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I N T R O D U C T I O N

The aim of the work described in this thesis was to

obtain spectroscopie information on nuclei with a closed N=50

neutron shell from both proton and electron inelastic

scattering experiments. This information can then be compared

with the results of nuclear model calculations.

In general several processes are available to obtain

spectroscopie information. A distinction between these proces-

ses can be made on the basis of the force by which these

processes are governed, i . e . the electromagnetic, the weak

and the strong force. Examples of the electromagnetic cate-

gory are electron scattering and y-decay and examples of the

strong interactions are hadron scattering and transfer proces-

ses. The advantage of the electromagnetic interaction i s , that

i t is relatively weak and well known, whereas the strong

interaction is much more complex.

For the investigations described in this thesis inelas-

t ic scattering of electrons and protons was used. The advan-

tage of electron scattering above y-decay is the possibility

to vary the momentum transferred to the nucleus by varying

the incident energy and/or the scattering angle. Inelastic

electron scattering to discrete final states of the residual

nucleus reveals spectroscopie information related to the

overlap of the in i t ia l and final states. This information, in

terms of transition charge and/or current densities, can then

be used as input to investigate the same state measured in

inelastic proton scattering. One has to keep in mind, however,

that (e,e') scattering gives mainly information about the

proton distribution in nuclei, whereas (p,p') scattering is

much more sensitive to the neutron distribution. In this way

(e,e') and (p,p') scattering are complementary to each other.

Also, due to the high resolution which can be achieved, the

(p,p') results — especially the excitation energies — are

very useful to be able to analyze the electron spectra



correctly in excitation energy regions with a high level

density. Also the spin and parity assignments, especially to

wecik states, can be made more reliably, if the results of both

reactions are known.

In inelastic scattering experiments the incoming projectile

transfers momentum and energy to the nucleus, thereby exciting

:t for low excitation energies to a discrete excited state.

The determination of the energy of the outgoing particle yields

the amount of energy transferred to the nucleus and thus the

excitation energy of a certain state of the investigated

nucleus. Measurements of the number of outgoing particles as

a function of the angle 0 between the incoming beam and the

outgoing particles result in an angular distribution. From

these angular distributions it is often possible to determine

tlie spin and parity of the excited state. From the comparison

of (e,e') results at forward and backward angles one can

determine the electric or magnetic character of the transition

to the state in question. From the comparison of the shape

and magnitude of the measured angular distributions with

theoretical calculations assuming a specific model (either

macroscopic or microscopic) for the transition, one may obtain

information about the excitation strength and the wave

functions of the initial and final states. This information:

the excitation energies, the spins, the'parities and the

excitation strengths of states can then be compared with

nuclear model calculations.

The choice to investigate 88Sr and 90Zr has been

determined mainly by two arguments. First of all these nuclei

contain 50 neutrons,so the neutron shell is closed while the

proton shells are expected in a simple shell-model picture to

have closed 2p_,2
 an& 2Pi/2 s ub~ s n eH s for resp. 8BSr and 90Zr.

Therefore the transitions to the low-lying states of both

nuclei are expected to be mainly due to proton excitations.

A second argument stems from the result of a high resolution

investigation of 88Sr with inelastic proton scattering

described in the thesis of E.J. Kaptein. Some interesting



phenomena were observed, related to the juicroscopic structure

of the nucleus, for example the different angular distributions

of the first and second 2 state. Therefore it seemed interes-

ting to perform a similar experiment on 90Zr to investigate

the influence of the filling of the 2p ,_ shell. This influ-

ence will be discussed in more detail in chapter I. The
88Sr(p,p') experiment raised also a question about the charac-

ter of a 1 state at 6.00 MeV excitation energy. Furthermore

the multipolarity of some states was not identified. For these

reasons we wanted to perform a 88Sr(e,e') experiment. An

advantage in choosing these nuclei was the availability of

results from nuclear model calculations for these nuclei,

performed by K. Allaart and J.N.L. Akkermans of the Free

University. The experiments described in this thesis are:

• 90Zr{p,p') with an incident energy of 25 MeV

performed with the cyclotron of the "Vrije

Universiteit" in Amsterdam.

• 88Sr(e,e') at low momentum transfer (q<0.6 fm )

performed with DALINAC, the linear accelerator

of the "Technische Hochschule" in Darmstadt.

• 88Sr(e,e') at momentum transfers in the range

0.5 <q< 2.8 fm"1 performed with the Bates

linear accelerator of the Massachusetts

Institute of Technology.

In chapter I the differences in the structure of 8 eSr

and 90Zr expected on the basis of shell-model considerations

will be discussed. Also in this chapter the theoretical frame-

work of inelastic proton and electron scattering will be

briefly presented. Chapter II, which has been accepted for

publication in Nuclear Physics, describes the 90Zr(p,p')

experiment and the results obtained in that experiment. In

chapter III the results for the 88Sr(e,e') experiment at low

momentum transfer are discussed. The results for the 1 state

at 3.486 MeV excitation energy obtained in that experiment



have already been published because of its interest for the

quenching mechanism of Ml transitions. Besides the measurements

performed at M.I.T., we have performed additional measurements

for this 1+ state at NIKHEF-K between q=0.70 and 1.00 fm"1.

The combined results are discussed separately in chapter V.

The other results of the 88Sr(e,e') experiment at high q are

described in chapter IV. The thesis is concluded by a summary.



C H A P T E R

THEORETICAL BACKGROUND

I.I INTRODUCTION

This chapter consists of three rather different sections,

but all three are related to the theoretical background/

necessary for the following chapters. In the first section the

nuclear structure of 88Sr and 90Zr will be described on the

basis of the shell model. The differences in structure between

these nuclei/ expected from the two extra protons in 90Zr

compared to 88Sr, will be discussed. In the second section

the Distorted Wave Born Approximation (DWBA) formalism to

describe inelastic proton scattering will briefly be presented.

Firstly we present the macroscopic DWBA approach, which is the

usual method to extract information on spin, parity and

excitation strength of a state, and secondly the microscopic

DWBA approach. In the last section the formalism for inelastic

electron scattering and the Fourier-Bessel parametrization of

densities is described.

1.2 SHELL-MODEL STRUCTURE OF Sr AND Zr

The relevant shell-model orbitals for 88Sr and 90Zr are

shown schematically in fig. 1. Both nuclei have a closed N=50

neutron shell. The difference in the structure of the states

of eeSr and 90Zr is due to the different filling of the proton

shells. In a simplified picture the protons fill the orbitals

up to the 2p,,_ orbital in 88Sr and in addition partly the
90

2p, /,
0Zr. In this picture the low-

lying states in 88Sr and 90Zr can be described as proton

(ir) one-particle one-hole (lp-lh) excitations with respect

to a closed ground-state (gs) core for 88Sr and a
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Relevant shell-model orbitals for
the nuclei 88Sr and 90Zr.
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gs-core of 8eSr plus two protons in a mixed (2p /o)
2+ (lgQ/ )

configuration for Zr. This simplified picture shows all

important features and is not drastically changed by a more

refined description (ref. 1), in which the first 28 protons

fill up the core orbitals and for the remaining protons a

distribution over the valence orbitals (lf_ ,_, 2-p^.„, 2p1 ,_

and Igq/o) i-s assumed. This distribution is characterized by

the occupation probabilities of the valence orbitals.

Schematically the level schemes below 5.0 MeV excitation

energy, in which the dominant proton configurations are

indicated, are shown in fig. 2.

The differences between 88Sr and 90Zr in some of the

low-lying states are due to two effects:

• partial filling of the 2p1/2 shell in
 90Zr

blocks lp-lh excitations with a particle in

the 2p.. ,_ shell and

• partial filling of the lgg/2 shell in
 90Zr

gives rise to additional levels due to the

(2p~' l9Q/0) configuration and to the1 /Z 9/2/
recoupling of the two protons in the lgg/2 shell.

Apart from these rather drastic changes, the addition of two

protons going from BBSr to 90Zr will presumably also

influence the wave functions of other states. Some illustra-

tions of the above mentioned properties will be described

below.

In B8Sr we expect the particle-hole excitations

2p, ,_ and wlfZ1,- 2p1 ,_ to be present, which to a great
90extent will be blocked in 90Zr. These give rise to two

2+ states, a 1+ state and a 3 state, which are experimentally

observed respectively at 1.836, 3.218, 3.488 and 3.634 MeV

excitation energy (ref. 2). In this picture the wave functions

of the 2+ states are orthogonal combinations of these two

particle-hole excitations. Such a character has now experi-

mentally been verified {ref. 3).



Due to the filling of the •''99/2 orbital in 90Zr the

sequence 0 , 2 , 4 , 6 and 8 is expected from the recoupling

of two protons in the lg„ ,2 orbital and has indeed been expe-

rimentally observed at low excitation energies in a number of

reactions. The 0 state will be mixed strongly with the

ground state, since the ground state contains also the

configuration (lgo/o)2 • The determination of the correspon-
Q +

ding levels in 88Sr and the excitation strength thereof is of

interest and allows the determination of the filling of the

Trig. <2 orbital, which yields values for the pairing correla-

tions present in both nuclei. In 90Zr a 4~ state at 2.74 MeV

and a 5 state at 2.32 MeV excitation energy exist with thedominant configuration ir2p lg with respect to a e8Sr

core. In the simple picture similar states in eeSr would be

due to two-particle two-hole states.

In both nuclei states originating from the configura-

tions Tr(2p~1/O lga/o) and u (lfZ\~ lgQ ,-,) are

expected.

It is of interest to compare these states in both nuclei in

order to study how the different filling of the orbitals

involved influences the excitation energies and excitation

strengths of these states. A similar argument can be applied

to the neutron one-particle one-hole states (e.g. from the

(lg~^, 2d5/2^ configuration).

1.3 INELASTIC PROTON SCATTERING

In this section we present briefly the Distorted Wave

Born Approximation (DWBA), the method to describe direct

reactions, emphasizing the description of inelastic proton

scattering. A detailed description of the DWBA method is

given in several review articles and books (refs. 4-7).

In DWBA the differential cross section da/du for the

direct reaction A(a,b)B is proportional to the square of



the transition amplitude:

T D W = J ƒ d?a ƒ d?g Xg
H(JtB,?6) < B,b|v|A,a^ xi+' 0^,^) (I.I)

in which r and rD are relative coordinates, r = r - rA and
^ _,._,. a is a a A
r = r.- rD, and J is the Jacobian of the transformation to
p » B ,+) /_)

the relative coordinates, x an<^ Xg represent the

distorted waves in the initial and final channel. The remaining

factor in (I.I) is the matrix element of the interaction

causing the reaction, taken between the internal states of

the colliding pairs
< B,b|v|A,a > = ƒ ¥ * * £ V Y A ï a dC, (1.2)

where £ represents all coordinates independent of r and r„.

This nuclear matrix element, which depends on r and rfi, plays

the role of an effective interaction for the transition

between the distorted waves x an& Xg • T n e information on

nuclear structure, angular momentum selection rules and the

type of reaction being considered is contained in this matrix

element. In the next two subsections two different approaches

for the description of inelastic scattering (macroscopic and

microscopic) will be presented.

1.3.1 Maeroscopie description

The usual method to analyze inelastic scattering results

is to describe the nuclear excitations with a collective model.

From such an analysis one obtains information on the spin,

the parity and the excitation strength of a state. In this

description the properties of the nuclear states are associ-

ated with deformations of the nuclear shape. It is assumed

that the nuclear surface can be deformed according to

R(e,<t>) = Rn(l+ 2 a T M Y* (9,<j>)). Here 0 and $ are the polar
U Tjyj J_iM liW

coordinates in the lab. system and a.̂ . are the deformation

parameters. It is assumed that the potential U follows the
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deformation of the surface. A Taylor expansion yields

U(|r-R(6,<|,)|)=U(r-Ro)-]̂ aLM Y^te,*) RQ
 d P ( ^ R o ) . (1.3)

The lowest order term of the expansion is associated with the

usual spherical optical-model potential, while the term linear

in "TM describes the inelastic scattering to collective states

of multipolarity L. So nuclear excitations are associated with

a change in the state of vibration of the nucleus about a mean

spherical shape or a change in the rotation of a permanently

deformed nucleus. With formula 1.3 the DWBA cross section can

be calculated. For excitation of a vibrational state of multi-

polarity L one finds:

This expression has no free parameters except for 3l = 2|aIM|

since the form factor (R -T-\ is R times the radial

derivative of the spherical optical-model potential that

describes elastic scattering of the projectile by the target

nucleus. From the shape of the angular distribution one

obtains the value of L. Because this collective model des-

cribes only natural parity states the parity of the state is

determined from 71̂  7r~ = (-) . The value of Bf is determined

from normalizing the measured and calculated angular distr i-

butions:

exp -I DW

Although this procedure is in principle only valid for the

excitation of collective states, i t is often used to assign

L-values, because i t turns out that even the angular distr i-

butions of states that are not very collective can be

reasonably well described. However, if the 3-value is small

compared to the value for collective states, the obtained

L-values should be considered with care, especially when the

experimental angular distributions are not well described.
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1.3.2 Microscopic description

In section 1.3.1 a collective model was used for the

description of the nucleus and a collective type of inter-

action between the incoming proton and the nucleus was assumed

to be responsible for the inelastic transition. However, a

number of excited states are of single-particle character and

therefore i t is not expected that collective DWBA calculations

can reproduce the measured angular distributions of these

states. If the wave functions of thef.e states are known, a

microscopic analysis can be performed.

In a microscopic description i-he interaction between

the incoming proton and the target nucleus is assumed to be

a sum of two-body interactions

v • X v ' (i-6)

where p denotes the proton and i a nucleon inside nucleus A.

A detailed discussion of the formalism can be found in ref. 8.

Here only the main features will be presented. The transition

amplitude T is obtained as a weighted sum over all inelastic

scattering amplitudes, in which a single bound nucleon in an

orbital j, is promoted to an orbital j,

T = E S(j j J.Jf;I) ( J.M.IN|jfM£) T^P'Cj j,IN) . (1.7)" J 1 J 2
I N 1 ^ i r * :>• * * " * ̂

Here Tfip'( j , D̂ IN) a r e the single-particle T-matrix elements

and the S(j,J2J•J f;I) are the spectroscopie amplitudes. The

single-particle T-matrix elements are given by

T i f P ' ( j l J 2 I N ) = l ( - ) : i"m i (J2m2J1-rn1|lN) 4
m1m2 - - * * Jf

(1.8)

in which particle 0 is the incoming particle and particle 1

a nucleon inside the nucleus. The process in which particle 0
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is exchanged with one of the target nucleons i s described by

the term x*+)d) <f> • (0). The spectroscopie amplitude
J i"f»I) i s defined by

<Jf || [at® a3j x |
~i 2 i f

w x r / 21+1'

where a and a are particle and hole creation operators,

respectively. The spectroscopie amplitudes must be obtained

from model calculations, which calculate |J.> and |Jf>.

A complication in a microscopic analysis is the fact

that the two-body interaction V . is not known precisely.

If the incident energy is high enough to justify the impulse

approximation, the free nucleon-nucleon scattering amplitude

may be used for V ^ (ref. 7). At lower energies the inter-

action is modified by the presence of other nucleons in the

nucleus and therefore an effective interaction V f f is needed.

There are two different approaches to obtain V f_.

• a phenomenological one in which the interaction is

assumed to be a simple functional form with full

operator character, i.e. with spin-spin, spin-orbit

and tensor force operators, while the interaction

strengths of the various terms are treated as para-

meters to be determined from experimental data.

• a more fundamental approach in which V ̂ , is

extracted from a nucleon-nucleon interaction

like, for instance, the Hamada-Johnston

potential (refs. 9,10).

A comparison of the macroscopic and microscopic des-

cription of inelastic scattering yields that the macroscopic

description is relatively simple because there are no free

parameters, except g5, which is an overall excitation strength

factor. The microscopic description has more uncertainties,

but is more sensitive to the nuclear structure of the state

in question and can also be applied to unnatural-parity states.
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1.4 INELASTIC ELECTRON SCATTERING

Inelastic electron scattering offers some significant

advantages over inelastic proton scattering in the study of

nuclear structure. Because of the well known nature of the

electromagnetic interaction, nuclear structure effects can

easily be isolated. The interaction of the electron with the

nucleus is a combination of the charge-charge and the

current-current interaction. The charge and the current of

the electron can be derived from the relativistic electron

wave function. So the only unknowns are the charge and

current of the nucleus, which can be determined from experi-

mental data. Two-step processes will play almost no role,

since the interaction is weak. This weakness, however, is

the main drawback of inelastic electron scattering which ,

combined with effects of the so-called radiative processes,

leads to long measuring times for small cross sections. The

derivation of the electron-scattering formulae is presented

in a number of books and review articles (refs. 11-15).

Therefore only the formulae used in our analysis will be

given here, without repeating their derivation.

1.4.1 Formalism

The electron scattering cross section in plane-wave

Born-approximation (PWBA) is given by

(I.10)

in which the momentum transfer q is given through the initial

and final energy of the electron E^ and E_ and the scattering

* The convention of Brink and Satchler (ref. 16) for the

Wigner-Eckart theorem is used. No i1 is included in the

spherical harmonics or operators. Note that some of the

formulae given by J. Heisenberg (ref. 17) contain an error.
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angle 6

and

da

q = 2(E±E f)^ Sin( | ) (1.11)

2 — cos2(f) n (1.12)
4E? sm" (|)

is the point nuclear cross section, which equals — -p-

Ef , 8 - 1
a is the fine-structure constant and n = (1+2 rr- sin (^))
is the recoil factor with MT the target mass.
C E MF,, F, and F\ are the longitudinal (or Coulomb), the trans-
A A A

verse electric and the transverse magnetic form factors,

respectively, which are reduced matrix elements of operators

between the initial and final nuclear wave functions. All the

nuclear physics is contained in these nuclear form factors.

The selection rules give for the form factors labeled C and E

a- parity change of (-) and for the form factor labeled

M (-) . So unnatural-parity (magnetic) transitions have

only a transverse form factor, while for natural-parity

(electric) transitions one may observe a longitudinal plus a

transverse form factor. The relative contribution of the

transverse form factor to the total cross section differs in

forward and backward angles through the term (^+tg2(8/2)).

Measurements at forward and backward angles at the same

momentum transfer range provide a means of separating the

longitudinal and the transverse form factors.

The form factors are determined by the nuclear charge

and current densities

^4J

F°(q) = vrTP-zA J px(r) jx(qr) r2dr. (1.13.a)
i o

'X.X+l
J A A + l ( r ) 3X + 1(qr)r* dr] .

pj(q) = / W - - ƒ JXfX<r) jx(qr) r2 dr . (I.13.O
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In these formulae j, is the spherical Bessel function of

order A. The p^(r), J. . (r) and J, ^(r) are reduced matrix

elements of operators between |j.> and I J-r> - p, (r) , J, . (r)
X L A A , A+l

and J. , (r) are interrelated via the continuity equation
A i A—1

(1.14)

where h"iu(=h"kc) is the excitation energy. One can incorporate

this continuity equation into the transverse electric form

factor, eliminating J, , (r) . This means that the scattering
A , A—1

is completely specified by the knowledge of p, (r) and J, i+1(
r)*

The reduced transition probabilities are given by

B(EX) = yj- f p. (r) rX+2 dr] *
LJi Jo X J

Ji

(1.15)

The PWBA results are not sufficiently accurate for

medium and heavy nuclei due to the distortion of the electron

waves by the charge of the nucleus. All cross sections in this

thesis are calculated therefore in the Distorted Wave Born

Approximation (DWBA), which uses the same nuclear densities as

described above for the plane wave calculations. A detailed

description of the DWBA formalism can be found in refs. 13,18.

The DWBA seems to give a satisfactory description of the

scattering process. The dominant effect of the distortion is

that the electron probes the nuclear form factor at a momentum

transfer q f f which is slightly larger than the actual

momentum transfer

One can approximately correct for this effect by plotting the

experimental data at <3eff Another effect of the distortion
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is a change in absolute magnitude which can be described by

where fc is a smooth function of E and g ̂ -̂  and is of the

order of 1.

The nuclear densities p, , J, , and J, , can be calcu-
A A , A i 1 A fA

lated from a macroscopic or microscopic model. The most

commonly used macroscopic model is the generalized Tassie

model (ref. 19) in which the transition charge density for

multipolarity A is given by

Px(r) * r*-
1 $-$£&• (1.18.a)

and the components of the transition current density by

(
JA,X+l(r) = °

where p(r) in principle represents the ground-state density

p(r> = po(l+exp

However, in practice the parameters c and t describing the

transition density are adjustable parameters. From the formula

for p, i t is clear that the transition charge density peaks at
A ,

the nuclear surface, which usually is the case for collective

states. Most of the data on collective states have been

analyzed with this model.

A different approach applicable to a wider range of

levels exists in which the transitions are described as a sum

of one-particle one-hole transitions. This can be applied to

collective states, which are due to many lp-lh transitions

and to states that are due to only a few lp-lh transitions.

The latter states exhibit densities with shapes which are

special to the lp-lh transitions involved. The transition

charge density is determined by the radial shapes u (r) and

u, (r) of the particle-hole wave functions involved in the

transition. This can be seen from the expression:
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(1.20)

in which S(j j^J-J^/A) i s exactly the same spectroscopie

amplitude as the one defined in (1.9). The expressions for

the current densi t ies J. . . . and J, , are more complex, but
A , Ax 1 A , A

still determined by the radial part of the wave functions. In

all calculations the densities are folded with the proton or

neutron charge distribution.

Some comments about the calculations and the presentation

of the results in this thesis have to be made. Firstly, in

our calculations the transition current density J, , was
A , A ~ 1

calculated from p, and J, , with the help of the continuity
A A , A+ 1

equation, formula 1.14. Secondly, all calculations have been

carried out in DWBA as mentioned and the results are presented

as a function of q ,̂ . In this way data taken at different

angles and energies describing the same momentum transfer

region of the form factor can be compared. Thirdly, all data

in chapter IV and some data in chapter III have been

recalculated to the highest energy. This is done for computa-

tional reasons. The method is as follows. We start with

formula 1.17
°PWBA ( E

Suppose there are two combinations (E^Bj) and (E2,62) which

yield the same 1ecf Then we can write

°DWBA(E2'e2) W ^ e f f * °PWBA(E2'<ïeff)

n TWT
aMCfrr(E2)

Now the basic assumption is (ref. 20) that fc, and therefore

depends only weakly on the detailed structure
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of the transition density/ allowing the following procedure.

With an estimated p,(r) all (E,9) combinat
A

to one energy E-, according to the formula

With an estimated p,(r) all (E,9) combinations are recalculated
A

arec(E0'el) = aexp(E'e) °DWBA (EQ ' 9 '} (1.22)

The new angles 9' are determined via formula 1.16 to yield

the original <3eff- The transition densities, parametrized as

described in section 1.4.2, are then adjusted to reproduce

the recalculated cross sections. With this new p, (r) the

recalculation is performed again and the fit procedure is

repeated. This iterative method converges fast, if the function

R depends weakly on p,(r), which is usually the case.

1.4.2 Fourier-Bessel pavametrization of densities

As shown in formulae I.10 and 1.13, cross sections for

inelastic scattering of electrons from nuclei contain infor-

mation about the transition densities. These densities are in

coordinate space and can therefore directly be connected to

the nuclear wave functions. In PWBA the densities are related

to the form factors via a Fcurier-Bessel (FB) transformation

(formula 1.13). As a consequence of DWBA the relation between

the densities and the measured cross sections is more complex.

To extract the densities in this case the following method is

used. A functional form of the transition densities is

assumed and a fit to the measured cross sections is performed

by adjusting the parameters of this function. The Fourier-

Bessel parametrization of the densities is a convenient one.

A detailed description is given in the review article of

J. Heisenberg (ref. 17). Here we will present just the

necessary formulae, which are used in the analysis described

in chapter IV.

The basic assumptions are that the densities can be

described by a finite number of FB terms and that the densities
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are so small beyond a certain radius R that they can be set

to zero. As an example we give the expansion for the transi-

tion charge density

" Ji (q^1 r) r < R
(1.23)

r > R c

where the q ~ Rr is the y'th zero of the Bessel function of

order X. In practice up to 12 coefficients are sufficient to

describe the data. For the current densities similar expan-

s ions can be made.

There is a direct relation between the q-range of the

experimental data and the number of coefficients that can be

determined from these data (ref. 17). So if one wants to

reconstruct all details of the density, a certain q-dependence

of the form factor beyond the measured momentum transfer q

has to be assumed. Following Dreher et at. (ref. 21) we

assume the cross sections to be zero beyond q . The uncer-

tainty in these pseudodata is given by an exponential curve

that is calculated over the whole q-range such that it is

the tangent to the measured cross sections. This curve deter-

mines then the maximal uncertainty for the pseudodata. The

error in the extracted density reflects not only the error

from the measured data points, but also, the uncertainties of

these high-q pseudodata.

The resulting densities from the FB analysis have quite

often oscillations at radii outside the nucleus, which is

unphysical. In these cases one would like to force the fitted

density to a more reasonable shape. Therefore in the calcu-

lations a certain radius R is chosen such, that beyond this

radius the density is forced to follow approximately the

form A e~ar.
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90
HIGH RESOLUTION INVESTIGATION OF Zr WITH (p,p') SCATTERING

AT 25 MeV

Abstract: The cross sections for inelastic proton scattering

from 90Zr have been measured for levels up to 7.5 MeV exci-

tation energy with a resolution of 12 to 16 keV. The measured

angular distributions are compared with macroscopic DWBA cal-

culations to determine L-values and deformation parameters.

New spectroscopie information is obtained for levels above

4.0 MeV excitation energy/ where conflicting information

existed. The influence of two-step processes is investigated

for some states. A number of states are investigated with

.nicroscopic distorted-wave calculations, which include anti-

symmetrization, using wave functions from Broken-Pair calcu-

lations . Reasonable agreement is obtained for the low-lying

collective states and the 5 states when normalization

factors for the transition amplitudes are used. The (p,d) (d,p)

process is found to be important in the excitation of the

members of the v|l9q/2 ^(^5/2> multiple* a t 25 MeV incident

energy, in contrast to results found at 65 MeV where such a

process plays a minor role.

II.1 INTRODUCTION

The nucleus 90Zr has a closed N=50 neutron shell and

therefore it has often been the subject of experimental and

theoretical investigations. A variety of reactions has been

performed such as inelastic scattering and transfer reactions

(ref. 1 and refs. cited therein; refs. 2-6) . Many of these in-

vestigations were concerned with states below 4.0 MeV excita-

tion energy, especially those reporting on the microscopic

model for inelastic scattering. One of the reasons for this

This chapter has been accepted for publication in Nucl. Phys.A
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is that the first excited 0+, 2+, 4+, 5~, 6+, 8+ states (all

below 4.0 MeV excitation energy) are thought to have a simple

nuclear structure as they are supposed to result from the

distribution of the last two protons over the 2p, ,_ an<^ 19Q/2

shell-model orbitals. The neutron pick-up reactions (p,d)

(ref. 5) and (x,a) (ref. 6) were performed to determine the

excitation energies and spectroscopie factors for the members

of the neutron l̂ gg/o 2(^5/2> multiplet, expected between 4.0

and 5.0 MeV excitation energy.

The present paper reports on an experiment on 90Zr with

inelastic proton scattering at an incident energy of 25.05 MeV.

Differential cross sections have been measured for the excita-

tion of states up to 7.5 MeV excitation energy. With the

experimental set-up it was possible to achieve a resolution

of 12 to 16 keV. The low experimental background allowed us

to measure small inelastic cross sections at angles as forward

as 9°, which is very important for studying states that are

excited by L=0 or L=1, as the angular distributions of such

states tend to peak at rather small angles.

The present study was performed for several reasons.

The first was the determination of excitation energies and

L-values for levels above 4.0 MeV excitation energy, where

the results of different sl.udirs were conflicting for a

number of levels. Here the high resolution of our equipment

was very important in view of the high level density in that

region.

Secondly the members of the neutron |Igö/o 2d5/2>

multiplet had not been identified in proton inelastic

scattering at the time this experiment was performed. Because

these states are supposed to be relatively pure, which is

supported by the results of the (p,d) and (T,OC) studies, they

can be used to study the effective proton-nucleon interaction

that is used in a microscopic analysis of proton inelastic

scattering (see section 7). Especially the fact that the spins

of the members of this multiplet span a wide range (L= 2-7),
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including three unnatural-parity states, makes a study of

these states in (p/P1) scattering very attractive. Recently

the members of this multiplet were reported in a (p,p') expe-

riment (ref. 2) at an incident energy E =65 MeV. Microscopic

DWBA calculations with simple shell-model wave functions

showed in general good agreement with the data. Combination

of our data at 25 MeV incident energy with the 65 MeV data

allows a check of the microscopic description of inelastic

proton scattering.

Thirdly we wanted to study the excitation of 1 states

in this nucleus. In the isotone 88Sr a few rather strongly

excited states had been observed (ref. 7) at about 6 MeV

excitation energy, the character of which is not yet clear.

A 90Zr(p,p'Y) study (ref. 8) assigned J1* = 1~ to several

states in the same region of excitation energy with similar

angular distributions as in 8BSr, which leads to the assump-

tion that these states are 1 states of a collective nature.

We wanted to study these states and their possible isoscalar

or isovector excitation mode in more detail. As the angular

distribution of such states has its first maximum at an angle

of about 15°, the low background of our experimental setup

at small scattering angles was vital for obtaining useful

information on these states.

Section 2 is devoted to the description of the experi-

mental setup. The results of the analysis of the elastic

data are described in section 3. The data from the present

experiment have been analyzed with a macroscopic model to

determine L-values and deformation parameters and, where

appropriate, with a microscopic model. The results obtained

from the macroscopic-model analysis are presented In section 4.

Special attention was paid to possible two-step excitation of

the 0+ states and the lowest 6+ and 8+ states. This is dis-

cussed in section 5. In section 6 we compare the experimental

results with the level scheme obtained from nuclear model

calculations. In section 7 the results of the microscopic

analysis are discussed.
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II.2 EXPERIMENTAL METHOD AND RESULTS

The 90Zr(p,p') experiment was performed with a proton

beam of 25.05 MeV obtained from the A.V.F. cyclotron at the

Free University (ref. 9). The beam extracted from the cyclotron

has an energy spread of about 3xlO~ . This spread was reduced
-4

to approximately 7x10 with a momentum-analyzing system. The

targets were self-supporting metal foils with a thickness of

170 and 275 yg/cm2. The isotopic composition is listed in

Table I.

Table I. Isotopic composition of the 9 Zr target

Isotope

90Zr
91Zr
92Zr
9<tZr
96Zr

Abundance (%)

97.65

0.96

0.71

0.55

0.13

± 0.10

± 0.05

± 0.05

± 0.05

± 0.05

A full description of the detection system has been given

elsewhere (ref. 10), so only a short outline will be presented

here. The detection system consists of an Enge split-pole

spectrograph (ref. 11) with an array of six position-sensitive

solid-state detectors in the focal plane. Matching the disper-

sion of the analyzing system to the dispersion of the spectro-

graph a total resolution for the detected protons of 12 to

16 keV was obtained. The energy (E) and position times energy

(pE) signals of the different detectors were digitized and

after division of the pE- by the E-numbers, the detector

number, p and E were stored on magnetic tape. The position

spectra were obtained from an off-line analysis with gates in

the energy spectra for particle identification and background

reduction. The position spectra were analyzed by the automatic
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peak-search and peak-fitting computer program "SPHAPAS"

(ref. 12). This established the position and areas of the

various peaks in these spectra.

Inelastic spectra were taken at scattering angles between

9° and 10711 with large s l i t settings (vertical acceptance

A<j> = 37.2 mrad and horizontal acceptance A6 = 58.5 mrad) .

An example of a spectrum taken with these s l i t settings is

shown in fig. 1. The elastic-scattering data were obtained

with narrow s l i t settings (A<J> = 32.9 mrad and A<j> = 18.5 mrad)

for angles up to 35° and with the large s l i t settings for

angles above 35°.

The relative error in the measured cross sections

results from the s tat is t ical error combined with a 3% relative

normalization error, which accounts for beam variations over

the target and for uncertainties in the current integration

system. The value of 3% results from repeated measurements of

the elastic cross section at some angles. The absolute cross

section scale was determined with an estimated error of 5%

from normalizing the elastic data to optical-model predictions

(see section 3).

The incident energy of 25.05 ± 0.03 MeV and the excita-

tion energies of the states in 90Zr were calculated from the

measured peak positions and the focal-plane calibration of

the spectrograph. The error in the excitation energies varies

from 4 keV for the low-lying levels to 8 keV for the levels

around 6 MeV excitation energy. The experimental results are

summarized in Table I I , while the angular distributions of

the levels up to 6.5 MeV, with exception of some weak or

structureless distributions, are shown in fig. 2.
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Table II. Summary of results from the 90Zr(p,p') reaction

1
2
2
2
3
3
3
3
3
3
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
5
5
5,
5
5
5.
5
5
5,
5.
5,
5,

E a)

exc

.756

.185

.319

.751

.078

.311

.455

.596

.846

.962

.062

.128

.233*

.305

.338

.380

.427

.462

.480

.500

.547*

.598

.635

.689

.710

.783

.828

.849

.875

.946

.997

.065

.089

.118

.176

.215

.315

.381

.433

.462

.512

.582

.631

L

0
2
5
3
4
2
6
8
2
5
4
0
2

4
7

(3)
6

2
2

2

3

4
(4,5)
4
2
4

3

0.
0.
1.
0.
0.
0.
0.
0.
0.
0.

0.

0.
0.

0.
0.

0.
0.

0.

0.

0.

0.
0.
0.

0.

s

.45

.45
,02
.27
.28
20
14
32
38
16

23

36
45

21
39

18
12

10

29

19

27
10
27

33

Lit

° +2 +

5~
3~
4 +
2+.
6+

<
2 +

5"
<

°+2 +(6,7)"
(5-)
4 +

7"

°+5 +

(3)
(2) +6t
3 +

2 +

(0-2) +

(3~)

(4+)
(1-3)
7+

U~)
3"

(0-2) +

4+

3"
4 + ,

(7,8) +

4+
1.
2 +

3~

E

5
5
5
5
5
5
5
5
6
6
6
6
6
6
6.
6
6,
6
6
6,
6
6,
6.
6.
6.
6.
6.
6.
6.
6.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.
7.

a)
exc

.666

.703

.753

.781

.829

.891

.939

.977

.006

.058

.078

.106

.128

.167

.209

.229

.245

.308*

.397

.425

.496

.547

.574*

.636

.670

.699

.724
,794
.848
924
001
053
089
119
136
165
202
258
343
378
407
675

L

3

3

1
3
4
4
(4)

4
1

1

0

0

0
0
0

0

s

.27

.23

.27

.22

.18

.14

Lit

3~

3"

1~
3"
4+

4 +

4 +

(1-3)

(1-3)
3~

l"
3~

4 +

unresolved doublet
a) excitation energy in MeV, error ranging from 4 keV for the

low-lying states to 8 keV for states around 7 MeV.
b) refs. 1-4



28

90Zr(p,p') ED= 25.05 MeV
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10-2L

j
i

L=6

1

3 596

L=2
3 846

L>5
3962

Pig. 2 Angular distributions for the 9 0Zr(p,p') reaction. The curves are
the calculated DWBA curves for the indicated L-values. An asterisk
denotes an unresolved doublet.
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90Zr(p,p') En = 25.05 MeV
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II.3 ELASTIC-SCATTERING RESULTS AND OPTICAL MODEL ANALYSIS

To be able to determine op \:i cal-model parameters, elastic

data were measured from 10° to 120°. For the analysis we used

the search program OPTIMO (ref. 13). The optical-model poten-

tial has the form:

U(r)=VRf (r,RR,aR)+iWvf (r,RI,aI)-i4aIWD fffr.R^a.,.)

"2(m^)2 Ï VLS If (r'KLS'aLS) "*•" + V r ' V (1)

where r = r A1/3 (x =R,I,LS,C) and f (r) is the standard

Saxon-Woods shape function. V^ represents the Coulomb potential.

With this choice the signs of the potentials are negative for

attraction (real potentials) and absorption (imaginary poten-

tials) .

Table III. Optical-model parameters for 90Zr(p,p') at 25.05 MeV

VR

rR

aR
wv
WD

ri

ai

BG

-51.51

1.17

0.75*

-1.22

-8.46

1.32*

0.59*

OM

-53.29

1.139

0.704

-1.51

-7.54

1.311

0.627

VLS

rLS

aLS

X2/Nf

BG

-6.92

1.01*

0.75*

2.15

OM

-6.92

1.256

0.533

0.97

* parameter was kept fixed, V in MeV, r and a in fm.

r was taken to be 1.25 in both sets.
\i C
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As the target thickness was known only approximately, its

value was determined by taking the normalization as a free para-

meter in the optical-model search. This normalization is mainly

determined by the cross sections at forward angles, where the

cross section calculated with the optical model is almost inde-

pendent of the parameter values, due to the dominance of the

Rutherford cross section. The uncertainty in the normalization

was determined to be 5% by using different geometries and

adjusting only the strengths of the potentials. In Table III

the resulting optical-model parameters are listed. Two sets are

given: BG, the global set of Becchetti and Greenlees (ref. 14)

and OM, the set which is the best fit to the experimental data.

The value of rT_ in set OM is a little large, but this has been
lib

found before in this mass region (ref. 13). In fig. 3 the
measured cross sections for the elastic scattering are shown
together with the parameters of set OM.

0.1 _

3 0

90_ , ,
Z r ( p, p )

Ep= 25.05 MeV

0.C M

60
(degrees )

9 0 120

Fig. 3 Fit to the elastic scattering data of 90Zr. The curve has been
calculated with the parameters of optical-model set OM. The errors
are smaller than the data points.
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II.4 INELASTIC-SCATTERING RESULTS AND MACROSCOPIC

DWBA ANALYSIS

In this section we present the results of a macroscopic

analysis of our data and discuss the observed levels, the

assigned L-values and deformation parameters in relation to

the results from other studies. For this comparison it is

important to note, that the (p,p') reaction basically excites

all levels in a nucleus (both natural- and unnatural-parity

states, though the latter may be weakly excited) and that the

resolution in our experiment was much better than in previous

studies, so that we should observe all levels that have been

found in other experiments.

We first describe in general the DWBA calculations we

performed and give the parameters used. Next we present the

results for the states below 4.0 MeV excitation energy, which

have unambiguous spin and parity assignments. After that we

discuss the states above 4.0 MeV excitation energy and

compare our data with what is known from other experiments.

A special section is devoted to the analysis of the 1 states

found around 6 MeV excitation energy.

II.4.1 DWBA calculations

It is common practice to analyze measured angular

distributions in inelastic scattering in terms of a macro-

scopic model. This approach is suited to determine L-values

and strengths of transitions to states with natural parity

and of collective nature. The properties of these states are

associated with deformations of the nuclear shape. The for-

malism used is the Distorted Wave Born Approximation (DWBA).

For the interaction V between the projectile and the target

nucleus the derivative of the optical-model potential for

elastic scattering times a strength parameter is taken. The

latter, the deformation parameter 3T, can be determined from
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the expression

exp ^~l DWUCK

Calculations were performed with the computer program

DWUCK4 (ref. 15). Nonlocality corrections were included using

a nonlocality range of 0.60 fm. When used in DWUCK4 this

value is equivalent to the value of 0.85 fm used in the

formalism of Perey (ref. 16). The optical-model parameters

of set OM, see Table III, were used for the incoming and

outgoing protons. The parameters for the outgoing protons,

leaving the target at an excitation energy E, were corrected

for the energy dependence according to the Becchetti and

Greenlees formulae (ref. 14): VD(E) =VD(0)-0.32E,

Wy(E) =WV(0)+0.22E and Wp(E) = WQ (0)-0. 25E. The extracted

values of the deformation parameters were not very sensitive

to the choice of the optical-model set; the maximum difference

between the results of set CM and set BG being about 4%. Both

the real and imaginary parts of the optical-model potential

were used for the inelastic scattering interaction and Coulomb

excitation (CE) was included. Since the real and imaginary

potentials have different geometries, an ambiguity exists

concerning the treatment of the deformation parameter BL•

In the present calculations we have adopted the prescription

&„ - 6T, with the deformation length 6 defined according to

6 = f3TR. The prescription $D = 3T yields about 8% smaller

values for 3L-

The L-assignments and the values of the deformation

lengths resulting from this analysis are listed in Table II.

The corresponding calculated angular distributions are shown

in fig. 2.

II.4.2 The levels below 4.0 MeV exeitation energy

The angular distributions for the 2 + states at 2.185,

3.311 and 3.846 MeV excitation energy can be well described

by macroscopic DWBA curves for L = 2 including Coulomb



Table IV. Comparison of 6-values of the 9 0 Z r ( p , p ' ) r e a c t i o n

E

2,

3

3

2

3

4

4
2

3

3

3

exc

.185

.311

.846

.751

.078

.062

.338

.319

.962

.455

.596

a'

2 +

2 +

2 +

3~

4 +

4 +

4 +

5~

5~

6 +

8 +

X)
present
results

0.45
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excitation. The influence of the Coulomb excitation can

clearly be seen from the rise of the angular distributions

at forward angles. This rise could only be reproduced, if

the deformation for Coulomb excitation was assumed to be

1.5 times the value for the nuclear dsformation.

The 5~ state at 2.319 MeV excitatior energy is not very

well described by the macroscopic curve. The deformation

length has therefore a rather large uncertainty. The experi-

mental data shown in fig. 2 have been corrected for the

excitation of the collective 3 state in 92Zr, which is

present as a small impurity. The inclusion of a two-step

excitation via the 3~ state improves the description slightly

but by far not enough. A microscopic analysis of this state

yields a better description (see section 7.2). The 5 state

at 3.962 MeV, the 3~ state at 2.751 MeV and the 4+ state at

3.0 78 MeV are all well described by macroscopic curves.

The angular distribution of the 6+ state at 3.455 MeV

and the 8 state at 3.596 MeV are rather structureless and

the collective DWBA curves give a reasonable description.

The contribution of multistep processes to the excitation

of these states will be discussed j.n section 5.

The 0+ state at 1.756 MeV (and the one at 4.128 MeV)

shows a very structured angular distribution. There is no

simple DWBA description of these L=0 angular distributions

as the normal collective model prescription would require

a compression mode of the nucleus, which is unlikely at such

a low excitation energy. The description of these states will

also be discussed in section 5.

The 6-values determined from the present data are

listed in Table IV. For comparison the values from other

(p,p') experiments are given. The value of 6 for the 2 state

at 2.185 MeV and the 3~ state at 2.751 MeV obtained from our

data seem rather large compared to the values at 18.8 MeV and

12.7 MaV. However, as mentioned before, about 8% smaller

values for 6 are obtained from the present data, if we analyze

the data with g„ = 0T. Since the analysis of other studies
K X

have been done with this prescription there is, within the

uncertainties, no discrepancy.
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II.4.3 The levels above 4.0 MeV exoitation energy

The present results will be compared with those of other

studies, in particular those of the (p,d) (ref. 5), (p,a)

(ref. 25), (3He,d) (ref. 26), (e,e') (ref. 4) studies and the

(p,p') (refs. 2,3) study at an incident energy of 65 MeV.

Because of the near closed shell configuration of the

initial nuclear state (the ground state of the target) the
91Zr(p,d) reaction mainly excites states with a |v2d5,~ v >

configuration, the 93Nb(p,a) reaction mainly excites states

with a | TTlgQ ,_ TT > configuration and the
 89Y(3He,d) reaction

mainly the states with a | ir2p ,_ TT > configuration. Due to the

high level density in the region above 4.0 MeV excitation

energy it is not always clear whether different studies are

discussing the same level. In the comparison of excitation

energies we have taken into account that the results of the

(p,d) reaction are systematically about 20 keV lower as

compared to other studies.

The 4.062 MeV state can be well described by L= 4 in

agreement with the (p/P1) and (e,e') results. The angular

distribution of the level at 4.128 MeV has a very strong

forward rise, which is consistent with a 0 assignment. The

L=2 assignment made in ref. 17 resulted from a (p,p')

experiment, in which the angular distribution was measured

from 40° upward, so the forward rise of the cross section

was not detected.

The level at 4.233 MeV cannot be described by L=2 only.

The preliminary (e,e') results indicate also a 6 state at

this excitation energy, consistent with the results of

g-decay (ref. 27). Even including this 6 state it is hard to

explain the second maximum of the present experimental data

as the calculated angular distribution for the possible

6~ states (see section 7.4) is rather flat with a height of

about 40 pb/sr. After subtraction of the contribution of such

a 6~ state we are still left with a peculiar shape for this

angular distribution, compared with the one calculated for
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L= 2 with the macroscopic model. This might be due to the

presence of an additional 4~ state at the same excitation

energy, which is also indicated by the (e,e') results.

The level at 4.305 MeV excitation energy has been

assigned 5 in the preliminary results of the (e,e') reaction.

The angular distribution of this level has a different shape

compared to the angular distributions of the 5 states at

2.319 and 3.962 MeV. We will discuss this in section 7.2.

The state at 4.338 MeV is the 4+ state belonging to

the v|Igö/2 2d5/2> multiplet. The 4.380 level has been

assigned 7 in the (e,e') study, consistent with the results

of the (p,a) reaction. Our data can be described only approx-

imately by an L= 7 curve.

The 4.42 7 MeV state, known to be a 0 state, has been

detected in the present experiment only at very forward

angles with a small cross section, consistent with the results

of the 92Zr(p,t) reaction (ref. 28, 29), which indicate that

this state is mainly a two-particle two-hole state.

The state at 4.462 MeV is the 5 state from the
vllg9/2 2d5/2> multiplet. The level at 4.500 MeV excitation

energy can be described by an L= 3 curve. The theoretical

curve, however, drops below the data points around 60°, which

is not the case for any of the other L = 3 levels at higher

excitation energies. In view of the observed strength it is

remarkable that the (p,p') study at 65 MeV has made no L=3

assignments in this energy region. The level at 4.50 MeV

from (3He,d) might be identified with the state at 4.480 MeV

in the present experiment. This state is rather weakly

excited with an angular distribution unlike one for L=0 or

L= 2. It may be a 1 state as this state was excited in the

(3He,d) reaction with 1=1, which restricts the spin and

parity to 0+, 1+ or 2+. The 4.547 MeV state, known to be the

6+ state from the v|lg~ ,, 2d5,~> multiplet, is described

rather poorly by a collective L = 6 curve, which is not
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surprising in view of the configuration. Moreover the

angular distribution will contain contributions of a 6 state

at this excitation energy, the presence of which is indicated

by the (e,e') results.

The 4.598 level is the 3 state belonging to the neutron

|lgö/2
 2d5/2> multiplet. The weakly excited state at 4.653 MeV

has also been observed via 1 = 1 in the (3He,d) reaction and

similar to the state at 4.480 MeV we may assign J77 = 1 .

The levels at 4.689 and 4.710 MeV are well described by

L= 2 without inclusion of Coulomb excitation. The level at

4.828 MeV can be described similarly, though the agreement

with the data is worse. These states are probably fragments

of the 2 state from the neutron |lgg ,~ ̂ 5/2* multiplet,

because the (T,a) reaction observed about 40% of the expected

strength for the 2 of this neutron multiplet in a state at

4.71 MeV.

The 4.946 MeV level was described as L=4 in the (p,p')

study at 65 MeV and was excited rather strongly compared,

for instance, to the known 4 state at 4.062 MeV. The present

results at 25 MeV do not confirm the L= 4 assignment for the

state at 4.946 MeV, while the measured cross sections are

also much smaller than the cross sections of the 4.062 MeV

state. Nothing can be said about the levels at 4.783, 4.849

and 4.997 MeV excitation energy.

Above 5.0 MeV excitation energy detailed discussion

seems not very useful, as apart from states excited by L= 1, 3

or 4 the angular distributions are rather structureless.

The Ii = 3 and L= 4 states found in the (p,p') study at 65 MeV

are also observed in the present experiment with a consistent

difference in excitation energy of about 6 keV. An interesting

phenomenon is that all calculated L= 3 angular distributions

are above the data points at angles above 60°.

The stater, at 5.089, 5.512, 5.891, 6.209 and 6.425 MeV

are supposed to be 1~ states. We will discuss these in the

next section, because the description of the excitation of

such states in a macroscopic model requires a special

treatment.
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II.4.4 The 1~ states

The angular distributions of the levels at 5.891 and

6.425 MeV excitation energy have a maximum around 15° and a

strong fall-off around 30°. These states are known to be

1~ states (ref. 8). The 6.209 MeV level has a similar angular

distribution. Therefore this state is probably also a 1 state,

consistent with the results of the (3He,d) reaction (ref. 26).

For the known 1 state at 5.512 MeV we observe a different

angular distribution. We assume that the 5.089 MeV state is

also a 1 state, because the angular distribution resembles

the one of the 5.512 MeV state and the results of the (p,t)

reaction (ref. 28) led to a possible 1 assignment to a state

at 5.068 MeV. The large cross section and the similarity of

the angular distribution, especially of the 5.891, 6.209 and

6.425 MeV states, leads to the assumption that these states

are of collective nature, which suggests a macroscopic des-

cription.

Macroscopic models that describe 1 states are either

for a pure isoscalar excitation mode (ref. 30, 31) or a pure

isovector excitation mode (ref. 32). The model for an iso-

scalar excitation from ref. 30 described an L= 1 excitation

as an oscillation in the surface thickness and an appropriate

radial oscillation to ensure a fixed centre of mass, which

leads to a. relation between Sa/a and 6R/É. Note that the

formula for this relation (eq. 9 of ref. 30) lacks a minus

sign at the righthand side. The model for an isoscalar

excitation from ref. 31 is also a surface-oscillation model.

However, the derivation of the formulae is quite different

and higher order terms are taken into account in the latter

model. In order to see the differences, calculations were

performed with the program DWUCK4 (ref. 15). The parameters

for the interaction potentials were derived from those of

the optical-model set OM. The calculated angular distributions

are shown in fig. 4.
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0CM(degrees)

Fig. h
Calculated angular distributions
for isoscalar excitation of a
1" state at 6.25 MeV, with the model
of ref. 30 (upper curve) and the
model of ref. 31 (lower curve).

The Goldhaber-Teller (GT) model (ref. 32) describes

isovector L =1 excitations as the vibration of proton and

neutron spheres against each other in such a way that the

centre of mass remains fixed. The strengths of the interaction

potentials in the GT model are taken to be -12 MeV for the

real potential V and -12.2 MeV for the imaginary surface

potential W (ref. 33). The results of the calculations,

including Coulomb excitation, are shown as the full curves in

fig. 5.

These calculations were done with the program ECIS as

this program has a better way to calculate Coulomb excitation.

(In the isoscalar model excitation through the Coulomb force

can be neglected as the centre of charge remains fixed, which

makes the Coulomb excitation form factor zero outside the

nucleus, and because inside the nucleus at the place of the

combined R and a oscillation the Coulomb interaction is small

compared to the nuclear interaction).
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Fig. 5 Measured angular distributions for 1 states compared with the
results of the GT model (full curve) and of the GT model
combined with the surface-oscillation model (dashed curve).

The measured angular distributions cannot be described

at all by the isoscalar model/ while the GT model describes

more or less the angular distributions of the 5.891 and

6.425 MeV states. These states would exhaust then 8% and 15%

respectively of the energy weighted sum rule for the G.D.R.

As the (p/P1) reaction can excite both isovector and

isoscalar modes the observed 1~ states may be of nixed iso-

scalar and isovector character. In order to calculate this
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mixed excitation, we combined the GT model with the surface -

oscillation model, which are both first-order models. There is

no a priori theoretical value of the mixing amplitude so we

have tried several values. No improvement in the description

of the measured angular distributions is obtained, however,

and especially the angular distribution of the 5.089 and

5.512 MeV states cannot be reproduced. In view of this and the

fact that the 5.891 and 6.425 MeV states together would exhaust

23% of the EWSR, if they would be part of the GDR, makes a

macroscopic description of these 1 states doubtful. Cecil

et at. (ref. 8) performed a microscopic calculation of the

excitation of the 5.891 and 6.425 MeV states. With only a

central interaction and a simple neutron 12p. ,_ 3s, ,2> wave

function for the 1 state they obtained a fair description.

The real wave function is expected to be more complicated, as

there are many 1 particle-hole excitations in this energy

region, both for protons and neutrons. One might speculate

then that the states with relatively large cross sections at

5.891 and 6.425 MeV are predominantly due to neutron excita-

tions, while those at 5.089 and 5.512 MeV are mainly proton

excitations. Further work along these lines has to await the

calculation of microscopic wave functions for the 1 states,

in which the centre of mass motion is treated properly. From

the experimental side it would be very interesting to measure

the excitation of these states with inelastic alpha scattering

to extract the pure isoscalar contributions.

II.5 THE INFLUENCE OF TWO-STEP PROCESSES

In this section the possible two-step excitation of

some states is investigated. It is known (ref. 35) that the

0~ state at 1.756 MeV is largely excited through a two-step

process via the 2, state. Such a mechanism may also be impor-

tant for the 0^ state at 4.128 MeV excitation energy, as the

shape of the angular distribution at angles larger than 30°
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strongly resembles that for the 0, state. Two-step excitation
+ +

through the 2 or the 4, state may also affect the cross

sections of the weakly excited 6+ state at 3.455 MeV and

8 state at 3.596 MeV excitation energy. As these states are

supposed to have a well-known nuclear structure, they are

often used to test the microscopic description of the (p,p')

reaction. Therefore it is important to estimate the contri-

bution of two-step excitation to the measured cross section.

The calculations for the 0 states were done with the

program ECIS (ref. 36). The optical-model parameters were

taken from set OM without adjustment, as the influence of the

2. •*• 0. back coupling turned out to have a negligible influ-

ence on the cross section for elastic scattering (due to the

relatively small value of 6,)• Both the first- and second-order

vibrational-model were used. In the latter case there is apart

from the two-step excitation via the 2. state also a direct

excitation of the 0^ state through the second-order term in

the Taylor expansion of the deformed optical-model potential.
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Fig. 6
Angular distributions for the
j + states at 1.756 and
If. 128 MeV excitation energy.
The solid curves are the
result of a calculation with
a first-order vibration model
and the dashed curves of a
calculation with a second-
order model.
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The results for the 0_ state are shown in fig. 6. The curve

calculated with the first-order vibrational-model has been

multiplied by a renormalization factor of 10. A factor of 4.4

can be explained by the fact that the shell-model value for

the coupling matrix element between the 2j state and the

0_ state is 2.1 times the vibrational-model value (ref. 35).

The remaining factor of 2.3 is consistent with the result of

the analysis at E = 12.7 MeV (ref. 35) given the freedom one

has in normalizing the calculated curves to the data. The

second-order vibrational-model gives a better, but still far

from satisfactory description of the data. Clearly the inter-

ference between the direct and the two-step excitation gives

a better description of the data at forward angles, but also

these calculations need the ad hoc factor of 2.3 in addition

to the factor 4.4, mentioned above.

The results for the 0, state are also shown in fig. 6.

Here renormalization factors of about 8 are needed. The

second-order vibrational-model gives a better description at

angles between 25° and 65°, but it looks as if one needs more

direct excitation to explain the strong rise at forward angles.

From this analysis we conclude that the structure of the

angular distributions of both states, which are very alike

at angles larger than 30°, is due to the interference between

a direct excitation and a two-step excitation via the 21 state.

The coupling strength between the 2. state and the excited

0 states needed in the two-step calculation is much larger

than the vibrational-model value for both the 0o state and
+ z

the 0, state. Further it turns out that the direct excitation
+ +

needed is larger for the 0. state than for the 0_ state. This

is of importance, when one wants to compare the data for the

0 states with the results of microscopic calculations of the

direct excitation (see section 7.4).

The calculations for the 6 and 8 states at 3.455 and

3.596 MeV excitation energy were done with the program CHUCK

(ref. 15) . The coupling scheme is shown in fig. 7 (the 2 ->4

coupling and all back couplings were omitted from the final

calculations as test calculations showed that they had only



45

T '

'1

i

8 +
6 +

(MeV)

3.596
3.455

3.078

2.185

0.0

a very small influence).

The optical-model parameters

not known a priori are the

coupling matrix elements that

connect the 6 and 8 states

to other states. The coupling

matrix elements with the

ground state (i.e. the

B,- and (3o~
values) are

b o

adjusted to f i t the data.
For the coupling matrix
elements with the excited
states we have taken the
shell-model values assuming
that the 2+, 4+, 6+ and 8+

states can be described
(ref. 37) by a (irlg9/2)2

configuration and the ground

Fig. 7 Coupling scheme used in the
CC calculations for the
6+ and 8+ states.

state by a 0.8 (ir2p1/2) +
0.6 (irlgg,2) configuration
and that a level independent
effective charge is enough

to make up for possible deficiencies of the wave functions.
The L = 2 and L = 4 coupling matrix elements between the various

states can then be calculated relative to the ones for the
+

-values, with formula 14.32 of ref. 38:
0 A*, transitions, which are known from the

<(j) | 0 L ( j ) = " 2 (2Jf+l)

As a check of these assumptions the B(E2) value for the

8+ -> 6+ transition was calculated relative to that for the

2^ •> 0+ transition. We find B(E2) (8+ ->- 6+)/B(E2) (l\ •*• 0+)

= 0.90. The experimental value is 0.67 + 0.07, which indicates

that the values of the calculated coupling matrix elements

are not too far off.
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The results for the 6 state are shown in fig. 8. The

separate contributions for the two-step excitation and for

the direct excitation calculated with p, = 0.035 are shown

also. Due to the interference, the combination of both

contributions gives a slightly better description of the data

than the direct excitation alone. The effect on the average

magnitude of the direct excitation is small, however.

10
60

0CM(degrees)
120

Fig. 8
The results of the CC calcul-
ations for the 6+ and 8+

states. The dashed curves
refer to the direct process
(vith BgR =0.18 and
ggR = 0.14), while the

dotted curves show the
contribution of the two-step
process. The total result i s
shown by the solid curve.
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The results for the 8 state are also shown in fig. 8.

The total two-step contribution turns out to be rather small.

Inclusion of it seems to give a small improvement in the

shape of the angular distribution as the interference between

the one- and two-step amplitudes increases the cross sections

at forward angles and decreases it at backward angles. So it

turns out that two-step excitations play a minor role for

both the 6 and 8 states and mainly influence the shape of

the angular distribution with in addition a small effect in

the absolute magnitude in the case of the 6 state.

II.6 COMPARISON WITH MODEL CALCULATIONS

Extensive model calculations for 90Zr have been per-

formed by Akkermans and Allaart (ref. 39). They used the

Broken-Pair (BP) formalism with neutron one-particle one-hole

excitations and proton two-guasiparticle excitations with

respect to a 90Zr number-projected BCS ground state. For the

neutrons two major shells were taken into account and for the

protons the If,-,-, 2p ._ 2p,,_ and lgg/2 shells. The levels

up to 5.1 MeV excitation energy calculated within this model

space are compared with the experimental levels in fig. 9.

The agreement is in general quite good. A second calculation

was performed, in which the proton valence space was enlarged

to two major shells and a slightly different interaction was

used. Most excitation energies were within 100 keV of the

values of the previous calculation and also the calculated

spectroscopie amplitudes did not change much. A third

calculation was performed, in which configurations with two

broken pairs for the protons were included. This calculation

indicates where two-BP excitations can be expected and if there

is strong mixing between the one-BP and two-BP states.

Excited 0 + states with a one-BP configuration are

calculated at 1.69, 4.43 and 5.44 MeV excitation energy,

while the first two-BP state is calculated at 4.23 MeV.
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Experimentally 0 states are known at 1.756, 4.128, 4.427 and

5.441 MeV. This seems a rather good agreement. However, the

(p,t) reaction (ref. 29) indicates that in the 0 states

above 4.0 MeV excitation energy, a large component of the

wave function consists of neutron two-particle two-hole

excitations. Such a configuration was not included in the

BP model calculations, so theoretically we expect five 0

states. Therefore we conclude that one 0 state has not been

discovered yet experimentally.

|
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Fig. 9 Comparison of the measured levels of 90Zr and the level scheme
calculated with the Broken-Pair model. The experimental J values
are from present data in combination with the results of
refs . 1—U -
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From the comparison of the calculated and measured

2 states we notice that theoretically there is one 2 state

below 4.0 MeV excitation energy missing. The first two-BP

2 state has been calculated at 4.73 MeV. This is at about the

same energy as the unperturbed 2 + state of the neutron

\L<3q/2 ^s/2> confisuration. Some of the experimentally3q/2 s/2
determined fragmentation of the 2 state from the neutron

j lgö/2 2t^5/2> roultiplet i s reproduced already in the calcula-ö/2 2t^5/2
tions without the two-BP states. In the one-BP calculation the

2 state at 4.2 3 MeV contains this configuration for about 69%.

Experimentally the 2 state seems to be more fragmented. It

seems therefore likely that there is a strong mixing of the

one-BP and two-BP configurations in the region between 4.0

and 5.0 MeV, pushing one state below 4.0 MeV.

Apart from the first collective 3 state the calculations

predict a 3~ state at 4.27 MeV and then no other 3~ state until

5.26 MeV excitation energy, which supports the interpretation

of the 4.500 MeV level as a possible 3~ state.

The first calculated 4 state at 3.16 MeV is mainly due

to the proton (lgq /->) configuration, while the second calcu-
+ i - 1

lated 4 state is the one belonging to the neutron | lgg/p ̂
<^5/2>

multiplet. Experimentally this is known to be the 4.338 MeV

state. The first two-BP state has been calculated at 4.57 MeV.

The small cross section observed for the ,4+ state at 4.062 MeV

indicates that this state should be interpreted as being mainly

a two-BP excitation.

There is good agreement between calculated and measured

excitation energies of the 5 , 6 and 7 states. Also the

levels of the neutron |lg„ ,2 2d,- ,_> multiplet are calculated

at about the energy observed experimentally.
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II.7 MICROSCOPIC ANALYSIS

II.7.1 Theoretical framework

In a microscopic description of inelastic scattering the

interaction potential is written as a sum over two-body inter-

actions A

where p denotes the projectile and i a nucleon inside nucleus A.

The transition amplitude T is obtained as a weighted sum over

all inelastic scattering amplitudes in which a single bound

nucleon in an orbital j^ is promoted to an orbital j 2 :

T ± f = Z S(j j,J Jf;I) (J.M.IN|jfMf) r?'
p- (j.J2IN) ,1E J1J2

IN

where the Tij^' are the single-particle T-matrix elements and

the S (jj J2JiJf; *) a r e the spectroscopie amplitudes (see ref. 40).

The present calculations were performed with the anti-

symmetrized distorted-wave program "MEPHISTO" (ref. 41). This

program calculates all necessary T^j^" in a fully anti-

symmetrized way, multiplies them by the corrresponding spectro-

scopie amplitudes S, which should be obtained from a nuclear

model, and calculates the cross section. Recoil corrections

were included in the way described in ref-. 42. The two-body

interaction V . has a central part, a tensor part and a two-

nucleon spin-orbit (LS) part. If the incident energy is high

enough to justify the impulse approximation (i.e. larger than

100 MeV), the free nucleon-nucleon scattering amplitude may

be used for V . (ref. 43), but at lower energies the inter-

action will be modified by the presence of other nucleons,

so an effective interaction V ~^ is needed in the calculations.

The effective interaction can be obtained phenomenologically

by giving the interaction a certain shape (for instance a

Yukawa shape) and adjusting the strength in order to fit

experimental data. A more fundamental approach is to extract
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V . from a nucleon-nucleon interaction like, for instance, the

Hamada-Johnston potential. In the present calculations we used

for the central interaction the long-range part of the Hamada-

Johnston potential (ref. 44), which is believed to be a good

approximation to the central part of the effective interaction

between two nucleons in nuclear matter (ref. 45). The phenome-

nological interactions of Eikemeier and Hackenbroich (ref. 46)

were used for the tensor and the LS-interaction. In general

the effective interaction should be taken complex. Following

Terrien (ref. 47) and von Geramb and Hodgson (ref. 48) we used

for the imaginary part the derivative of the imaginary part of

the optical-model potential with a value for the deformation

parameter 3L taken from the collective-model analysis.

The distorted waves were calculated with the optical-

model parameters labeled OM in table III. For the single-

particle wave functions we used Saxon-Woods wave functions.

The parameters used in these calculations were r~ = 1.25 fm,

aQ = 0.65 fm, spin-orbit parameter X = 25 and non-locality

range 0.85 fm. The potential depth was adjusted to reproduce

the experimental values of the binding energies, listed in

Table V. With these parameters the r.m.s. radii of the

valence particles (ref. 49) are approximately reproduced. The

spectroscopie amplitudes S, which are defined as:

S(i i J J -I) --)l-)2 i f''i J J)l-)2 i f

must be obtained from model calculations. The values used by

us were obtained from the recent calculations of Akkermans and

Allaart (ref. 39), described in section 6.
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Table V. Binding energies (in MeV) used for the calculation

of the single-particle wave functions

orbit

lf5/2
2P3/2
2Pl/2
lg9/2
2d5/2
3sl/2
2d3/2
lg7/2
lhll/2

protons

9.5

8.6

7.1

6.4

4.0

3.5

3.0

3.0

neutrons

13.5

13.1

12.5

12.0

7.2

6.0

5.2

5.0

4.0

As a result of the truncation of the configuration space

in the model calculations, core-polarization effects need to

be taken into account. Following the method of Terrien (ref. 47)

these effectc were included by scaling the proton and neutron

contributions to the transition amplitude with factors A and

Av, i . e . :

if " i r i f + Av Tif •

where T.^ and T Y , are the proton and neutron transition matrix

elements calculated with the BP wave functions. The A^-values

are extracted from a comparison of experimental and theoretical

B(EL) values. The global resemblance of the nuclear operators

in (e,e') and (p,p') scattering justifies the use of the same

renormalization factor for the proton contribution in both

cases. Using this value of A the value of A is adjusted to

reproduce the experimental (p,p') data. It is then possible

to compare the contribution of protons and neutrons to a given

transition by calculating the parameter II r = y 1 nmod (ref. 47)
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where nmod i s defined as :

nmod = /JÏËLÏÏ / B ( E L ) \ "*
theory theory

If the value of n r is equal to 1, proton and neutron excita-

tions in the real wave functions are equally important, indi-

cating that the excitations are of isoscalar character, as

expected in case of a collective excitation.

II.7.2 Low-lying natural-parity states

The foregoing method of scaling the amplitudes ha.o been

applied to the collective 2 and 3 states as well as to the

first 4 and the three observed 5 states. Because theoretic-

ally there is one 2' state missing below 4.0 MeV (see

section 6) we did not analyze the 2_ and 2, states in this way.

The experimental values for B(EL) in the present calculations

were taken from ref. 4. The calculated values of A are listed

in Table VI together with the adjusted values of A and the

values of n r and n m o . The agreement between measured and

calculated angular distributions is very good (see fig. 10).

As Coulomb excitation was not included in the calculations,

the forward rise of the angular distribution of the 2 state

was not reproduced.

Table VI. Scaling factors used in the microscopic analysis

E e x c ( M e V )

2.185

2.319

2.751
3.078
3.962

4.305

2 +

5 "

3 "

4 +

5~

5 "

\

1.82

1.43

2.80
2.13
1.28

0.76

\

6 . 0 0

5.00

2.80
3.00
3.00

1.00

n

0

0

l

0

0

0

mod

. 2 4

. 3 1

. 0 0

. 6 3

. 4 5

. 6 8

n

0

l

l

0

1

0

t r

. 7 9

. 07

.00

. 8 9

.05

.89
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For all states except the third 5 state we find A -

values larger than unity, which indicates that proton configu-

rations in the tested wave functions are lacking. The sZ state

has a very small B(E5) value. According to the model calcula-

tions this is due to a cancellation between a few configurations

in the wave function. Therefore the value of A 0.76 for this
state is probably not very significant, as small variations in

the amplitudes of these configurations result in large changes

in the calculated (BE5) value. The large value of A for the

3 state is not surprising as the model space contained only

a few proton configurations with negative parity while a

collective state is supposed to consist of very many particle-

hole excitations.

10'

10"

10'

10
O 60 120 0

6CM(degrees)

90Zr

•

5"
X . 3962

* J , 4 305

60
6CM(degrees)

120

Fig. 10 Measured angular distribution for the lowest 2 , 3~, k states
and the 5" states compared with the results of microscopic
calculations.
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The values of A and II r indicate a large contribution of

neutron excitations to the (p,p') cross section for the low-

lying states, even though usually the neutrons in a closed

shell are considered to be inert. The errors in II r are esti-

mated to be about 20%. From the present values of n we

conclude that the low-lying collective states are almost pure

isoscalar excitations. This conclusion has also been found in

studies of the low-lying collective 2 and 3 states in 8eSr,
9 0Zr and the nickel isotopes (refs. 50-52). Our data indicate

that this is true not only for the collective 2 and 3 states,

but also for the 4 and 5 states and even for the higher

lying 5 states, which are not very collective.

I I . 7 . 3 The states of the neuvron l g / s/

The excitation of the states of the v|lg~^2 2d5/2> multi-

plet is interesting for several reasons. The results of the
91Zr(p,d) and 91Zr(3He,a) reactions indicate, that except for

the 2 state, which is fragmented, all states of the multiplet

are rather pure. The results of the BP calculations indicate

the same. Therefore these states are well suited to check the

microscopic analysis of (p,p') scattering and the effective

interaction used in such calculations. The fact that these

states cover a wide range of spin values allows a sensitive

test of the angular momentum dependence of the microscopic

description of (p,p') scattering.

The parameters used in the calculations have been

described in section 7.1. The small admixtures in the wave

function given by the BP calculation were taken into account.

The results are shown as the dashed lines in fig. 11. It is

clear that the calculations not only underestimate the data

severely, but that also the shape of the angular distributions

is not reproduced. This is surprising, since a similar analysis

of data for these states taken at an incident energy of 65 MeV

(ref. 2) was able to give a rather good description of the

shape of the measured angular distribution, while the agree-

ment in absolute magnitude depended on the force used.
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10"

10"

10'
_3
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•
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3+

'^ , 4-5 9 8

4 +

V^ 4 338

• . 5+
•~N* 4462

S

1

0 60 120
8CM(degrees)

60
GCM (degrees)
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Fig. 11 Measured angular distributions for the members of the neutron
| 1gq/2 2d<s/o> m u l t iplet . The dashed curves are the one-step (p,p')

contributions, while the dotted curves are the
(p,d)(d,p) contributions. The results of the calculations with
these processes combined are shown by the solid lines.

With the force used by Hinrichs et at. (ref. 22) good agree-

ment was found (see figs. 1,2 of ref. 2). Calculations with

the same force at E = 25 MeV yields approximately the same

results as shown in fig. 11, so the discrepancy at 25 MeV

does not seem to be due to the choice of the effective inter-

action. Therefore the origin of the observed discrepancy was

sought in the assumed reaction mechanism, i . e . a direct

excitation of the states. Two-step inelastic excitation is not

very likely in view of the simple particle-hole character of
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the states/ but just this simple character makes excitation

via a (p,d)(d,p) process rather probable, as in the first step

a l<Jg/2 neutron can be picked up from a full shell and in the

second step a neutron can be deposited in an empty 2d5y2 shell.

Such an excitation was studied by performing (p,d)(d,p) calcu-

lations with the program CHUCK both for E = 25 MeV and

E = 65 MeV. The parameters at 25 MeV were chosen as follows:

the proton optical-model parameters and the parameters for

the bound-state wave functions were tha same as used in the

(p,p') calculations. The deuteron parameters were those used

for the analysis of the 88Sr(p,d) reaction at 27 MeV (ref. 53) .

Spectroscopie factors of 9.0 for the (p,d) reaction and 1.0

for the (d,p) reaction were used. Together these parameters

give a good description of measured cross sections for the
90Zr(p,d) and the 90Zr(d,p) reaction in the projectile energy

range of 15 - 25 MeV. As the description of the (p,d) and the

(d,p) steps separately acts as a constraint, the two-step

calculation contains no free parameters.

The results for the (p,d)(d,p) process are shown as the

dotted lines in fig. 11. Apparently a major part of the cross

section is due to this process.

Because the two-step scattering amplitudes will inter-

fere with those from the direct (p,p') process, they have to

be combined. Special attention has to be paid then to the

relative phases of the (p,d)(d,p) amplitudes as calculated by

CHUCK and the (p,p') amplitudes from MEPHISTO, which depend on

the spectroscopie amplitudes used as input for these programs.

With the definition of the spectroscopie amplitude as given in

section 7.1 and the standard one for the one-nucleon transfer

process (ref. 54) one can easily derive that

;J) - (">

for excitation of a (j, J2) particle-hole state.

The angular distributions that result from combining

the (p,p') with the (p,d)(d,p) process are shown as the solid
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lines in fig- 11. Even though it is not yet perfect, it is

clear that the description with both the (p,d)(d,p) and the

(p,p') process included is superior to the description with

only one of these included (for the 6 state it has to be

remembered that a small part of the cross section is due to

the excitation of a 6 state at about the same excitation

energy).

Calculations for 65 MeV incident energy with the parame-

ters for the transfer processes from ref. 55 show that for all

states the (p,d)(d,p) process is relatively much less important

at 65 MeV and that its angular distribution has about the same

shape as that of the direct process- Combination of the two

processes yields angular distributions with about the same

shape as that for (p,p') alone and with an increase in height

of about 10%.

Therefore it can be concluded that the excitation of the

members of the neutron |lg„ ,_ 2d5-_> multiplet at 25 MeV and

65 MeV can be described consistently, if one takes into account

apart from the one-step (p,p') process also the (p,d)(d,p)

process.

An interesting point that was observed is, that the

(complex) amplitudes for the (p,p') and the (p,d)(d,p) process

are almost perpendicular to each other. Thus supports the idea

to use a complex effective interaction for the description of

(p,p') scattering as is derived for instance by Rook and

von Geramb (ref. 56) from a nuclear matter approach in which

the (p,d)(d,p) process is taken into account in a global way.

II.7.4 Other states

In this section we present the results of the microscopic

calculations for the 0+ states at 1.756 and 4.128 MeV, the

6~ states at 4.233 and 4.547 MeV, the 6+ state at 3.455 MeV,

the 8+ state at 3.596 MeV and the 7~ state at 4.380 MeV. The

scaling procedure that was used in section 7.2 is not used
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here, either because it is not applicable or because the

necessary B(EL) values are not known.

As found in section 5 the excitation of the 0* state

could be largely attributed to two-step processes, while for

the 0.j state the direct excitation seemed of more importance.

The microscopic calculations indicate the opposite, as is

shown in fig. 12. The character of the 0^ state is rather well

known and it is gratifying that the magnitude of the calcul-

ated cross section is almost correct. The results for the ot

depend sensitively on the values of the spectroscopie amplit-

udes for the (7r2p1-2)
2 and (iT2p3,2)

2 configuration. In the

BP-calculations these values are almost equal and of opposite

sign, which gives a complete cancellation. Small variations

in these values have a large effect on the cross section.

10

9CM(degrees)
60

6CM(degrees)
120

Fig. 12 Measured angular distributions for some states in comparison
with the results of microscopic calculations. The dashed curves
for the 6+ and 8+ states indicate the magnitude of possible
two-step excitation.
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In fig. 12 are also shown the calculated angular distri-

butions for the 6 states. The main configurations for these

states are TT | If 5 ,2 lgg/2
> a n d "" I 2P;3/2 lg9/2>" T h e r e c e n t (e,e')

results indicate that there is very little mixing between

these components. Therefore we calculated the cross sections

for these states assuming a pure configuration. The magnitude

of the calculated cross section is in both cases about 40yb/sr.

A problem is that both 6~ states are very close to other states:

the 6~ to the 2 + state at 4.233 MeV and the 6~ to the 6+ state

at 4.547 MeV excitation energy. At both excitation energies the

measured cross sections allow for the presence of a 6 state.

The results for the 6 , 8 and 7 states are shown in

fig. 12. For all these states the calculated cross sections

have about the right magnitude so possible scaling factors \^

and Xv will not deviate much from one. The experimentally

determined cross sections at forward angles are too large,

which supposedly is mainly an effect of two-step processes.

The contributions of such processes were calculated in

section 5 and are shown as the dashed curve in fig. 12. It is

not clear, whether the rather large discrepancy at forward

angles for the 7 state can be attributed to two-step proces-

ses or that the nuclear structure of this state is more

complicated.

II.8 SUMMARY AND CONCLUSIONS

The closed shell nucleus 90Zr has been investigated

with inelastic proton scattering at 25.0 MeV and a resolution

of 12 to 16 keV. Differential cross sections for levels up to

7.5 MeV excitation energy have been measured over an angular

range of 9° to 107°. An analysis with a macroscopic model has

been performed to determine L-values and deformation para-

meters. By combining the present high resolution data with

the results from other studies, the level scheme and possible

spin and parity assignments for levels between 4 and 5 MeV
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excitation energy could be improved. For those states that had

been studied before, the values of the deformation parameters

obtained from the present investigation are in good agreement

with those previously determined. In the region between 4.0

and 6.2 MeV several levels excited by L= 3 or L= 4 were

observed. In almost all cases the excitation energies are in

agreement with those from a (p,p') study at 65 MeV.

The experimental setup allowed us to measure small

cross sections at very forward angles, which is important for

the study of states of low multipolarity such as 0 and

1 states, for which the angular distribution has its first

maximum at a small angle.

Possible two-step excitation has been investigated for

the 0+ states at 1.756 and 4.128 MeV and for the 6+ and 8+ -

states at 3.455 and 3.596 MeV. For the last states two-step

excitation has only small influence, the main effect being a

slight increase of the cross section at forward angles. For

the 0 states the influence is much larger. The measured

angular distributions seem to result from an interference

between a direct excitation, which dominates the cross section

at forward angles, and a two-step excitation via the 2 state.

The observed 1 states can be divided in two groups

with different angular distributions, one group having a

rather flat and structureless distribution and one group,

whose angular distribution has a maxium around 15° and a

steep fall-off around 30°. Macroscopic models were not able

to give a satisfactory description of the observed data.

The observed levels up to 5.1 MeV were compared with

the results of calculations performed with the Broken-Pair

model. Most levels can be reproduced, if one takes into

account the lowest calculated two-BP states. The spectroscopie

amplitudes calculated from the Broken-Pair wave functions were

used for a microscopic description of the (p,p') results for

some states. The observed angular distributions of the low-

lying collective 2 and 3~ states, the first 4 state and

the 5~ states can be described well, when one scales the
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spectroscopie amplitudes with factors, similar to effective

charges in y-decay. It then turns out that the contribution

of proton and neutron excitations is about equal in these

states, even though the neutron shell is closed in 90Zr.

The excitation of states belonging to the neutron

|lg~ 2 2d5/2> multiplet cannot be described as a direct (p/P
1)

process in contrast to results at 65 MeV. At 25 MeV incident

energy the (p,d)(d,p) process has a large influence both on

the shape and the magnitude of the observed angular distribu-

tion, while at 65 MeV the influence of this two-step process

is small.

Finally it should be remarked that the existence of

high resolution (e,e') scattering data on the same nucleus

was very helpful in the analysis of our data. High resolution

(a,a') data are desired to further investigate the character

of the observed 1 states.

We thank K. Allaart and J.N.L. Akkermans for performing the

Broken-Pair model calculations for us and C.W. de Jager for

carefully reading the manuscript.
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C H A P T E R I I I

no .

THE Sr(e,e') REACTION AT LOW MOMENTUM TRANSFER

III.1 INTRODUCTION

The aim of this experiment was to investigate the

structure of excited states in 88Sr. Inelastic electron

scattering yields information mainly about the contribution

cf proton excitations to the transition in the form of charge

and current transition densities (see chapter I of this thesis).

The contribution of neutron excitations influences electron

scattering results via its magnetization density, but for

levels for which a charge transition is allowed the effects of

the magnetization density are usually hidden by the much

stronger charge scattering. Inelastic proton scattering is

much more sensitive to the contribution of neutrons, because

V = 3V ^. Therefore electron scattering results are comple-

mentary to proton scattering results. By comparison of the

results from both reactions it is hoped that a better picture

of the nuclear structure of the excited states can be obtained

for comparison with nuclear-model calculations. Furthermore it

is very useful for an analysis of electron scattering spectra

in excitation energy regions with high level density to have

information on level energies from high resolution (p,p')

scattering. The usefulness of electron scattering results in

extracting nuclear structure information from (p,p') scatter-

ing has been demonstrated in section 7 of chapter II, where

*This work was performed in collaboration with R. Frey and

A. Richter from the "Technische Hochschule" in Darmstadt and

P.K.A. de Witt Huberts from NIKHEF-K, Amsterdam. The assis-

tance of E. Spamer and the members of the electron scattering

group of the Technische Hochschule during the measurements

is gratefully acknowledged.
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we were able to study the contribution of neutrons to collec-

tive excitations.

A large amount of information on the level structure of
88Sr is available from the 88Sr(p,p') experiment, performed by

E.J. Kaptein (ref. 1) with an energy resolution of 10-15 keV.

The results of this experiment had raised several interesting

questions. For example, a large difference was observed in

the angular distributions of the first and second excited 2+

state, which is supposed to reflect the different character of

these states. From model calculations one expects these two

states to be orthogonal combinations of mainly two proton

configurations: ïï(lf,.,2 2p ,2\
 a n d v^2P2/2 2pl/2^ ' w h i c h a c t

constructively in the excitation of the first 2 state

and destructively for the second 2+ state. This description has

recently been verified experimentally (ref. 2).

A second question is the nature of the level at

6.006 MeV which was supposed to be a 1 state. If this level

belongs to the T< part of the Giant Dipole Resonance, it would

exhaust about 12% of the energy weighted sum rule of the GDR.

In that case the state should be rather strongly excited in

(e,e') scattering.

Backward angle electron scattering gives information on

transverse excitations, in particular magnetic transitions.

Not yet identified 2 states are predicted at about 5 MeV

excitation energy in 8 8Sr with configurations iTdf",, lg0/,),
-1 -l + '

v(2p,/2 2d5/2)
 a n d v^2pi/2 2(35/2^ ' A 1 s t a t e with an almost

pure TT(2p~̂ 2 2p ,_) character is known at 3.486 MeV (ref. 3).

A study of the excitation of this state is of importance, as

it has been observed that most Ml excitations are quenched by

about a factor of two with respect to model predictions.

The motivation of the present investigation can there-

fore be summarized as follows:

a) to compare the results for some low-lying states with

those from (p,p') scattering and with nuclear model

calculations,
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b) to study the excitation of the proposed l~ state at

6.006 MeV to clarify the character of this state,

c) to locate the low-lying M2-strength and

d) to study the form factor of the Ml-transition to the

1 state at 3.486 MeV excitation energy.

The experiment was performed in collaboration with the

group of Prof. dr. A. Richter in Darmstadt. Data were taken

with the Darmstadt Linear Accelerator (DALINAC). This acceler-

ator delivers electron beams with a maximum energy of 70 MeV,

which yields a maximum momentum transfer of about 0.7 fm

Therefore the excited states which can be detected have a

maximum multipolarity of L = 3 . During this investigation a

cooperation was started with the group of Prof.dr. J. Heisenberg

to study the nuclei e8£r and 90Zr at the electron accelerator

of the Massachusetts Institute of Technology (M.I.T.) with

incident energies up to 370 MeV to map out the form factor to

higher momentum transfer and to measure the high multipolarity

states. Therefore we concentrated our effort in Darmstadt

mainly on the backward angle measurements to study the

unnatural-parity states of low multipolarity.

This chapter describes th^ information we obtained from

the measurements performed at DALINAC. Rather unexpected

results for the 1 state at 3.486 MeV excitation energy were

obtained, which provided information on the role of nucleon-

hole and A-hole polarization as a quenching mechanism of

Ml excitations. For this reason the Darmstadt data have been

published already (ref. 4 ) . Further measurements were per-

formed not only at M.I.T., but also with the new electron

accelerator of NIKHEF-K in Amsterdam. These data and a

discussion of the electro-excitation of this 1 state are

therefore presented separately in chapter V.

In section 2 of this chapter we describe briefly the

experimental setup, while in section 3 the data reduction and

spectra analysis is presented. In section 4 the results

obtained are discussed.
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III.2 EXPERIMENTAL SETUP

The accelerator, the beam transport system and the

spectrometers of DALINAC have been described extensively in

previous publications (refs. 5-8), therefore only a short

outline is presented here.

The accelerator is designed to deliver electrons with

an energy variable between 20 and 70 MeV. Two double-focussing

spectrometers are available to analyze the momentum of the

scattered electrons. At the incident energy of 23.7 MeV we

used the medium energy resolution (100-200 keV) spectrometer,

as this energy is too low to use the high resolution (magic

angle) spectrometer, which was used for all other measurements.

With this latter spectrometer a high resolution can be

achieved by utilizing the "energy-loss" principle. In energy-

loss systems the full dispersed beam (Ap/p = 0.3%) is incident

on the target. The dispersion of the spectrometer compensates

for the dispersion on the target in such a way that the entire

beam spot is imaged in the focal plane in a small spot, the

dimension of which is determined by the overall magnification

of the system and not by the energy spread in the beam. If

the electrons lose energy in the target, e.g. by nuclear

excitation, the image point moves across the focal plane. So

the position of the scattered electrons at the focal plane is

uniquely determined by the energy loss in the target. There-

fore the resolution is much higher as compared to conventional

systems, where the achieved resolution depends on the energy

spread in the incident beam. A second advantage of the energy-

loss principle is the relatively large beam spot on the

target, which allows the use of large currents on target

materials with a low melting point.

The detection system in the focal plane of the spectro-

meter consists of an array of overlapping scintillators, with

a momentum acceptance of 2%. This array consists of 36 over-

lapping plastic scintillators and through coincidence and
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anti-coincidence requirements between adjacent scintillators

69 detection channels are found, each with a relative momentum

width of Ap/p =3 * 10~ . A Cherenkov counter placed behind the

scintillators is put in coincidence with each of them in order

to suppress the background.

The targets were self-supporting metal foils of e8Sr en-

riched to 99.84% with a thickness of 25 mg/cm2. The beam current

on the target, which was typically 10-15 uA, was measured with

a Faraday cup. The geometrical extension of the beam on the

target was about 1 mm * 10 mm. The relevant parameters for the

measurements performed are listed in Table I. The energy resol-

ution in the measurements at backward angles is mainly due to

the target thickness as the target was used in reflection mode.

Table I. Kinematic parameters for the 88Sr(e,e') reaction

Eo

23

29

35

42

49

61

49

49

(MeV)

.70

. 5 7

. 9 8

. 0 3

.84

.79

. 6 3

.69

6 s p < ° >

165.10
164.95
164.95

164.95

164.95
164.95

80.90

116.90

q e l( fm- 1 )

.238

.297

.362

.422

.501

.621

.326
.429

AEFWHM (keV>

100

40

48

52

46

53

32

37

Eexc.

3 . 1

3 . 2

2 . 5

2 . 5

2 . 5

2 . 5

2 . 5

2 . 5

(MeV)region

- 4 . 3
- 3.7
- 6.5

- 6.6
- 6 .8
- 6 .8

- 6.7

- 6.6

III.3 DATA REDUCTION AND ANALYSIS OF THE SPECTRA

The spectrometer is connected on line to a computer

system for data acquisition. The spectrometer field is varied

automatically in small steps to measure a spectrum. These

steps yield changes in detected energy at a fixed position in

the scintillator array of typical 4-8 keV. In this way all

69 channels successively record the same excitation energy
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region of the spectrum. From these individual spectra a total

summed spectrum is then constructed which, due to the contri-

bution of all individual channels to the total spectrum, does

not suffer from differences in efficiencies of the individual j<r

detection channels and has a much better statistical accuracy. -̂

This procedure is rather time consuming because only the

region of the spectrum measured in all detection channels F

contributes to the total spectrum. If the incident energy is

50 MeV the excitation energy region on the array is about

1 MeV. So a change in the magnetic field equivalent to a step

of one MeV has to be made before a first data point has been '*

measured over the whole array (this takes for the backward

angles typically about 125 steps of 3-4 minutes). The big

advantage of the procedure is the independence of the extracted

inelastic cross sections from channel inefficiencies.

Two spectra, one taken at a forward angle and one at a

backward angle, are shown in fig. 1. Here also a part of the
88Sr(p,p') spectrum taken at 15° is shown with the same

excitation energy scale. One clearly sees the difference in

excitation strength of the states by different projectiles.

The double H-peak in the (e,e') spectrum taken at 165° arises

from the use of reflection geometry of the target. As B8Sr

is highly oxidizable the target was put in a bottle filled

with paraffine in order to be able to transport the target.

A very thin layer of paraffine was left on the front and

rear side of the target, which gives rise to two hydrogen

peaks, when the target is used in reflection geometry.

The differential cross section (da/dm)in for the

excitation of a nuclear state is determined from the theoret-

ically calculated cross section (da/du) , and the ratio of

the inelastic and inelastic peak areas with the formula:

h Ke, AE. duj,<Hin Ael h Kel AEin duJel

Here A. and A , are the peak areas of the inelastic, respect-

ively elastic peak, obtained from the measured spectra in a
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way described later. Due to the constant dispersion of the

spectrometer the energy width of the channels is proportional

to the incident energy. This dependency is corrected for by

the factor
AEel Eel
AEin Eel

The factor h is the isotopic abundancy of the isotope being

investigated. If the elastic scattering from this isotope can

be separated from that from the other isotopes this factor is

set to 1.0. The factor K = K.-Ko corrects for bremsstrahlung

and the Schwinger process. These corrections arise from the

fact that the counts in the radiation tail of a certain peak

are only integrated up to about 2.5 times the FWHM of the

peak. The elastic cross section was calculated from a two-

parameter Fermi charge distribution with parameter values

c= 4.809 fm and t= 2.505 fm (ref. 9).

To obtain the peak area ratio A-jn/
A
ei th

e spectra were

analyzed with the following procedure:

i) The elastic peak was fitted with an asymmetric Gaussian

matched to a hyperbolic low-energy tail.

ii) The radiative tail was calculated following a method

given by Ginsberg and Pratt (ref. 10).

iii) The inelastic spectrum was fitted by a least-squares

method, in which it was assumed that the total back-

ground is a combination of the calculated radiation

tail plus a background function and that the inelastic

peaks have the same shape as the elastic peak.

The excitation energies were determined with the use

of the well-known excitation energies of the levels at

2.734 and 4.035 MeV (ref. 11).
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III. 4 RESULTS

A list of the observed levels is shown in Table II,

together with the corresponding levels observed in the (p,p')

reaction. The error in the excitation energies from the

present study is about 7 keV, while the excitation energies

of the (p#p') reaction have an error of 4 keV for the low

excitation energies and about 8 keV for the energies around

6 MeV. From the comparison we note a difference of about

8 keV in excitation energy between the (e,e') and (p,p')

results at higher excitation energies.

III.4.1 The 3~ state at 2.734 MeV exa-itation energy

The results for this 3 state can be checked against

the published results of Fivozinsky et al. (ref. 12). As

mentioned our inelastic cross sections were determined rela-

tive to the inelastic cross sections calculated with the

parameter values of Singhal et al, (ref. 13, corrected in

ref. 9) c= 4.809 fm and t= 2.505 fm. These values differ from

the values used by Fivozinsky ei al. : c=4.83 fm and

t=2.l8 fm. We have a slight preference for the values

obtained by Singhal et at. because these were determined by

fitting data in a larger region of mome.ntum transfer. With

these values, however, the calculated elastic cross sections

for the (E,e) combinations of Fivozinsky et at. differ by

7 to 30%, compared to the ones calculated with the values of

Fivozinsky et al.. Since the target thickness was an adjust-

able parameter in the analysis of Fivozinsky et al. we have

to renormalize their data with an overall factor, which turns

out to be 0.85 by taking a weighted average of the differences

in the calculated elastic cross sections between the different

sets for the (E,8) combinations of Fivozinsky et al.. With

this renormalization their data and the present data are in

good agreement as shown in fig. 2. Here the data points

recalculated to the highest energy (see chapter I for this
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Table II. Summary of observed levels in the 8eSr(e,e')
reaction at low q

a)
exc

(MeV)

2.734

3.151

3.219

3.486

3.634

3.953

4.034

4.225

4.695

4.765

4.987

5.087

5.119

5.168

5.680

5.806

5.821

5.996

6.123

6.135

6.199

6.350

6.411

6.498

6.558

6.593

remarks

not forward

one q-point

one q-point

one q-point

not backward

not backward

not forward

b)
Eexc

(MeV)

2.734

3.154

3.217

3.488

3.637

3.957

4.042

4.227

4.774

4.993

5.091

5.127

5.174

5.678

5.813

5.835

5.992

6.006

6.126

6.154

6.216

6.362

6.419

6.473*

6.522

6.550

6.615

b)
L

3

0

(2)

5

(2)

3

2

4

3

(1)'

4

3

c)

exc

(MeV)

2.7341

3.151

3.2185

3.4865

3.6344

3.9526

4.0355

4.224

4.763

3"

0 +

2 +

1 +

(3+)

(4)

2 +

(2+)

a) The error in the excitation energy of the present results
is about 7 keV.

b) Results from E.J. Kaptein (ref. 1), error in the excitation
energy ranging from 4 keV for the low-lying states to 8 keV
for states around 6 MeV excitation energy.

c) Adopted levels (ref. 11).
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The data for the 3~ state at
2.73^ MeV excitation energy-
compared to DWBA calculations,

method) are shown together with curves, which are best f i t s

with the Tassie model for the transit ion density with parameter

values c. =4.66 fm and t . =2.20 fm. In these data we observe

a very small transverse part of this excitation. The B(E3)

value from this description i s 67970 + 3500 e2fmG. This value

is slightly lower than the value obtained from the results of

a model-independent analysis by Stephan: B(E3) = 75280 ±

1520 ezfm6 (ref. 14). This reflects the model dependency of

the reduced transi t ion probability extracted with a Tassie

model.

III.4.2 The 2 states

Prom the difference in magnitude between the data at

forward and backward angles for the levels at 5.119 and

6.199 MeV excitation energy (see figs. 3 and 4) the excitation

of these states is determined to be of purely transverse

character. The position of the maximum of the measured form

factor indicates a multipolarity L=2, so these states are



76

assumed to be 2 states. Broken-Pair (BP) raodfl calculations,

in which two major shells for the neutrons and five orbitals

for the protons were taken into account (ref. 15), yield

three 2 states around 5-6 MeV excitation energy.

10° _

10"' _

10"2L

10"

r g

_

r i65°-;/

r 4
0 "

81

2~
(e, e'
5.119 MeV

V

16b°"
61 ' 116°

b
b

10"

1 0 "

10 '

10"

2'. 6.IQ0 N'cV

116° • / '

_1
0.5
, ( fm-1)

10

In l f m '

Fig. 3,^ The data for the 5-119 MeV and the 6.199 MeV states with 2~
form factors calculated for the 2„ state (solid curve) and for
the 2, state (dashed curve).

The main configurations that contribute to these states are

l g } f ( i f 1 9 ) v ( 2 pi r ( l f 5/2 ' v(2p3/2 2d5/2) a n d

v(2p~l 2d5/2^ * Besi<2es these main configurations, for which

the values of the spectroscopuc amplitudes are listed in

Table III, there ar° within this model space 16 much smaller

components with amplitudes <.001 in the wave function. We

performed calculations with the codes MAHO and HEIMAG (ref. 16)

for just the main configurations with harmonic oscillator wave

functions with a size parameter b=2.12 fm. The calculated

form factors at 165° for the three states are shown in fig. 5.

The reduced transition probabilities are 38.4, 588.7 and

612.5 y^fm2 for resp. the first, second and third theoretical

2~ state. The M2-strength expected for a pure 7r(lf5,2 lgg .^),

v(2p~J2
 2d5y2) and v(2p~^2 2d5-_) configuration is 2269, 393

and 448 y^fm2,respectively. The reduction for the 2 state.
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Table III. Values of the spectroscopie amplitudes for the

lowest 2 states from BP model calculations a)

con fi guration

c-l

i g 9 / 2 )

l f5/2>

l f 7 / 2 )

2d5/2>

2d5/2>

0

0

0

.008

.572

.806

0.912

-0.074

0.269

0.014

0.015

-0.013

-0.016

0.001

0.002

0.751

-0.514

a) Tf no value has been given, the amplitude is <0.001
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b
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0.5 1.0 1.5

q„„ ( fmJ)

Fig. 5

The calculated form factors for the
2~ states at 165°. The solid curve
is the calculated 2~ state, the
dashed curve the 2„ state and the
dash-dotted curve zhe 2~ state.
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which is mainly a ir(lfj- ,, i^g/?) configuration, is largely

due to the influence of the Trdf,,, ̂ q/2' c o mP o n e nt, which
2has a B(M2) strength of 3875 y^fm2 for a pure transition. The

shape of the calculated form factor for the first 2 state is

different from the others. The present data for the two

observed 2 states are very similar, so we can not assign a

specific configuration to the observed states. This is shown

in figs. 3 and 4, where we have normalized the theoretical

form factors to the experimental data. This resulted in a

B(M2) value of 75 u^fm2 f o r t h e 5.119 MeV state and 55 p^fm2

for the 6.199 MeV state. The normalization uncertainty is

estimated to be about 15 p^fm2. Compared to the theoretical

calculations we miss a lot of strength. The effect of neglec-

ting the small components in the calculated wave functions

turned out to be very small. It is not clear how to explain

the discrepancy. Maybe the strength lies at higher excitation

energies. However, in the similar case of 90Zr only 28% of

the M2 strength of the RPA predictions (ref. 17) was observed

at higher excitation energies. Another reason might be that

gs has to be quenched, as has been observed for Ml and M2

transitions (see chapter V of this thesis and ref. 18).

III.4.3 The 2+ states

As we have measured only two data points at forward

angles it is very difficult to obtain reliable values of the

reduced transition probability for the 2 states. Using the

Tassie model for the transition density with the parameter

values of Fivozinsky et al. for the first 2 state

(ctr= 4.589 fm and tfc =2.200 fm) we obtain the B(E2) values

listed in Table IV. The calculated form factors, normalized

to the forward angle points, are shown in fig. 6. The listed

B(E2) values have an estimated uncertainty of about a factor

of two due to the model dependence and the uncertainty in

the values of c and t. . For example, in a model independent
. v tr _l_

analysis the observed B(E2) value for the 2~ state at

3.219 MeV excitation energy is 6 e2fm't (ref. 2).
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Table IV. Comparison of B(E2) valuss from the (e,e') and

(p,p') reactions

exc

(MeV)

1.836

3.219

4.034

4.765

B(E2) a)

(e^m1*)

822 ± 30

14

130

16

B(E2) b )

(e2fm*)

808 ± 80

35 ± 10

.2 82 ± 55

148 ± 20

a) Values obtained from the 8BSr(e,e') reaction with

the use of the Tassie model. The uncertainties are

about a factor of 2. The B(E2) value for the

1.836 MeV level has been taken from Fivozinsky et al.

(ref. 12).

b) B(E2) values calculated from values for g.? of ref. 1

3with B (EL) = B£ |

error reflects

determination of

) " with R= 1.20 A*J fm. The

only the error in the

8 .
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Fig. 6
The data for the 2 states at 3.219,
it.031» and U.765 excitation energy-
compared to calculations with the
Tassie model (solid curve for 81°
and dashed curve for 165°).
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2d5/2) character,
90Zr (see

The excitation strength measured in the {p,p') reaction has

also been listed in Table IV and one clearly sees the differ-

ence in excitation strength for the different projectiles for

the 4.765 MeV state on the one hand and the 4.03b and 3.219 MeV

states on the other hand. From this we conclude that the

4.765 MeV state is predominantly of v(lg^2

a situation similar to what is observed in

chapter II of this thesis) .

At these low momentum transfers the form factors are not

yet very sensitive to the microscopic structure of the excited

state. This is illustrated in fig. 7, where the form factors

for the first and second 2+ states, calculated with the BPwave

functions are shown together with the data points for the 2t

state. The difference in shape between the (longitudinal) form

factors of the 2* and 2~t state is very small. In fact the

calculated curve for the 2, state would fit the data for the

2 2 state rather well. It is very clear, however, that th«

longitudinal part of the calculated form factor for the 2*

state is much too small (a factor of 4) and the transverse

part is much too large. This means that core polarization has

to enhance the transition charge density and to quench the

transition current density. Similar effects have been observed

for E7 and E5 excitations in this mass region (ref. 19 and

chapter IV of this thesis).

Fig. 7
The present data for the second
2+ state at 3.219 MeV excitation
energy compared to form factors
calculated with the BP wave
functions.
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III.4.4 The level at 6.00 MeV exaitat-ion energy

There is a small problem in the correspondence between

the excitation energies of the levels at about 6.00 MeV,

observed in the (e,e') and (p,p') reaction. The results of

the (p,p') reaction indicate a level at 5.992 MeV and one at

6.006 MeV excitation energy, with the latter being the

proposed 1~ state. In the present data a level at 5.996 MeV

is observed. Because of the overall difference between the

(e,e') and (p,p') excitation energies we assume that this

state corresponds to the 6.006 MeV level in (p,p'). It cannot

be excluded that in the (e,e') experiment both levels are

excited. The observed data resemble more an E2 excitation than

an El excitation, see fig. 8. The curves in this figure were

calculated with the Tassie model.

10
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165°
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\
\
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o\\

16°

E2

-

E1

0.5

q ( f m - 1 )

1.0

Fig. 8
Comparison of the data for the
5.996 MeV state with calculated
El and E2 form factors using the
Tassie model.

The B(E2) value for the E2 curves i s 25 e2fm", while the El
curves were calculated with B(E1) = 0 . 2 e2fm2. It i s clear
that, i f a 1~ state i s present at this energy, i t i s very
weakly excited or has a form factor completely different from
a Tassie El excitation. In any case the existence of a 1
state, that would be a fragment of the GDR exhausting 12% of
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the EWSR can be excluded, as t h i s would give a B(E1) value of

10.0 ezfm2 . In chapter IV we wi l l r e tu rn to t h i s s t a t e .

I I I . 5 SUMMARY AND CONCLUSIONS

The r e s u l t s for the c o l l e c t i v e 3~ s t a t e a t 2.734 MeV
e xc i t a t i on energy from t h i s experiment are in good agreement
with previous ( e , e ' ) da ta . Tvo 2 s t a t e s have been observed a t
5.119 and 6.199 MeV exc i t a t i on energy with an exc i t a t ion
st rength of about 75 r e sp . 55 uilfin2 , which i s much lower than
expected from model c a l c u l a t i o n s . From the comparison of the ex-
c i t a t ion strength observed in (p ,p ' ) and ( e , e ' ) for the 2+ s t a t e s
we assume t h a t the s t a t e a t 4.765 MeV exc i t a t ion energy i s
predominantly a neutron t r a n s i t i o n . The data for the 2 , s t a t e
i n d i c a t e , tha t the t r a n s i t i o n charge densi ty i s too small and
the t r a n s i t i o n cur ren t density i s too l a r g e , compared to the
r e s u l t s of BP c a l c u l a t i o n s . The s t a t e a t 6.00 MeV exc i t a t i on
energy i s not par t of the GDR. The most i n t e r e s t i n g informa-
t ion from t h i s experiment was obtained on the 1 s t a t e a t
3.486 MeV exc i t a t i on energy. This s t a t e i s discussed separa te ly
in chapter V of t h i s t h e s i s .

I would l i k e to thank Prof. d r . A . Richter for the

opportunity to perform the measurements a t DALINAC. I am

indebted t o dr. K. A l l aa r t for performing the Broken-Pair model

c a l c u l a t i o n s .
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C H A P T E R I V

8 8 *
NUCLEAR STRUCTURE OF S r INVESTIGATED BY THE ( e , e ' ) REACTION

I V . 1 INTRODUCTION

The nucleus 88Sr has been investigated by different

reactions and much information has been gathered (refs. 1, 2).

Still the spin and parity and character of almost all levels

above 4.0 MeV excitation energy are not known. The recent
88Sr(p,p') reaction (ref. 2) revealed a large number of states

for several of which L-values could be determined. This

experiment raised some interesting questions, which are des-

cribed in the introduction to che.pter III.

This chapter describes the results obtained from the
88Sr(e,e') reaction. Cross sections have been measured up to

an effective momentum transfer g ^^ = 2.9 fm for scattering

at forward angles and up to q ,- = 2.7 fm for scattering at

backward angles. From these data, which include the data

obtained in Darmstadt, nuclear transition charge and current

densities are extracted, from which conclusions about the

nuclear structure of 88Sr can be made.

At the same time as 88Sr, the nucleus 90Zr was invest-

igated by inelastic electron scattering. It is of interest to

compare the differences in nuclear structure between these

nuclei as they differ only by two protons. The differences

expected from shell-model considerations have been discussed

in section 2 of chapter I.

*This work was performed in collaboration with J. Heisenberg,

J. Dawson and 0. Schwentker from the university of Durham

(U.S.A.) and with K. Allaart from the Free University.
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Section 2 of this chapter describes the experimental

setup and gives the kinematic parameters. In section 3 the data

reduction and the way in which the spectra were analyzed are

presented. Part of the results of this experiment is presented

in section 4. For a number of levels the investigation is still

in progress. The measured form factors are compared to form

factors calculated with wave functions calculated with the

Broken-Pair (BP) model. In the last section the obtained results

are summarized.

IV.2 EXPERIMENTAL SETUP AND KINEMATIC PARAMETERS

The experimental data presented in this chapter were

obtained from inelastic electron scattering experiments,

performed at two institutes. The data at low momentum transfer

were taken at the Linear Accelerator in Darmstadt, as described

in chapter III. The majority of the experimental data was

obtained with the electron-scattering facility at the Bates

Linear Accelerator of the Laboratory of Nuclear Science at

the Massachusetts Institute of Technology (MIT).

The kinematic parameters and related quantities for

the measurements performed at Bates with incident energies

between 70 and 370 MeV are listed in Tables I and II.

A total of 17 runs were taken at forward angles, covering the

momentum-transfer range 0.60 < g f f < 2.90 fm"
1, with a

20.2 mg/cir.2 thick target in transmission geometry. For the

backward angles 13 runs were taken in the effective momentum

transfer range 0.85 to 2.70 fm"1 with a 10.0 mg/cm2 thick

target in reflection geometry. The targets were self-supporting
88Sr foils enriched to 99.84%. The average current on the

target was 25 yA. The accelerator and the electron scattering

equipment nave been described in detail in refs. 3-5, so

only a brief description is given here.
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Table I. Kinematic parameters and normalization factors for

forward angle runs

Einc
(MeV)

AE

(MeV) (fm-1)

elastic
(mb/sr)

norm

150.71
150.71
150.98
152.11
297.95
297.95
298.57
298.57
350.28
350.28
350.28
350.28
350.28
350.28
367.72
367.83
367.87

0.31
0. 31
0.20
0.34
0.60
0.60
0.60
0.60
0.36
0.36
0.36
0.36
0.36
0.36
0.20
0.20
0.20

75.025
91.005
59.995
41.140
52.160
68.150
45.005
60.035
46.485
63.430
70.300
77.460
85.130
93.155
59.995
40.000
97.000

1.031
1.208
0.848
0.600
1.401
1.785
1.222
1.597

467
954
140
325
514
699
947
332

2.917

0.8220E-2
0.2762E-2
0.3583E-1
0.2530E+1
0.1439E-2
0.7434E-4
0.1085E-1
0.7718E-4
0.6925E-3
.3874E-4
.3369E-5

0.6062E-6
0.5878E-6
0.1177E-6
0.4569E-4
0.5281E-2
0.3822E-8

0.
0.

106
048
048
017

0.844
0.878
0.941

061
070
203
155
492
134
238
147
487

1.000 b)

a) Z a
kV3

•)

b) The experimental elastic cross section was too small
to be able to use it for normalization, so we used 1.0.

Table II. Kinematic parameters and normalization factors for

backward angle runs

Einc
(MeV)

69.89
90.12

105.32
120.75
135.23
150.48
165.56
179.59
181.58
194.95
209.47
236.43
261.60

AE

(MeV)

0.60
0.28
0.78
0.29
0.32
0.28
0.20
0.15
0.21
0.15
0.15
0.50
0.50

e
(°)

159.580
159.580
159.580
159.580
159.580
159.580
159.580
159.760
159.760
159.760
160.000
154.000
154.000

*eff
(fm"1)

0.861
1.063
1.214
" 368
1.J13
1.665
1.815
1.956
1.975
2.109
2.225
2.473
2.723

elastic

(mb/sr)

0.7130E-3
0.2861E-3
0.1321E-3
0.2603E-4
0.2170E-5
0.1663E-5
0.1471E-5
0.5158E-6
0.4177E-6
0.5279E-7
0.5848E-8
0.2681E-7
0.4512E-8

norm

0.900
0.995
0.971
0.967
0.898
0.912
0.831
0.910
0.910
0.910
0.910
0.910
0.910

a)
a)
a)
a)
a)
a)

a) The experimental elastic cross section was very small,
so we used the weighted average of these measurements.
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The accelerator is of the pulsed, travelling wave type

and is designed to deliver electron beams in the energy range

of 50 to 400 MeV. In the present experiment beam pulse widths

were typically about 10 psec. with a repetition rate of a few

hundred per second. The overall experimental resolution was
-4 -4

between l.l * 10 and 4.0 * 10 (the latter for the backward

angles due to the target geometry). The high incident beam

currents, up to 40 yA, and the high resolution are possible

because of the energy-loss principle (see chapter III) utilized

in this system.

The analysis of the scattered electrons is done with tne

high resolution energy-loss spectrometer and a detection

system located at its focal plane. The system is fully

described by Bertozzi et at. and M. Hynes (refs. 4, 6). The

detector system has a raui.entum acceptance of 6%j therefore

for the measurements performed at low incident energy, spectra

were taken with two or more different magnetic field settings

to get the total excitation energy region of interest.

The detection system consists of four detectors: a drift

chamber, a multiwire proportional chamber and two Cherenkov

counters. The latter two counters in coincidence reduce the

background. The location of the scattered electrons along the

focal plane, determining the momentum, is measured by the

drift chamber. The multiwire proportional chamber provides

the transverse information, i.e. the position of the electron

transverse to the momentum direction, which depends on the

scattering angle. All information is fed to a PDP-11 computer

in which each event is analyzed on line. First a check is made

on the coordinates of each event to determine whether it is

a true or a background event. The coordinates are corrected

for the curvature of the focal plane and for the recoil shift

as a function of the transverse position to give a true

energy loss. The events are then counted into the spectrum

according to its energy loss.

The magnetic field of the spectrometer is measured with

an accuracy better than 1 * 10 by an NMR probe. The charge

monitoring was done by a non-intercepting ferrite-core toroid,
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which has been shown to have an accuracy of better than

1 * 10 over extended periods of time (ref. 7).

IV.3 DATA REDUCTION AND ANALYSIS

The incident electron energies, as listed in Tables I

and II, as well as the linear and quadratic dispersion

parameters for the spectrometers were obtained by measuring

the recoil energy differences between elastic and well-known

inelastic peaks of 9Be, :6O, 27A1, 88Sr and 90Zr. The

calibration spectra of BeO and BeAl, needed to obtain the

incident electron energy and the focal plane parameters, were

taken at the same magnetic field setting and at the same

incident energy as the 88Sr spectra. For a number of runs the

BeO and/or BeAl spectra were measured a few times with

different magnetic field settings to be able to explicitly

correct for smooth variations in channel efficiencies. In this

way a third order polynomial to describe channel efficiencies

could be fitted to the measured cross sections of the elastic

and inelastic peaks over the whole focal plane. The 88Sr

spectra were later sorted into channels of 5 or 10 keV constant

width in energy loss in order to get a linear excitation-

energy scale. The sorted spectra were corrected for dead time

effects and for channel inefficiencies.

The sorted and corrected spectra have been fitted to

extract cross sections using a code similar to that used by

Cooper et at. (ref. 8). Peak areas, or cross sections, were

extracted from the spectra with a least-squares procedure in

which the peak and background parameters were allowed to vary.

The lineshape is a convolution of a theoretical lineshape

(ref. 9) for monoenergetic electrons with an empirical function

representing the energy profile of the incident beam and the

resolution of the system. This empirical function was taken

to be an asymmetric Gaussian with parameters characterizing

the amplitude, position, width and symmetry of the peak. The

theoretical monoenergetic electron lineshape includes

contributions from ionization, bremsstrahlung occuring before
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and after the nuclear scattering in the field of the target

atoms and Schwinger radiation occuring during the nuclear

scattering. These are well understood processes and the

corresponding corrections to the measured cross sections were

applied following the prescription of Bergström (ref. 9). To

describe the background a hyperbolic or parabolic function

can be used. In most spectra a linear background was

sufficient.

In the fitting process we used as a guide the excitation

energies obtained in the (p,p') experiment by Kaptein (ref. 2).

The availability of such a set of well-known excitation

energies was very important, especially for the spectra with

low statistics cr with relatively low resolution. In general

the excitation energies of the fitted levels were allowed to

vary only, when the peaks were sufficiently well defined.

Otherwise they were "locked" to the known energy of a close

strong peak. The same method was applied to the width

and the asymmetry of the peaks.

In the case of low statistics (the backward angle and/

or high energy runs) the used fitting procedure resulted in a

so-called underfit. This is due to the fact that for the error

in the number of counts the square root of the actually

measured number of counts is used, instead of the square root

of the expected number of counts. Through this the channels

with a low number of counts receive a higher weight than those

with a high number of counts, which results in a too low fitted

spectrum. A measure of the underfit is given by the underfit

ratio defined as the ratio of the area under the fitted

spectrum to the area of the measured spectrum. In order to

correct for this inaccuracy, the errors of the datapoints were

replaced by the square root of the fitted value of the data

after a first fit was obtained in the usual way. A new fit was

performed with the same data and these new errors. This

usually resulted in an underfit ratio close to 1.00.
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A spectrum taken at 150 MeV and 75.0° with a resolution

of 20-30 keV is shown in fig. 1. We show also the part between

4-8 and 6.2 MeV excitation energy with the fitted curve

(x2 = 0.85 per degree of freedom) for 18 peaks in this energy

region. A measurement at 160° and 120 MeV incident energy with

a resolution of about 40 keV is also shown in fig. 1.

For all runs the cross sections were normalized to the

elastic cross section, calculated with a phase shift code from

the best fit to all available (e,e) and muonic X-ray data. The

normalization factors, defined as theoretical divided by

measured cross section for the elastic peak, are listed in

Tables I and II. These factors differ sometimes considerably

from 1.0. This is probably due to unknown target thickness

effects (especially of importance in the backward runs due to

the reflection geometry) and to the inefficiencies of the trans-

verse array and the Cherenkov counters in a number of runs.

All cross sections have been corrected for finite acceptance

of the spectrometer, for multiple scattering and for the energy

spread in the incident beam. The errors in the cross sections

are the statistical errors, including V\2 (if X2 > D obtained

in the fit, and an additional uncertainty of 5% due to the

normalization procedure used.

IV.4 RESULTS

In Table III the levels observed up to 6.2 MeV excitation

energy are given. In this section the results for levels with

an asterisk will be discussed. For most of these levels,

transition densities have been extracted. These densities are

compared to predictions of the Broken-Pair model and to the

densities of 90Zr, if appropriate. In subsection 4.1 the

procedure to extract transition densities is described and

information is given on the BP-calculations and the single-

particle (s.p.) wave functions used. In subsection 4.2 the

results for the electric states and in subsection 4.3 the

results for the magnetic states are discussed.



92

Table III. Summary of the results from the 8SSr(e,e') reaction

H

E a)

exc
(MeV)

C)

1.836
*2.734
3.151
3.218
3.486

*3.585
«3.634
«3.953
3.990 f
4.035
*4.170
4.227
4.269

,«4.298
4.351 b

*4.366
4.414

«4.441
4.482 f
4.516
4.622 b

*4.742
4.770
4.800 f
4.848 b

«4.882
4.925
4.989

3"

4^

Eexc
(MeV)

jlT
b)

(4,5)'
3+

(£)
2+
(4)
(4+)

(2")
(2 + )
(I")
(2+)
0
3~

2
3
0
(2)

5
(0)
(2)
(6,7)
3
(2)
4

(0)
5
2

2
(0)
(2)

5.012 b
5.087 f

«5.105 b
«5.123
5.170
5.253
5.312
5.415 f
5.463

r

5.484 f
5.508
5.533

«5.649 f
5.683
5.726
5.762 f
5.809
5.831
5.856
5.921 b
5.944
5.988 f

«6.002
6.030 f
6.049
6.102
6.133
6.150

(3)
4
(3)
(3)

3

4

3

4

a) f and b indicate that the levels were only observed at
forward and backward angles. An asterisk indicates the
levels discussed in this chapter. The excitation energies
below 4.0 MeV excitation energy were mostly allowed to
vary in the spectrum fitting procedure and have an error
of about 10 keV, while most levels above 4.0 MeV were
fixed to the excitation energies given by ref. 2, decreased
by 4 keV to be in better agreement with the results of
ref. 1.

b) Values of ref. 1.

c) Values of ref. 2.
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IV.4.1 Analysis

The present set of electron scattering data at both

forward and backward angles allows a separation of the trans-

verse and longitudinal form factors. It also allows to extract

in a fairly model independent way transition charge and current

densities for electric excitations. These densities were

extracted using the following procedure: first the scattering

at forward angles was fitted with JT r.,(r) = 0 using the
Jj , LIT" J.

Fourier-Bessel expansion analysis (FBA) for the transition

charge density p(r) (ref. 10 and section 1.4 of this thesis).

Then the obtained p(r) was kept fixed and the backward

scattering data were fitted by allowing the transition current
JL L + l ^ t o v a rY' Next» Jr L + 1 (

r) w a s fixed allowing p (r) to

vary in order to further improve the fit to the forward data.

The last two steps were repeated until no further improvement

in x2 was observed. The high momentum-transfer uncertainty

was treated with an exponential upper limit, while the large

radius behaviour (ri 6.6 fm) was constrained by the shape

A e~ar (ref. 10 and section 1.4 of this thesis). It has to be

mentioned that JL L+1(r) is not extracted in a model indepen-

dent way. We assumed a few s.p. transitions to describe the

current, while the amplitudes of these transitions were fitted.

This means in practice, even if we have a reasonable represent-

ation, that due to this restriction the quoted uncertainties

for JT T,.(r) may be underestimated, since the model dependence
Lt i ±j+ X

was not considered in the determination of the uncertainties.

For electric states that are supposed to be a combination

of a few one-particle one-hole excitations such a procedure

was not used. These states were analyzed by assuming a few

specific s.p. transitions and adjusting the parameters in such

a way that the data are described. The parameters that were

varied are the radius of the Woods-Saxon well for the single-

particle wave functions and the amplitudes of the s.p.

transitions. This procedure has also been used for magnetic

transitions, which have only a transition current density.
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The single-particle wave functions were calculated in a

Woods-Saxon well with diffuseness a^ = 0.65 fm and a spin-orbit

potential of 6.2 MeV. The values for the radius were mostly

adjusted and will be given at the appropriate place. Nonlocality

corrections (ref. 11) were applied using a nonlocality range

of 0.85 fm. The centre-of-mass motion was corrected for

following the prescription of ref. 12. The potential depth was

adjusted to reproduce the experimental values of the binding

energies, which are given in Table IV.

The experimental results are compared with the results

of model calculations for 88Sr performed by Allaart (ref. 13).

The Broken-Pair (BP) formalism was used with neutron one-

particle one-hole excitations and proton two quasi-particle

excitations with respect to a 88Sr number-projected BSC ground

state. For the neutrons two major shells were taken into

account and for the protons the If-,,» ^5/2 ^3/2' 2^l/2 a n d

lg_ ,_ shells. Also a calculation was performed in which

configurations with two broken pairs for the protons were

included. This calculation indicates where the 2BP excitations

can be expected.

Table IV. Binding energies (in MeV) used for the calculation

of the single-particle wave functions

orbit

lf7/2
lf5/2
2p3/2
2pl/2

^9/2
2d5/2
3si/2
2d3/2

^7/2
lhll/2

protons

14.0

11.0
8.6

7.1

6.2

3.2

2.3

0.9

0.2

neutrons

15.5

12.5

11.5

11.1

6.4

5.3

4.2

3.7

2.4
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IV.4.2 Eleotria transitions

a) The levels at 1.836 MeV and 3.238 MeV excitation energy

These levels are known (ref. 1) to be J= 2 states. As

described in the introduction of this thesis, it is expected

that these states are mainly orthogonal combinations of the

*lf5/2 2pi/2^ a n d ^2p3/2 2 pl/2* excitations. This is confirmed
! by the results of this experiment and is described in detail
i

I in ref. 14.

b) The level at 2.734 MeV excitation energy

'' This level, known to be a 3 state, has already been

extensively investigated by the (efe') reaction (ref. 15).

In the present analysis the data of refs. 15 and 16 have been

included. A new aspect of this state is obtained from the

scattering at backward angles. In 2 0 8Pb the highly collective

3 state at 2.615 MeV excitation energy was shown to have no

'I transverse form factor (ref. 10) . It turns out that this is

;" not true for the collective 3~ state in B8Sr. The extracted

1'. transition charge and current densities are shown in fig. 2.

It is clear that the current is not negligible. This trans-

verse part of the excitation has been ignored in previous

analyses. A comparison with the results of the 3 state at

-, 2.751 MeV excitation energy in 90Zr yields that the p(r) is

almost identical. The extraction of the transition current

density for the 3~ state in 9CZr is not possible, because at

the same excitation energy a 4 state is present, which also

gives rise to a current contribution. In microscopic calcul-

ations (like with the BP model) the JT T,,(r) is not zero.
, . ll#Jj+l

The B(E3) value from the present data is 72790 + 800 e2fm6,
; which is slightly lower than the value given in ref. 15:

;• B(E3) = 75280 ± 1520 ezfmG. This small difference is due to

the current contribution.

We have calculated p(r) from the results of the IBP

model calculations. To reproduce the position of the maximum

we had to use rQ = 1 29 fm, while we used a nonlocality

range of 0.85 fin. (Without the use of nonlocality corrections
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we need a value of rQ = 1.315 fm). The rms radii calculated

with this rQ are about 3% larger than the experimentally

determined rms radii (ref. 17). The origin for this is

presently unknown. However, the same value has been found in

the analysis of other states (see later). The predicted

transition charge density is smaller than the experimentally

observed density. This is not unexpected because of the

restricted model space used in the IBP model calculations. It

has been found earlier that core polarization enhances the

transition charge density and decreases the transition current.

This is consistent with the present findings.
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Fig. 2 Extracted transition densities for the 3~ state at 2.734 MeV
excitation energy compared to theoretical predictions.

a) The level at 3.585 MeV excitation energy

The present analysis yields Jv = 5~ for this s ta te ,
consistent with the results from the (p,p') reaction (ref. 2).
The measured form factor together with the fitted one is shown
in fig. 3. The extracted densities are shown in fig. 4. The
IBP model calculations indicate that this state is mainly due
to the proton (2p3-2 lg9/2) configuration. The shape of p(r)
has indeed a lobe, as expected from a 2p, ,_ •+ lg 9 / 2 transition.
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10- A
10-2

-3io

10-4L

The dotted curve was calculated

assuming a s.p. 2p./2~!"l9q/2

transition. To describe the

position of the maximum of p(r)

we needed again TQ = 1.29 fm as

for the 3 state. The radial

shape of the current is not

well described. The same feat-

ures remain if the IBP wave

function is assumed. The IBP

model calculations do not des-

cribe the amplitude of p(r) ,

similar to what has been

observed for the 3~ state. The

current of the BP calculation

is enhanced with respect to the

s.p. transition. This is mainly

due to the influence of the

proton (lfg/2 19g/2^ configur-

ation. We can conclude there-

fore that core polarization (excitations not taken into account

in the model space) has to enhance the p(r) and in addition has

10
_5

88Sr(e.«' )
3 585 MeV
J - 5~

• FORWARD
O BACKWARD

_J I i

2

(fm-1)

Fig. 3 The measured form factor
for the 5~ state at 3-585 MeV
excitation energy. The solid curve
is the fit to the forward data and
the dashed curve the fit to the
backward data.

to change the radial shape of J
T
Li I

(r). In 90Zr the lowest

5~ state is dominated by the Tr(2p. ,_ 1<3Q/2^ transition

and the second 5~ state should be compared with the lowest

5~ in 88Sr. From this comparison a similar radial behaviour

is observed, while the strength of the 5~ state in 88Sr is

about 20% larger. This is not unexpected as it is known that

usually the lowest state of a given multipolarity collects the

collectivity.

d) The levels at 4.170 and 4.366 MeV excitation energy

From the shape of the measured form factor and the

present analysis we conclude that the level at 4.170 MeV

excitation energy has Jw= 5~ in contrast to results of refs. 1

and 2 which give Jir= (4) and L= (6,7) respectively.
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Fig. U Extracted transition densities for the 5 state at 3-585 MeV
excitation energy compared to theoretical predictions.

The present results for the level at 4.366 MeV excitation

energy yield Jw = 7~, which is consistent with the Jv = (7 )

assignment of ref. 19. We discuss these states together because

both are expected to be dominated by the ir(lf5 ,2 lg9/2'
 con~

figuration and because the experimentally determined trans-

ition densities show a similar and unexpected behaviour. The

transition densities are shown in fig. 5 for the 52 state and

in fig. 6 for the 7~ state. In these figures also the calcul-

ated densities assuming a pure s.p. transition and the IBP

model predictions are shown. For the position of the maximum

of both transition charge densities we had again to use

r. = 1.29 fm. The gs correlations ard the configuration mixing

in the BP wave function enhance the calculated p(r) and

decrease the JT T J,(r). It is remarkable that in both trans-

itions the calculated p(r) overestimates the experimentally

determined p(r). For the 5^ state this might be due to con-

figuration mixing within the model space as in a second 5

state some components act destructively. However, the 7 state

is the lowest 7~ state and therefore configuration mixing

within the model space enhances the transition charge density
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(as can be seen from the comparison of s.p. with BP in fig. 6)

So it seems that either the filling of the lf5 ,_ orbital is

much less than assumed in the BP calculations or core polar-

ization reduces the p(r), which are both not very likely.

Further it is obvious that JT T,.(r)
J-I/J-I+X

more quenched than e.g. for the 3~ and the 5~ state.

for the 5~ state is much
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e) The levels at 4.298, 4.441 and 4.882 MeV excitation energy

From the shapes of the form factors the levels at 4.298

and 4.882 MeV excitation energy are determined to have J7r= 4 .

The measured form factors are shown in fig. 7 and a very

similar behaviour/ both in shape and strength, is observed.

The state at 4.298 MeV excitation energy is already known to

be a 4 + state (ref. 1), while the 4.882 MeV state was assigned

J1* = (4+) in the (d,p) reaction (ref. 20) . In the (d,p) reaction

the state at 4.298 MeV excitation energy could be described by

an I = 2 transfer, indicating that this state is largely due

to a v(lg_,_ 2<^5/2^ configuration, while the state at 4.882 MeV

excitation energy more resem-
_,_

to

6

10'

q e f f ( f m -

Pig. 7 The form factor of the h
states at U.298 and 1*.882 excitation
energy with the fitted curve and+the
measured forward data for the (h )
state at h.kkl MeV excitation energy.
The curve through these data points
is to guide the eye.

0 transfer, which

3 s ^

bled an '. =

indicates a

configuration.

The spin assignment for

the level at 4.441 MeV excit-

ation energy is not so clear.

In fig. 7 the forward data

points of this level are also

shown. The minimum of the form

factor is shifted about 0.15

fm . The position of the

f i r s t maximum yields that

this state probably is also

a 4 state consistent with

the J = (4 ) assignment to

a level at 4.452 MeV excit-

ation energy in ref. 20.

There seems to be a discrep-

ancy in excitation energy

for this level determined

from the forward and back-

ward angle scattering data.

This would be consistent with

the results o£> the (p,p')

reaction, in which a doublet

was observed at this
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excitation energy.

The results of the IBP model calculations yield two 4

states below 4.7 MeV excitation energy. As mentioned in

chapter II the second 4 state observed in 9 ° Zr was mainly due

to 2BP excitations. Calculations including 2 broken pairs for

the protons in 88Sr yield a 4 at 4.60 MeV excitation energy,

so we also expect three 4 states below =5.0 MeV excitation

energy. More analysis is necessary to determine the spin and

parity of this state, but for the moment being we assume that

it is a 4 state.

The extracted transition densities for the 4+ states at

4.298 and 4.882 MeV excitation energy are shown in figs. 8 ard

9, together with the IBP model predictions. The 4.298 MeV

state is calculated to be dominantly due to the v(lg9/2 2d5y2)

configuration, consistent with the results of refs. 20, 21.

This configuration has no charge density. The small p(r)

extracted in the present analysis is well described by the

proton components in the BP wave function. The current density

is not described by the calculated IBP model wave function.

The current from a pure \>(lgg,2
 2d5/?' transition is also shown

in fig. 8. The other components in the wave function (mainly

proton (If7/2 2pl/2^ a n d *lf5/2 2p3/2^ t r a n s i t i o n s shift the

current outwards instead of inwards. The charge density of the

4.882 MeV state, see fig. 9, is overestimated by the BP

predictions. If the 4.441 MeV state is a 4 state, some of the

strength of the 4.882 MeV may have been transferred to that

state. The current density shows the opposite behaviour from

the one for the 4.298 MeV state. Now the BP prediction lies

too much inwards. We have to conclude therefore that the

structure of these states is not well known yet and that better

theoretical calculations have to be performed.
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-3
10

Figs. 8,9 Extracted transition densities for the h states at k.298 MeV
and lt.882 MeV excitation energy, compared to theoretical
predictions.
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f) The level at 5.649 MeV excitation energy
The measured form factor for th i s level i s shown in

f ig . 10 together with the measured form factor for the 8+ s t a t e

of 90Zr at 3.589 MeV exci tat ion energy (ref. 22). This 8+ s t a t e

in 90Zr has a dominant iTdgg/j) 2 configuration . From the

resemblance between these data and the absence of a transverse

form factor we conclude that the level at 5.649 MeV exci ta t ion

energy in 88Sr i s an 8+ s t a t e . The IBP model calculat ions yield
+ 2

the 8 of the ir(lg -2) configuration at 5.52 MeV excitation

energy with a spectroscopie amplitude of 0.307. We analyzed the

data assuming this character. The resultant fit is shown in

fig. 10. The value for rQ was adjusted and found to be 1.329 fm

(without the use of a nonlocallty range as the fitting program

does not yet include nonlocality corrections). The value of

the spectroscopie amplitude is determined to be 0.38. Since

the contribution of core polarization is expected to be very

smaJl this means that the occupation probability of the lgg/2

orbital in the calculations is too small by a factor of about

1.50. The occupation probability calculated by the model

calculations was v2 =4.9%. The result of the analysis of
10° F
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Fig. 10 The data points for the 8 state of 90Zr (multiplied by ten) with
a curve to guide the eye and the data points for the 8+ state of
88Sr with the fitted curve. This fit yields the transition density
shown in b).
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the 8 state in 90Zr yielded the same value of r_ and an

amplitude of 0.42, which can be compared to the value 0.414

calculated by the IBP model calculations. So the gs correlations

in 90Zr seem to be well calculated, whereas the gs correlations

in 88Sr seem to be underestimated.

g) The level at 6.002 MeV excitation energy

The measured form factor for this level is shown in

fig. 11. The data at low momentum transfer have been discussed

in section III.4.4. It was found that the low-q data could be

better described by an E2 excitation than an El excitation, if

the Tassie model was used for the transition. The results of

the (p,p') reaction gave J17 = l~ for this state.

All present forward data have been analyzed with the

assumption J. -+.(r) = 0 and without a tail bias. Assuming L= 1

the data points are reasonably described, see fig. 11. The

extracted transition charge density is also shown in fig. 11.

No description of the data could be obtained if L = 2 was

assumed. Since a tail bias was not applied, oscillations arise

far outside the nucleus, which we believe to be unphysical.

10 L
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b

_1

10-2

,.3
10

10"

10"

• / °

: 88Sr(c,e')
6.002 MeV

l J « . 1-
;' • FORWARD
- o BACKWARD

i 1

r

a)

-

V

o

- 5

- 1 0

- ^

\ i 86Sr(e.c')
" ^ f 6.002 MeV

-\j zzzza EXP
s p

b) -

-

-

qc(,(fm-')
5

r (fm)
10

Fig. 11 The form factor for the 1 state at 6.002 MeV excitation energy
and the transition charge density extracted from the forward data
only.



105

This illustrates the importance of using a tail bias. The

analysis of this state with inclusion of the backward angle

data points is still in progress. However, as shown in fig. 11,

the difference between the forward and backward data indicates

that the transverse form factor is not large and has a rather

small influence on the forward data and so on the extracted

i P (r) .
i

The shape of the transition charge density is very

peculiar. We have investigated which s.p. transitions may give

such a shape. The main s.p. tiansitions that contribute to the

1 states expected at this excitation energy are the 2p-»-3s and

2p->2d transitions. As shown in fig. 11 the ii(2p~^2 3s ,_)

transition (with a spectroscopie amplitude of 0.5) describes

the transition density very well. The 2p->-2d transitions yield

a quite different shape. As already mentioned in section II.4

Cecil et at. (ref. 23) described the angular distribution of

the 1 states at 6.42 and 5.89 MeV excitation energy, measured

in the 90Zr(p,p') reaction, also being due to a (2p

transition. Not much is known on the microscopic structure of

1 states in heavy nuclei. The analysis of this 1 state in
88Sr seems very promising. Further analysis (including the

current density) is in progress. A similar analysis for the

1 states in 90Zr would be very useful.

IV.4.3 Magnetic transitions

In the analysis of the electric transitions we had to

use consistently a value for r„ of 1.29 fm with and of 1.315 fm

without nonlocality corrections to describe the measured

transition charge densities. In the analysis of the magnetic

transitions we have therefore fixed rQ to 1.315 fm (as the

fitting program used does not yet include nonlocality

corrections). Furthermore in all calculations for the magnetic

states the operators g_ and g, were taken to be 0.65 their
S X

bare value. This means that the current is reduced by 35%. As

will be shown in the following subsections this seems to be a

universal factor necessary to describe the experimentally

observed strength.
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a) The levels at 3.634 MeV and 3.953 MeV excitation energy

The level at 3.634 MeV excitation energy is known to be

a 3 state with an almost pure ir(lf5._ 2p ._) character

(ref. 24). The amplitude of this configuration was found to be

0.71 in the present analysis. The resulting f i t to the measured

data points is shown in fig. 12. The spectroscopie amplitude

from the IBP model calculation is 0.793 (the transition is 99%

pure, but due to the gs correlations the spectroscopie value

is not 0.99). I t should be pointed out that the value of 0.71

is obtained with the chosen

quenching factor 0.65 for

the g-values. If we assume

the spectroscopie amplitude

of the BP model calcul-

ations to be correct the

quenching factor should be

about 0.58.

The transition of the

level at 3.953 MeV exit-

ation energy is determined

to be transverse from the

difference in magnitude

observed in forward and

backward angle scattering.

The shape indicates that

i t is a 4" s ta te . In the

(3He,d) reaction 1 = 4 was

observed (ref. 25), which t e l l s that the character of this

state is dominantly ir(2p3.2 lg. .„) . The IBP model calculations

yield a 4 state at 3.87 MeV excitation energy, which is for

99% the (2p~y2 lgq/2^ configuration with a spectroscopie

amplitude of 0.804. The second 4~ state is calculated at 4.41

MeV excitation energy with a dominant (lf5 <_ lg_ ,2) config-

uration. We analyzed the present results with a combination of

both configurations. The f i t , shown in fig. 13, yields

0.80-ir(2p~J2 199/2' + O-OS^Ufg/j l g9/2 } * T h i s i s i n n i c e

ment with the IBP predictions, given the choice of 0.65 for
the quenching of gg and gx.

10
_6

q c ( f ( f m - 1 )

Ffg; 11 Ü̂ v f o r V f ? t o r of the C + fat 3.63H MeV excitation energy with the
fitted curve (see text).
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10

Fig. 13 The form factor of the
h~ state at 3.953 MeV excitation
energy with the fitted cur^e
(see text).

As can be seen in figs. 12 and

13 the high-q points, both for

the 3 and the 4~ state, are not

well described. A better descrip-

tion is obtained by using

rQ=1.20 fm. We think, however,

that the use of such a value is

not justified. Firstly the value

of r„ should be consistent with

the one needed for the electric

transitions and secondly,

especially at high momentum

transfer, other mechanisms like

meson exchange currents may play

a role, the influence of which

is swept under the rug, if one

hides it in an unphysical value

of some parameter like ~

b) The level at 4.742 MeV excitation energy

From the backward angle scattering data of the present

experiment we determine Jïï=6 for this state. The data are

shown in fig. 14. The forward scattering.data are not in

agreement with this assignment, but this is probably due to

the presence of a 1 state at this excitation energy as

observed by ref. 26. We have analyzed this state with a wave

function <x(2p~* lg9/2) + S(
lf5/2 lg9/2^" T h e f i t t e d values

for the spectroscopie amplitudes are a =0.02 and B=0.55. The

IBP model calculations yield a 6~ state at 4.29 MeV with

a = -0.387 and 6=0.765, while the orthogonal state is calcul-

ated at 4.05 MeV excitation energy. A possible 6 state has

been observed at 4.02 MeV excitation energy (ref. 18),

consistent with the result of ref. 25. In the present exper-

iment we could not observe this state, because it was not

resolved from a 2+ state at 4.035 MeV excitation energy (ref. 1)
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8 8 S r ( « . « ' )
4 742 MeV

The present data for the peak at

4-03 MeV excitation energy can

certainly not be described as

being due only to a 2 state.

If there is indeed a 6~ state at

4.02 MeV excitation energy, we

find a larger energy distance

between the 6 states compared

to the IBP model predictions.

Therefore it is expected that

the mixing between the proton

<lf5/2
configurations is smaller than

calculated by the IBP model,

consistent with the fitted

spectroscopie amplitudes for the

4.742 MeV state. If no mixing at

all occurs we expect a spectro-

scopie amplitude of about 0.85

(the value found in the predictions for the 5 and the 7~

states of this configuration). The experimentally determined

value is only 0.55, so besides the already introduced quenching

by taking g = 0.65 g e , we observe an additional reduction

of the excitation strength. This is similar to what has been

observed for the current of the 5~ state from the same

C 1 2

q e f ( ( l m - 1 )

Fig. lk The form factor of the
6~ state at U.7U2 MeV excitation
energy with the fi t ted curve
(see t e x t ) .

^ ^9/2^ configuration, which was also strongly quenched.

a) The level at 5.105 MeV excitation energy

This level was suggested to be the 7+ state of the

neutron (lgö/2
 2d5/2^ multiplet from the results of the (d,p)

reaction (refs. 20,21). This is confirmed by the present

results. The fitted value of the spectroscopie amplitude is

0.95. The resulting fit to the measured data is shown in

fig. 15. In the (d,p) reaction a spectroscopie value of

almost 1.0 was observed. The IBP model calculations yield
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S = 0.991, so i t seems that
the chosen quenching of 0.65
for the g-values is again
about correct. In this analysis
the value of r„ was varied with

a result of rQ = 1.310 fm. As
for the 3 and 4~ states the
high q-data seem to ba under-
estimated.

Fig- 15 +
The form factor of the 7 state at
5.105 MeV excitation energy with the
fit ted curve (see t ex t ) .

d) The level at 5.123 MeV excitation energy

As. already concluded in chapter I I I , this level is a
2~ state. We have analyzed this state by describing the
transition as

f ^ ) + S(v2P 2 d 5 /2 ) 2d5/2>

and f i t t i n g the values of os, 6 and y. The amplitudes determined
are a =0.34, B = 0.63 and
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Y = 0.80. The data and the res-
ulting fit is shown in fig. 16.
The two neutron components
interfere destructively, so 6
and Y are not really determined.
We also tried to fit the data
with the proton transition and
just one neutron transition.

Fig. 16
The form factor of the 2~ state at
5.123 MeV excitation energy with
the fi t ted curve (see t ex t ) .
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The result was a=0.37 and y = 0.33 with the value of x2

times chat obtained with three components. The fit was especi-

ally worse at the low momentum transfer data. The spectroscopie

amplitudes for the three lowest 2~ states from BP wave functions

have already been given in Table III of chapter III. We notice

that less mixing between the neutron and proton components is

expected from these calculations. So the conclusion of

chapter III that it is presently not possible to assign a

specific configuration to this 2 state remains.

IV.5 SUMMARY AND CONCLUSIONS

The neutron closed shell nucleus 8BSr has been invest-

igated with inelastic electron scattering. Cross sections have

been measured up to q „ = 2.9 fm at forward angles and to

q „ = 2.7 fm at backward angles. Such a set of data allows

a separation of the transverse and longitudinal form factors.

Transition charge and current densities were extracted. These

have been compared to single particle and one Broken-Pair

model predictions. The theoretical predictions for the trans-

ition charge densities give in general the proper shape when

a value of 1.29 fm (including a nonlocality correction) for

the radius of the Woods-Saxon well is used. This yields a rms

radius which is about 3% larger than the value obtained for

the lgg/2 orbital in elastic magnetic scattering. This might

be an indication that the radii of s.p. orbitals in excited

states are somewhat larger than in the ground state.

The transition to the collective 3~ state has a small,

but non negligible transverse form factor. The other electric

transitions show significant transverse form factors, which

are not described by the BP calculations. Often not only the

calculated strength is too large, but also the shape is

different. The transitions that involve the proton If̂ /2~*̂ 1<*/2

transition, have an additional problem, in that also the

transition charge density is overestimated by the calculations,

which is rather unusual and not yet explained.
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The occupation probability for the iTlg. ,_ orbital in the

ground state, which is due to the pairing force, could be

determined because the excitation of the 8+ state from the

(Trlg-.^) configuration was observed. The observed strength

indicates that the present BP calculations underestimate the

occupation probability by about 30% in B8Sr, whereas they give

the right value in 90Zr.

The 1 state at 6.002 MeV excitation energy that was

strongly excited in (p,p') scattering was also observed. The

extracted transition charge density has a peculiar shape that

can be well described by a proton 2p, ._-»• 3s .- transition.

The results for the magnetic states almost universally

need a quenching factor for the g-values of about 0.65. Such

a factor has been found phenomenologically also in the analysis

of Ml and M2 excitations over the periodic table and has been

attributed to the influence of A-hole excitations (ref. 27).

In our case i t concerns M3 to M7 excitations and i t is

expected that A-hole excitations have a small influence on

these. It has to be investigated if core polarization can give

the observed reduction. Further we found that the calculations

underestimate the form factors at high values of q. Meson

exchange current effects may be responsible for this, but their

influence should be quantitatively investigated, also in order

to see, if these effects have something to do with the quenching

of the transitions.
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C H A P T E R V

ELECTRO-EXCITATION OF THE 1+ STATE AT 3.48 MeV IN 88Sr

V.1 INTRODUCTION

Magnetic transitions of low multipolarity in nuclei have

received great attention last years, because it has been

suggested (refs. 1-5) that the observed quenching of such

transitions is partly the result of a renormalization of the

transition operator due to polarization phenomena involving

the A (12 32) isobar. The well known example is the excitation

of the 1 state at 15.1 MeV excitation energy in 12C. The form

factor of this state measured in inelastic electron scattering

differs considerably from the one calculated with the Cohen-

Kurath wave functions; the first minimum is reached experiment-

ally at a much smaller valua of the momentum transfer g and

the calculated second maximum is too small (ref. 6). This

discrepancy has stimulated various theoretical calculations

(refs. 6-9). The calculation by Toki and Weise (ref. 9)

indicates that a fair description of the form factor can be

obtained by including A-hole excitations, and n- and p-exchange

terms in the interaction.

A strong Ml-transition has been observed in the mediun-

heavy nucleus '*BCa to a state at 10.23 MeV excitation energy

(ref. 10). This transition has been interpreted as being

predominantly due to a neutron If_ ,2->-lf5 ,_ spin-flip excitation.

In this case almost no change in the shape of the form factor

has been observed, but only an overall reduction of about a

factor of two compared to a shell-model calculation in the

full fp-shell. This reduction has been explained in terms of

the A-hole model (ref. 11).

It is interesting to check this model also in a heavy

nucleus. There are few well known 1 states in heavy nuclei.

The 1 state at 3.48 MeV excitation energy in eBSr should

provide an excellent test case, as it is well isolated from
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neighbouring states and its nuclear structure, in contrast to

that of the *2C case, is rather simple. Model calculations

(refs. 12, 13) indicate that the excitation of this state is

almost completely due to a proton 2p~ ,2-+2p ._ transition with

a small neutron lgg ,-̂ -lg., /, transition as the main admixture.

The B(M1) value, 0.92 + 0.15 \i*, as measured by y-ray fluores-

cence (ref. 14), is a factor of 7.5 smaller than the value

calculated assuming a pure Tr2p̂  .„->-2p ,_ transition. Part of

this reductie , =; due to the pairing distribution. The remain-

ing reduction an be described in a phenomenological way by

introducing a quenching of the spin g factor in the calcula-
s

tions. In order to study the origin of this reduction further

it is important to know the q-dependence of the transition.

Therefore we studied the excitation of this state in the (e,e')

reaction. In this chapter all experimental data obtained until

now are presented and compared to theoretical predictions. As

mentioned in chapter III the results at low momentum transfer

have already been published (ref. 15).

V.2 EXPERIMENTS

Data were obtained at three laboratories: at Darmstadt

for q = 0.22 to 0.60 fm~ (see chapter III), at Bates for

q = 0.88 to 2.57 fm (see chapter IV) and with the new

electron accelerator of NIKHEF-K from q = 0.68 to 1.03 fm"1.

The NIKHEF-K point at 180° has been taken with the 180°

scattering setup (ref. 16). The other NIKHEF-K points were

measured with the QDD spectrometer. This high resolution

spectrometer has a multiwire drift chamber, a multiwire

proportional counter and two Cherenkov detectors to analyze

the scattered electrons in the focal plane. The resolution
—4that can be obtained using the energy-loss technique is 1 * 10 .

For more details the reader is referred to ref. 17. Examples

of spectra obtained at the Bates accelerator and at NIKHEF-K

are shown in fig. 1. Typical spectra for the Darmstadt measure-

ments can be found in ref. 15.
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V. 3 RESULTS AND DISCUSSION

The measured form factor is shown in fig. 2. From these

data it seems that there are two maxima between q = 0.5 and

1.5 fm . However, the uncertainties in the data points between

q = 0.5 and 1.1 fm are very large. This is due to the very

small cross sections and the relatively large radiation tail.

More data with better statistics in this region will therefore

be taken. The curves in figs. 2-4 are the results of calcula-

tions. The code WSAXM (ref. 18) was used to calculate the

transition density from single-particle (s.p.) Woods-Saxon wave

functions and given spectroscopie amplitudes (see formula 1.9

in chapter I). These densities were used in HEIMAG (ref. 18),

a DWBA program to calculate cross sections for magnetic

transitions (similar to the program HEINEL (ref. 19)). In the

calculations the parameters r„ and a„ for the Woo^s-Saxon well

were chosen as 1.29 fm and 0.65 fm respectively, while the

potential depth was adjusted to reproduce the experimental

binding energies (given already in Table IV of chapter IV).

Nonlocality corrections (ref. 20) were applied using a non-

locality range of 0.85 fm.
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The solid curve in fig. 2 was calculated for a pure

proton 2p3y2-*2p1,2 transition. The calculated form factor at

low momentum transfer is about a factor of 7 too large/ as is

the calculated B(M1) value, while the shape is completely

different in the region q = 0.6 to 1.6 fm . The presence of a

pairing distribution in which the 7i2p, .., orbit is not complete-

ly filled and the 7r2p. ,2 orbit is not empty leads to an overall

reduction of the form factor by a factor az, where a in the

BSC model is given by Up 3 / 2
 v p 1 / 2 "

 u
p / 2

 vP 3/ 2
( vx represents

the occupation probability of orbital x, while

ux + vx = 1' 0 ) o r m o r e 9 e n e r a l ly a = Is(P3/2 p i / 2 0 1 ; 1 ) I ~
|S(p y, p 3 ,_ 01; 1) |. The one Broken-Pair (IBP) model calculations

yield a=0.52 - 0.65, depending on the single-particle energies

and the interaction chosen. Two broken pair calculations

(ref. 21) yield values that are about 4% smaller. Calculations

by Hughes (ref. 22) give a = 0.51. The results of (d, 3He) and

(3He,d) reactions (refs. 23, 24) yield a value of 0.50 - 0.60

for a. Since a is an overall normalization factor the solid

curve in fig. 2 is reduced by a factor of 4, when a value of

0.5 for a is used. A discrepancy in absolute magnitude of at

least a factor of 1.75 remains, plus the discrepancy in the

shape. The only other transition that can influence the

B'frl) value is a neutron l<3g/2*1<37/2 'transit:'-on' a s o n e needs

an 1-allowed transition. BP and RPA calculations (corrected

for pairing correlations) yield a spectroscopie amplitude B

of about 0.02 for the admixture of this configuration. The

effect of this admixture is to reduce the B(M1) value and

the form factor at low momentum transfer, while the form factor

at higher momentum transfer remains about the same. The dashed

curve in fig. 2 was calculated with inclusion of this trans-

ition, using the values: a = 0.52 and 6 = 0.02. The B(M1)

value is still too high and the shape discrepancy remains.

If one increases the model space, many small components

in the wave function of the 1 state are obtained. As these

give rise to n- or 1-forbidden transitions, they do not

influence the B(M1) value, but they can change the form factor
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at higher values of q. The influence of this nuclear core

polarization (CP) has been investigated, based on a BP model

calculation in a 3 hui model space with a delta interaction

(ref. 21). The result of this calculation is shown in fig. 2

as the dotted curve. It is clear that the fall-off of the form

factor around 0.5 fm now agrees more with the experimentally

observed one. However, the shape is still not correctly

described between q = 0.6 and 1.6 fm and the form factor is

still too high at low values of q.

In most calculations of B(MA) values the operator is

renormalized by taking values of the orbital and spin g factors

that are different from the bare values. For g, this is assumed

to account for high-1 core-polarization contributions. For g

one finds from a recent compilation over the atomic mass table

phenomenologically a quenching of about 30% (ref. 3). The

origin of this reduction of the spin part of the operator is

the subject of many discussions (see below) . We have investi-

gated the influence of such a renormalization by taking the

valence wave function, again with a = 0.52 and 6 = 0.02, using
p -F "F *=» -f -f

g^ =1.12 (protons), g " = -0.03 (neutrons) (ref. 25) and
gf f = 0.68 gbare. It turns out that the influence of thes s

renormalization of g, on the calculated form factors is rather

small. The calculated curve is shown as the solid curve in

fig. 3 (to see the influence of this renormalization, the

dashed curve from fig. 2 is repeated in fig. 3). The B(M1)

value and the low-q points are too low and the shape discrep-

ancy remains (a quenching factor of 0.76 is needed to describe

the low-q data, see ref. 15). So a q-independent, quenching of

g does not describe the data.
S

It has been suggested (refs. 1 to 5, 9) that the reduc-

tion of the spin part of the transition operator is due to

the influence of virtual excitations of a nucleon to a A(1232)

isobar, which gives rise to a q-dependent renormalization of

the isovector part of g (A-hole polarization in contrast to

the normal nucleon-hole core polarization). Therefore we want

to investigate, if also in 88Sr the observed reduction may be
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q (fm-1 )

Pig. 3 Measured form factor for the 1 state compared to calculations.
The B(M1) value is 0.6? la* for the solid curve, 1.60 pj: for the
dashad curve and 1.15 vt for the dotted curve.

due to this mechanism. Since a complete calculation of the

influence of A-hole states on the form factor is outside our

possibilities, a semi-quantitative estimate of the influence

of A-hole admixtures has been made in the following way

(ref. 26).

In nuclear matter the renormalization of the isovector

part of g for not too high values of q can be approximateds
by a recluction factor

g'x»
(V.I)

where g' is the short-range repulsion parameter (g' = 0.5-0.6,

ref. 27) and x? is the nuclear matter estimate for the A-hole

susceptibility: ,2
rA p0XA " 9 (V.2)
m

-\
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Here f̂  is the TTNA coupling constant. M.-Ii, is the mass

difference between the A and the nucleon and p0 is the nuclear

matter density. With the values f A=2, MA~MN •* 300 MeV and

P0 = 0.16 fm we find x!! = 0.85, which for g'=0.55 yields

y = 0.68. The result of the calculation with this value of y

yields about the same curve as the solid one in fig. 3, since

the influence of the isoscalar part of gg is much smaller than

that of the isovector part. We now assume that we can use

formula V.I also for the finite nucleus 88Sr, if we apply the

local density approximation (LDA), in which the constant

nuclear-matter density p_ is replaced by the density p(r) of
88Sr. Because of the r-dependence of p(r), also Y V becomes a

function of r which changes from a value of 0.68 at the center

of the nucleus (r=0) to a value of 1.0 outside the nucleus.

This r-dependent reduction of the isovector part of the spin-

current density was included in the calculations (using data

for p(r) from ref. 28) . The resulting form factor is shown as

the dotted curve in fig. 3. Compared to the valence calculation

(see the dashed curve in fig. 3) this calculation gives a

reduction at low momentum transfer plus part of the steep

fall-off of the measured form factor between g = 0.3 and

0.6 fm~ . This change in shape, which is not present for the

neutron transition in "8Ca, is due to a destructive inter-

ference of the orbital and spin parts of "this proton transition.

Since only the spin part is renormalized in an r-dependent way

by the A-hole mechanism the net result of this interference

depends on q, thus leading to a q-dependent renormalization of

the form factor.

The solid curve in fig. 4 was calculated with both A-

hole (in the LDA) and nuclear core polarization included. The

nuclear core polarization contribution used before was

arbitrarily multiplied by a factor of 2.4 to reproduce the

main features of the measured form factor. Core-polarization

contributions outside the 3 Kw space that was used in the

model calculation may be responsible for (part of) this factor.
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This curve indicates qualitatively (as both the A and

the CP were calculated in an approximate way) that by including

A-hole and nucleon-hole polarization both the reduction in

magnitude at low momentum transfer and the shape change in the

region q = 0.5 to 1.5 fm"1 can be described.

V. 4 CONCLUSIONS

The measured form factor for electro-excitation of the

1+ state at 3.48 MeV in 88Sr shows a considerable difference

with single-particle predictions. The analysis suggests that,

apart from nuclear core polarization, A-hole polarization plays

a role in the excitation of this state. Although meson-exchange

currents are generally not expected to have large effects, these

should be calculated. I t is clear that more data points with
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better s ta t i s t ics are needed in the important region between
q = 0.7 and 1.2 fm"1. 2
scheduled at NIKHEF-K.

q = 0.7 and 1.2 fm . Additional measurements have been
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SUMMARY

In this thesis the results are presented and discussed

from two experiments, performed to investigate the nuclear

structure of two N = 50 nuclei: a high resolution inelastic

proton scattering experiment on 90Zr, described in chapter II,

and a high resolution inelastic electron scattering experiment

on 88Sr, described in chapters III and IV. The results

obtained in the 88Sr(e,e') experiment for the l+ state at

3.486 MeV excitation energy are described separately in

chapter V.

The 90Zr{p,p') experiment was performed with the

A.V.F. cyclotron at the Free University in Amsterdam at a

bombarding energy of 25 MeV with a resolution of 12 to 16 keV.

The main results are:

• An improved level scheme between 4 and 5 MeV

excitation energy has been obtained. Hereby

also preliminary results from a 90Zr(e,e')

experiment performed by Heisenberg et at.

were used. The level scheme calculated with

the Broken-Pair model is in reasonable

agreement with this improved level scheme.

• A large part of the excitation of the first

and second excited 0 state is due to two-

step processes. The influence of such

processes on the 6 and 8+ states from the

iT(lgg ,_) configuration is shown to be small.

• Several 1~ states have been observed around

6 MeV excitation energy. These states can

be divided in two groups, bases on the shape

of the angular distributions. Macroscopic

models are not able to give a satisfactory

description of the observed data.

• All members of the neutron (lgg/2
 2d5/2^

multiplet have been observed. The angular

distributions of these levels cannot be

described as only due to a direct excitation
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process. I t turns out that the (p,d)(d,p)

process has a large influence both on the

shape and the magnitude of the observed

angular distributions.

In a macroscopic description of the (p»p')

reaction, a good agreement between measured

and calculated angular distributions is

obtained when scaling factors for the proton

and neutron configurations are used. This

analysis yields that the contribution of

proton and neutron excitations is about

equal in the investigated low-lying states,

even though the neutron shell is closed in

The 88Sr(e,e') measurements were performed at two

laboratories with an overall resolution between 20 and 60 keV.

Data at low momentum transfer were obtained with DALINAC,

the linear accelerator of the "Technische Hochschule" in

Darmstadt. Data, both at forward and backward angles, up to

a momentum transfer of about 2.7 fm were obtained with the

Bates accelerator from the Massachusetts Institute of

Technology. Chapter III describes the results obtained from

the data at low momentum transfer. The analysis of the M.i.T.

data points in combination with those of Darmstadt is sti11

in progress. The first results are described in chapter IV.

The main results are:

• Several tentative spin and parity assignments

have been confirmed. New spin and parity

assignments have been made for the levels at

3.953 MeV (J71' = 4") , 4.170 MeV (^=5"),

4 . 7 4 2 M e V ( J 1 T = 6 ~ ) , 5 . 1 1 9 M e V ( ^ = 2 " ) ,

5.649 MeV (Jn=8+) and 6.199 MeV ( ^ = 2")

excitation energy. From the measured form

factors and/or the extracted transition

densities, the nuclear structure of several

levels has been determined.
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The observation of the 8 state from the proton

(lgq ,-2) configuration allowed the determination

of the filling of the lg 9 / 2 orbital in
 88Sr.

The occupation probability for this orbital is

determined to be about 7.4%, which is about 1.5

times the BP prediction.

The results for several states have been compared

with the predictions of the BP model. From this

comparison the following conclusions can be drawn:

- To describe the position of the maximum of the

charge densities we need consistently for all

levels a value rQ = 1.29 fm for the radius of

the Woods-Saxon well (including nonlocality),

which yields an about 3% larger rms radius for

the l9g/2 orbital than obtained from elastic

magnetic electron scattering.

- Usually the experimentally determined trans-

ition charge density p{r) is larger than the

calculated p(r), whereas a smaller experimental

transition current density JT T .(r) has been

found. These effects are supposed to be due to

core polarization. However, the calculated p(r)

for the 5~ and 7~ states from the 7T(lf~.- l g ^

configuration is too large compared to the

experimentally determined p(r). The reason for

this is not clear yet.

- The shape of the transition current densities

is seldom correctly described by the BP predictions.

- The form factor of the magnetic states can be

described reasonably well using the BP wave

functions, but only about 40% of the expected

strength has been observed. This quenching was

observed for L-values from 3 to 7. No explan-

ation has yet been found for such an universal

quenching. Such a reduction can be explained by

the inclusion of delta-hole polarization for

1 states. From the q-dependence of the delta-
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hole interaction i t is expected that the

quenching for the higher multipolarities

cannot be attributed to this delta-hole

polarization.

In chapter V the results obtained for the excitation

in (e,e') scattering of the 1+ state at 3.486 MeV excitation

energy in eeSr are described. The B(M1) value and the form

factor at low momentum transfer are quenched compared to a

s.p. transition calculation (including ground state correl-

ations) and the shape of the form factor is different. I t

seems that a fair description can be obtained by including

nucleon-hole and delta-hole polarization.

Finally i t should be mentioned that a combination of

the (e,e') and (p,p') results for the same nucleus is very

useful both for the analysis of the measured spectra and

for the study of nuclear structure aspects. The next step

should be the use of the transition densities, measured in

electron scattering, in the description of the (p,p') results

in order to study the microscopic description of (p,p')

scattering.
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SAMENVATTING

Dit proefschrift handelt over de resultaten van twee

experimenten met hoog scheidend vermogen, die ten doel hadden

de kernstructuur van twee kernen met 50 neutronen te onder-

zoeken: een inelastische protonen verstrooiingsexperiment aan
90Zr, beschreven in hoofdstuk II en een inelastische elektro-

nen verstrooiingsexperiment aan a8Sr, beschreven in de hoofd-

stukken III en IV. In hoofdstuk V worden de resultaten,

specifiek voor de 1 toestand bij 3.486 MeV excitatie energie

in S6Sr beschreven. £,

Het 90Zr(p,p') experiment werd uitgevoerd met het A.V.F.

cyclotron van de Vrije Universiteit te Amsterdam met een

beschietingsenergie van 25 MeV en een scheidend vermogen van (

12 tot 16 keV. De belangrijkste resultaten zijn: f

• Voor de niveaus tussen 4 en 5 MeV excitatie energie

is een verbeterd niveau schema verkregen. Hierbij _.:

is gebruik gemaakt van voorlopige resultaten van

een 90Zr(e,e') experiment, uitgevoerd door ~

Heisenberg et al.. Het niveau schema berekend

met het gebroken-paar formalisme is in redelijke

overeenstemming met dit verbeterde niveau schema.

• Een groot gedeelte van de excitatie van de eerste

en tweede aangeslagen 0 toestand verloopt via

twee-staps processen. De invloed van deze processen

op de 6 en 8 toestanden met een proton (l9g/2)

configuratie is klein.

• Rond 6 MeV excitatie energie zijn diverse 1

toestanden waargenomen. Deze toestanden kunnen

onderscheiden worden in twee groepen, op grond van

de vorm van hun hoekverdelingen. Macroscopische

modellen zijn niet in staat de waargenomen hoek-

verdelingen bevredigend te beschrijven.

• De leden van het neutron dgö/o 2<35/2^ roultiplet

zijn waargenomen. De hoekverdelingen van deze

niveaus kunnen niet beschreven worden met alleen

een directe aanslag. Het blijkt dat het (p,d)(d,p)
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proces e°n grote invloed heeft, zowel op de vorm

als op de sterkte van de experimentele hoekverde-

lingen.

• Met een microscopische beschrijving van de (p,p')

reactie wordt een goede overeenkomst tussen

experimentele en berekende hoekverdelingen bereikt
1 indien schaalfaktoren voor de protonen en de

neutronen bijdrage worden gebruikt. Deze ana.'.yse

geeft ongeveer gelijke proton en neutron bijdragen

tot de aanslag van de onderzochte laagliggende

toestanden, ondanks dat de neutronenschil

gesloten is voor 90Zr.

De 88Sr(e,e') metingen zijn uitgevoerd in twee laborato-

ria met een scheidend vermogen van 20 tot 60 keV. Data bij

een lage impuls overdracht werden gemeten met behulp van

DALINAC, de lineaire versneller van de "Technische Hochschule"

in Darmstadt. Data bij voorwaartse en achterwaartse verstrooi-

ingshoeken, tot een impuls overdracht van 2.7 fm , werden

gemeten met de Bates versneller van het Massachusetts Institute

of Technology. Hoofdstuk III beschrijft de resultaten voor de

data bij lage impuls overdracht. De analyse van de data

gemeten bij het M.I.T., in combinatie met de data van Darmstadt,

is nog niet afgerond. De resultaten, behaald tot nu toe, worden

beschreven in hoofdstuk IV. De belangrijkste daarvan zijn:

• Voorlopige spin en pariteitstoekenningen zijn voor

een aantal niveaus bevestigd. Nieuwe spin en pari-

teitstoekenningen werden gedaan voor de niveaus bij

3.953 MeV (Jïï=4~), 4.170 MeV (J7T=5~), 4.742 MeV

IJ1* = 6~), 5.119 MeV (J¥ = 2~), 5.649 MeV (J77 = 8+)

en 6.199 MeV (^ = 2") excitatie energie. De kern-

structuur van verschillende niveaus is bepaald

uit de gemeten vorm factoren en/of de geëxtraheerde

overgangsdichtheden.

V • Het waarnemen van de 8 toestand met de proton
2

(lgg ,,) configuratie maakte het mogelijk de

vulling van de lg9/2
 s c n i l i n aaSr te bepalen.
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De bezettingswaarschijnlijkheid voor deze schil

is ongeveer 7.4%, wat ongeveer anderhalf maal de

waarde is berekend met het gebroken-paar model.

• De resultaten van een aantal niveaus zijn verge-

leken met de voorspellingen van het gebroken-

paar model. De volgende conclusies kunnen

getrokken worden uit deze vergelijking:

- Om de positie van het maximum van de overgangs-

ladingsdichtheid te beschrijven, hebben we

consistent voor alle waargenomen niveaus

r„ = 1.29 fm nodig voor de straal van de Woods-

Saxon put (inclusief nietlocaliteit). Voor de

r.m.s.-straal van de lgg/? schil levert dit een

ongeveer 3% grotere waarde op vergeleken met het

resultaat van elastische magnetische elektronen-

verstrooiing.

- De experimenteel bepaalde overgangsladingsdicht-

heid p(r) is meestal groter dan de berekende,

terwijl een kleinere experimenteel bepaalde

overgangsstroomdichtheid wordt gevonden. Deze

effecten worden verondersteld het gevolg te zijn

van pit polarisatie. Echter, de berekende p(r)

voor de 5 en 7 toestanden met een proton

(lf,- ,_ l^o/p) configuratie is te groot vergeleken

met de experimenteel bepaalde p(r). De reden

hiervoor is nog onduidelijk.

- De vorm van de overgangsstroo^idj chtheden wordt

zelden correct beschreven met de gebroken-paar

voorspellingen.

- De vorm factor van de magnetische toestanden

kan redelijk beschreven worden, gebruik makend

van de gebroken-paar golffuncties, maar slechts

40% van de verwachte sterkte wordt waargenomen.

Deze reductie wordt waargenomen voor multi-

polariteiten 3 tot 7. Er is nog geen verklaring

voor zo'n universele reductie. Een dergelijke
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reductie kan voor 1 toestanden verklaard worden

door het meenemen van delta-gat polarisatie. Uit

de q-afhankelijkheid van de delta-gat wisselwerking

volgt echter dat de reductie voor de hogere multi-

polariteiten niet verklaard kan worden met de

delta-gat polarisatie.

Hoofdstuk V beschrijft de resultaten voor de excitatie van de

1 toestand bij 3.486 MeVexcitatie energie in 88Sr gemeten

met inelastische elektronenverstrooiing. De B(M1) waarde en

de vorm factor bij lage impulsoverdracht zijn gereduceerd,

vergeleken met een één-deeltjes overgang (inclusief grond-

toestandscorrelaties) en de vorm van de vorm factor wordt

niet goed beschreven. Het l i jkt erop dat een redelijke

beschrijving verkregen wordt door deeltje-gat en delta-gat

polarisatie mee te nemen.

Tenslotte dient opgemerkt te worden dat een combinatie

van (e,e') en(p,p') resultaten voor dezelfde kern zeer

nuttig i s , zowel voor de analyse van de gemeten spectra als

voor de studie van kernstructuur aspecten. Een volgende stap

is het gebruik maken van de experimenteel bepaalde overgangs-

dichtheden in de beschrijving van de (p,p') resultaten om

de microscopische beschrijving van protonenverstrooiing te

bestuderen.
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STELLINGEN

1. Indien in de analyse van een verstrooiingsexperiment met

protonen de resultaten van elektronverstrooiing betrokken

worden (of omgekeerd) kan aanzienlijk meer spectroscopische

informatie worden verkregen.

Dit proefschrift

2. De verschillende definities van de term "vormfactor" bij de

beschrijving van kernreacties met hadronen en met elektro-

nen leidt tot verwarring. Derhalve dient in het eerste

geval deze term vermeden te worden.

3. Burt et al* wekken ten onrechte de suggestie dat zij nauw-

keuriger gegevens, dan tot op dat moment bekend, leveren

voor de vormfactor van de 0,478 MeV toestand in 7Li.

F.E. Burt et al., Phys. Rev. C26(1982),13

4. Juist bij een dynamisch vak als informatica dient het tijds-

bestek tussen de ontvangst en de publicatie van een artikel

korter te zijn dan momenteel in het tijdschrift "Software,

Practice and Experience" gebruikelijk is.

Software, Praetiee and Experience (edited

by D. Barron, C. Lang and D. Hanson,

John Wiley and sons)

5. Het verdient aanbeveling om de metaalkleuringen (bijv.

volgens Tinun of met dithizon), die in de histologie vaak

gebruikt worden om metalen in biologische coupes te visua-

liseren, nauwkeurig te controleren d.m.v. het meten van

metaalverdelingen met behulp van de recent ontwikkelde

proton microprobe; dit gezien het vermoeden dat slechts

bepaalde chemische vormen van het metaal bij kleuring

zichtbaar worden gemaakt.



6. De vergelijking van (e,e') en (p,p') resultaten voor on-

natuurlijke pariteitstoestanden met gestrekte configura-

ties is slechts dan zinvol als meson exchange currents in

de (e,e') beschrijving worden meegenomen.

R.A. Lindgren et al.,

Phys. Rev. Lett. 42_( 1979) 1524

7. De aandacht die sportprogramma's op de televisie aan bridge

schenken, staat in geen enkele verhouding tot het aantal

beoefenaars van die sport.

Amsterdam, 11 november 1982 L.T. van der Bijl


