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Nuclear reactions : 298Pb (e,3He), € = 183 MeV ; measured o(€y,3) ;
DWBA analysis for bound and unbound statas ; *°°Pb deduced

Ees L, (J)“, strength functions for nigh-lying states. Enriched
target ; magnetic spectrometer ; resoiuticn 200 keY,

Nuclear models : Comparison of neutron single-particle strength
functions with the prediction of the core-particle and quasiparti-

cle nuclear models.

ABSTRACT :

The stripping reaction (a,?He) at 183 MeV incident energy has
been used ta study the neutron-particla respanse functian on 2%¢Pb
target nucleus up to 15 MeV excitation energy. Detailed spectros-
copic information has been obtained on the Tgw-lying neutron statas
{0-4 MeV) through angular distribution measurements and standard
distorted wave Born approximation analysis.

A large enhancement of cross section is observed between 5
and 15 MevY. It appears as a broad bump superimposad on a continuous
background which has been analysed within the framewark of the plane

wave break-up model, The excitation energies, angular distributions



.and strengths of these high-lying transitions suggest that they
arise from neutron stripping to high-spin outer subshells, i.e.
3 3 209
2h11/2, 1k17/2 and 1J13/2 in Ph.
The results are compared with predictions from the core-par-

ticle model and from the quasiparticle-phonon model,

[ - INTRGOUCTIGN

A large amount of theoretical and experimental work has been
devoted to the study of shell model single-particle (hole) states
in the nuclei adjacent to doubly magic 2°%®Pb. In particular, the
fragmentation of high-spin orbitals of 2°?Pb is a matter of consi-
derable interest. Most of the existing experimental data on neutron
particle strength functions come from earlier (d,p)(i) and (a,’He)(Z)
studias, carried out at low bombarding energy, where the fragmen-
tation of the 1j15/2 valence state has been observed. Above &4 MeV
excitation energy, nearly no experimental information is available.

The one nucleon transfer reaction approach has been quite

(3,4) (3)

successful in probing high-lying proton and neutron strangth

distributions. Recently, the residual energy spectra from the
116,118,12050(y,3He) reactions at 183 MeV incident anergy(s) reveal -
ed pronounced and systematic structures up to fairly high excitation
energies (5-10 MeV) which arise from neutron stripping to high-

spin orbitals belonging ta the next major shell above the Fermi sea.

We report here on a similar study of high-spin neutron




states using the (a,%He) reaction at 183 MeY incident energy on
208py target. The strong salectivity of this reaction for high-2
transfer and the relatively good energy resolution are well suited
to the investigation of the single-particle response function up

to high excitation energies (v 15 MeV). After a brief description

of the experimental method (section II), the results and analysis
are presented in section [LI. Along with the detailed information

on va]ence-payticle state fragmentation, our resuits provide evidence
on single-particle strength distribution from the second neutron
shell above the Fermi sea, i.e. the hjkf shell with neutron number

N > 184. In section IV, the empirical determiration of the hign-spin
states fragmentation will be compared to the predictions frem the

core-particle and the quasiparticle-phonon nuclear models.

II - EXPERIMENTAL PROCEDURE

The experiment was performed with an a-particle beam of 183 MeY
delivered by the K 220 Orsay Synchrocyclotron. We used isotopically
enriched 2%%Pb target (99.9 %) of 10 mg/cm?. With the beam trans-
port system set in an achromatic mode, we obtained a current of
50-400 nA and an overall energy resolution of 200 keV, mainly deter-
mined by the target thickness. The emerging particles were detactad
by two multiwire proportional chambers placed at the focal plane
of the large magnetic spectrometer Montpel]ier(s). Following theposi-
tion detectors, two plastic scintillators (3 and 5 mm thick) were
used to provide the time-of-flight and energy loss signals necessary
for a clean identification of the 3He particles. The absolute cross-
sections were determined using the known values of the target thick-

ness and of the spectrometer solid angle. The error in the absoluta



cross-section scales is estimated to be of the order of + 10 %,

An excitation energy range of 30 MeY has been explored using three
successive exposures at different magnetic fields. The excitation
energy of the obsarved levels has been detarmined from calibration
of the detectors using the known energies of the Tow-lying states
of 2%9pb and some strong states from neutron stripping reactions on
12¢ and 150 measured with a Mylar target. A complate angular dis-

tribution was measured from 2.5° to 15° Taboratory angle in 2° steps.

III - EXPERIMENTAL RESULTS AND ANALYSIS

The 2%9Pt energy specfrum from the (a,?He) reaction taken
at a labgratory angle of 8° is presented in fig. 1. One observes
the low=lying levels with a very strong population of the 1j15/2
main fragment this demonstréting the selectivity of the (a,3He)
process for large £-values (2=9 at 10 MeY). The fragmented compo-
nets of the 1j15/2 subshell are clearly seen in the energy range
3-4 MeV (peaks labelled 5,5 and 7 in fig. 1). The nuclear Tevels
of 2%9Pb yp to 4.2 MeV excitation energy are listed in table I where
the spectroscopic strengths for the observed states, deduced from
the OWBA analysis (see sect. IV), are compared to previous neutron

(1,2 (19,22)

stripping experiments . From

and theoretica] predictions
4.5 to 15 MeV excitation energy, the spectrum is deminated by a
wide bump Tocatad around 10.7 MeV. As it will be shown later, this
Targe enhancement of cross-section arises from neutron stripping

to high-spin outer subshells, namely 2h11/2. 1j13/2 and 1k17/2.




The high energy part (15-30 MeV) of the spectrum does not
exhibit pronounced structures. The shape and magnitude of the
cross-section in this energy range is very similar to the one ob-
tained from the study of the same reaction, i.e. (a,*He) on *%Zr,
12957 and **7Au targets(7). The weak dependance of the high-energy
continuum versus the atomic number A of the target leads us to as-
sume that the main part of the cross-section comes from the break-
up of the c-particle. Wu et al.[s) and Budzanowski et a1.(9) have
shown that break-up processes give an ‘important contribution to the
reaction cross-section of fast a-particles scattered on heavy-weight
nuclai. A simple Serber mode1(10’11) has been used to evaluate the
dirsect break-up part of the reaction cross-sectjon. The theoretical
prediction was normalized to the experimental data at laboratory
angle 6 =8° and at high excitation energy (£ = 28 MeV) to mini-
mize the contribution from other mechanisms. The result of this
simpTe plane-wave break-up model (PWBU)} is shown as a sotid line
in fig. 1 and was used in order to deduce the cross-section of the
high-Tying states. However, a sizable fraction of the cross-section
Tocated between 15 and 25 MeV excitation energy (see fig. 1) cannot
be explained by the elastic break-up process. Qur estimate of the
background cross-section does not take into account the inelastic
bfeak-up processas in which a subset of the projectj1 (in this case
the 3He particle) interacts itrongly with the target while the re-
maining fragment acts as a spectator, Therefore, no attempt. was
made to unravel the remaining part of the observed continuum in an

inelastic break-up and a stripping components.



The distorted wave Born approximation (DWBA) calculations
ware carried out using the code DNUCK4(12). The optical parametars

employed for generating distorted waves in the entrance () channel
were the fixed geometry "deep family" combination derived from the

elastic scattering analysis on the 2°%Pb target at 140 MeV incident
energy(13). The ’ée exit channel was described using the sat of pa-
rameters from 0jaloeis et al.(14) which were found to reproduce

quite well the elastic scattering results at 130 MeV on *°Zr, '2%Sn

and 2°%Pb targets. Standard energy sasparation procedure and geometry
(r =1.25 fm, a’' = 0.65 fm) have been used to evaluate the bound-
state neutron forﬁ factor. The optical potential parameters employed
in the DWBA analysis are listed in table I[I.

The calculations were carried out in the local zero range
(LZR) approximation, without non-lccality corrections. The compa~
rison between the experimental data and OWBA predictions, for the
low-lying well resolved states, are shown in fig. 2. An excellent
agreement is found between the shape of the OWBA curves and the
experimental angular distributions for angular momentum transfers
ranging from £ = 4 to £ = 8. Moreaver, exact finite range (EFR)
calculations were performed for the same transitions using the code

(15) e find that the LZR and EFR

MARY written by CHant and Graig
calculations produce nearly identical shapes. Furthermore, the ratio
of cross~-sections EFR/LZR s state and energy independant to within
10 % for the chosen set of optical potentials. Therefore, ZR-OWBA
calculations were pefformed by using a ZR normalization constant

N = 36 which is consistent with the result of EFR calculations and

agrees with previous determinations of the volume integral



2
Do = 290 - 310 Mev fn>/2 for the (e.t) and (a,*He) reactions''8>17),

The observed gross structure around 10.7 MeY being Tocated
well aBove the neutron threshold (Sn = 3.94 Mei), a series of cal-

(12,18) in order to

culations were made using the resonance method
evaluate the form factor of the unbound neutrons.

In the excitation energy range between 4.5 and 15 MeV the
spectra were divided into adjacent stices 500 KeV width. Typical
angular distributions of slices are shown in fig. 3. A very good
agreement is found between the experimental results and DWBA cal-
culations if one assumes a mixed transfer £ = 5 and £ = 7 in the
excitation energy range 4.5 - 6.5 MeY, Although the observed diffe-
rence between ¢ = 7 and £ = 8 transfers is rather small, an £ =7
transter fits the best the slices located between 6.5 and 9 MeV
while from 11 to 15 MeY, the £ = 8 transfer bgtter reproduces the
trend of the axperimental data. [n between these regions (9-11 Mev),
the best fits of the angular distributions are obtained assuming
a mixed £ = 7 and £ = 8 transfar., We also show in fig. 3 the angu-
lar distribution of the under-lying background for typical enargy
region. The error bars on the extracted differential cross-sections
are statistical errars plus a systematic error introduced by the
choice of the normalization procedure of the backgrcund yieid to
the PWSU model prediction at 8°. Ir other words, the choice of ano-
theé forward angle (4°, for example) will Tead to slightly diffe-
rent background yield. This procedure leads to an additional syste-

matic error of the order of 10 %.



IV - STRENGTH DISTRIBUTIONS AND COMPARISON TO NUCLEAR MODELS

A) LOW AND INTERMEDIATE SXCITATION ENERGY REGION < 0 - 4.5 MeY >
The deduced spectroscapic strengths for levels lying betwesn
the ground state and 4.2 MeV excitation energy are displayed in
table I. They are in good agreement with previous determination
from an (a,He) experiment carried out at Tower incident energy

(2), although different optical

(58 MeY) reported by Tickle and Gray
potential parameters and ZR normalization constant have besn used.
The relatively low spectroscopic strength observed for the Zgg/2
ground state is probably due to the mismatch of the (a,He) reac-
tion for low-Z transfer. Another important fragment ¢ =4 (2g7/2)
state is found at 2.5 MeY in agreement with previous (d,p) experi-
ments(1),

We compare our results for the first four low-lying states
with theoretical predictions from the quasiparticle-phonon nucleon

1.(19). The calcula-

madel (QPM) recently reported by Stoyanov et a
tions -~ in which a quasiparticle - phonon interaction based on the
microscopic structure of the #°®Pb phonons is used are in good
agraement with the experiment.

At 3.05, 3.59 and 3.73 MeV excitation energies, three frag-
ments of the 1j15/2 single neutron state are clearly seen., The
fragmintation of the ’315/2 shell model state based on a weak-

(29) a

coupling model calculation, has been predictad by Hcmamoto nd

(21). Both calculations predict that more than

Bes and Broglia
3S % of the total 1j'=/2 strength is to be found between 3.2 and
3.5 MeV excitation energy. This is far too much than what is axpe-

rimentally found. We have displayed in table [ the care-sarvicia




mode]l pradiction reported by Mukherjee etal.(zz) where the coupl-
ing of particle motion with 37, §7, 27, 4" and &7 states of 29%pp
core haveibéen cansidered. Our results are in reasonable agresment
w%fﬁ fhfé thegretical prediction.

Two levels at 3.96 and 4.22 MeV are clearly seen in cur expe-
riment. Their excitation energies and the spectroscopic strengths
that we find assuming an £ = 8 transfer are in very good agreement
with the theoretical prediction of the core-particie model. Naver-
theless, the similarity between the anquilar distributiens for

£ =7 and £ = 8 transfer does not allow a definite & - assignment

for thesa two levels.

8) THE HIGH EXCITATION ENERGY REGICN < 4.5 - 15 MeY »
Hartree-Fock calculations predict the following high-spin
subshells in this energy range : 2h11/2, 1j13/2, 1k17/2, Zhg/2 and
3f7/2. Due to the matching conditions, the axpected cross-section
for the Zhg/z and 3f7/2 subshells are one order of maguitude smaller
than the others around 10 MeV excitation energy. In the following
we will only consider the 2h11/2, 1j13/2 and 1k17/2 subshells.
) A mixing of £ = 5 and Z = 7 strengths is observed fram 4.5 to
6.5 MeY excitatioﬁ energy. Although in a ‘1imited amount (around
20 to 30 %),.the addition of the £ = 5 component clearly improves
the fits in this energy region, but only 30 % of the sum rule is
found for the 2h”/2 neutron orbital. It should be mentioned for
complitness that a8 pure Z = § *ransfer does not reproduce the expe-
riments’ trend. Concerning the £ = 7 component, sinca the analysis
of the low-lying levels has shown that 72 % of the 1j15/2 strength

is located below 4.5 MeV, the remaining part of the strength must
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be spread over higher excitation energy. If one assumes that the

2 = 7 transfar ;orresponds to the 1j15/2 orbit, then the sum-rule
1imit is reached at 6.5 MeV, But very probably, a large overlap of
both 1j15/2 and 1j13/2 strengths takss place in this energy region.

From 6.5 to 9 MeV the best fits are found assuming 3 pure
2 = 7 transfer while at higher excitation energy, up to 11 MeY, a
mixing of 2 = 7 and £ = 8 strengths is observed. The total amount
of 1j13/2 strength that we find in the energy range 6.5 - 11 MeV
is much larger than the sum-rule Timit (1.79 instead of 1) within
the experimental cross-section uncertainties (20 %).

Between 11 to 15 MeV excitation energy, a pure £ = 8 trans-
fer reproduces well the experimental trend. Cur results show that
the £ = B strength is spread over a wide energy range (9 to 15 Mey)
where 62 % of the strength is found. [f one considers a pure £ = 8
or £ = 7 transfer, the total amount of strength Tocated betwean
4.5 and 15 MeV largely exceeds the sum-rule limit (see (d} in table
II1).

Theoretical pradictions for the high-spin high-lying subshells
(2h11/2, 1j13/2 and 1k17/2, using the cuasiparticle-phonon nuclear
modei, and the strength function method have been reported recen-

(’9). The results of the caiculated

tly by Vdovin and Stayanov
strengths functions for the high-lying single-neutron statas in
293ph are shown in table III and fig. 4a. Their calculations show
that all the subshells are strongly fragmented.

Our results agree with the theorstical pattern of the quasi-

bound part of the single-neutran scheme, i.e. two subshells with

high g-numbers located close to each other and a subshell with a



lower Z-number several MeV below them (see Tig. 4a). The strength
distributions of the high-Z subshells are pradicted to be strongly
overlaping as it is found experimentally. This conclusion is con-
firmed by the comparison made in fig. 4b between the experimental
spectrum (background substracted) taken at 4° and the carrespond-
ing theoretical spectrum obtained by adding up the 2h]1/2, 1k17/2
and 1j13/2 strength distrioutions and converting them through the
DWUCK calculation into a double differential cross-section

(mb/sr MeV). The experimental distribution is in good agreement
with this build-up theoretical spectrum and demonstratas the strong
overlap between tha 2h11/2, 1j13/2 and 1k17/2 neut;on strength
functions in that energy range. Tne damping of these high-lying
orbitals seem to be much larger than the ones oredicted thecreti-
cally although the overlapping regions and the similarity between
2 =7 and £ = 8 angular distributions does not allow the extraction

of individual strength distributions from the experimental data.

Y -  SUMMARY AND CONCLUSIONS

The investigation of a large excitation esnergy range with
adequate energy resolution and gcod statistics has allowad a
rather completa de;cription of both low and high-lying neutron
states in 2°?Pb,

The («,3He) reaction appears to be a good tool for nuclear
studies of high-spin orbitals. Qur results coﬁfirm the core-parti-
cle predictions for the fragmentation of the 1j15/2 neutron state
and twd lTow-lying components of the 1k17/2 strength are cbserved

between 3 and 4 MeV.



The large enhancement of cross-saction observed from 5 tu
15 MeV excitation anergy arisaes from neutron stripping to the sa-
cond shell above the Fermi sea, name1yito the 2h11/2, 1j13/2 and
1k17/2 orbitals. The 1k17/2 neutran subshell is the singla-parti-
cle orbital with the highest spin ever observed in a one nucleon
transfer reaction. The strength distribution of the high-Z sub-
shells are strongly overlapped. The hign-lying states are spread
gver a large energy range and are highly damped indicating a high
density of adjacent complicatad states and a strong coupling with
the grass states. )

In tha near future, exclusive experiments which look for
example for the neutron decay of the high-lying states will cer-
tainly lead to decisive pragress on the understanding of the very
large spreading observed experrimentally as compared to tne quasi-

particle-phanon predictions.
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TABLE 1

Results from the analysis of the 2°%Pb (a,*He)

reaction ta low-lying states (0-4 MeV)

B g, (MeV) c%s
Ne L J*
Present | Other Presant |Other Theoretical
work works (a) work works (b) predictions
1 0.00 0.00 4 9/2" | 0.69 0.94 0.92 (d)
2 0.78 0.779 6 | 11/2" | 0.98 1.05 0.94 (d)
. (0.82 {d)
3 1.43 1.424 7 | 1572 0.59 0.57 (
(8.70 (e)
4 2.52 2.493 & 7727 | 0.93 1.05 (¢) | 0.94 (d)
s 3.05 3.082 7 15/2° | 0.054 .062 0.13 (e)
6 3.59 3.556 7 | 15727 | 0.037 0.032 0.07 (e)
7 3.73 3.716 7 | 15727 | 0.035 0.028 0.05 (e)
(7) [(15/2)" | (0.064)
8 3.96 8) [(17/2)*| (a.038) 0.03 (e)
(7) 1 (1572)" | (0.037)
9 4,22 .
(8) | (17/2) (0.023) 0.03 (e)

(a

(b
{c
(d

(e

)

[

Excitation energies have been taken from ref. 1, Only the le-

vels having an energy correspondance with thase abserved in

the present (a,’He) work are given.

Spectroscopic factors reported in ref., 2

From ref. 1

Theoretical predictioas from ref. 19

From ref. 22.




TABLE II
Optical model potential parameters(a)
channel Yo o % W o 2 Yso rso %0 rc

(Mev) (fm) (fm) (Mev) (fm) (f;) (Mev) (fm) (fm) (fm)

a 155 1.28 0.677 23.2 1.48 0.73 - - - 1.4
iHe . 115 1.18 0.86 17.2 1.8 0.77 - - - 1.4
Bound state parameters(b)
p Vo 1.25 0.685 - - - A:25 1.25 0.85
‘(a) Potential of the form :

u(r) = -y f(x) - W Flx') + V., where
1/3 1
f(xi) = |1 + exp {:—13fL-4

and Ve is the CouTomb potential of a uniform sphere.

(b

<

Strength (Vn) ajusted to reproduce empircal separatian energies
The binding potential is of the form

Up(r) = =¥, Flrorg A3, a0y Ajasi2 /e _dd: flror A2 LS

1/3

where £(r,r.A'7, a.) is the Woods-Saxon form.




TABLE III

Characteristics of the high-lying neutron strengths in *°?Pb. Com-
parison with the prediction from the quasiparticie-nhonon nucleon

model.
Theoretical prediction this work
(a) (d)

nei My oy owy s | oag oo €, s
2hyyp [2.0-13.0 6.8 1.88 0.94 |4.5-6.5 C.3¢ (b) 4.5-15  (e)
k7, 3:.0-15.0 8.9 2.26 0.93 |9 -15 0.562 (c)| 4.5-15 1.15
; - 4 - 1.79 4.5-15 5.43
1343/ [3:0-15.0 9.6 1.72 0.9 6.5-11 (c) 5-15

(a) See ref. 19.

(b) The analysis is made using a mixture of 2 = 5 (2h11/2) and
£=7 (1j15/2) in the quoted energy range. .

(c) Idem assuming a mixture of £ = 7 (1j13/2) and £ = 8 (1k17/2) in
the corresponding energy regions.

(d) Here, the ana]y;is was made assuming a unique 2 transfer for
the slices lTocated in the indicated energy range.

(e) A pure £ = 5 transfer will not reproduce the experimental

angular distributions above 6.5 MeV (see fig. 3}.
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FIGURE CAPTIGNS

Figure 1 : 3He energy spectrum form the *°®Pb (a,3He) 2°*Pb reac-
tion. The numbers c% the top of the peaks refer to 29°Pb levels.
They are iisted in table I. The horizontal scale indicates the
excitation energy in the 2*Pb nuclei. Hatched peaks originate from
the (a,3He) reaction on '2C and 50 impurities present in the
target. The solid horizontal line indicates the background line

shape calculated with the plane-wave break-up model.

Figure 2 : Angular distributions from *°®Pb (a,>He) reaction to

Tow lying states in 2°?Pb, The solid and dashed curves are the
LZR-DWBA predictions for the indicated Z-values. Each final state
is identified by its quantum numbers nfj and its excitation energy.
The circled numbers refer to the Tabeling adopted for the nuclear
lavels in 22%Pb (see table 1). Vertical bars are statistical errors

only.

Figure 3 : Typical angular distribution of slicas for three typi-
cal excitation energy regions from the 2°3Pb (e,3He) reaction. The
solid and dashed curves are the LZR-DWBA predictions for the indi-
cated £-values, The umbound state form factor has been calculatad
usiﬁg tie resonance method (see the text). The dot-dashed curves
correspond to the substracted background theoretically predicted

by the PWBU model. The error bars take into account statistical

and systematic errors (see taxt sect. [II).
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Figure 4 : (a) Strength functions of the high-lying neutron sub-

: in 209 ‘ =
shells 2h11/2, 1313/2 and 1k17/2 in Pb (taken from ref. 19).

(b) Comparison between the experimental cross-section
for the high-lying states in 29%fb and the predictad theoretical
cross-section pptained by the conversion of the theoretical strength
functions shown in figure 4.a into double differential cross-sec-

tions and summing un all the individual contributions.
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