ed+vdd = 2(ep-ed)+vdd 

ed+ev = (cF-ed)+ A 

5.4 MeV 

11.9 MeV 

8.2 MeV 

ei are the quasi particle energy and are related to the Hartree-
Fock energyej and to the pairing energy gap A by 
ei = (c;-eF)

2+A2. E j, is the Fermi energy, A=1.4 MeV from 
average odd-even mass difference 

vdd=1.7 from Ref. 44; e--ea = 6.8 MeV from empirical Id energy. 

These levels were interpreted by 
these authors as arising from the 
coupling of high-spin neutron 
orbits: 

[(in /«) '^fsAJ'Mg-
. (£s/2 )" 1(f7/2) ^ 

The most interesting result is 
the population of quite narrow 
states near 5.57 and 6.2 MeV which 
were not previously reported. 
Bet̂ .-r statistics coupled with 
improved energy resolution will 
certainly reveal a number of new 
features at high excitation 
energy in the residual nuclei. A 
few angles were recorded in the 
case of the 2 " p b target and the 
resulting data exhi'oiï rather 
large variation of the cross 
section from angle to angle. 
This leads to the preliminary 
conclusions that strong 
oscillations in the angular dis
tributions occur for the (a, 6He) r 
the case of transfer reaction at 

E p =42 MeV 

— 2 "deep" holes 

- - I "deep"+ I "valence" hole 

12 24 36 48 
ec.m. 

Fig. 27. Angular distribution of 
the broad structure observed in 
"'Sn. The solid and dashed curve 
are DWBA calculations for the 2d 
and the ld+lv assumptions as de
scribed in the text (subsect 4.1). 

eaction, which is rather unusual in 
high incident energy. 
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Fig. 28. Triton spectra from (p,t) reaction on even-even Cd iso
topes. The arrows indicate the position of the two components of the 
broad structure. 

5. Hole-analog states in heavy nuclei 
Neutron pick-up experiments are well known to excite both T< and 

?> components of an isospin doublet in the residual nucleus. Pol-
lowing the notation of f ig. 31, such analog states correspond to the 
T^To+1 component of the inner-hole states ( n - 1 aCf see fig. 31). 

Until recently, the available data on hole-analog states was 
limited to a large extent to T > levels in medium weight nuclei. How
ever the advent of high energy beams associated with good energy 
resolution in the exit channel_has allowed the investigation of such 
narrow levels in heavy nuclei6 " " " " ) and some recent results have 
been obtained on hole-analogs in Zrr Mo,"9) Sn, T e l 7 ' 5 0 ' s M and 
pb52,s3) isotopes. In spite of a severe reduction of the single 
neutron-hole strengths, owing to the isospin factor l/2T>r narrow 
states are still observable in transfer reactions at high excitation 
energy (15 to 20 MeV) above a continuous background. These struc
tures are of importance because they involve many aspects of nuclear 
structure and reaction, some of them being directly related to inner-
hole strengths distributions in nuclei (i.e. Coulomb displacement 
energy, total and partial widths, energy isospin splitting, strength 
of the isospin dependent part of the nuclear potential, spectroscopic 
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factors and DWBA analysis of 
deeply-bound states). 

5.1 EXPERIMENTAL DATA AND 
RESULTS 
The main part of the 

results presented here were 
obtained in the study of the 
(!He, ai reaction at 39 and 
70 MeV (Orsay MP Tandem and 
MSU cyclotron) bombarding 
energy. In both cases the 
particles were detected in 
the focal plane of a split-
pole spectrometer 
either with 8 
sensitive solid 
detectors (Orsay) < 
delay - line counters 
Additional results 

• Sn(p, t ) 
x Cd(p,t) low E x 

+ C.d(p, t) high En 
14 

— 
" o Te(p,t) 

> «r 
5.2 + 

>- + ^ 

1° + S N2d) calc. 
Z / 0 
UJ + * . • • • 

8 , - s r 
o ' «,->*• " 
§6 x •̂"* 

" N ( v d ] calc. 

h -
2 

0 • i i i i i 

2 

0 106 110 114 118 122 I2« 

equiped 
position 

state 
or gas 
(MSD). 
were 

obtained in the study of the 
(p,d) reaction at 90 MeV 
incident energy using the 
polarized or unpolarized beam 
of IUCP. « ,.,„.. 

In fig. 32, some typical «I larger 
results from the Orsay, MSU Fig. 29. Excitation energies for the 
and Indiana experiments are broad bumps in the Sn(p,t), Co(p,t) and 
presented. The measurements Te(p, t) spectra. The dashed-dot line is 
o£ the total widths of the IAS the prediction of the v+d assumption, 
have been made by comparing the dashed line corresponds to the 2d 
the experimental line shape assumption (see text subsec. 4.1 and 
(30-35 keV) to the line 4.2). 
widths of the V states. The 
results are listed in Table 5 where they are compared to the high 
resolution work of the OSAKA group.••»'»•) j>or hole-analog states, the probability of proton escape is expected to be small."# r") The 
only process for proton escape is that of proton emission from the 1 
particle-2 hole configurations (see fig. 31) contained in the wave 
function of the hole-analog states, while for particle-analog states 
the probability of direct escape from the orbit in which the proton is 
captured is expected to be significant. Therefore one expects that 
the spreading width will have a larger contribution to the total 
widths of the hole-analog states. Since these states occur at high 
excitation energy, and thus in a region of high level density, the 
spreading width is a measure of the isospin mixing with the lp-2h 
doorway states, especially the Isovector Monopole Resonance (TMR) and 
the Anti-Analog configuration which both have T (=T 0-1 isospin number. An estimate of these contributions have been made by the authors of 
Ref. 49 and 50 and they conclude that the contribution of the IMR to 
the spreading width is larger in heavy nuclei (15-20 keV). However 
one should notice that for hole-analogs located well above the 
neutron threshold the decay width becomes important.s'> ) 
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Fig. 30. Triton energy spectra from the 9flZr(p,t) and the l z 0 S n 
(p,t) reactions at MeV incident energy (left). Energy spectra 
from the (a,*He) reaction at 218 Mev bombarding energy on

 9 0zr, 1 ' aSn 
and 2 l > BPb targets (right part of the figure). 

5*2 DWBA ANALYSIS OF THE T^ COMPONENT OF DEEP-HOLE STATES 

It was pointed out some time ago by Stock and Tamura 5 5) that the 
usual Separation Energy method (SE) is not appropriate for the 
description of the neutron form factor of hole-analog states in f-p 
shell nuclei. They suggested the use of the Lane Coupled-Channel 
Equation (CC) with a coupling Isospin Dependant Potential (IDP) term 
4V1 if*."?/A in order to account for the observed discrepancies. 

In fig. 33 are presented some typical angular distributions for 
analog states in l H 'Sm and 297pb together with the results of the DWBA 
calculations. In Table 6, excitation energies, quantum numbers and 
deduced spectroscopic strengths using the S.E, and the C.C. methods 
are compared to the sum rule liml.t (S.R.L.Ï and to the strengths of 
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F*.C n-'*C P"'A 

Fig. 31. Schematic representation of a wave function for a hole 
analog state. T0 =N-Z/A. 

the proton-hole parent states. In both cases the shape of the cal
culated curves are -'ery characteristic of an unique n transfer and 
were in good agreement with the experimental data (see fig. 33). 

As regards to the spectroscopic factors, the S.E. method leads 
to large C*S strengths compared to the sum rule limit. The 
discrepancies are larger for nuclei with large isospin values re
flecting the need for a correct description of the neutron bound-
state form factor (see Table 6). The use of an IDP (with a surface 
strength V\ "V^RoA* / 3/2a equivalent to a volume term V i=2S MeV in 
the nuclear potential, has been investigated by many 
authors" " " " •»-«) and the results are listed in Table 6 (labelled 
C O . From this extensive analysis the following conclusions can be 
drawn. 

The C.C. approach, although leading to a general better agree
ment between the T, neutron-hole strength and the sum rule limit, 
gives very poor results for the proton hole parent state form factor 
and for the energy splitting between T c and T > components (labelled E(T >-T <) in Table 6). The introduction of an IDP in the analysis 
of the T< low-lying states gives opposite results and leads to C ! S 
values larger by 20-50% than those obtained with the usual S.E. pro
cedure. The use of a surface peaked IDP does not correspond to the 
true IDP especially in heavy nuclei where Hartree-Fock calcula
tions 5 7) have shown the importance of the volume term. The data have been 
reanalyzed using a symmetry potential deduced from the H-F calcula
tions in the Lane coupled-channel equations.s8 ) The deduced C 2 s 
strengths are 20 to 50% higher than the ones obtained using an 
empirical surface peaked term with Vi =25 MeV. Better agreement is 
obtained for the energy splitting as indicated in Table 6. This 
description of the neutron form factor of high isospin states still 
tails to reproduce the strengths of T > levels in heavy nuclei. An 
alternative solution to this problem might be to calculate a form 
factor similar to the one used in the analysis of unbound proton 
analog states which takes into account explicity the coupling of the 
analog state to the continum through the doorway lp-2h states. 

New measurements of the spin of hole-analog states have been 
obtained for the first time via asymetry measurement in the study of 
the (g,d) reaction. Preliminary results obtained in the study of the 
"Zr(p,d) ! 5Zr to hole-analog states are displayed in fig. 34. Rather 
nice agreement between the data and the theoretical predictions from 
DWBA analyses for both angular distributions and asymétries measure
ments is obtained, leading to a number of unique spin assignments for 
the hole-analog states in e 9Zr. 
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Pig. 32. Spectra from the studv oE the (3He,a)'or (p,d) reaction to 
hole-analog states in '"Sn, "•3 Sm and "'pb. The ' ' 2Snf 5He, a) ' ' • Sn reaction to hole-analog stetes was studied at 39 MeV incident energy. 
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Table V. Excitation energies and total widths of hole-analog 
states in heavy nuclei. 

Analog pair E X(IAS) r ra) Emparent) n lj 
(MeV) (KeV) (KeV) (MeV) 

9 5 Z R - 9 5 Y 
14.98 
15.64 . 
15.79 

32 ± 
70 t 
55 ± 

10 
10 
10 

0.0P 
0.69 
0.83 

2pl/2 
2p3/2 
IE 5/2 

"W 1 1 1!!. 10.47 
11.06 
11.34 

25 ± 
25 ± 
30 ± 

10 
10 
10 

17 
19 
23 

± 3 
i 4 
± 3 

0.00 
0.54 
0.81 

lg9/2 
2pl/2 
2 P3/2 

1 1 5 S n - 1 1 5 I n 
13.26 
13.63 
13.89 

31 ± 
44 ± 
44 t 

10 
10 
10 

22 
22 
23 

± 8 
± 8 
± 6 

0.00 
0.34 
0.60 

lg9/2 
2pl/2 
2p3/2 

1 1 9
S n - 1 1 9 m 14.98 

15.34 
15.63 

30 t 
40 t 
SO ; 

10 
10 
10 

36 
35-
36 

± 9 
±10 
± 8 

0.00 
0.36 
0.65 

lg9/2 
2pi/'! 
2p3/2 

1 2 3 T e . 1 2 3 s b 13.15 0.14 2d5/^ 
1 2 9

T e - 1 2 9 S b 15.29 0.00 lg7/2 

1 4 3 S m - 1 4 3 P m 
11.63 
11.86 
12.57 

<40 0.00 
0.27 
0.96 

2d3/2 
lg7/2 
lhll/2 

" 7 S m - 1 4 7 P « 15.16 doublet 0.00 lg7/2 
2d5/2 

2 0 7 P b - 2 0 7 T l 

19.28 
19.64 
20.64 
21.00 

350 ± 6 0 b l 

350 ±60 
225 ±40 
350 ±40 

0.00 
0.35 
1.34 
1.70 

3sl/2 
2d3/2 
lhll/2 
2d5/2 

a) These values are from Ref. 49. 
b) The widths of hole-analog states in z 0 7 ? b are from Ref. 53). 

6. Conclusions 

Inner neutron-hole strengths have been observed in a variety of 
single neutron pick-up reactions for a wide rang'1 of nuclei. The 
detailed analysis in various regions of the mass table have demon
strated the important role played by the low and high lying col
lective modes of excitation of the nucleus in the fragmentation and 
spreading of the inner neutron-hole strength. Theoretical pre
dictions of the strength function have reached some preliminary 
quantitative agreement with the experimental data and have confirmed 
the link between single-particle and collective modes of excitation 
in order to properly describe high-lying excitations in nuclei. 
Measurement of analyzing power using polarized beams in pick-up 
reactions appears to be promising Cor investigating the spin of the 
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0.01 

Pig. 33. Typical angular distributions from ('He,a).reaction to 
hole-analogs in 2 0 7 P b (left) and ' " S I D (right). The solid curves 
are DWBA calculations using the C.C. approach (see sec. 5>. 

broad and fragmented structure of inner-hole states in medium-heavy 
nuclei. 

Broad features have been observed in two neutron pick-up experi
ments in a number of nuclei. However no theoretical calculations of 
these strength functions are presently available. Estimates of the 
energetic systematics of two hole states based on a simple pairing 
model suggest that the observed structures in the study of (p,t) 
reactions on Sn isotopes consist mainly of a valence hole coupled to a 
neutron hole in a deep orbit. However in the Cd isotopes, two bumps 
have been observed with different behaviour of their respective 
excitation energy with the mass number A. While the lowest have 
similar features to that observed in the Sn isotopes the higher 
energy "bump" could have a structure due primarly to two holes in the 
deep orbits. 

High energy two nucléon pick-up reactions seems to reveal strong 
selectivity and the preliminary results obtained in the study of the 
(o,'He) reaction are quite promising. In particular it seems pos
sible to investigate high-spin states whose structure corresponds Ko 
two nucléons in inner shells. Finally the study of neutron pick-up 
reactions allows the investigation of hole states with high isospin 
quantum numbers at high excitation energies. 
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Table 6. .Spectroscopic properties o£ hole-analog states in 
heavy nuclei. 

Analog 

pair 

c (IAS) (2T.+1) C 2Sn c 2 _ p 

(MeV) nlJ SE CC 
S.R. 

a 
L. ECT,-^) 

V e V 8* EXP sym sym * 

4 7K- 4 7Ca . 12.74 
13.10 

2sl/2 2.34 
ld3/2 6.66 

1.62 
4.14 

1.39 
2.95 

2 
4 

4.53 5.37 
4.50 5.96 

8.85 
9.80 

9 5Y- 9 5ZR 
14.98 
15.64 
15.79 

2pl/2 2.72 
2p3/2 2.25 
If5/2 9.50 

1.54 
1.40 
5.60 

2.03 
1.90 
6.24 

2 
4 
6 

1 1 S l „ - 1 1 5 S n 
13.26 
13.63 
13.89 

lg9/2 12.1 
2pl/2 2.2 
2p3/2 2.7 

8.6 
1.1 
1.4 

5.7' 
1.2 
1.7 

10 
2 
4 

4.69 4.49 
3.52 5.08 
3.15 4.82 

7.75 
8.00 
8.00 

1 4 3 P m - 1 4 3 S m 
11.63 
11.86 
12.57 

2d5/2 7,35 
lg7/2 25.6 
lhll/2 8.0 

4.2 
12.0 
5.6 

3.8 
7.6 
1.5 

12 

207 T 1.207 p b 

19.31 
19.69 
20.65 
21.00 

3s 1/2 17 
2d3/2 IB 
lhll/2 60 
2d5/2 21 

S.4 
5.9 
26 
7.2 

1.9 
4.5 
10.8 
3.6 

2 
4 

12 
6 

5.50 7.45 
5.40 7.68 
6.90 7.05 
5.44 7.44 

12.01 
12.09 
12.35 
12.0 

v=i™ : Surface peaked empirical potential; 
56 calculations ) 

VHP 
sym deduced from H.F. 
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Tokyo) and J. Van de Wiele. 

The IUCP experiments were a joint collaboration of the MSU group 
(G.M. Crawley, W. Benenson and J. Kasagi), the Orsay group (E. Gerlic 
and s. Gales) plus D. Friesel and A. Bacher from Indiana University. 

The study of the (d,t) reaction on Zr and Sn nuclei were a joint 
collaboration of the Orsay group (E. Gerlic, H. Langevin-Joliot, S. 
Gales) and a ISN Grenoble group (G. Perrin, G. Duhamel). I would like 
to acknowledge the Michigan State.University Cyclotron Lab for their 
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Fig. 34. Angular distributions and asymetry measurements from the 
'°Zr(p,d)a9Zr reaction to hole-analog states. Solid curves are DWBA 
predictions for the indicated !• and J values. 
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