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Stellingen

1. Door de veronderstelling die Mori doet ten aanzien van het

verloop van de dichtheids- en temperatuursverdelingen in een

plasma, wordt het effect van zijn realistische beschrijving

van Rutherfordverstrooiing in dat plasma teniet gedaan.

I. Mori, llth Eur. Conf. on Contr. Fus. and PI. Phys. ,

Aachen, 1983.

2. De grootste bijdrage aan de instrumentele lijnbreedte voor de

vluchttijdspectrometer, zoals beschreven door Notermans, als

gevolg van het weglengteverschil voor onder verschillende hoe-

ken in het startfolie verstrooide ionen, is nagenoeg geheel te

elimineren door gebruik te maken van een sferische "channel-

plate"-teller met de juiste kromtestraal. Dit verhoogt tevens

het rendement van de spectrometer.

G. Notermans, Proefschrift Rijksuniversiteit Utrecht, 1984.

3. Bij het gebruik van polymere trefplaatmaterialen in kernfysische

metingen, mag men er niet a priori van uitgaan dat de atomaire

abundanties onafhankelijk zijn van de geïntegreerde stralingsdo-

sis op de trefplaat.

Dit proefschrift, hoofdstuk 4.

4. Het uitvoeren van theoretische berekeningen, zoals conformatie-

analyses (PCILO, "ab initio", SCF-STO361) en de bepaling van

elektrostatische isopotentiaalmappen aan farmacologisch actieve

stoffen, dient te gebeuren aan dié moleculaire species (b.v.

anion, kation of zwitterion) die ook inderdaad het bedoelde

effect teweegbrengen.

B. Macchia et al., J. Med. Chem. 28 (i 985)153.

5. Alhoewel Miessen en medewerkers er in zijn geslaagd om de mag-
29 31

netisch elastische vormfactoren van Si en p te beschrijven

met het "particle-core-coupling" model, trekken zij hieruit de

onjuiste conclusie dat pitpolarisatiebijdragen in deze gevallen

volledig te verwaarlozen zijn.

H. Miessen et al., Nucl. Phys. A430(1984)189.



6. De transversale elektromagnetische vormfactoren voor de ni-
1 2

veaus bij 15,11 en 16,11 MeV excitatie-energie, in C, zoals

gemeten door Deutschmann en medewerkers, zijn niet goed ge-

corrigeerd voor effecten van Coulombdistortie.

U. Deutschmann et al., Nucl. Phys. A411 J1983)337.

7. Het aanbrengen van een energiecompressor in een opstelling

voor verstrooiing van elektronen over een hoek van 180° geeft

de mogelijkheid trefplaatdiktes tot ongeveer 1 g/cm te gebrui-

ken zonder dat de spectrale lijnbreedte wordt beinvloed door

"straggling" in de trefplaat. De problemen die zo'n implementatie

met zich meebrengt zijn in principe oplosbaar.

R. Rand, Rev. Sci . Instr. 43 {1972) 352.

8. Brusati en medewerkers beweren ten onrechte dat hun analysatoren

voor neutrale deeltjes ongevoelig zijn voor neutronen en gamma-

straling tijdens D-T bedrijf van JET. Berekeningen tonen aan dat

zelfs bij D-D bedrijf geen goede metingen met deze apparatuur

mogelijk zijn vanwege de hoge achtergrond.

M. Brusati et al., JET contract no. JBO-9008.

9. Het correleren van de vorming van cAMP, als maat voor de intrin-

sieke activiteit van B-adrenerge drugs, met de affiniteit van

deze verbindingen voor de corresponderende receptor, is alleen

dan zinvol als receptor reserve a priori kan worden uitgesloten.

T. Solmajer et al., Quant. Struct. Act. Relat. 3_(1984) 51 .

10. De tegenwoordige vrijheid op het gebied van sexuele omgangsvor-

men leidt tot het ontstaan van nieuwe minderheidsgroeperingen

(b.v. meemoeder, draagmoeder, deeltijdvader, reageerbuisbaby,

ijsweesje).

25 september 1985 A.J.H. Donnë

Deze stellingen behoren bij het proefschrift
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Aan mijn ouders

Aan Gabriëlle
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Introduction

Electron-nucleus scattering provides an excellent tool for the

study of nuclear structure. The main advantage of the electron as a

probe resides in the weakness of the electromagnetic force by means of

which the electron interacts with the nucleus. The coupling constant

a = 1/137 is much smaller than the characteristic strength of the

nuclear force which is responsible for the properties of the nucleus.

Therefore, the electron hardly perturbs the nucleus under investiga-

tion. Furthermore, the electromagnetic interaction is well known and

is described by the exact quantum electrodynamics. As a consequence

the nuclear properties can be extracted unambiguously from the data

since no unknown properties of the probe enter in the analysis.

The weakness of the electromagnetic interaction has additional

consequences; calculations performed in the plane-wave approximation

are already close to reality. The cross section for electron scatter-

ing from a nucleus in plane-wave Born approximation, where in and out-

going electrons are treated as plane waves, is given by

° e x p - ° Z i : V C ( 9 ) F C ( q ) + V T ( < O F T ( < ' n • ( K 1 )

In this expression oz is the cross section for scattering from a

spinless point charge Ze (including the kinematical recoil factor), q

the momentum transfer from electron to nucleus and e the scattering

angle. The expression between square brackets consists of two terms: a

longitudinal (Coulomb) and a transverse one. The Coulomb term

describes the interaction between the electron and the electrostatic

field of the nucleus. This interaction points in the same direction as

the momentum transfer q and is therefore called longitudinal. The

transverse term (which is directed perpendicularly to q) corresponds

to the interaction of the electron with the electro- and magneto-

dynamic fields of the nucleus. Both terms are the product of a func-

tion V { e ) , which describes the angular dependence of the scattering

proces, and a form factor F(q) that contains the details of nuclear

structure. The longitudinal and transverse contributions can, in prin-

ciple, be separated through their different angular behaviour. This,

however, is not straight-forward since the transverse interaction

between electron and nucleus is small compared to the Coulomb
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interaction.
One possibility to separate longitudinal and transverse contribu-

tions is the use of the Rosenbluth procedure. If one measures the
cross section for electron scattering from a nucleus at different pri-
mary electron energies and scattering angles but at the same momentum
transfer, one can plot the total cross section as a function of

VT(B)/V„Ce). The offset of a straight line f i t to these data yields
the longitudinal form factor, whereas the slope corresponds to the
transverse form factor. Another possibility is to perform experiments
at a scattering angle of 180". The longitudinal contribution to the
total form factor has a sharp minimum at 180°, whereas the transverse
term is practically independent of scattering angle (see fig. 1).

The study of transverse magnetic elast ic scattering from nuclei
with A > 2 (for the case of elastic scattering there is no transverse
electric contribution to the form factor) was Initiated at Stanford
after Peterson and Barber [PetB62] had constructed a magnet system for
measuring cross sections at a scattering angle of 180°. With that
apparatus Goldemberg and Torlzuka [G0IT63] demonstrated in a qualita-
tive way that light nuclei (Z < 20) possess an extended magnetization
distribution. The pioneering work on magnetic elast ic electron
scattering was done by Rand et al. [RanF66], who measured accurate
cross sections for magnetic scattering from 1p-shell nuclei at ener-
gies between 70 and 230 Me?. The field of magnetic elast ic scattering
at low q was greatly extended through the work performed with the 180°
facili ty at the EVA accelerator at Amsterdam [NifV71]. The measurement
of accurate cross sections for neighbouring even-even and even-odd
nuclei allowed one to deal with the sometimes dominant charge d i s t r i -
butions at very low q. This work comprised of a systematic investiga-
tion of M1 form factors for medium-heavy nuclei [Lap78].

The work described in this thesis primarily deals with the study
of the magnetic properties of the ground state of the ' 9F nucleus.
This nucleus is the only one in the lower part of the third principal
(2s1d) shell of the nuclear shell model, that has a total angular
momentum of J = V2. Therefore i t s magnetic properties are exclusively
determined by the magnetic dipole (M1) operator. The M1 form factor
Is extremely sensitive to the underlying nuclear structure. There are
various ways to describe the structure of ' *F within the nuclear
shell model. One of the simplest i s to assume an inert ' 60 core with

- 2 -



9 (Deg.)

Figure 1 Longitudinal (V„) and transverse (V ) angular functions
C Li

versus scattering angle 6.

two neucrons and one proton added that oan occupy the Id and 2s shell

orbits. As a refinement one may include polarization of the l 60 core

which provides a first order correction to this simplified assumption.
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Finally a complete as possible a shell-model calculation in which no
inert core is assumed was used to describe the structure of I 9 F .
These descriptions have been tested against the experimental results .

Most of the present experiments (see chapter 4) have been per-
formed with the low-energy facil i ty (LEF) at NIKHEF-K which has been
redesigned in such a way that i t is now dedicated to 180° scattering
experiments; see chapter 3. The station receives electrons with a max-
imum energy of 140 MeV from NIKHEF's medium energy accelerator (MEA).

It is partly equipped with components of the former 180° electron
scattering facil i ty at Amsterdam [NifV71]. The low background level of
the faci l i ty as well as the high beam currents available from the
accelerator allow the measurement of scattering cross sections as
small as 1 0 " " fm 2 /sr . This is important because these cross sec-
tions are usually very small at a scattering angle of 180°.

Part of the data (for q > 1.4 frrr' ) has been obtained in the 500
MeV electron-scattering station EMIN at NIKHEF [VriJ84].

Simultaneously with the study of the magnetic ground state dis-
tribution of I 9 F , also excited states of this nucleus up to an energy
of 4.4 MeV have been investigated, mainly from data obtained in the
EMIN station. Also for these states, the shell-model calculations have
been the guide to determine their structure, although so far much less
firm conclusions could be made as to the nature of these excitations
(see chapter 5).

Chapter 3 has been published in a slightly more compact version
[DonM84] in Nucl. Instr. and Meth. The results described in chapters
4 and 5 will be submitted for publication shortly [DonM85a, DonM85b].
A gas-target system [DonM85c] has been constructed for use in 180°
electron-scattering experiments. Technical details and some test
results are described in the appendix.
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2. Electron scattering and i t s interpretation

The purpose of this chapter is the introduction of formulae,
principles and assumptions which are used in this thesis. We shall
briefly discuss electron-scattering theory and indicate how experimen-
tal results can be interpreted within the context of the nuclear shell
model.

2.1 Electron-scattering formalism

The theoretical framework of electron scattering from nuclei has
been reviewed by several authors [ForW66, Ube71 , DonW75, DonS84]. We
shall not go into the mathematical manipulations necessary to derive
the expressions needed for the work described in this thesis, but
rather present the formulae directly.

i . The electron-scattering cross section

The cross section for electron scattering from a nucleus, calcu-
lated in Plane-Wave Born Approximation (PWBA), is given by

exp

In this expression a

+ tan2 (f)) F^(q)] .

Mott

(2.1)

is the cross section for scattering from a

splnless point charge Ze ( i . e . Rutherford scattering with the inclu-

sion of re la t iv is t ic effects) given by

"Mott

Zaflc

2 E i

2
COS ( | )

sins(f)
(2.2)

where a is the fine-structure constant, e the scattering angle and E^

the incident electron energy. The derivation of the above formulae is
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performed in the extreme relatlvistlc limit, where the electron rest

mass is neglected. The kinematloal recoil factor n Is given by

2E

n = (1 * -rr-i sin2(§))"1 , (2.3)
MT 2

where M T is the mass of the target nucleus. All nuclear physics
2 2Information Is contained in the two form factors F (q) and F (q ) ,

that depend on the momentum transfer q given to the nucleus by the

scattered electron:

(E E )V*
q = 2 — — sin(|) , (2.>t)

fie 2

in which E is the energy of the scattered electron.
2

The longitudinal or Coulomb form factor F (q ) describes the

scattering from the (transition) charge density. The transverse form

factor F (q) can be further sep

a transverse magnetic component:

factor F (q) can be further separated into a transverse electric and

(2.5)

which describe the scattering from the nuclear convection and magneti-

zation (transition) currents, respectively. The form factors are

related to the reduced matrix elements of operators between the ini-

tial and final state wave functions as follows

with M ? o u l ( q ) , Tf^tq) and ^ ^ ( q ) being the Coulomb, electric and
Lj Li LJ

magnetic operators of mul >.'polarity L, respectively. From the parity

properties of these operators it follows that the Coulomb and electric
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multipoles are of natural parity, whereas the magnetic multipoles have
non-natural parity:

CL, EL : TT = ( - ) L , (2.7)

ML : „ - ( - ) L + 1 .

Hence for e la t t ic scattering where ir = TT.TT. - + 1, conservation of
parity implies that only even-L Coulomb and electric multipoles and
odd-L magnetic multipoles survive. In addition time-reversal invari-
ance permits only even-L Coulomb and odd-L electric and magnetic mul-
tipoles for the case of elast ic scattering. Therefore electric mul-
tipoles are absent in elastic scattering.

i i . Scattering through 180°

The relative contribution of the transverse form factor to the
total cross section depends on the term (V2 + tan2 (̂ -) ) . Hence, meas-
urements at forward and backward angles at the same momentum transfer
q provide a means of separating the longitudinal and transverse form
factors [ForW66J. Alternately, by working at a scattering angle of
180° one ensures that the longitudinal contribution to the cross sec-
tion is zero. In that case the transverse contribution, which has a
finite value for 8 •* 180° since

lim o
6*180» M ....M o t t

2

Zone
2E

(2 .8 )

can be measured directly.
The expressions used above have been derived in the extreme rela-

t iv i s t i c limit, where the electron mass is neglected. For low energies
and at the extreme scattering angle (180° ) , however, corrections due
to the mass of the electron should be retained which leads to a non-
zero longitudinal cross section. Furthermore experimental effects
such as the non-zero detection solid angle, the extended size of the
beam spot on the target and multiple scattering in the target will

- 9 -



cause scattering over angles which deviate slightly from 180° (by
2° - 3°) to contribute to the measured cross section. This means
that the longitudinal cross section is not necessarily negligible at
180°; at low primary energies i t may even dominate the transverse
contribution. In those cases one therefore s t i l l has to measure the
longitudinal contribution.

i i i . Fourier-Bessel expansion

The form factors can be written in terms of nuclear charge and
current densities as follows

F „ ( q ) = ï ƒ p. Cr) j (qr ) r 2 d r , (2 .9 )
C LèO O L L

FM(q) = I ƒ J, , (r ) j . (qr ) r 2 dr .
M LS1 0 L > L L

In these expressions j , are the spherical Bessel functions of order

L. The transition charge density p ( r ) and the transition current
Li

densities J^ L-M ( r ' a n d JL l / r ^ a r e r ' e d u c e d matrix elements of the
corresponding operators between | J > and | J . > . These densities are
defined in coordinate space; they can therefore directly be connected
to nuclear wave functions. In PHBA the densities are related to the
form factors via a Fourier-Bessel transformation (see eq. 2.9)
[HeiSi]. This means that when the form factor is measured in a suffi-
ciently large momentum transfer range, one can obtain the transition
charge or current densities in a model-independent way by back
transformation. I t should be noted, however, that the analysis of a
set of data taken in a finite q-range requires some assumptions,

- 10 -



either on the density functions p ( r ) and J( r ) or on the behaviour of

the form factor for large q , or a combination of the two. These

assumptions constitute part of the uncertainties inherent to any so-

called model-independent analysis. Although there are d i f ferent ways

of assigning an uncertainty or incompleteness error [Fri.N75, DreF7t,

Sic?1!], the choice of any of these methods i s rather arb i t rary because

of the absence of data at high q .

For the interpretat ion of experimental data on magnetic scatter-

ing the PWBA formalism offers great advantages; the connection between

observables and the underlying physical quantit ies i s transparent and

calculations are easy to perform. Therefore i t is desirable to convert

measured magnetic cross sections to experimental plane-Have form fac-

tors that can be used in a PWBA interpretat ion. However, the PWBA

calculations do not take into account the d is tor t ion of the electron

waves by the Coulomb f i e l d of ohe nucleus. These effects can be

treated In a quanti tat ive way by using the distorted-wave Born approx-

imation (DWBA) [0be71]. For the magnetic electron-scattering experi-

ments on 19F, described in th is thesis, the effect of Coulomb d is tor -

t ion is re la t ive ly small. The most important effect is a change in

the momentum-transfer scale. The effect ive energy of the electron in

the v i c i n i t y of the charged nucleus i s larger than the asymptotic

(laboratory) energy. This increase in energy leads to a corresponding

increase In the momentum transfer and thus to a sh i f t of d i f f rac t ion

minima and maxima in the form factor . The effect can be accounted for

to f i r s t order by defining the experimental form factor F as a

function of q „ rather than q . The effect ive momentum transfer i s

then given by

(2.10)

where R is the equivalent radius of the charge distribution, defined

by R2 = ^<r 2>. The factor fn must be determined empirically, e.g.

by comparing DWBA and PWBA calculations. For the elastic magnetic form

factor of "F it turns out that with f c - 0.95 an excellent overlap

between DWBA and PWBA form factors :'s obtained (see fig. 1). The
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difference between the PWBA curve plotted vs. q and the DWBA curve

plotted vs. q is at most 2 t. For light nuclei such as 19F the

change in absolute magnitude of the diffraction maxima due to the

Coulomb distortion is negligible with respect to the experimental

error bars.

q (fnf1)•

Figure 1 Shell-model calculation of the " F ground-state form factor
in the full 2s1d configuration space in PWBA (solid line;
plotted vs. ) and in DWBA (dotted line; plotted vs. q ) .

2.2 Interpretation in terms of the shell model

Below we discuss the interpretation of experimentally determined
form factors and transition densities within the context of the
nuclear shell model. The usefulness of this interpretation depends
strongly on the quality of the Ingredients of the model. Important

- 12 -



ingredients in this respect are the nucleon-nucleon Interaction and

the size of the configuration space. Conversely, the experimental

results form a guide line for the choice of these ingredients. In this

way electron-scattering results provide accurate (sometimes model-

independent) information on the radial dependence of wave functions.

i . Independent-particle shell model

One of the basic assumptions of the shell model is that each
nucleon moves independently in a potential that represents the average
interaction with the other nucleons. The hamiltonian for independent-
particle motion is given by

r T ( k ) + U(k)
= 1 L J

A
(2.11)

k- '

In t h i s equation T(k) denotes the k inet ic-energy operator and U(k)

i s a s i n g l e - p a r t i c l e p o t e n t i a l . The summation runs over the coordi-

nates (k) of the A individual nucleons. The eigen-value problem can be

wri t ten as

H T ( ! . . . A ) = E ¥ ( 1 . . . A ) . (2 .12)

The potential introduced in eq. (2.11) is not a priori given for a
many nucleon system. Actually the many-particle hamiltonian consists
of kinetic energy terms rkT(k) and the two-particle interaction
£k<1W(k,l) such that the A-partlcle Schrödinger equation reads

[ ~ A A "I
H V ( 1 . . . A ) » r T ( k ) + I W ( k , l ) Y ( 1 . . . A ) - E f ( 1 . . . A ) .

k = 1 1 =k<l
L J ( 2 . 1 3 )

In p r a c t i c e a m e a n - f i e l d p o t e n t i a l U ( k ) l a i n t r o d u c e d such t h a t t h e

h a m i l t o n i a n i n e q . ( 2 . 1 3 ) becomes

- 13 -



A A
H = I [ T(k) + U(k ) ] + I Z W(k ,1) - E U(k) I = H'

(2.11))

Here H° defines the independent-particle motion according to eq.

(2.11). Eigenfunctions of this hamiltonian are products of the

single-particle wave functions given by the quantum numbers | n l j t> .

The residual interaction, arising from the fact that the nucleons do

not move completely independently, is described by H1. The smaller

the lat ter hamiltonian, the better the wave function is approximated

by the zeroth order independent-particle Slater determinant. The

single-particle potential U can be generated with Hartree-Fock

theory. Since calculation of a Hartree-Fock basis is usually time-

consuming, one often postulates a simple single-particle potential U

and then treats H1 in perturbation theory. Numerical results indicate

that a harmonic-oscillator potential

U(r) = % m w2r2 = V2 f i M r 2 / b 2 (2.15)

is a reasonable approximation to the Hartree-Fook potential within the

nuclear interior. In eq. (2.15) m„ is the nucleon mass, a the angular

frequency and b = / ( Ü / Ï Ï L U ) is the characteristic radial size of the

potential.

The frequently used Woods-Saxon potential is more rea l i s t ic than

the harmonic oscillator potential since i t does not approach infinity

for large r . This deficiency in the harmonic oscillator potential,

however, is largely compensated for by the treatment of the residual

interaction. Woods-Saxon wave functions have the disadvantage that

quantities, which can be calculated for a large part analytically in

the harmonic oscillator case, have to be determined by means of numer-

ical methods.



ii. Matrix elements

The reduced matrix elements of the rr^gnetic mult ipole operators

as given in eq. (2.6) can be calcula ted with the nuclear she l l model

by means of the uave function ¥ generated by eqs . (2.13) and (2.1^0.

In the she l l model the t o t a l i sosca la r and isovector matrix elements,

whose sum yields the various observable moments, are constructed from

a s e r i e s of one-body dens i t i e s

, T | ! | ; i | | | , T
D L > A T ( i , j ) - J ' T * J J'T- (2.16)

and s i n g l e - p a r t i c l e matrix elements (SPME) of the appropr ia te operator

0 of rank L, 4T

<JT| | | 0 L | A T | | | JT> > Z D L ) a T ( i , j ) SPME[O L > A T ; i , j ] , ( 2 . 1 7 )

where

S P M E [ 0 L i i T : i , j ] - < n 1 l l J . t . | | | O L i A T | | | n . l . j . t j > . (2.18)

The doubly reduced matrix elements in eqs. (2.16) - (2.18) are r e l a t ed

to the singly reduced matrix elements of eq. (2.6) by the Wigner-

Bckart theorem

<J T T l l O I | J T T > (2 19)
i i 2. ' ' L,AT, AT " f f z , l ^ . i v ;

1 2 I

The nuclear structure information is embedded in the one-body densi-

ties D, which depends on the residual interaction and total spin J

and isospin T. The SPME's which also contain a piece of nuclear

structure information are,, in contrast to the one-body densities,

independent of the residual interaction and the size of the configura-

tion space.
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Different methods have been used to evaluate the one-body densi-

ties [BruG77]. In a schematic interaction used within a truncated

shell-model basis certain rather simple two-body interactions may be

used to succesfully correlate many nuclear properties. An example of

this type of interaction is the (modified) surface delta interaction

[PlaA66,BruG77], which was applied In part of the analysis performed

for the present work (see chapters 1 and 5).

Another way to determine the residual interaction and thus the

one-body densities is more real is t ic . In this method the densities are

calculated from an empirical free nucleon-nucleon interaction l ike the

Hamada-Johnston [HamJ62] or Reid soft-core [Rei68] interactions. These

have been obtained from a parametrized form of the nucleon-nucleon

interaction. The parameters have been f i t ted such as to reproduce the

observed phase shifts in free nucleon-nucleon scattering experiments

and some properties of the deuteron. Shell-model calculations based on

the ' rea l is t ic ' method give acceptable results for l ight nuclei. For

medium mass and heavy nuclei, however, the presence of an inert core

in the calculation is unavoidable. Consequently tne interaction

between the active nucleons must be modified in such a way that the

presence of the non-considered core nucleons is properly taken care

of; in other words the interaction is being made effective. For a

given configuration space cnis effective interaction can in principle

be constructed from the free nucleon-nuolcon interaction when al]

processes that take place outside the chosen configuration space are

accounted for in terms of perturbation theory.

Striking disagreements between experimental energy-level spectra

and those calculated with the use of effective interactions za.n be

removed either by adjusting single-particle energies or by altering

orbit-orbit residual Interactions [WH83]. In :ontrast to the large

shifts needed for the single-particle energies, the centroid energies

of the diagonal two-body matrix elements connecting different orbits

need only be shifted by a few hundred keV to remedy the aforementioned

discrepancies. Chung [Chu76] studied the consequences of empirically

altering two-body matrix elements in order to reconcile the results

obtained from effective interactions [KuoB66] with experimental facts.

He studied the effect of increasing nuclear size on the matrix-

elements of an otherwise constant-strength Interaction. A set of

two-body matrix elements was found from a f i t to HUO experimentally

- 16 -



known excitation energies throughout the 2s1d shell , under the con-
straint that the matrix elements decrease with A as (18/A) . The
effective interaction of Chung was used in sl?ell-model calculations by
Brown [BroR83, BroC80] which are discussed in chapters M and 5.

With the availability of the new generation of super computers i t
became possible to perform rea l i s t ic shell-model calculations for
nuclei in the lower 2sld shell without the necessity to use an inert
" 0 or "He core. Recently Zwarts [Zwa8M] used this new possibility to
perform such calculations for l 9F. The rea l i s t ic Reid soft-core
interaction based on the nucleon-nucleon potential was used. The
interaction was renormalized with low-order "almi integrals to repro-
duce the experimental spectrum of the positive parity levels in " F .
The results of this large-basis calculation are discussed in chapter

- 17 -
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3. The 180° electron-scattering facility at NIKHEF-K*

3.1 Introduction

The cross section for electron scattering from a nucleus can be
written as an incoherent sum of longitudinal and transverse contribu-
tions [ForW66; see also chapter 2], the f i rs t usually being dominant
except for scattering angles close to 180°. At this angle longitudi-
nal scattering exhibits a sharp minimum whence the small transverse
cross section, which is almost independent of the scattering angle
around 180°, can be observed experimentally. The extracted transverse
form factors yield information about nuclear s ta t ic and dynamical pro-
perties such as the ground-state and transition densities of convec-
tion and spin currents.

In the past much attention has been given to determine the
ground-state magnetic multipole moments of nuclei In a wide mass range
[Ran66, Lap78, Lap79L This work called for more refined ground-state
wave functions (e.g. configuration mixing) and for the inclusion of
Coulomb distortion in the calculations. The elast ic magnetic form fac-
tors obtained at high momentum transfer at Bates [EutR77] and Saclay
[PlaB82] allow the extraction of the size of the valence proton and
neutron orbi ts . These data form a sensitive test of Hartree-Fock wave
functions [DecG80, Neg70] and of calculations of meson exchange
currents [SuzH79, Dub80]. The low-q magnetic form factors are also
sensitive to core-polarization effects [DonG8i] - e.g. the q-
dependent quenching of M1 and M3 operators - and to the details of the
shell-model wave functions [BroC80a]. Experimentally this Information
can be obtained from elastic scattering through 180°.

t Published In a slightly different version in Nucl. Instrum. and
Meth. 221 (1981)) 97.
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In inelastic scattering experiments i t may also be advantageous

to obtain transverse form factors at 180° in the relative absence of

longitudinal scattering and radiation t a i l s . Such experiments have

among others been carried out at Naval Research Labaratory

CNRL,Washington D.C.) to study electroexcitation of nuclear magnetic

multipole transitions [Fag75]. More recently measurements [Steg83,

BurF82a] and calculations [OstK82, SagG82] have been performed to

determine the q-dependent quenching of M1 transitions due to

A(1232)-hole excitation in the lower fp-shel.l nuclei.

The basic principles of operation of 180° systems have been out-

lined in detail elsewhere [Ran66, NifV71]; formulae and other refer-

ences can be found in these papers. Below we describe the apparatus

installed in the low-energy faci l i ty (LEF) at NIKHEF-K for the study

of 180° electron scattering. This station receives electrons with

maximum energies of 110 MeV from the Medium Energy Accelerator (MEA).

It is partly equipped with components of the beam handling system, the

spectrometer, the detector system and the 7 80° scattering system of

the former 100 MeV electron scattering facil i ty at IK0 [VriB69,

NifV71].

Section 3-2 contains the description of the beam handling system

including the 180° magnets, the spectrometer and the detection sys-

tem. In section 3-3 the tuning procedure and the test results are dis-

cussed. Section 3-^ contains some concluding remarks.
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3.2 The experimental set-up

3.2.1 The beam handling system

In the optical design of the LEF beam handling system (BHS) we
have chosen for an achromatic system with moderate intrinsic resolu-
tion. The following main constraints were mposed on the design, which
has been carried out with the TRANSPORT code [BroC80b]:

© a momentum dispersion of 13 mm/ï at the momentum-defining s l i t ;
e a dispersionless beam spot of less than 1 mm diameter at the tar-

get position;
s an intrinsic resolution of the system of better than 0.03 %•

The system described below fulf i l ls these requirements.
The accelerator (see references given in [Vrij84]) yields a

beam of electrons with energies of 20-110 MeV at the kicker magnet
K001 (see fig. 1), which directs the beam into either the chemistry
faci l i ty [BriK80] or into the electron scattering faci l i ty discussed
in this chapter. The f i rs t part of the BHS, consisting of three
wedge-type dipole (B101-B1O3) and four quadrupole magnets (Q101-Q101),
images the horizontal beam phase space in front of K001 in parallel-
to-point mode onto the momentum-defining s l i t (see fig. 1). The
quadrupoles Q103 and QIO'l mainly serve to produce the required
dispersion and vertical beam dimension (>8 mm) at the s l i t . The
lat ter requirement is imposed in order to keep the power density on
the jaws at an acceptable level. The beam momentum spectrum i3 meas-
ures with a retractable secondary emission monitor [PicV67] (reso-
lution 0.1 f) positioned in front of the s l i t . The transmitted momen-
tum band is selected (in steps of 0.05 t up to 0.7 %) by the
remotely controlled s l i t system. A cavity monitor located just behind
the s l i t is used to determine the peak current.

The wedge-type dipole magnet B101 bends the momentum selected
beam into the experimental hall (3ee fig. 1) where two circular
dipole magnets (B105, BT06) redirect i t onto the target. Quadru-
pole Q106 serves to compensate for the large vertical beam
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B Bending magnel

PC Faraday Cup

K K't^r magnet
Q Quadnjpole magnet

SM Sleenng magnet
Sp Spectrometer

Cauify monitor

Secuftdory emission monitor

. i Absolute toroid monitor

Traveling wave monilor

- From accelerator

Figure 1 Lay-out of the 110 MeV beam handling system and the 180°
scattering faci l i ty ,

size at the s l i t ; the doublet Q107.Q108 enables further focussing
onto the target. A pair of large quadrupoles Q109.Q110 (gap
0.3 m) refocusses the multiply-scattered electrons emerging from
the target onto a Faraday cup where the beam position and
profile are measured by a secondary emission monitor. Correc-
tions to the beam direction can be made with small steering magnets
placed at various positions along the beam l ine.

Throughout the BHS non-interfering traveling-wave type monitors
[KroM81] measure the position of the beam center-of-gravity in
horizontal and vertical direction with an accuracy of 0.2 mm. The
beam current on the target is measured with an absolute toroid
monitor [Bro82] (accuracy 0.1 %) placed upstream of the separator mag-
net B106. This monitor has been calibrated against a 2 ktf Faraday cup
[JanV69] which Is presently used as a beam dump only. The beam
envelopes for a monochromatic beam and a beam with Ap/p = 0.5 t, as
calculated with the TRANSPORT code, are presented in fig. 2.

The fields of the dipole magnets B101 through B106 are meas-
ured with home-built prototype ESR probes with an accuracy of 0.1 mT
[NOOH81]. The field range of these probes is 0,1 - 0.6 T which is
sufficient to determine the primary electron energy in the range 'lO -
110 MeV with an accuracy of 0.2 HeV.

The BHS is controlled by a local ALPHA LSI/2 computer with CAMAC
interface, which is linked to the central computer network
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0.0 5.0 10.0

Distance to K001 (m)

15.0 20.0

F i g u r e 2 Beam e n v e l o p e s I n h o r i z o n t a l ( x ) and v e r t i c a l ( y ) d i r e c t i o n

as calculated with the TRANSPORT code, for a monochromatic
beam (A) and a beam with Ap/p = 0.5 % (B). The dispersion
in the system is drawn in (C). For the ident i f i ca t ion of the
various magnet elements see f i g . 1.

[Vr iOSi] . This machine allows control of the magnets and the s l i t and

the read-out of the monitors and the status of vacuum and cooling

systems. A l l magnet power supplies are adjusted by means of d i g i t a l -

to-analog converters (DAC) [Brus8i ] connected to one reference DAC.

Hence manipulation of th is reference DAC suffices for proper delivery

of the beam onto the target for a range of energies. Fine adjust-

ments of the individual DACs may be needed to correct for hysteresis

and saturation ef fects.

- 23 -



The relevant parameter's of the BHS are given In table 1.

Table 1. Design properties of the LEF beam handling system

Energy range 20 - 140 MeV
Dispersion at s l i t 1 3 mm/?
Intrinsic resolution 0.03 %
Momentum acceptance Ap/p 0.5 %
Maximum beam diameter (for Ap/p = 0.5 %) 15 mm
Beam diameter at target < 1 mm
Beam divergence at target < 5 rarad

3-2.2 The 180° scattering system

In most earlier 180° magnet systems [NifV71 ,PetF79] 3 or 1

dipole magnets were used in order to enable quick switching from the

"normal-angle" to the 180° scattering mode. Because the low-energy

hall (LEF) i s exclusively dedicated to 180° scattering experiments

simplifications could be made in the design of the magnet system.

First ly, only two dipole magnets suffice to direct the beam onto

the target . Secondly the bending angle of the separator magnet

could be chosen smaller than usual, which is advantageous in the

case of Inelastic scattering [Ran66],

Due to the presence of the separator magnet between target and

spectrometer, the system has an energy-dependent acceptance [NifV71].

Electrons scattered over 180° in the target are separated from the

Incoming electrons of momentum p by an angle

1 arctan ] — tan (-̂ -)



Figure 3 Geometrical l imi tat ions set by the spectrometer entrance
s l i t S on electron t ra jector ies in the separator magnet B106
and the spectrometer Sp as discussed in section 3-2. The
electrons from the target T seem to come from a v i r tua l
target image V on the focal l ine F of the separator magnet.

depending on thei r f i n a l momentum p (see f i g . 3). Only those elec-

trons that are bent within a range if> = $ + A(f , with $ being the
I S S S

spectrometer angle and Ac|>s i t s angular acceptance, w i l l enter the

spectrometer. As seen from the spectrometer a l l electrons scattered

through 180° leave the separator magnet B106 rad ia l l y . Any electron,

irrespective of scattering angle, seems to come from the v i r tua l image

of the target , located on the focal l ine of B106 as indicated in f i g .

3. I t depends on the part icular sett ings of horizontal entrance s l i t

W, spectrometer angle (J> and electron angle cj>f , whether these elec-

trons f a l l inside the momentum acceptance acf of the system [NifV71].

The s l i t s in front of the spectrometer subtend horizontal (&a)

and ver t ica l (AB) opening angles with

4 a - W / ( J - + - (2X_A /R ) s i n 2 (* / 2 ) )
1 n u I

(3.2)

and

- (fif oot(« f (3.3)

- 25 -



where W and H are the s l i t width and height, respect ively. The other

symbols a.e explained in f i g . 3. From eqs. (3.2) and (3.3) i t fol lows

that the so l id angle depends on the bending angle <t>f and therefore on

the f i n a l momentum p . Since th i s dependence on f i n a l momentum

becomes less important for smaller angles [see eq. ( 3 . 1 ) ] , a small

i n i t i a l bending angle <j>. i s preferable. For the present system with

4. = 1 5 ° , one has An(p f •= 0 .1 p. ) = 1.13 4n(p f = p . ) . Second

order corrections (e .g . ve r t i ca l focussing by the f r i ng ing f i e l d of

8106) to the value of the so l id angle are neg l ig ib le .

The gap of the separator magnet was made r e l a t i v e l y large (80 mm)

in order that nearly the f u l l ve r t i ca l acceptance of the spectrometer

could be used. The spectrometer i s connected to the vacuum box in the

separator magnet by a non-magnetic phospor-bronze s l i d i ng f o i l which

allows ro ta t ion from 130° to 168" without breaking the vacuum. The

angle can be set remotely wi th an accuracy of 0 . 0 1 ° . Electrons scat-

tered through 180° can be detected in the broad momentum range p /p.

= 0.M - 1.2 as given by eq. (3 .1 ) . Some properties of the 180°

scat ter ing system are given in table 2.

Table 2. Properties of the 180° scat ter ing system

Separator magnet: Bending angle 1 5 °

Maximum f i e l d 0. 29 T

Gap 80 mm

Geometric r ad ius 2 0 7 . 1 mm

Effect ive radius 251,-6 mm

Horizontal acceptance ( for Ap/p = 2 Ï ) ± 1 2 mrad

Ver t ica l acceptance ( for Ap/p = 2 % ) + 6 0 mrad

Sl id ing f o i l range 130° - 168'

Scattering angle range 1 SO ' ± 3 °

- 26 -



The target chamber is provided with a target holder which can
contain 21 targets of 10 x 35 mm2 each. The targets may be wobbled
lateral ly to diminish heat dissipation by the beam. The lateral target
displacement is controlled by means of a step motor. If needed the
targets can be cooled with a je t of hydrogen gas. The target chamber
can also contain a gas target device of the NRL-type [FagJ70] (see
appendix). A lead collimator between B106 and the target and a vert i-
cal bending magnet (B107) in front of the Faraday cup prevent elec-
trons that are backscattered from the cup from entering the spectrome-
ter .

Fig. 't gives an a r t i s t ' s impression of the scattering area.

3.2.3 Spectrometer and detection system

Scattered electrons are analysed by a scint i l lator detection sys-
tem [WitV69] placed in the focal plane of a magic-angle type ( i . e .
double focussing) spectrometer [JagD69] which has a maximum field of
1.2 T corresponding to 210 MeV/c electrons. The field is measured by
means of a rotating coil with an accuracy of 1:10s. The momentum reso-
lution is better than 0.03 % tor the full solid angle. Only part of
this solid angle can be used due to the geometrical limitations
imposed by the 180° set-up. The 80 mm gap of B106 limits the vert i -
cal acceptance to A!? = + 60 mrad. The dependence of <t>. on p . [see
eq. (3.1)] and that of the spectrometer momentum acceptance on s l i t
width [NifV71 ] res t r ic t the horizontal acceptance to 4a = ± 12 mrad
for the Ap/p = 2 % momentum bite covered by the detection system.
Hence, the maximum usable solid angle is 4fl = 2.9 msr.

The detection system is surrounded by a 0.15 m thick lead layer
and 0.25 m thick boron-loaded paraffine, which shields i t from general
room background and direct radiation from the target and from the dump
line . The scattered electrons are detected by a system consisting of
10 overlapping plastic scint i l lators that define 19 channels of h mm

width each along the focal plane [WitV69]. Since here the dispersion
is 37 mm/$ the system covers a momentum bite of 2 % with a resolution
of 0.11 %. The scint i l la tor system is operated in coincidence with a
lucite Cherenkov detector located behind i t . The amplified signals of
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Figure 1 Artist 's impression of the scattering hal l .
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the photomultipliers (ten XP111O for the sclnt i l la tors and two 56UVP
for the Cherenkov counter) are fed into MM coincidence logic which is
gated by the machine pulse and by a preset counter (see f ig. 5).
Further signal processing is performed by a CAMAC interface connected
to a PDP 11/31 computer (see section 3.2.1).

Discriminators

Scintillators

Cherenkovs

current
integrator

machine -,
pulse -'

Figure 5 Block diagram of the detector electronics.
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3.2.k Data acquisition

A local PDP 11^31 computer with CAMAC interface Is connected to
the central computer network [VriO8iL Communication is possible with
the general service machines and their storage capabilities under a
modified version of the UNIX time-sharing system. A measurement con-
trol program sets and guards the spectrometer field, allows preset
operation and read-out of the beam current integrator and controls
target movement. The information of the detector system Is read out
via CAMAC in the same program, displayed on a video terminal and writ-
ten on disk for later analysis.

A bin-sorting program which runs on the general service machine
corrects for dead time, soint i l lator and channel inefficiencies and
background. Spectra obtained at different spectrometer fields can be

combined into one single spectrum by making use of the measured spec-
trometer calibration (see section 3.3-2). The bin-sorted data are

stored on tape for further analysis on a DEC-10 computer , with which
peak f i t t ing and radiative corrections are carried out.

t UNIX is a trademark of Bell laboratories

# Recently replaced by a 32/9705 supermini computer from Gould SEL
computer systems.
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3.3 Test results

3.3.1 Tuning of the experimental set-up

Coarse tuning of the beam handling system ( i . e . steering the beam
onto the target) can be done within ten minutes with the aid of the
information froi.i the traveling-wave monitors. Further fine tuning is
then performed by wobbling the fields of the quadrupoles while
inspecting their influence on the centre of the beam spot on an
aluminiumoxyde target. The radiation level in th«; scattering hall is
minimized by applying small changes in the fields of steering magnets
and quadrupoles. In this ivay the contribution of room background can
be made negligibly small. The total time needed for beam tuning is
about one hour. Typical beam parameters obtained in the LEF station
are given in table 3.

Table 3. Beam parameters in the LEF station

Parameter

Accelerator

Energy spectrum
Repetition rate
Burst length
Peak current
Mean current

Beam Handling System

Energy range
Transmission for

Ap/p - 0.5 t
Diameter target spot

Design Value

£ 0. 3 t
S 2000 Hz
S 10 ijsec
< 20 mA

40 - 140 MeV
100 t

£ 1 mm

Obtained
optimum value

0 . 2 %

tOO Hz
40 usec
8 mA
90 pA

20 - 1 37 MeV
90 % a t 40 MeV
100 J for E > 70 MeV

0Ï 2 mm



When the beam handling system has been tuned, the fields of the
dipole magnets B105 and B106 and the angle $ of the spectrometer are
adjusted in order to ensure that 180° scattering is properly meas-
ured. The experimental verification is based on the existence of a
minimum at 180° in the cross section for elastic charge scattering
[ForW66,NifV71]. If the scattering angle is varied by rotating
the spectrometer, the measured counting rate for charge scattering
from a spin-zero nucleus shows a clear minimum which is centered
within the trapezoidal shaped acceptance curve. This is shown in fig.
6 for scattering of 70 MeV electrons from n a Mg. By setting the
spectrometer at the oosition of the experimentally observed minimum
one is certain of an average scattering angle of 180° as well as par-
t ic le trajectories that are within the spectrometer acceptance.

162 164 166
f (deg) —

168 170

Figure 6 Acceptance curve for electrons scattered elastically from
a Mg target as a function of the spectrometer angle
<(i . The location of the minimum corresponds to scatter-
s

ing through 6 = 180" (see indicated scale).
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Sometimes a wider variat ion of the observed scattering angle than

can be reached by spectrometer rotat ion alone is needed. This can be

realized by a la te ra l sh i f t of the electron beam at the target,

effected by a coupled change of the f ie lds of steering magnet SM101X

and dlpole magnet B105, while keeping the f i e l d of the separator mag-

net f ixed [NifV71].

Final tuning of the experimental set-up consists of minimizing

the background level in the detection svstem by small variations of

the f ie lds of the dump quadrupole-. Q1O9/Q11O and the Faraday cup mag-

net B107 (see f i g . 1). In th is way the contribution of backscattering

100-

t
o
In
•3
o
o

10-

1

1

t l

1 1

i

E0=76MeV

1 1

1

1 1 —

1

1 -

-C -2° 0° 2°
oc(deg)—

Figure 7 Background counting rate in the detector system as a func-
tion of the bending angle a of the Faraday-cup magnet B107.
The curve ia drawn to guide the eye.
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from the cup can be made extremely small. In f i g . 7 we show the back-

ground counting ra te , measured without target and with the spectrome-

ter f i e l d set for e last ic scatter ing, as a function of the bending

angle a of B107. The somewhat asymmetric shape of the curve can be

explained by a small misalignment (1 mm) of the C-shaped Faraday cup.

When the absolute value of a is increased we f i r s t observe an

enhanced background caused by backscattering from the front corners

of the cup. At larger angles ( | a | > 2°) the background (integrated

over the ? % momentum bi te) decreases sharply to 1(0.*) counts/mC at

50(110) MeV incident electron energy. This i s equivalent to a cross

section as small as 5(0.5) * 10~'° f m V s r for a TOO mg/cm2 thick ' 2C

target.

3.3-2 Spectrometer and detector system

The momentum dispersion of the spectrometer was determined by

sh i f t i ng a narrow peak over the s c i n t i l l a t o r array. From the measured

peak positions in each of the 19 individual spectra we obtained a

l inear dispersion of 37.6 ± 0 . 3 mm/it, close to the calculated value

of 37 mm/% (see section 3.2.3). The optimum energy resolut ion of the

whole system obtained so far i s 1.5* 1 0~3 to be compared with the

calculated value of 1.3 * 10~3 , which is mainly determined by the

in t r ins ic resolut ion ( 1 . 1 * 10~3) of the s c i n t i l l a t o r system.

Because i t is of crucial importance to know the primary energy

E precisely (the charge cross section at 180° is proportional to
0 if

1 /E ) an energy cal ibrat ion has been performed at various energy set-

tings by measuring the e last ic and inelast ic (15.110 and 16.1067 MeV)

peaks for scattering from "C. From the peak positions the primary

energy and the spectrometer cal ibrat ion factor are calculated with an

accuracy of 0.1 t. The primary energy E obtained in th is way i s
CAL"

in good agreement with the value Enuo measured with the ESR-probes in

the f i r s t four dipole magnets (see f i g . 8). The measured ra t i o is

E, , /E „ = 0.998 ± 0.002. The spectrometer ca l ibrat ion factor

depends on the exact posit ioning of the f i e l d measuring probe. The

measurements done with the same probe posit ion show that within the

accuracy of 0.1 t the cal ibrat ion factor i s f i e l d independent between



40 and 120 MeV. The reproduoibility of the spectrometer field is
determined to be better than 0.1 mT.

1.01

100

0.96

-

I

1

1

1

-f- ,

1

60 80 100 120 V.0

E„ (MeV)

Figure 8 Ratio of the primary electron energy as determined with the
spectrometer and with the ESR-probes as a function of pr i-
mary electron energy. The dashed line represents the
weighted average of all data.

The relative efficiencies of the 10 scint i l la tors and of the 19
channels were determined by shifting a broad peak over the detector
array. The obtained efficiencies vary between 0.9 and 1.1 for the
scint i l la tors and between 0.8 and 1.2 for the detector channels. Vari-
ation of the relative scint i l la tor efficiencies with the primary
energy was measured to be less than 4 %.

The absolute calibration of the whole system was determined from
a comparison of the measured inelastic cross sections for the 15.110
(1 + 'i and 16.1067 (2*) MeV levels in ' 2C with l i terature values
[FlaH78, FlaH79]. The rat io R of the presently measured cross sec-
tions (o ) and the reference values ( " l l t )

 i s given in f ig. 9 as a
function of the primary energy. The overall calibration factor of the
set-up determined from the information of the 15.110 MeV level only
(the 16.1067 MeV level contains a 3mall longitudinal C2 contribution)
Is B = 0.925 + 0 .011, where the total error is of s ta t i s t ica l or i -
gin only. In addition to this there are several systematic errors
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6Xp lit

[FlaH78,FlaH79] of the cross sections for M1 elec-
troexcitation at 180 ° of the 15.110 and 16.1067 MeV states
in "C as a function of incident energy E . The dashed
line represents the weighted average of all data. The indi-
cated errors are of s ta t i s t ica l origin only (see table
1).

adding up to 0.9 < (see table 1). We ascribe the observed deviation of
R from 1 for a considerable part to an actual solid angle which is
smaller than the one calculated with the TRANSPORT or raytraclng pro-
grams. This difference is most probably due to the distortion of the
fringing field of the separator magnet B106 caused by the presence of
the spectrometer entrance s l i t system and target chamber and due to
inaccuracies in the tuning procedure, which influence especially the
horizontal acceptance &a of the spectrometer. The present difference
of 7.5 + 1.1 % between experimental and calculated solid angle is
comparable to the value of 6.1 + 2. 4 % found with the former IKO
180° scattering facil i ty [E1173J, which employed a similar geometri-
cal arrangement. Therefore we feel justified to use 1/ R as an overall
normalization factor for cross-section measurements.
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Table 1. Error sources in the absolute calibration measurement

Target thickness
Radiative correction

Absolute detector efficiency

Primary electron energy

Charge integrator
Solid angle

Statistical

(I)
1.0
-

-
0.2

-

3.5

Systematic

(*)
0. 2

0.5
0. 2

-

0. 1
-

Counting s ta t i s t i cs per datapoint 0 . 5 - 1 2 . 0

Uncertainty in f i t l i terature data - 0.Y

Total 3.6 - 12.5* 0.9*

quadratic sum.

3.3.3 Charge subtraction

In order to check the proper functioning of the equipment and of
the analysis method, the magnetic form factors for the ground-state
doublet of 'Li were measured in the energy range to - 120 MeV. Cry-
stal l ine LIF targets with thicknesses of about 100 mg/omJ (ere used.
A typical spectrum, taken at E = 109.2 MeV is shown in fig. 10. Due
to multiple scattering in the target and integration over the solid
angle of the spectrometer, the effective scattering angle deviates by
an amount £ from tr. The charge cross section in phase shift
analysis (PSA) is given by

- 37 -



Figure 10 Spectrum of 109 HeV electrons scattered through 180° from
a 100 mg/cm2 LiF ta rge t . The curve is a f i t to the data.
Locations of various s tates in 7Li and ' 'F have been indi-
cated.

d °= ° c h C 0 )
ch

hit
%ef f

( 3 . M )

where the effective scattering angle deviation is

(3.5)

The scattering angle for the central t rajectory, 8 = IT - £ may

deviate s l ight ly (<0.25°) from 180° . The t-rm

(u2 - [(ia)2 + ( A $ ) 2 ] / 1 2 ar ises from integration over the solid

angle acceptance. In f i r s t order the mean square angle for multiple

scattering is given by
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<82> (3.6)

where t/X Is the target thickness in units of radiation length

[Tsa6i] and C is a constant which i s only weakly dependent on target

thickness

1500

1000-

500'
10 20

U1O7MeV'2

Figure 11 Squared ef fec t ive s c a t t e r i n g angle deviat ions
mg/cra2

2
5eff

f o r
l 2C ( f i l l e d c i r c l e s ) and a 52 mg/cm2 2'•Mg ta rge t

The so l id curve i s(open c i r c l e s ) as a function of 2t/X E
o o

a s t r a igh t l i ne f i t to the da ta . The t heo re t i c a l value of
E + ui (see t ex t ) i s Indicated by an a s t e r i s k .

The ef fec t ive s ca t t e r ing angle deviat ion £ f f was determined

experimentally from a comparison of the simultaneously measured

ground-state charge cross sect ions of the spin-zero nuclei ' 2C and
p2 *Mg and the cross sections oiE. f f ) for these nuclei calculated in

PSA, using the ground-state charge distribution parameters of ref.

[JagV7M] (see eq. (3 . t ) ) . In fig. 11 the square of the effective

scattering angle deviation £ as a function of 2t/X E is shown

for ' JC and 2l*Mg. From a straight line f i t to these data we find
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C = 9.9 ± 1.8 rarad/HeV in agreement with the value of 9.5 mrad/MeV

predicted by multiple scattering theory [Ran66,BetA53]. From the f i t -
2 2

ted cutoff at t = 0 i t was found that £ + w = 911 ± 36 mrad2,

in agreement with the value 911 ± 2 8 mrad2 expected from the con-

tr ibutions of angular divergence of the beam (20 mrad2) , the sol id

angle term u2 (921 ± 1 it mrad2) and the uncertainty (25 mrad2) in

the determination of £ from the charge scat tering parabolae.

From the measured effective scat ter ing angles for '2C and 2"Mg

we determined ?e t- f for 7Li by linear interpolation (the target
thicknesses were chosen such that (t/X ) < (t/X ). ,„ < (t/X ) „ ) .

o Mg o LiF o C

The charge cross sections for 'Li could then be computed with eq.

(3.1) and the known charge distr ibut ion parameters of ref. [JagV71]

and subtracted from the measured e l a s t i c cross sections for 7Li . For

ine las t ic scat ter ing longitudinal contributions to the cross section

can be neglected. The result ing experimental transverse form factors

for the ground-state doublet are given in f ig . 12 together with data

from l i t e r a tu re [LicA83, BurF82b, NifL71 ] . The average r a t i o of the

present form factors to a f i t to the l i t e r a tu re data i s 1.00 + 0.03

for the e las t i c and 1.01 + 0.01 for the ine las t ic form factors, to

which an overall systematic error of 1.2 % should be added. We con-

clude that the normalization and charge subtraction procedures, which

influence the data in a different way, are both correct to within

5$.



"ui~ 6

7Li
• van Niftrik

o Lichtenstadt

» Burt

o This work

0.5

Figure 12 Experimental transverse form factors for electron scatter-

ing from the ground-state doublet of 7Li , as measured

with the present fac i l i ty (open circles), compared to form

factors measured by van Niftr ik et a l . [NifV71]

( f i l led circles), Lichtenstadt et a l . [LicA83] (open

squares) and Burt et a l . [BurF82] ( f i l led triangles). The

curves are f i t ted to the data from literature.
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3.t Conclusion

Equipment for the measurement of elastic and inelastic electron
scattering at 180° has been described. The low background level of
the facili ty allows the measurement of cross sections as small as
10~'° fmVsr. As a test on the performance of the system we
redetermined the transverse form factors for the 7Li ground-state
doublet; they were found to agree to within 5 % with l i terature
values. The experimental program Involves among others the accurate

determination of the magnetic ground-state form factors for -9T1
[SelS85] and ' ' F [DonM83; see chapter ll and 5] . For a future exten-
sion of the experimental program to inelastic scattering improved
resolution is required. For this purpose a MWPC has been manufac-
tured which will improve the total instrumental resolution of the sys-
tem to 7 * 10"1" The resolution could be improved further (to about
5 » 10"") by the Incorporation of a dispersion-matching system, which
has the additional advantage of allowing much larger beam currents.
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!|. Magnetic elastic scattering from

1.1 Introduction

The 2s1d shel l represents an interest ing mass region for

nuclear-structure investigations by magnetic e last ic electron scatter-

ing [D011S8I]. In th is shell one has nuclei which arc well described

by the s ingle-par t ic le shell model as well as cases exhibi t ing

features of deformed nucle i . This enables the study of core contr ibu-

tions to magnetic properties.

Several types of theoretical calculations have been performed to

describe the properties of sd-shell nuc le i . Among them are various

shell-model calculations which d i f fe r from each other by the size of

the employed configuration space, the mass dependence of the parame-

ters and the way in which the two-body matrix elements have been

determined. The results of various shell-model calculations within

the f u l l 2s1d configuration space have been compared In detai l to

dipole moments [BroCÖO, BroR83], multipole moments [BroC80] and other

properties of the nuclei measured in tiie photon point (q=E / h e ) . A

more sensit ive test for these calculat ions, which has become quite

common in the last decade, is a comparison with the magnetic form fac-

tors . Together with the experimental information in the photon point

th is gives an " i n depth" picture of nuclear wave functions.

Part icular ly valuable information would be the q (or radia l )

dependence for each individual magnetic multipole for the ground state

of 2s1d-shell nucle i . This would allow one to determine density d is -

t r ibut ions for valence nuoleon o rb i t s . Experimentally i t i s re la -

t i ve ly easy to obtain the higher-order multipoles which show the i r

maximum intensi ty in magnetic scattering at re la t i ve ly high momentum

transfer. Also, the highest possible multipole for a part icular

nucleus usually dominates at high q the lower-order multipole con t r i -

butions to the magnetic form factor [SinWS2, PlaB82]. Since most

2s1d-shell nuclei have J ï ï = % or V2
+ ground states, much informa-

t ion i s readily available on M3 and M5 mult ipoles. The complete q-

dependence of the lowest order multipole (M1), however, can only be

well determined for J u » V2 ground states. Since the corresponding
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form factor peaks at low momentum transfer (q = 0.5 fm~' ) such meas-

urements must for an important part be performed at the most backward

scattering angle, i.e. at 180°, in order to suppres charge scattering

as much as possible. In the sd shell there are only three nuclei with

j" = V* ground states: 1 9 F , 29Si and 3 1P.

Recently measurements on elastic magnetic electron scattering

from J9Si and " P have been reported [MieR8M], From the comparison of

the Ml form factors for these two nuclei the radial sizes of the 2s,
' 2

neutron and proton orbits were extracted, free from uncertainties
inherent to a multipole decomposition. The shape of the form factor
could be describfd reasonably with large-basis shell models. The
strength of the form factor maxima, however, was overpredicted.

In this chapter we report on the magnetic elast ic electron
scattering from l 9 F . This nucleus is especially interesting because
it is the only J11 •= % nucleus in the lower part of the sd-shell.
Therefore polarization effects of the 160 core can be studied. In a
recent theoretical investigation on '70 [BluC85] i t was shown that
f i rs t order core-polarization corrections improved the agreement
between theory and experimental data considerably. It was furthermore
demonstrated that there is a significant degree of cancellation
between second-order core polarization and meson-exchange effects.

Recently the magnetic elastic form factor of l 9 F was measured by
Williamson et a l . [BroW85] in the limited momentum transfer range q =
1.6 - 2.H fin"1 at scattering angles of 15", 90° and 160°. These data
are subject to a limited accuracy because the longitudinal and
transverse cross sections were separated by means of the Rosenbluth
procedure. The present data were obtained in the momentum-transfer
range q = 0.4 - 2.8 fin"1 with the low-energy 180° [DonM84; see
chapter 3] and 500 MeV (151°) [VriJ8«] electron-scattering fac i l i t ies
at NIKHEF-K. The results are compared with shell-model calculations
in the full 2s1d configuration space. We have also studied the effect
of core polarization using the Michigan 3-range Yukawa interaction.
In addition, results from a recently performed large-basis shell-model
calculation in the (1s)-(1p)-(2s1d)-(1f7 ) configuration space with
r-estriction to Ofioi and 2nw excitations, have been compared to the
data.

Apart from the ground-state magnetic form factor of 1 9 F , also
information has been collected about transverse scattering to excited



states of 19F up to an excitation energy of 8 MeV. Part of these
data and a comparison with theoretical calculations is presented in
chapter 5.

The experiment and data analysis is described in section A.2.

The model-independent analysis of the data is presented in section
1.3- Nuclear structure calculations and the comparison to experimen-
tal results for elastic scattering are described in section H.t. The
relative merits of these calculations are discussed in section 4.5.



1.2 Experimental arrangement and data acquisition

Since the electron-scattering fac i l i t ies at the NIKHEF-K linear
accelerator MEA have been described in full detail elsewhere, only a
br ' i f description of the experimental arrangement is given here. The
present data on 19F have been obtained in the energy range
E = 1 0 - 1 3 7 HeV with the 180° electron-scattering facil i ty LEF
[DonM81; see also chapter 3] and for E.. = 137 - 272 MeV with the
500 MeV electron-scattering facil i ty EMIN [VriJ81] at a backward angle
of 151°. Because the analysis of the two data sets is different, we
describe them separately.

1.2.1 The 180" scattering experiment

i . Experimental arrangement

The 180° scattering facili ty (see chapter 3) is capable of
accepting beams of electrons with energies between 20 and 110 MeV and
intensities up to 100 yA. The spectrometer is a magic-angle type
magnet with a maximum solid angle of 2.9 msr. Scattered electrons are

detected in the spectrometer focal plane by an array of 10 overlapping
scint i l la tors that define 19 detection channels. A back-up Cherenkov
detector discriminates against non-relativistic part icles . The
overall instrumental resolution Ap/p (without target contribution)
is 1. 2 x 10~3.

Targets of crystalline LiF with thicknesses ranging from 60 to
120 mg/cmz were used. For calibration and charge-subtraction purposes
the scattering from natMg (50 mfr,cm2) and I2C (120 mg/cm2) tar-
gets was measured simultaneously. Since the beam-handling system pro-
duces at the target location a dispersion-free spot of 1 - 2 mm diame-
ter, the LiF targets were wobbled laterally to diminish local heat
dissipation by the beam. Sti l l the beam current had to be kept
smaller than 2 yA to prevent these targets from breaking due to large
temperature gradients.
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Before data taking the spectrometer angle and the beam-handling
system were adjusted such as to ensure that 180° scattering was prop-
erly measured. This was verified experimentally by observing the
minimum in the cross section for elast ic charge scattering [ForW66,
DonM84; see also chapter 3]. The result of this procedure was that
the maximum deviation £ = 8 - u from exact backward scattering
amounted to 0.2".

ii. Data acquisition

The measured data were bin sor' jd and corrected for scint i l la tor
and channel inefficiencies [DonM^; see also chapter 3]. Due to the
small counting rates the corrections due to dead-time losses were
negligible for al l data. The observed spectra have a small constant
background due to room radiation. The peak line shapes were repro-
duced by an asymmetrical Gaussian connected with an empirical (hyper-
bolic) function representing the radiative t a i l . The recoil energy
for scattering to the 'Li ground state with respect to that of 19F
was calculated by making use of the known energy calibration (see
chapter 3)- In the analysis the positions of inelastic peaks relative
to that for the ground state were kept constant. This was possible
becauoe all 19F levels seen in the spectra have a well-known excita-
tion energy [AjzS83]. Fig. 1 shows a LiF spectrum together with the
obtained f i t .

After correction for radiative effects (ionization, internal and
external Bremsstrahlung corrections; see [Fri75]), i t turned out that
the peak areas exhibited a small linear increase with cutoff-energy.
This might be explained by double scattering in the target which would
cause a broad bump at the low-energy side of each peak, or by imper-
fections in the shape of the empirical radiation t a i l which is known
to deviate at 180° from the usual ta i l at "normal" scattering angles
[Maxl6t]. We extrapolated the radiation-corrected peak areas to a
cutoff energy of 0 MeV to obtain the correct areas.

The primary electron energy was obtained from ' *C scattering
experiments to a precision of 0.2 t (see chapter 3). The overall abso-
lute intensity calibration was derived from the simultaneously



measured intensi t ies for some ' 2C inelast ic peaks Cor which accu-

rately known cross sections are avai lable. The normalization factor

was found to be 0.925 + 0.011 (see chapter 3). The present cross

sections were normalized with the individual cal ibrat ion factors

determined at each energy.
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Figure 1 Specti n of 109 MeV electrons scattered through 180° from a
100 mg/cm2 LiF target. The curve is a f i t to the data. Vari-
ous states of ' L i and 19F are indicated.

The LiF spectra were measured in an energy range covering the
19F ground-state t r i p l e t and the 7 L i ground-state doublet (see f i g .

1). By means of the peak-shape f i t t i n g procedure we were able to

separate the '4+ ground state of 19F from the Vj,+ state at 197 keV.

The '4 state at 110 keV has negl igible strength at primary energies

below 100 MeV [HalB73]. At higher energies a separate f i t to the

ground state t r i p l e t , making use of the known strength of the '4~

state, was made. The V2 intensity was determined from an extrapola-

t ion of data from Williamson [BroW85] and the present experiment (see

section 11.2.2). Only at 137.1 MeV we could not resolve the '// and

the Vj.+ levels from each other. In th is case the contributions from

the VjT and V2
+ lovels were subtracted from the to ta l integrated cross

section of the unresolved ground-state t r i p l e t to obtain that for the
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ground s ta te .

Due to multiple scattering in the target and Integration over the

solid angle of the spectrometer, the scattering angle deviates by an

amount E; from n. The effective scattering angle deviation £

was determined experimentally from a comparison of the simultaneously
measured ground-state charge cross sections for the spin-zero nuclei

2
1 2C and 2*Mg and the cross sections tr(£ f „ ) for these nuclei calcu-

lated in phase-shift analysis from the ground-state charge distribu-

tion parameters given in [JagVï1*]. From the measured effective

scattering angles for IZC and 2"Mg we determined t, for 19F (and
7Li) by linear interpolation (see also chapter 3). The charge cross

sections for 19F and 7Li were then computed from eq. 3.4 in chapter

3 and a Fourler-Bessel f i t [Hei8i ] to the data of Williamson et a l .

[WHR78] for ' *F and the known charge distribution parameters for 7Li

[JagV7i]t respectively. They were subtracted from the measured elas t ic

cross sections for l ' F and 7 Li :

V g • ffexP " «eh<&r>- ( O )

From these magnetic elast ic cross sections we calculated the

transverse form factors through the expression

2 M
FT " be"

where E is the in i t i a l electron energy, a the fine-structure con-

stant and n = 1 + ( 2E /MT) s in 2 ( e /2 ) the recoil factor.

The cross sections for the 7Li ground-state doublet were com-

pared with l i terature values [LicA83, BurF82, NifL71]. The average

rat io of the present experimental to the l i tera ture values is 1.00 ±

0.03 for the elast ic and 1.01 ± 0.01 for the inelastic cross sec-

tions, respectively, to which an overall systematic error of 1.2 %

should be added; see chapter 3. After the experiments at E = 8 1 . 2

and 137.1 MeV, the targets turned out to be partly damaged. For these

two cases the Intensities were calibrated to the simultaneously meas-

ured 'LI intensities in the same runs. The normalization factors were

0.85 + 0.05 and 0.73 ± 0 .11 , respectively.
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Table 1. Experimental cross sections and form factors
for e last ic scattering from " F at 180°

E i q °exp °ch "mag FT

[MeV] Cfm" 1 ] [ 1 0 - ' f m 2 / s r ] [10 — ]

1)6.0 0.H65 86. 3 ±1 1.7 59.8 ±U.2 27 ±12 110 + 50

50.9 0.515 80.1 ±1 .7 57.1 +3 .1 23 ±6 1 20 ± 30

59.0 0.596 26.8 + 1.7 1 D. 9 +0 .6 11.9 + 1.8 81 ±12

71.0 0.717 1 2. 1 ±0 .7 5.31 + 0. Ü5 6.8 +0 .8 67 ±8
81.2 0.820 6.2 ±0 .7 3.80 ±0 .21 2. Ü + 0 . 7 31 ±9

92.5 0.933 0 . 9 6 ± 0 . 0 8 0.85 ±0.01t 0 . 1 1 + 0 . 0 9 1 .8+1 .5

97.6 0.98D 0.23 + 0.12 0.17 ±0 .02 - 0 . 2H ± 0. 1 2 - H . 5 ± 2 . 2

109.2 1.100 0 . 2 1 + 0 . 1 1 0.16 +0.01 0.06 + 0.11 1.3 + 2.6

112.3 1.131 0 . 2 6 ± 0 . 1 0 0.12 ±0 .02 0. 1« + 0. 1 O 3.6 + 2.5
120.2 1.210 0 . 2 1 + 0 . 1 3 0.O33±0.OO6 O.18±O.13 5 ±D
137.1 1.379 0.09 + 0.21 0 .002+0 .001 0.1 ± 0 . 2 3 +8

The experimental (o ) , charge (o ) and magnetic (o ) cross
exp ch 2 mag

sections along with transverse form factors (F ) are given in table 1

as a funct ion of the primary'electron energy. The errors given are of

s t a t i s t i c a l o r i g in only; they contain contr ibut ions from uncertaint ies

i n target thickness (1.0 %), primary energy (0.2 %), so l i d angle (3.5

%), counting s t a t i s t i c s and from the peak- f i t t i ng procedure (d i f ferent

for each data po in t ) . In addit ion there are several systematic errors

(due to uncertaint ies in radiat ive correct ions, absolute cross section

ca l i b ra t i on , charge integrat ion and in the f i t to the l i t e r a t u r e data

for I Z C ) adding up to 0.9 t. For the charge cross section the l a r g -

est contr ibut ion to the error Is due to the uncertainty in the deter-

mination of the ef fect ive scatter ing angle.
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H.2.2 The 151" scattering experiment

i . Experimental arrangement

The high-energy electron scattering f a c i l i t y [ V r i J ^ ] is capable

of accepting beams of electrons with energies up to 500 MeV. I ts QDD

spectrometer features a high resolution (better than 10~") combined

with a f a i r l y large sol id angle of 5.6 rasr. Scattered electrons are

detected in the spectrometer focal plane by a stack of multiwire pro-

portional chambers, triggered by a set of sc in t i l l a t ion and Cherenkov

counters. Fig. 2 shows an ar t is t impression of the 500 MeV electron-

scattering f a c i l i t y .

Spectra of scattered electrons were measured with the QDD spec-

trometer at an angle of 15"° for ten energies in the range

E. = 137 - 272 MeV. I n i t i a l l y tef lon (CFg)n targets with a thick-

ness of 30 mg/cm2 were used mounted in a rotat ing device to spread

heat dissipation. Beam currents were kept below 5 uA. Most of the

data, however, were taken with polyvinylidenefluoride CPVDF)

(CH CF ) targets of 30 mg/cm2 thickness that could stand 35 uA,

provided they were rotat ing. Al l targets were, for geometrical rea-

sons, used in ref lect ion mode.

i i . Data acquisition and analysis

The spectra were corrected for kinematic broadening (for A - 19),

spectrometer optical abberations, dead-time losses and wire i n e f f i -

ciencies. The primary energy was obtained through an internal ca l i -

bration procedure that makes use of several strong ' *F inelastic

peaks corresponding to well-known excitation energies.

During test runs on teflon and PVDF i t appeared that the amount

of " F in the target decreased as a function of i rradiat ion dose,

whereas the l 2C content increased. These effects were taken care of

by dividing each measurement into short runs corresponding to a col-

lected charge of 10 or 50 uC. The amounts or 19F and 12C were
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Figure 2 Art is t ' s impression of the 500 MeV electron-scattering ha l l .
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determined from the contents of a couple of well-isolated strong
I 9 F and l2C peaks in the spectra for each run. In f ig . 3 a typical

result for a PVDF target is given as a function of the accumulated

charge. With teflon targets similar effects were observed. The target

thickness versus accumulated charge was then obtained from a least

0.0 0.2 (K 0.6

Collected charge (C) •>

Figure 3 Relat ive amount of I 9 F and l2C atoms in a 30 mg/em* PVDF
target as a function of accumulated charge from a 150 MeV
e l e c t r o n beam of 30 yA i n t e n s i t y . The s o l i d curves are
th ird order polynomial f i t s to the data .
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squares polynomial f i t as shown in fig. 3.
In the line-shape fi t t ing procedure the relative positions of the

inelastic peaks with respect to that of the ground state were fixed to
the corresponding excitation energies given in l i terature [AjzS83L
Due to the obtained resolution of 60-80 keV (FWHM) and a well-
determined peak shape for the 2* level at 2.780 MeV, the ' ".•' ground-
state t r ip le t could be resolved (see fig. 1).

Excitation Energy [MeVl •

Figure 1 Spectrum of 137.5 MeV electrons scattered through 151° from
a 29.6 mf/cm2 PVDF target (CH2CF2) . The excitation
energy scale is relative to the 19F ground s ta te . The
curve Is a f i t to the data. Various states of l 9 F are indi-
cated.

The longitudinal cross section " - ^ C S t * ) was determined from a
Fourier-Bessel f i t [FouB8t] to the data of Williamson et a l . [W11R78],
The transverse cross sections were then obtained from

" t r "exp (1.3)

- 58 -



Table 2. Experimental cross sec t ions and form fac tors
for e l a s t i c s c a t t e r i n g from 1 9 F at 1 5 1 '

E l « aexp ffch 'mag FT

[MeV] [ f m ~ J ] [10-'fa!/sr] [10-*]

139.3 1.366 8 8 . 5 + 6 .9 8 1 . 2 ± 0 . 1 7. 3 ± 6.9 2 . 8 ± 2 . 6

119.9 1.468 7 . 6 3 ± 0 . 5 0 7 .29 ± 0 . 0 5 0 . 3 + 0 .5 0 . 1 5 + 0 . 2 2

158.8 1.555 8 . 1 1 + 0 . 5 3 8 . 2 8 ± 0 . 0 3 - 0 . 2 ± 0 . 5 - 0 . 1 + 0 . 3

171.0 1.673 2 2 . 4 + 1.1 18 .9 ± 0 . 3 3.5 + 1.1 2 . 0 ± 0 . 6

179.2 1.753 2 4 . 6 ± 1 . 6 2 0 . 8 + 0 . 2 3.8 + 1.6 2 .4 + 1.0

199.1 1.946 1 9 . 7 + 1.3 1 3 . 5 ± 0 . 1 6 .2 ± 1.3 4 .9 + 1.0

208.4 2.035 16 .4 + 0.9 9 .18 + 0 . 0 2 7 .2 + 0.9 6 .2 + 0 .8
232.3 2.266 8 .03 + 0 . 6 7 2 . 2 1 ± 0 . 0 3 5 . 8 ± 0 . 7 6 . 2 + 0 . 7

247.7 2.414 3 . 8 2 ± 0 . 3 3 0 . 6 0 1 + 0 . 0 0 7 3 .2 + 0 .3 3 .9 + 0 .4

272.1 2.648 1 . 2 9 ± 0 . 2 2 O.013±O.OO3 1.3 + 0 . 2 1.9 + 0 .3

The experimental (a ) , charge ^ ° n ^ a n d magnetic
(o = o ) cross sections together with the transverse form fac-
tors (F ) for the l ' F ground state are given in table 2 as a function
of energy. The listed errors are of s ta t i s t i ca l origin only; the sys-
tematic uncertainty is 1.2 %.

4.2.3 Consistency checks

In fig. 5 the total experimental and magnetic cross sections for
scattering from the I 9 F ground state are shown. For most data the
charge contribution is dominant, indicating that an improvement of the
precision for the magnetic cross sections would consume considerable
amounts of beam time.

To correct for Coulomb-distortion effects for the comparison with
theory, the experimental q-values were transformed to effective
momentum transfer values by
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q (firf

Figure 5 Experimental (o a )
oh

. . . and magnetic (o )
exp mag oh raag

cross sect ions f o r e l a s t i c s c a t t e r i n g of 1 9 F measured a t
180° and 1 5 t ° . For reasons of c l a r i t y error bars are
omi t t ed . The curves are drawn to guide the eye.

w e f f (1.1)

where R is the equivalent radius of the charge distribution, defined

by R2 * !<r 2>. The factor f was determined to be f »0.95 (see
J V C
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Figure 6 Transverse form factor for eleotroexcltatlon of the %
state at 2.78 MeV in 1 9 F . Open circles represent the
present data, black circles those of W11R78.

chapter 2).

As a check on the target thickness normalization (see fig. 3) we
have compared the experimental transverse form factor for the % +

state at 2.78 MeV with data from Williamson [BroW85] (see fig. 6).
The longitudinal contribution which was subtracted from the total form
factor was obtained by means of a Fourler-Bessel f i t [Hei8i] to
l i terature data [W11R78] for the V2

+ level. The longitudinal contri-
bution to the total form factor at a scattering angle of 151" Is of
the order of 1 %. From the excellent agreement between the two data
sets we conclude that the present normalization Is correct to within t
%. As a check on consistency of the 180° and 154° data and also on
the f i t procedures of the (partially) unresolved ground-state t r ip l e t ,
we have plotted the transverse form factor for the V2 state at 197
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Figure T Same as fig. 6 but for the V2 state at 197 keV.

keV in fig. 7. The two data sets are consistent with each other, but
not with the data from Williamson [BroW85]. The reason of this
discrepancy is not clear yet (see also chapter 5).

In fig. 8 the transverse form factor for the \ state at 110 keV
is shown. The present data (all measured at 154°) are in very good
agreement with the data from Williamson [BroW85j. The extrapolation
of the '4 form factor down to 100 MeV was used to correct the
unresolved ground-state t r iplet for this level. Below 100 MeV the V2

contribution is negligible with respect to the ground-state form fac-
tor.

In fig. 9 the transverse form factor for the 19F ground state is
shown. The two data points at q = 1.38 fm~', one of them measured
at 180° and the other at 15>4°, are consistent with each other,
albeit with a large relative error. The data of Williamson [BroW85]
are also shown. Except for the data point at q = 1.6 f m~',
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Figure 8 Same as fig. 7 but for the % state at 110 keV. The curve
is a model-dependent f i t to the data.

Williamson's data set is consistent with the present experiment. The
accuracy of Williamson's data, however, is limited by the fact that
they were taken at only three scattering angles in combination with
the longitudinal - transverse separation by means of a Rosenbluth pro-
cedure. Therefore we will not show these data in following figures
for reasons of c lar i ty . A f irst attempt to measure the I 9 F magnetic
ground state form factor was done by Goldemberg et a l . [C0IT63] in a
pioneering survey study at SLAC at a primary electron energy of 'lO
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Figure 9 The experimental elast ic magnetic form factor for 19F com-
pared with simple shell-model predictions for a

configuration (dashed curve) and a
configuration (sol id curve). Open c i rc les

represent the present data, black c i rc les those of [W11R78].

i t (2s, . ) v (1d 5 .

MeV. The resul t of th is measurement Is of f by about one order of mag-

nitude with respect to the present data, probably due to an underesti-

mation of the longitudinal cross section.



Also shown in fig. 9 are the results of two simple shell-model

calculations; one in which only the odd proton is In the 2s( shell

while the two neutrons are in the 1d5. shell and the other with all
'2

three valence nucleons restricted to the 1ds shel l . Ignoring for
' 2

the moment the experimental data, we note that the transverse form
factor is extremely sensitive to the configuration assumed. This is
to be contrasted with the charge form factor which is much less sensi-
tive to the ground state configuration.
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•f.3 Model-independent analysis

Since the present magnetic scattering data on 19F have been
measured in a sufficiently large momentum-transfer range they can be
analyzed in a model-independent way in terms of a Fouriei—Bessel
expansion for the radial current density [Hei8i; see also chapter 2],
The reduced matrix element of the magnetic dipole operator is given by
eqs. (2.6) and (2.9):

. . 2 / T T I T i l „ m a g ( ^ | | T S | _ / " 4 / ^ T r \ 2<*

M1 /(2-Jj + 1 ) f ' 1 o 1 1.1

(1.5)

The transition current density J 1 (r) can be expanded in a series of

spherical Bessel functions

J} , ( r ) = I a j (q r ) for r < R and (H.6)

J 1 ( r ) - 0 for r > R .

The values of q are determined from the zeros of the Bessel func-
\>

tion; i . e . j , (q R) - 0. The value of v _ is determined by the
momentum transfer range in which form factor data were taken. The
coefficients a are calculated (in principle) from the measured form
factor F„. (q )• Outside this range, a reasonable estimate has to be
made in order to yield a meaningful error band on Jj ^(r) .

The present magnetic data were analyzed with the above Fourier-
Bessel parametrization by using the FOUBES computer code [Hei81 ] . The
accurately measured s ta t ic magnetic dipole moment of 19F [AjzS83] was
used as a low-q constraint. Above o. - q , we adopted an exponen-
t ia l ly decreasing upper limit for the form factor. The result of the
Fourier-Bessel f i t Is shown in fig. 10 plotted versus q. The goodness
of the f i t (xz per degree of freedom) is 1.25. The corresponding
radial current density J. ( r ) representing the component of the
nuclear current perpendicular to the radius vector r , is shown in f ig.
11. The error band results from the s ta t i s t i ca l uncertainty in the
data and the Incompleteness error due to the unknown high-q
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Figure 10 Measured squared t ransverse form factor for 1 9 F together
with the Fourier-Bessel f i t to the da ta .

behaviour. I t was recent ly demonstrated [Mier84] tha t " P can be

described to lowest order by a pure 2s , proton. To show tha t t h i s

Is not the case for 1 S F , we have p lo t ted in f i g . 12 the r ad i a l

current dens i t i e s J . .(r) of 1 9 F and " P , both determined in a

model-independent way. The r ad ia l current density of S I P has been

scaled such tha t the amplitude of the f i r s t maximum i s equal to that
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of 1 9 F . From the fact that the density of 1 9F is strongly peaked in

the nuclear Interior one may conclude that the 2s, configuration is
'2

one of the most important contributions to the ground state current

density; see also fig. 9.

0.1

0.05 -I

0.0

Figure 11 Radial current density J ( r ) plotted as a function of the
radius r , deduced from trie Fourier-Bessel f i t of fig. 10.
The dot-dashed curves indicate the experimental error band.

Since there is no quantitative agreement, especially at the
nuclear surface one may expect other configurations to contribute as
well. Thus, for a proper theoretical description of the ground state
form factor one has to perform calculations which take Into account
mixing between configurations. This will be discussed in the next
section.
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both determined in a model-independent way. Error bars have
been omitted for c lar i ty .
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1.1 Comparison of the experimental form factor with theory

4.14.1 Shell-model calculations In the full 2s1d space

Since for most shell-model calculations the radial shape and size
of the mean-field potential Is not specified, one requires a form for
thxs potential In order to calculate the radial wave functions. We
have utilized the easy-to-u3e harmonic-oscillator (HO) radial depen-
dence rather than Saxon-Woods or Hartree-Fock prescriptions because
these prescriptions, although supposedly more r ea l i s t i c , give not much
difference with respect to the HO calculations in the q-range of the
present experiment.

The transverse form factor strongly depends on the interference
terms between different components of the ground-state wave function.
I t has been shown by various authors [DonG81, SinW82, MieR8U] that the
experimental magnetic form factor is an excellent configuration
analyzer. Since the magnetic form factor can not be described by sim-
ple models (see fig. 9) a comparison with presently available shell-
model calculations in the full 2s1d configuration space will be made.
These models treat l 60 as an inert core, while the valence nucleons
occupy the complete 2s1d-shell space. The model predictions that are
considered here mainly differ in the residual Interaction used to
reproduce the experimental energy spectrum of the nucleus under con-
sideration. Inoue et a l . L'InoS61] used a Yukawa-shaped central
interaction, Glaudemans et a l . [GlaH81] the modified surface delta
interaction and Brown et a l . [BroC80] the Chung-Wildenthal interac-
tion. In all three form factor calculations we have chosen b - 1.83
fm since for this value of the HO size parameter the rms charge radius

of " F [HalB73] is reproduced.
None of the models is able to properly describe the q-dependence

of the magnetic form factor (see fig. 13). A common feature of sd-
sfiell model calculations is the fact that for bare-nucleon g-factors,
the magnetic dipole moment at q - 0 is always calculated some 10 t
too high (see table 3). In table 3 are also given the magnetic dipole
moments calculated with the single-particle models (see f ig. 9).
Although these simple models yield magnetic dipole moments closer to
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q (fm"

Figure 13 The experimental elastic magnetic form factor for ' ' F along
with shell-model calculations in the full 2s1d configuration
space. The dashed curve i s due to Brown et a l . [BroR83],
the dotted to Inoue et a l . [Inosöt] and the solid to Glaude-
mans et a l . [GlaH81].

the experimental value, they badly deviate from experiment at non-zero
q (see fig. 9). This indicates once more that i t is insufficient to
test theoretical models only by their properties in the photon point.
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Table 3. Magnetic dipole moment (n.m.) of the l 9 F ground s t a t e

Experiment [AjzS83] 2 . 6 2 8 8 6 6 ( 8 )
Central Yukawa [InoS6U] 2 .91
Modified Surface Delta [GlaHSi] 2 .92
Chung-Wildenthal [BroR83] 2 .79
T T ( 2 S V ) 2 .79

( 1 d S / 5 3 2 .75

The second maximum at q = 1.35 fm~' in the experimental form
factor, which results from a sign change of F (q ) , is not reproduced
by two of the three calculations under consideration. Only Glaudemans
et a l . find this sign change, but the strength of the resulting second
maximum in F_(q) is two orders of magnitude too small (see fig. 13).
We verified that neither more rea l i s t ic radial wave functions, such as
a Woods-Saxon shape, nor a change in the harmonic oscillator parameter
could remove this discrepancy.

Recently, Brown et a l . [BroC83] have introduced a way to remove
most of the extrinsic exponential q~dependence from the conventional
form factor plot which allowes one to show both the zero and the non-
zero q results in the same linear display. They define a momentum-
dependent magnetic moment u(q) proportional to the (unsquared) form
factor by removing the polynomial q-dependence of the theoretical
wave functions (including center-of-mass and nucleon-finite-size
effects) from the form factors:

r 2 V4

via) - V 3 ^ - where

!_Q ( q ) J

Q ( q )
- e x p [ - q 6 ] )

In this expression y„ - 0.1051 efm is the nuclear magneton, and A
the nuclear mass number. The complicated q-dependenoe in the denomi-
nator of eq. (1.7) for Q arises from the fact that the procedure is
constructed to be of general applicability to cases of mixsd Ml, M3
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Figure 11 The momentum-dependent ground-state magnetic moment u(q)
for 1 9 F . The experimental s ta t ic magnetic moment is indi-
cated by the black dot at q = 0. The values plotted as a
function of q e f f are deduced from the present data with eq.
(4.7). The solid line corresponds to the calculation in the
full 2s1d configuration space [BroR83]. Its decomposition
is shown into contributions from the magnetization currents
due to the 2s orbit (dotted line) and due to the 1d orbit
(dot-dashed line) and the convection current due to the 1d
orbit (dashed l ine) .

and M5 magnetic scattering in the 2s1d-shell (for details see BroC83).
In fig. 14 the calculation by Brown et a l . , plotted as a momentum-
dependent magnetic moment in the way described above is shown for
•*F. The shell-model calculation is decomposed into Its individual
contributions resulting from the magnetization currents due to the 2s

(g (s) ) and 1d-orbits (g (d)) and from the convection current due tos s
the Id-orbit (e1 (d)) . Also shown in f ig. 14 are the data from the
present experiment, converted In the same way to a momentum-dependent
dipole moment u (q ) . We assumed stgn changes of the experimental form
factor at q - 1 and 1.6 fnr1 corresponding to the minima in FT (q ) ;
see f ig. 13. This behaviour is not reproduced by the shell-model
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calculations. Introduction of effective q-lndependent g-factors,
which is accomplished by the use of empirical sd-shell M1 single-
particle matrix elements [BroC80] so as to obtain a better reproduc-
tion of u(q=O), i s able to Improve the low-q behaviour of the mag-
netic form factor. The appearance of the second maximum in the
squared transverse form factor, however, is s t i l l not obtained.

By f i t t ing the amplitudes of the matrix elements of the three
most important contributions to the experimental form factor ( i . e .
2s,. - 2 s ! . , 1d5. - 1d5. and 1ds, - 1d3 , without affecting their

' 2 ' 2 ' 1 ' 2 ' 2 ' 2

ind iv idual q-dependence, good agreement with the present experimental

data was obtained (see f i g . 15) . The f i t was performed by tak ing i n t o

account s o l e l y matrix elements in the 2s1d s h e l l . The s t a t i c magnetic

dipole moment at q = 0 was used as a low-q c o n s t r a i n t . Contr ibut ions

which a r i s e from breaking up the 1 6 0 core were t o t a l l y neg lec ted .

Since c o r e - p o l a r i z a t i o n was found t o be important for a couple of

other nuclei in the 2s1d s h e l l , such a neg lec t ion i s qu i t e ad hoc.

Hence, the main th ing to be learned from t h i s f i t I s an i n d i c a t i o n of

what might be poss ib ly wrong in the s h e l l model c a l c u l a t i o n s . In the

present case the f i t i nd i ca t e s tha t the 2Sj. - 2 s , . and 1d5 - 1d3

/2 /2 /2 /2

matrix elements have t o be increased by a f ac to r of 1.07 and 5.56

r e s p e c t i v e l y , whereas the 1d5 - 1d5. con t r ibu t ion has to be decreased

by a fac tor -2 .56 ( thus t h i s terra changes s i g n ) .

Although in the t h r ee shell-model c a l c u l a t i o n s described above

use Is made of different residual interactions fitted in different
ways to experimental quantities, the amplitudes of the matrix elements
resulting from them are consistent with each other. This is an indica-
tion that the discrepancy between theory and experiment might be due
to a too small a configuration space used in the calculations. The
usual remedy, the introduction of effective g-factors, is not able to
improve the agreement qualitatively. Recent experiments and calcula-
tions on the oxygen isotopes [DonS81, BluC85] have shown that for a
proper description of the ground-state magnetic form factor 2p-2h
excitations have to be taken into account. Furthermore non-nucleonic
degrees of freedom such as meson-exchange currents (MEC) and h -isobar
corrections, which affect the magnetic multipoles in fir3t order,
might be responsible for the observed discrepancy.



1 0 ' -

q (fm

F i g u r - e 1 5 F i t . o f t h e j v n p l t t u d f i s o f t h y 2 ? ! ^ - 2 s , . , 1 d s • 1 d 5 / a n d

1d5. - 1d3. matrix elements to the data, fhe q-dlpendence of
the Individual matrix elements was not affected.
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U.H.2 Large-basis shell-model calculations

Since 19F Is not far removed from the closed 160 core one might
expect that components with holes in the I60 core also contribute to
the low-energy states of 1 9 F . If one wants to include these com-
ponents in the shell-model calculations one should extend the model
space to a complete 2n<o space, i . e . in the harmonic oscillator basis
one particle can be excited two steps of Inw or two particles one
step of 1ft(i> with respect to the (sd)3 configurations. A complete 2n<i)
space is required In order to be able to eliminate exactly the admix-
tures of spurious s ta tes , i . e . states with an excited center-of-mass
motion ZZwaBHl. The orders of the matrices in & complete 2hui space,
however, are rather large; e.g. there are 6052 components with
j " = V2 and T = V2. Therefore we have used a truncated 2fico space, In
which only components with seniority less than five are included and
where all single-particle states beyond the 1f7. orbit are unoceu-

' 2

pied. This truncation might cause spurious admixtures, which are
expected to be negligible for positive-parity s ta tes . A large confi-
guration space like this can be handled by the computer code RITSSCHIL
[Zwa84], which recently became available.

For the effective interaction the rea l i s t i c Reid soft-core poten-
t ia l [Rei68] was used, renormalized with low-order Talml integrals
[Zwa81] in order to reproduce the binding energy and the experimental
spectrum of the ' ' F positive-parity s ta tes . The agreement between
theoretical and experi-ental energy spectrum is quite good as can be
seen in fig. 16.

Since the applied truncation of the model space is rather ad hoc
and the renormalizatlon of the interaction is based on the experimen-
tal data of only one nucleus, the calculations have to be considered
as a f i r s t investigation of the effects of a larger model space, more
than as a final result . Nevertheless, the resemblance between this
interaction and an equivalent Interaction for p-shell nuclei in a com-
plete 3fiei) configuration space might be an indication that the results
are rather r ea l i s t i c .

The form factor calculated with the large-basis shell-model Is
shown in fig. 17 together with the present data. A harmonic oscil la-
tor wave function with radial size b - /(fi/nLu) - 1.77 fm was
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Figure 16 Comparison of the theoret ical {calculated with RITSSCHIL)
and experimental energy spectra of posi t ive-par i ty states in

e x p l i c i t l y used in the shell-model. The calculated value for the

s ta t i c magnetic dipole moment u = 2.75 n.m. i s reasonably close to

the experimental value which i s 2.63 n.m. I t was demonstrated that
23Na and 27A1 can be treated as odd-proton nuclei for the purpose of

magnetic e last ic scattering studies [SinW82]. Since I 9 F also has an

odd number of protons we expect that for t h i s nucleus the proton con-

t r ibu t ion to the total form factor i s dominant, as shown in f i g . 17.

The neutrons contribute roughly 1 t; the i r contribution rises to at

most 5 % at places where the proton form factor has a minimum.
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Figure 17 The magnetic elastic form factor of 19F as calculated with
the large-basis shell model (solid l ine), along with the
individual proton contribution (dot-dashed l ine) .

A sizable second maximum in the squared form factor is found in

these calculations. To study which effect is responsible for the

appearance of this maximum we plotted in fig. 18a the separate contri-

butions to the total transverse form factor. The sign of the

(unsquared) form factor is also indicated for each individual contri-

bution. At large momentum transfers the magnetic form factor is com-

pletely determined by the 2s,. - 2 s , . transition. At small q (the
' 2 ' 2

f irs t maximum) the form factor is made up of the 2s, ~ 2 3 i , •
'2 '2

1d5. - 1d5. and 1d5, - 1d,. transitions, which all have a positive
'2 '2 '2 >1

sign in this region. The second maximum is the result of a very deli-

cate interference between nearly all terms. For comparison we show in

fig. 18b the shell-model calculation in the full 2s1d configuration

space by Glauderaans [GlaHSi] (see section U.t.O together with the

contributions of individual transitions to the total form factor. The

most important difference between the full 2s1d-shell model and the

present large-basis shell-model is the contribution of the

Id. - 1d, and 1s.. - 2s,. (2ftu) transitions. The latter
'2 '2 '1 ' I
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q Ifnf1)

Figure 18 The most important transitions which contribute to the M1
magnetic multipole In the elast ic scattering of electrons
from " F : A) as calculated with the 2fiüi model and B) with
the Ofiai model [GlaH81 ] . The sign of each contribution is
also shown,
(dashed), 1d5/ - 1d5

Id,

The t r a n s i t i o n s are r e s p e c t i v e l y : 2s , " 2 s ,
' 2

. .».„,, , « 5 , J 5 ( d o t - d a s h e d ) , 1d3 - 1d3

- 1d5 . (s2olid l i n e ) . * *
(dott2ed) anfj

contribution is not present within the 2s1d configuration space, the
former contribution is an order of magnitude stronger in the large-
basis model. The enhancement of the 1d5 - 1d3 term can be under-

' 2 ' 2

stood as being due to a change in configuration mixing which is caused
by the use of a larger configuration space In the large-basis model.

From fig. 18 i t is clear that magnetic electron scattering from
1 ' F can be used as an effective configuration Einalyzer. The high-q
behaviour strongly depends on the amount of 2si. in the ground-state

' 2

configuration. The f i rs t maximum contains contributions from nearly
al l terms which add constructively at low q. Therefore the sensi-
t iv i ty of the form factor to the exact configuration is small in this
region. This can be also concluded from the fact that the prediction
for the f i r s t maximum is not much dependent on the interaction and
configuration space used (see figs. 13 and 17). The second maximum is
sensitive to the off-diagonal terms. Although this maximum has about
the correct strength and shape, i t peaks at too high a q (see fig.
17). An enhancement of the Id,. - 1d,. term and a corresponding
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decrease of the 1d5 - 1ds, term will not affect the behaviour of the
'2 '2

form factor In Its first and third maximum, but only In the region

around the second maximum. The result is that the two form factor

minima will shift towards lower q, thus improving the agreement with

the data.

The features described above can be shown In a more direct way by

studying the radial current densities (see fig. 19) An enhancement of

the 1d5 - 1d3 and a corresponding decrease of the 1d5 - 1d5
' 2 ' 2 ' 2 ' 2

current density will modify the total current density such that i t

follows the experimental curve more closely. The 2s, ~2si , contrl-
' 2 ^2

but!on has already nearly the correct shape.

0.1

0.0

-0.05

— — Experiment

Total theory

'

x _ . _ (1d3/21d5/2)

I

5
r (fm)

10

Figure 19 Model-Independent radial current density of I J F along with

the prediction from the Iarge-ba3is shel l model. The current

densi t ies which belong to the most Important contributions

to the Ml form factor are also Indicated.

30



The use of a harmonic osc i l la tor parameter larger than 1.77 fm

w i l l also cause a sh i f t of the ninima towards low q , but the ampli-

tudes of the maxima w i l l decrease simultaneously. Besides the fact

that a change of the size parametet b is not allowed, since i t i s

essential ly f ixed in the shel l model calculat ion, i t does not improve

the agreement with the data.

Although the large-basis shell model gi 'es quite good predictions

for the str^.igth of the form factor maxima, those maxima (and conse-

quently the minima) are predicted at too large a momentum transfer. In

spite of t h i s , we believe that these result.'; are quite enspiring since

they represent only a preliminary invest igat ion of the effects of a

large model space. More calculations on l i gh t nuclei ( in the 1p shel l

and the lower part of the 2s1d shel l up to mass A = 20) have to be

performed to obtain an understanding of the effects of truncation of

the configuration space and high-seniori ty terms.

'1.1.3 Core-polarization and non-nucleonic degrees of freedom

Besides the effect of an extended configuration space which was

discussed in the previous section we also per fc . « core-polarization

calculations based on one of the shel l models in the f u l l sd-space.

Start ing from the calculat ion of Brown et a l . [BroR83L we have calcu-

lated the core-polarization effect i n a microscopic framework, employ-

ing the Michigan 3~range Yukawa residual interact ion [BerB77] which i s

f i t t e d to the Reid G-matrix (Sussex matrix [E11J68]) elements in the

even (odd) states. The core-polarization effect was calculated by

perturbation theory with the Green's-fimetion technique without space

truncation [SuzH83]. Corrections given by the Feynman diagram of f i g .

20 were considered. These corrections scatter nucleons in to major

shel ls which are higher than the i n i t i a l major shel l by AN 2 2.

In dealing with magnetic t ransi t ions one must ?'so take into

account the influence of meson-exchange currents (MEC). Therefore the

effect of MEC on the shell-model t rans i t ion matrix elements has been

evaluated. The pair and pionlc current contributions due to ir-

exchange are included. In addition the effect of A-,- isobar currents

due to the ( I n «• l p ) exchange has been calculated.
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Figure 20 Feynman diagram for first-order core-polarization.

The results of the calculations are shown in fig. 21. The most
dramatic effect on the form factor i s caused by the core-polarization
correction. The form factor Is strongly quenched in the intermediate
q-range, and even becomes negative which gives rise to a supplemen-
tary maximum in the squared form factor. The effect of core-
polarization and non-nucleonic contributions to the s ta t ic magnetic
dipole moment is given in table 1. In this case there are no contri-
butions from the core polarization of excitations with AN > 2.

The MEC and A, ..-isobar currents have not much influence on the
strength of the form factor for al l values of q. Their largest
effect is reached in the second maximum where the form factor is
quenched by about 10 f. They slightly reduce the form factor around
i ts f i rs t peak, contrary to many other cases [ArlH78, DubK76, SuzH79,
SuzH83, Suz83, DonS81]. Pair and pionic currents give only r i se to a
small enhancement of the form factor maximum, which is characteristic
for the dominant s-orblt [TowK83]. The reduction by the A -isobar
current, however, dominates the enhancement by pair and pionic
currents. The s ta t ic magnetic moment is also reduced by the 4 -
isobar current.

I t was recently shown [BluC85] that there is a significant degree
of cancellation between meson-exchange currents and second-order core
polarization. This study concentrated on few nuclei among which " 0 .
In the present case the effect of meson exchange currents is negligi-
ble. Therefore we did not calculate the amplitude of second-order
corrections.

The overall agreement between the present experimental data and
core-polarization calculations is ruite good. Only at high q the cal-
culation is enhanced with respect to the data.
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q (fm

Figure 21 The magnetic e last ic form factor of " F compared with
core-polarlzatlon calculations: (dashed) shel l model with
f u l l 2s1d configuration apace [BroR83L (dot-dashed) shel l
model + core polarization (M3Y) and (sol id) shel l model +
core polarizat ion (M3Ï) + meson exchange currents (pair +
pionic) • A,,- isobar currents ( i t +p ) .

- 83 -



Table 4. Magnetic dipole moment (n.m.) of the ' 9 F ground s t a t e .

Full 2s1d she l l model (SM) [BroR83] 2 . 7 9
SM + co re -po la r i za t i on (CP) 2 . 7 9
SM + CP + MEC (pai r + p ion ic ) 2.81
SM + CP + MEC + A - hole 2.7 3
Experiment [AjzS83] 2 .63

4,5 Conclusion

We have measured the elast ic magnetic form factor for I 9F in the
momentum-transfer range 0. H < q < 2.8 fm~'. In doing so, we have
determined the magnetic structure of the l 9 F ground s ta te . A model-
independent analysis of the data reveals that the radial current den-
sity peaks at small radi i . Thus, in terms of the nuclear shell model,
one is led to expect the 2s,. -proton spin magnetization to yield the
dominant contribution. However, the magnetic form factor for a
ir(23] ) v(1d5. ) 2 single-particle configuration Is an order of magni-
tude smaller than the experimental data. Even when using the complete
2s1d configuration space we were not able to account for the presence
of the second maximum at 1.2 - 1.3 fur1 in the experimental form fac-
tor. A large-basis shell model calculation Including al l orbits up to
the 1f7 shell predicts this additional maximum in the form factor,

' 2

however, at too large a momentum transfer. This discrepancy is tenta-
tively ascribed to an ad hoc truncation of the model space or to a
lack of mass and isospln dependence in the renormallzation of the
interaction. Because of this the results of the large-basis shell
model should be viewed as preliminary.

Core-polarization calculations starting from a shell-model calcu-
lation in the full 2s1d configuration space gave a good description of
the '-F magnetic e las t ic form factor. Non-nucleonlc effects were
found to be small. This means that 1SF Is an excellent tes t case for
the comparison of large-basis shell models with core-polarization
theories.



The form factors calculated with the large-basis shell-model and

with the core-polarization theories exhibi t nearly the same shape.

Although based on a di f ferent mathematical framework, the results of

the two calculations are roughly consistent with each other. In both

calculations 2nm excitations from the 1s to the 2s shel l are part ly

responsible for the presence of the second maximum in the transverse

form factor of 1 9 F . In a similar experiment of magnetic scattering

from * 9Ti [SelS85] no agreement was found between core-polarization

and shell-model theories. This discrepancy is presumably caused by

the res t r ic t ions on the size of the configuration space in the she l l -

model calculat ion. Therefore a comparison between core-polarization

calculations and large-basis shel l models Is only meaningful In the

1p-shell and the lower 2s1d-shell where the res t r ic t ions on the conf i -

guration space are less severe. Such a comparison w i l l be very

instruct ive in understanding the mechanism and the effect of space

truncation. In the 1p-shell the use of core-less shell-model calcula-

tions already gave results which are close to experimental data

[Zwa8t]. For nuclei in the lower 2s1d she l l , however, a more thorough

study than the exploratory one prescribed here i s needed in order to

get a better understanding of the truncat ion. For these nuclei i t i s

not clear yet whether one has to take into account the 1f7 . , the

1f5 , the 2p or even higher she l ls .
' 3
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5. Inelastic transverse scattering from ' 9F

5.1 Introduction

In the previous chapter i t was shown that small admixtures of
2fiu> excitations, which make up only a few percent of the ground-state
wave function, cause considerable changes in the elast ic magnetic form
factor of 1 9 F . Although no quantitative agreement was obtained
between experiment and theory, the calculated form factor exhibits the
correct shape. First-order core-polarization theory, s tar t in" from a
shell-model calculation in the full 2sld configuration space gave
similar resul ts .

The large-basis shell-model calculations for nuclei in the lower
2s1d shell discussed here are the f i rs t that are not based on an inert
core. It is therefore interesting to study Inelastic transverse form
factors of 1 9 F , which might also be sensitive to small admixtures of
2fiu) excitations.

In this chapter we present transverse form factors for all known
levels of 19F [AJZS83J up to an excitation energy of 4.1 MeV; see
fig. 16 in chapter H for the level scheme. The data include the major
part of levels belonging to the K - V2 (based on the ground state)
and K = % rotational bands.

The data are compared with the predictions from recent shell-
model calculations, including the large-basis shell-model calculation
discussed in chapter U.

Since the experimental procedure and the shell-model calculations
were described extensively in the previous chapter, only some supple-
mentary considerations are given in sections 5.2 and 5.3. The experi-
mental resul ts , presented in section 5.1), are discussed in the context
of shell-model theories. Some concluding remarks are given in section
5.5.
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5.2 The experiment

Since all inelastic data which are presented in this chapter have
been collected in the same experimental runs as those for the ground-
state , we refer to chapter 1 For details about the experimental pro-
cedures. Most of the inelastic data have been taken in the momentum-
transfer range q = 1.1 - 2.8 fm"1 in the EMIM station [Vrij81] with
the QDD spectrometer at a scattering angle of 151°. Due to the good
overall resolution (Ap/p < 1 x 10~") virtually a l l final states
could be separated. Only for the V2

+ level at 197 keV information was
also obtained at a scattering angle of 180° [DonM81],

Inelastic scattering from I 9 F has been extensively studied at
the Bates linear accelerator at HIT by Williamson et a l . [BroW85] In
the momentum-transfer range q = 0.8 - 2.1 fm~l at scattering angles
of 15°, 90° and 160°. In this experiment the longitudinal contribu-
tions to the form factors were determined more accurately than the
transverse contributions.

Since the present data were taken at backward scattering angles
only, the longitudinal form factors could not be determined. In order
to correct the present data for Coulomb contributions, Fourier-Bessel
f i ts were made to the longitudinal data from MIT. The longitudinal
contributions determined in this way were subtracted from the total
form factor to obtain the transverse part. The quality <x2 per degree
of freedom) of the Fourier-Bessel f i t s to the MIT data as well as the
magnitude of the correction for the longitudinal contribution are
given in table 5 for the levels of interest . In all cases where the
longitudinal contribution to the present data is larger than typically
2 %, systematic deviations between the present and the MIT transverse
data sets are apparent. It is not clear at present which of the two
measurements contains a systematic error. The experimental shapes of
both form factors are, despite of this systematic error, consistent
with each other.
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Table 1. Quality (xz per degree of freedom) of the Fourier-Bessel
f i ts to the longitudinal data of MIT [BroW85] and the

magnitude of the longitudinal contribution to the
present data.

%~
V2~
%
%+

V2

%~
v,"
%+

E
X

[MeV]

0.110
0.197
1.316
1.159
1.551
2.780
3.908
3.999
1.033
1.378

x2

1.36
0.88
1 .55
1.81
1.1)0
1.19
0.98
3.97
2.05
0.99

Magnitude

1

3
5
1

5
1

3
i)

5

0

of correction

m

- 2
- 6
- 7
- 50
- 25
- 2
- 10
- 1 2
- 7

" 1

The transverse form factors which are presented in the next sec-

tion will be discussed in the framework of the nuclear shell model.
Extensive calculations have been performed by Brown and Wil-

denthal [BroW85] for most states In I 9 F . The transitions to the
positive-parity states (including the ground state) were calculated in
the full 2s1d (Ofiiü) configuration space. Details of this calculation
are given in sections 2.2 and 1.1.1. For transitions to the negative-
parity states the 1p-2s1d (1fiw) configuration space was used with the
particle-hole hamiltonian of Mlllener and Kurath. This hamiltonian
was chosen to account for the non-normal parity states in a number of
nuclei ranging from 1]Be to " 0 . For the particle-particle interaction
in these calculations the Preedom-Wildenthal sd-shell hamiltonian was
used and for the hole-hole interaction the Cohen-Kurath p-shell hamil-
tonian.
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In both the Oftw and the 1fiw models free-nucleon orbital and spin
g-factors and free-nucleon charges were used to calculate the
transverse form factors. The radial size of the harmonic oscillator
potential was chosen to be b = 1.83 fm, since the rms charge-radius of
the >9F ground state was reproduced for this value.

Large-basis shell-model calculations were performed in a trun-
cated 2ftm space by including only the components with seniority less
than five, while specifying that al l single-particle states beyond the
1f 7. orbit are unoccupied (see section ^.^.2 for more deta i ls ) . With

' 2

this model we calculated the form factors for scattering to the

positive-parity states of " F . The radial size of the harmonic oscil-

lator potential b = /TTTmTüT) = 1.77 fm was explicitly used in this

calculation which was performed with free-nucleon g-factors and

charges. Transitions to the negative-parity states would require a

(truncated) 3n« configuration space. This is still beyond the capa-

bility of present-day vector-processing super computers.

5.1 Results

The experimental and theoretical transverse form factors for ine-
last ic electron scattering from ' 9 F are discussed below for each
level separately. Deviations between a number of the present and the
MIT experimental data will not be discussed since the explanation is
unclear at present; see section 5.2. We f i r s t present the results for
electro-excitation of the positive-parity states ordered according to
increasing angular momentum. The results from the Ofiio calculations by
Brown et a l . [BroW85] and from the present 2niu calculations are com-
pared to the experimentally determined form factors. The data for the
negative-parity levels of I 9 F are given along with Brown's 1fiii> calcu-
lation [BroW85]. The three shell-model calculations will be refered to
as Ofiu, Inui and 2fiu model, respectively.

All form factors presented in this section are calculated in
plane-wave Born approximation. The experimental data are plotted
versus q „ . (see eq. I.ll). From a comparison of PWBA and DWBA calcu-

€1 I

lations for different multipolarities we determined the factor f c to

be 0.95, similar to that for the ground state.
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i . The 7, level at 1.55 MeV

The transverse form factor for the % state at 1.55 MeV is shown

in f ig. 1.

Figure 1 Experimental and theoretical transverse form factors for the
% levei at 1.55 HeV. Experimental values are indicated by
the open circles (present experiment) and the f i l led circles
(data from Brow85). The result of the Ofiui model is shown in
fig. 1a, that of the 2fiu model in fig. 1b. The dashed
curves represent the e lec t r ic , whereas the dot-dashed curves
represent the magnetic contributions to the total form fac-
tor (solid curves).

In this and succeeding figures also the calculated contributions from
electric and magnetic multipoles to the form factor are shown
separately. The result of the Ofiuj calculation (see f ig. la) is qual-
i tatively as well as quantitatively better than that of the 2noj cal-
culation (see fig. 1b). The form factor for this level as calculated
with the 2fiu> model does not contain any significant contributions
from outside the 2s1d shell . Hence, the difference between the two
shell-model calculations i s entirely due to a renormalizatlon of the
2s1d matrix elements in the 2fiui model due to the larger configuration
space used. The E2 form factor calculated with both models has nearly
the same shape, although the one calculated in the Ofiu is about an
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order of magnitude stronger than the one calculated In the 2n<u model.
Furthermore i t Is evident that the M1 form factors calculated with
both models peak at different momentum transfers.

11. The %+ level at 3.91 MeV

For the % level at 3-91 MeV there are enormous differences
between the Ofim (see f ig . 2a) and the 2nw (see f ig. 2b) model calcu-
lat ions. The prediction by the Ofiia model is similar to that for

o NIKHEF K
« MIT Bates

q Ifnf1) - q Km') -

Figure 2 Same as f ig . 1 but for the % level at 3.91 MeV.

the V2
 + level at 1.55 MeV (see fig. 1a). The reason for this is that

the main configuration for the f i r s t V2
 + is found to be

•n(1 d,, ) , . ,. v(1d5. )- „ whereas for the second '/. i t is
'2 '2 • '2 ' ! J ' U

TTC 1<J3. ) J . , . v ( 2 s . . ) n . . The l a rge -ba s i s she l l model i s in be t t e r
'I 'II 'l ' 2 U < U

quantitative agreement with the data; the shape of the form factor,
however, la far from correct. The calculated M1 as well as the E2
form factor do not at al l resemble the high-q behaviour of the experi-
mental data. Although there are small contributions from outside the
2s1d shel l , the most important reason for the discrepancy between the
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two models is again a strong renormallzation of 2s1d matrix elements

in the larger configuration space.

i i i . The 7, level at 197 keV

The transverse form factor for the V2 level at 197 keV is shown

in fig. 3. This level is the only one for which experimental data

q dm'1)

Figure 3 Same as fig. 1 but for the % level at 197 keV.

were also obtained at a scattering angle of 180°. ihe electr ic qua-
drupole form factor calculated with the 2ncu model (see f ig. 3b) does
contain a non-negligible Is , . - 1d5 contribution. Together with a
renormalization of the 2s1d matrix elements this reduces the electr ic
from factor with respect to that calculated with the Oniii model (see
fig. 3a). The magnetic ontupole form factor has no significant con-
tributions from outside the ?s1d shell . Although the form factor cal-
culated in the Ofioi space is quantitatively in better agreement with
the data from the present experiment, the overall stepe of the form
factor calculated with the 2fim model is slightly closer to that of
the experimental data.
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iv. The 72
+ level at 1.38 MeV

In fig. 1 the predictions from the Oftos shell model (fig. la) and

the 2n<u model (fig. 4b) are compared with the experimental data.

: I
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J
\ 'V
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\ j
\
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Figure 1 Same as fig. 1 but for the 72 level at t.38 MeV.

In the momentum-transfer range q = 1.1 - 2.1 fm~' both models are off

by a factor of two to three with respect to experiment. The shape of

the form factor calculated with the 2fiUJ model is close to the shape

of the experimental one. Clearly the El multipole from this model is

predicted far too strong. The M3 iorm factor, seen.j to be in fair

agreement with experiment. Also in the case of the Onto model the M3

contribution has about the correct strength. The El form factor i s ,

however, too weak. Again the renormallzation of the 2s1d matrix ele-

ments in the larger configuration space is the cause of the deviation

between the two model calculations.
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v. The %* level at 2.78 HeV

The transverse form factor for scattering to the % + level at
2.78 MeV is shown In f ig. 5. The results of the Ofiw model are shown
In fig. 5a, those of the 2fiuj model in f ig. 5b. The theoretical
results are quenched with respect to experiment by a factor of about
I.^t. Both models give similar predictions, which is not surprising
since there are only few single-particle transitions which contribute
to the total form factor. The effect of renormalization of the 2s1d
matrix elements is apparently small for this s ta te . I t should be
noted, however, that the 2ftu model reproduces the experimental high-q
behaviour slightly better than the Ortu model.

1 :
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/
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•

' - •* s
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•o
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\ \ -

: t
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. MIT. Bales

qlfm"1)-

Figure 5 Same as f ig. 1 but for the 9/2 level at 2.78 MeV.

vi. The 7, level at 110 keV

Excitation of the V2 level at 110 keV proceeds by a pure E1
transit ion. The experimental form factor for this state i s given in
fig. 6 along with predictions from the Ifiu shell-model calculation.
The shape of the form factor i s reproduced well; the calculated
strength, however, is reduced by a factor of 1.4 with respect to
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Figure 6 Experimental and theoretical form factors for the V2 level
at 1 TO keV. Experimental values are Indicated by the open
circles (present experiment) and the filled circles (data
from BroW85).

experiment. At momentum transfers below q - 1.2 fm"1, the size of the
form factor is overestimated by the theory. Although this is not
obvious from fig. 6, this can be concluded from the present measure-
ments on the 19F ground-state t r ip l e t . If the theoretical shape of
the E1 form factor were assumed to be correct, the strength of the
V2 excitation for q < 1 fm"1 would be larger than that of the
ground-state t r ip le t ; see chapter 4. This would imply that the
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ground-state and the % state have negligible strength, which is in

contradiction with other experiments [OyaT75, W11R78, BroW85L Furth-

ermore a Fourier-Bessel f i t to the E1 form factor of the V2 state

(see chapter 4, f ig. 8) gives a steep fall-off of the form factor

below q = 1 f m~l .

v i i . The V» level at 1.16 MeV

10

19.

10"5

" /

EX=U6 MeV

E1 + M2

I

o NIKHEF-K
• MIT, Bates

q (frrf1)

Figure 7 Same as fig. 6 but for the V2 level at 1.46 MeV. The mag-
netic (.Jot-dashed) and electr ic (dashed) contributions to
the total form factor (solid line) calculated with the 1fia>
-',1el are also indicated.
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The experimental transverse form factor for the V2 level at

1.46 MeV is shown in fig. 7 together '-'th the results from the 1noi

model calculation. This level is one of the extreme cases where the

measurements by Williamson et al, [BroW85] and the present deviate

largely. The shape of the theoretical form factor is consistent with

that of the present data. The data point at q - 2.05 fm~' indicates,

however, that an additional form factor maximum at high q may be

present. Such a maximum does appear In the M2 contribution to the

theoretical form factor, but it Is far too small to reproduce the

experiment. The M2 form factor is on the other hand overestimated

below q = 2 fm"1 .
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v i i i . The % level at 1.35MeV

For the % state at 1.35 MeV the shape of the theoretical form
factor is also close to the experimental shape (see fig. 8). The
theory i s , however, enhanced with respect to experiment. Both contri-
butions to the form factor are predicted about a factor of two too
large.

10"'

10'

10,-5

19
F(e.e')

* ~*5 /2~ M e V

o NIKHEF-K
• MIT, Bates

M2+E3

q (fnf1)

Figure 8 Same as fig. 7 but for the % level at 1.35 MeV.
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ix. The %~ level at H.00 MeV

In fig. 9 the experimental transverse form factor for scattering
to the 7/2~ level at 1.00 MeV is shown, together with the prediction
from the 1nw model. For the data points at the highest five q values
in the present experiment we were unable to separate the V2~ level
from the %~ level at 1.03 MeV. The %~ level contribution was
estimated from a model-dependent f i t to the data for this level meas-
ured at smaller values of q. As a consequence the experimental data
have large error bars.

The shape of the theoretical form factor is similar to that of
experiment. Furthermore i t slightly overestimates the data for all
values of q.

10
-3

10

10.-5

19 F(e.e') o NIKHEF-K

• MIT, Bates

Figure 9 Same as fig. 7'but for the 72~ level at 1.00 MeV.
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x. The % level at 1.03 MeV

The % level at 4.03 MeV of which the experimental data are

given in fig. 10 is the only case for which no theoretical calcula-

tions are available since the E5 transition to this state is forbidden

within the 1p-2s1d configuration space. The experimental form factor

seems to peak around q = 2 fm"1 , which is characteristic for MM and

E5 form factors.

10

10"

10"'

19

1

F(e,e')
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MeV

o NIKHEF-K
• MIT. Bates

q (fm-'l

Figure JO Same as f i g . 7 but for the %~ level at 4.03 MeV.
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5.5 Conclusions

We have presented experimental aata for transverse inelastic
electron scattering to positive and negative parity states in 19F up
to an excitation energy of 1.1 MeV. The data for the negative-parity
states were compared with 1nw calculations in the 1p-2s1d configura-
tion space. Those for the positive-parity states with predictions
from Ofiuj calculations in the full 2s1d shell and from 2fia calcula-
tions in a large-basis configuration space.

The shape of the theoretical form factors is consistent with
experiment for a l l negative-parity s ta tes . The overall strength of
the theoretical form factor is in all cases higher by a factor 1.5 to
2 than the experimental one, except for the V2 state at 110 keV,
where the situation is reversed. I t would be interesting to study how
a 3ftia calculation would renormalize the matrix elements for the non-
natural parity transit ions. This might be similar to the differences
observed between the Ofiu and 2nu> calculations.

For the positive-parity states the situation is quite different.
Although the Ofiu and the 2fua models give both a reasonable prediction
for some levels, they deviate severely from experimental data for
other s ta tes . From the comparison of the two models with experiment i t
is impossible to conclude which of the two models gives better predic-
tions. In most cases the shape of the form factor calculated with the
2fii>) model is closest to experiment. The Ofiui model generates, how-
ever, form factors that are in better quantitative agreement with the
data.

The observed discrepancy between measured and calculated form
factors of 19F requires further theoretical study. I t should be rea l -
ized that the (e,e ' ) process is described by a one-body operator.
Hence, one-particle, one-hole (1p-1h) excitations may play an impor-
tant role. In the Often calculations none of these effects are

included. In the present 2ftüi calculations the 1p-1h contributions
(1s)" 1 (2s ) 1 have been taken into account only, whereas, because of
computational limitations the contributions from higher orbits have
been restricted to the lowest-lying 1f2p orbit , i . e . the (1f7. ) 2

' 2

configurations. Hence, i t would be very interesting to investigate

whether or not a better understanding of the present data can be
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obtained by the inclusion of effects of 1p * 2p as well as 2s1d •* 3s2d

transitions in the 2nio space. In order to make such calculations

feasible, one may have to exclude the two-particle, two-hole excita-

t ions. This may be justified because the la t ter excitations do not

contribute directly to the (e,e ' ) cross sections.
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Appendix. The T80° gas target chamber

A.1 Introduction

For the study of electron scattering from elements that are gase-
ous at standard temperature and pressure (STP) several target tech-
niques have been applied.

o Solid targets of chemical compounds, such as LiF or polyvinylidene-
fluorid.; (CF CH ) for the study of 19F (see chapter 1) or beryl-

2 2 n
Hum oxyde for • 60 [NorH82], are commonly used. This has the
disadvantage that the background arising from other constituents
may be quite large, so that the procedure of radiative correction
might become cumbersome. In addition, for inelastic-scattering
studies the peaks due to the different components in the target
might be intermingled.

© Liquefied targets have been used in particular for light elements
like hydrogen, deuterium and helium [PosB81]. The problem with
those targets is the precise determination of target thickness,
which fluctuates due to bubbles which are generated when the target
is heated by the incident beam.

© Cooled and pressurized gas targets have been used for the study of
electron scattering for a wide range of isotopes. In most gas tar-
get systems one employed high pressure, low temperature or a combi-
nation of both to increase the density; see [SimS79]. Gas target
systems can be designed in such a way that the disadvantages of the
solid compound and liquefied targets play only a minor role in the
data analysis.

Most of the existing gas target systems are suited for electron-
scattering experiments at backward angles up to 160°. Only few sys-
tems were designed for scattering at 180° [BarG63, FagJ70], Gas-
target systems for "normal-angle" electron-scattering experiments can
be designed such that the spectrometer does not see the beam entrance
and exit windows. The side window which is to be traversed by the
scattered electrons, however, is usually thick (in the order of 0.1
mm) which will cause additional (multiple) scattering.
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In 180° gas-target systems a small and simple cylindrical
geometry with thin ( 1 0 - 5 0 pm) entrance and exit foils at the
cylinder ends can be used, since the incident and scattered electrons
are essentially collinear.

The passage of a well-focussed electron beam through a gas target
causes heating and thus density gradients along the beam path which
affect the local target thickness. These effects are significantly
reduced but s t i l l not negligible by using a flowing-gas target system
[StaC32], For expensive gases, however, one is often forced to use
s ta t ic or sealed targets . This means that one has to pay extra atten-
tion to the simultaneous measurement of pressure and temperature.

In this chapter a static-gas target system is described which is
a modification of a former NRL target [FagJ70]. It can be used in
conjunction with the 180° electron-scat ter ing faci l i ty at NIKHEF-K
[DonM8J(; see chapter 31. Special attention was devoted to regulation
of the target pressure and to the measurement of the local target tem-
perature along the beam axis. Provisions are made for full computer-
control such that the local target density along the beam axis may be
kept constant during an experimental run. This feature, however, is
not yet implemented.

A. 2 Target system description

A.2.1 The gas target chamber

The HRL gas-target chamber [FagJ70] has a length of 50 mm and a
diameter of 18 mm. The original entrance and exit windows were 6 ym
thick havar foils clamped between copper gaskets with indium coatings
for sealing. For the present set-up these vacuum seals were replaced
by aluminium C-rings. This proved to be a more reliable construction,
which also makes foil replacements much easier. Instead of the origi-
nal havar foils we used 12.5 um thick titanium fo i l s . The diameter
of the entrance and exit windows i s 12 mm. The target chamber Is sur-
rounded by a cooling reservoir which allows to change the temperature
and thereby the density of the gas. In fig. 1 the construction of the
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Figure 1 Semi-perspective cross-sectional diagram of the gas-target

chamber.

gas-target chamber is shown.

A.2.2 The gas-transfer system

The gas-transfer system for the present target is of a new
design. Besides considerations which were already iccounted for in
the NRL system, the present system fulfi ls a number of additional
requirements.

i . The capability of pressurizing the gas from atmospheric pressure
to 5 - 10 bar at room temperature.

11. The possibility to regulate the target pressure remotely such
that the local target density can be adjusted during experiment.

i i i . The pressure at any place in ifcs gas transfer system is smaller
than or equal to the pressure in the target chamber (for safety
reasons).
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iv. Target evacuation and f i l l ing i s remotely controlled, which
faci l i ta tes measurements with empty and filled target cells with
a minimum of beam-time losses.

These requirements have led to the gas-transfer system shown in

fig. ?-.

I GAS SUPPtV UNIT

Figure 2 Block diagram of the gas-transfer system.

The gas-supply unit, containing the original gas container and
recovery trap-tubing may as a whole be (disconnected. Since the
present gas-target system was f i r s t used in experiments on 36Ar and
"•"Ar with liquid nitrogen as pressure-regulatt ' joolant in the dewar,
we have calculated and measured a l l values given below for this spe-
cial case. Extrapolation of these values for the use of other gases
or other coolants is straightforward.

The pressure in the target chamber can be regulated by varying
the position of a spiralized tubing with respect to a cooling liquid.
The tubing is made of 3 mm diameter stainless s tee l . I ts total length
is 0.50 m of which 0.15 m is spiralized to speed up the in i t ia l con-
densation proces. The tubing is designed in such a way that a length
of 7 cm of liquid argon in the tubing corresponds to a pressure
decrease of AP * 2 bar in the target chamber. The maximum pressure

Pf in the target chamber is P. P + 1 if bar if P. is the Ini t ia l
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pressure in the chamber when the pressure-regulating tubing is com-
pletely submerged in the liquid nitrogen. In practice we could obtain
pressures up to 10 bar, corresponding to a target thickness of 100
mg/cm2, which is sufficient for most experiments.

The procedure of gas transfer to the target chamber is straight-
forward. At the start of a new experiment the operator condensates
enough gas in the spiralized tubing, corresponding to a pressure which
is 1 - 2 bar above the desireo working pressure.

Filling of the spiralized tubing with gas has to be performed in
the scattering ha l l . All further target handling is done remotely
from the control room. The pressure meter M has a remote read-out in
the control-room with an accuracy of 0.01 bar. Valve V and the
waterpump are also remotely controllable. One can increase (decrease)
the gas pressure in the target by pumping water from vessel B to
vessel A (A to B).

I t often occurs that one wishes to measure the same isotope at
different primary electron energies in one single experimental :-un.
At each primary energy one has to perform an empty cell measurement to
determine the correction for scattering off the windows. If the work-
ing pressure of the target gas is in the region 1 - 1C bar one can
evacuate the target simply by submerging the pressure-regulating tub-
ing completely in the liquid nitrogen. The residual pressure in the
target cell is negligible, After the empty-cell run has been finished
one may re f i l l the target chamber again to the desired pressure.

A.2.3 Temperature profile measurement

Besides a precise measurement of the overall pressure in the
target ce l l , i t is also important to determine the gas temperature as
accurately as possible. During an experiment the temperature in the
target will r ise due to heating by the beam which depends en the tar-
get design, type of gas and beam current. Especially with -in electron
beam whose diameter is much smaller than the target ce l l , temperature
(and thus density) gradients will affect the local target thickness
[StaC82, McDB72]. I t has been shown by several authors [SimS79,
McDB72], that the local temperature in the target is independent of
the precise time structure of the beam. Stapor et a l . [StaC82] used
this effect In the development of a non-interfering local temperature
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measurement. They used four thermistors placed above and below the
beam. From the measur-d temperatures they were able to calculate the
local temperature alo.ig the beam axis. Calibration of the device was
performed by means of three additional thermistors and a thin gauge
nichrome heating wire which heated the fas along the beam axis.

We adapted a similar method for the measurement of the tempera-
ture profile in the present target chamber. Instead of four thermis-
tors we used three Pt1OO resistors which have the advantage of a
well-defined resistance as a function of temperature. Two additional
PtWO resistors and a nichrome heating wire were used to measure and
simulate the heating by the beam, respectively. They were mounted in
the target chamber as shown in fig. 3. The overall target temperature
was kept constant to within 1 K by cooling the target with water at
room temperature (see fig. 3).

CODLING
RESERVOIR

Figure 3 Positioning of the Pt1OO resistors (1 - 3) within the target

chamber. The two additional PtiOO resistors ('t,5) and the

heating wire are used for calibrating the four fixed resis-

tors.. Also indicated is the way how the gas target was

cooled.

For the details of the measuring procedure we refer to the work of

Stapor et al. [StaC82j. Fig. t shows the increase in temperature of

three of the fixed resistances vs. the increase in temperature of the

additional resistance directly above the wire. The fact that the
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10
AT (resistor 4) ( C)

Figure 1 Temperature Increase of the three fixed Pt100 resistors as a

function ot the temperature increase of the two additional

ones for three different gas pressures in the targetchamber

(circles: P = 1.00 bar; squares: P = 1.85 bar and diamonds:

P = 3.30 bar).

three resistors detect different temperatures is due to thermal con-

vection and to their exact positioning. Those above the niehrome wire

always showed a larger temperature increase than those below. This

was verified by rotating the cell over 90° and 180 ° about Its cen-

tral axis. Since the cooling water in the target system flows via the

positions of resistors 2 and 3 to 1 there is a cooling effect. There-

fore the slopes in fig. 4 for resistors 1 and 2 are different. For

power dissipation corresponding to beam currents below 30 pA the tem-

perature profiles were found to be independent of the gas pressure up

to 3 bar. At higher power dissipations, however, a pressure dependence

was seen. The maximum power input used in the calibration procedure

was 1.8 W which corresponds to the energy deposited by a 50 yA
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average beam current in the argon gas. Since the beam currents in

actual experiments were kept smaller than 15 pA we did not have to

correct f c this pressure dependence.

The data in fig. 1 can be described by straight lines, which

means that the temperature along the beam axis can be calculated from

the temperature of the fixed resistances. This can be done with an

accuracy of 0.25 K.

The method described above works satisfactorily when the beam

does not diverge within the target. Due to multiple scattering in the

entrance window and In the target gas, however, this is not the case.

Therefore a correction factor for this effect was determined as fol-

lows.

The envelopes of the beam within the target can be calculated

numerically if an intensity distribution is assumed within the beam.

In the present case we assumed a gaussian intensity distribution

I(r, 8, z) = exp j-r* / 2o 2 (z)l , (A1.1)
2ira2(z) L J

where T is the mean beam current. In eq. (A1.1) we Introduced a
cylindrical coordinate system (r , e, z) with the z-axis in the
direction of the beam. The standard deviation of the beam o(z) is a
function of z only. The result of a multiple-scattering calculation of
oCz) for a beam of 10 MeV electrons passing through *°Ar gas with a
density of 2.25 mg/cm3 (corresponding to a pressure of 1 bar) is shown
in f ig. 5. In this calculation the in i t i a l beam was a-sumed to have a
diameter of 2 mm before i t entered the Ti entrance window. The diame-
ter of the beam at the exit window was calculated to be 2.5 mm. Since
i t is not possible to derive an analytical expression for o ( z ) , we
parametrized this function by means of a second order polynomial. Then
the mean temperature T within the envelope o(z) can be calcu-

lated; i t is proportional to the mean power dissipation within the
same envelopes:

50 o(z) 2ir
ƒ ƒ ƒ I ( r , 8, z) rdedrdz

T « z-0 r-0 6-0 { A 1 2 )

' c a l c 50 o(z) 2n ' v M J

ƒ ƒ ƒ r d e d r d z
Z"0 r=0 6=0
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Beam calculated for
wAr gas with p=2.25 mg/cm3

Figure 5 Beam envelopes of a 40 MeV beam within the gas target filled
with "cAr to a density of 2.25 mg/cm3 (1 bar) as calculated
with multiple-scattering theory.

Since the Pt1OO resistors were calibrated with a heating wire
which simulates the heating effect of a non-diverging beam, the meas-
ured temperature T

r a 6 a s
 w 1 1 1 b e different from the calculated one.

The correction factor K » T . /T is equal to the rat io of the
calc meas

volumes within the beam envelopes for the not-diverging and the
diverging beam. This ratio is calculated for " "Ar at a few primary
electron energies and target pressures (see table A1). The correction
is typically of the order of 10 - 25 % and independent of the mean
beam current. The temperature increase due to a 10 yA beam is of the
order of 3 K, which means that the correction on this temperature
increase is about 0.3 - 0.8 K. The corresponding effect on the target
thickness is 0.1 - 0.3 %. For target gases which have to be cooled,
this effect can be considerably larger.
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Table A1. Ratio (K) of calculated and measured
mean temperature In the target as a
function of electron energy E and

11 °Ar gas density ( p ) .

E
0

lev]

«0
70
40
70

p

[mg/cm3]

2.25
2.25
«.00
«.00

0.80
0.88
0.76
0.85

A.3 Use of the gas target in experiment

A.3•1 Alignment of the beam

A sophisticated method for the alignment of an electron beam
through a 180° gas target chamber has been reported by Fagg et a l .
[FagJ70, Fag85] who used two retractable sc int i l la tors to determine
the position of the beam in front of and behind the target chamber.
In the present design a wheel with room for four 3 x « cm2 targets was
mounted in front of the gas target (see fig. 6) . We used two
aluminium-oxide targets (one of them has a 2 ram diameter hole in the
centre) and a l2C target. The targets can be positioned in the beam
remotely by means of a motor. For tuning of the beam transport system
the aluminium-oxide target was used to visualize the beam spot
directly in front of the gas target. The aluminium-oxide target with
the hole was used in conjunction with a retractable secondary emission
monitor [DonM8«; see also chapter 3] which was placed six metres
behind the target to cherk whether the beam traversed the target
chamber along i t s central axis. At the same time i t was checked
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Target wheel
Target chamber

Motor

Figure 6 A r t i s t view of the target wheel and the gas-target chamber.
The wheel contains two aluminium-oxide targets (for beam
tuning), a carbon target (for ca l ibrat ion purposes) and an
empty target (for measurements on the gas target ) .

whether the diameter of the beam was small enough. F inal ly , we used

the 12C target to perform a parabola-trapezoid measurement [DonM8l)j

see also chapter 3] to determine the spectrometer angle which

corresponds to scattering over 180°. The fact that the carbon target

i s in f ront of the gas target has no influence on the parabola meas-

urement because both targets are well outside the f r ing ing f i e l d of

the separator magnet. The empty posit ion on the target wheel was used

when measurements on the gas target ce l l were performed.
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A.3.2 Pressure regulation and temperature measurement

Up t i l l now we performed electron-scattering experiments with the
present gas-target system on gaseous 36Ar and ""Ar at different pres-
sures ranging from 1.0 to 3.3 bar. Once the target pressure was set ,
i t was constant to within 0.01 bar over several days. A pressure
increase tocV 5 to 10 min. before the pressure was stable to within
0.01 bar. By using argon as target gas we were able to obtain pres-
sures up to 10 bar without additional cooling of the target. If one
uses target gases with different boiling points i t i s possible or even
necessary to cool the target with for example liquid nitrogen or a dry
ice-alcohol mixture.

Hitherto we used the temperature profile measurements for dif-
ferent reasons. Firstly the relation between the local temperature
along the beam axis and the energy deposited in the target cell by the
niohrome heating wire or by the electron beam was determined. The
result was that an increase in beam current of 10 JJA corresponds to a
temperature r ise of the target gas of 2.2 - 2.7 K, depending on the
target pressure. This gives a reduction in the effective target
thickness of roughly 1 % if one works at room temperature. This
influence of the beam on the local target thickness was also checked
by measuring the counting rate for scattering from 'l0Ar as a function
of the beam current. Within the experimental error of 2 % the expected
effect of 1 % on the counting rate for beam currents up to 16 uA was
not detectable.

Secondly, i t was found that the temperature profile measurement
could be used as beam position monitor. When the target is evacuated,
which is usually the case when the beam handling system is being
tuned, heating of the resistors by the electron beam occurs only by
thermal radiation and not by convection. Thus, the temperatures of the
three resistors should be nearly equal for a well-centered beam. An
off-center beam immediately causes different temperatures, a feature
that was used to adjust the beam to the central axis. Finally, the
temperature profile measurement was used to determine the local tem-
perature along the beam axis.
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A.1) Summary

A s ta t ic gas-target system for use in 180" electron-scattering

experiments has been described. Special retention was paid to the

regulation of the target pressure and to the measurement of the local

target temperature along the beam axis. The pressure can be adjusted

to within 0.01 bar and is stable over several days. The measurement of

the local target temperature along the beam axis is performed by a

system of four Pt100 res i s tors . I t can be determined with an accuracy

of 0.3 K vvhich gives a negligible contribution to the tota l experimen-

tal error. The system of Pt100 resis tors can also be succesfully used

as a beam position monitor. The simultaneous remote pressure control

and on-line temperature measurement allow one to make the system fully

computer-controlled. This means that the local target density along

the beam axis can be kept at a constant value during the experiment

which has obvious advantages for further data analysis.

The target might be employed with different gases and coolants.

For some applications small modifications in the spiralized tubing may

then be required.
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In this thesis aspects of the structure of the nucleus ' 'F are
discussed as a result of transverse electron-scattering experiments,
with emphasis on the ground s ta te . The magnetization distribution of
this state has been obtained from the measurement of electrons scat-
tered from ' ' F at backward angles.

An introduction to the electron-scattering formalism Is presented
briefly in chapter 2 together with the Interpretation of electron-
scattering results in terms of the nuclear shell model.

In chapter 3 the experimental apparatus for the measurement of
electron scattering through an angle of 180° is described. This
instrumentation has been installed in the low-energy faci l i ty (LEF) at
NIKHEF-K. The station receives electrons with a maximum energy of 1*10
MeV from NIKHEF's Medium Energy Accelerator (MEA). The 180" scatter-
ing system features a relatively large solid angle (2.9 msr) and a
broad momentum acceptance. Electrons scattered through angles between
177° and 183° oan be detected with a 19-channel overlapping-
sclnt i l la tor system placed in the focal plane of a magic-angle mag-
netic spectrometer. Various test results are shown to demonstrate the
performance of the system.

Magnetic elast ic electron scattering from ' 9F is the subject of
chapter ft. Low-energy data were taken with the LEF 180° electron-
scattering fac i l i ty . At momentum transfers higher than q = 1.1 fm"1,
the magnetic form factor was measured in the 500 MeV electron-
scattering station EMIN at NIKHEF-K. Since the combined data cover a
large momentum-transfer region (q - 0.1 - 2.8 fm~') i t was possible
to perform a model-independent analysis of the magnetic form factor.

Shell-model calculations In the full 2s1d configuration space
were found unable to account for the behaviour of the experimental
magnetic dipole form factor. Especially the presence of an intermedi-
ate maximum in the form factor Is not reproduced by any of these cal-
culations. \ large-basis shell-model calculation in a configuration
space made up of a l l orbits up to the If7, shell , however, does
reproduce the intermediate maximum, although i t does not account for
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the precise radial behaviour of the form factor. An explanation of

this deficiency is that the mechanism of space truncation is not yet

ful ly understood.

Core-polarization calculations starting from a shell-model calcu-

lation in the fu l l 2s1d configuration space are found to be in good

agreement with the experimental data. An interesting feature is the

fact that excitations from the 1s to the 2s shell are largely respon-

sible for the appearance of the intermeliate maximum in both the

large-basis shell model and the oore-po1arization calculations. Non-

nucleonic degrees of freedom yield only small corrections to the

theoretical form factor.

The study of transverse electro-excitation of levels in ' 'F at

excitation energies less than 1.1 MeV is described in chapter 5. The

positive-parity states are compared with predictions from Ofiu and

2nui shell-model calculations in the f u l l 2s1d configuration space and

a space made up of a l l shells up to the I f 7 orbit , respectively. The
' 2

form factors for the negative-parity levels are calculated with a Iftw

shell model in the fu l l 1p-2s1d configuration space. Form factors

computed with the 1n<ii model exhibit shapes similar to the experimen-

tal data for these non-natural parity levels. The strengths, however,

are off by a factor ^.|^ - 2 with respect to experiment. For the

positive-parity states theory and experiment show Interesting large

discrepancies. The 2fiui model generally gives sl ightly better predic-

tions for the shapes of the form factors. The Ofno calculation is ,

however, in somewhat better quantitative agreement with the experimen-

tal form factor.

The large differences between the predictions from the Onu and

the 2fim calculations indicate that the effects of space truncation

should be studied in more detai l .

An extension of the 180" scattering fac i l i t y , i .e. a gas-target

system designed for use of expensive target gases, is described in the

appendix. This device was not used in the experiments described in

chapters 1 and 5.
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Samenvatting

In dit proefschrift wordt de structuur van de atoomkern '9F

besproken, welke met behulp van transversaie verstrooiing van elek-

tronen werd bestudeerd. Speciale aandacht wordt gegeven aan de

beschrijving van de grondtoestand van deze kern. Voor deze toestand

werd een zo volledig mogelijke raagnetisatieverdeling bepaald uit

metingen aan elektronenverstrooiing bij achterwaartse hoeken.

Een kort overzicht van het formalisme voor de beschrijving van

elektronenverstrooiing en van de interpretatie van meetresultaten in

het kader van het schillenmodel, wordt gegeven in hoofdstuk 2.

In hoofdstuk 3 wordt de opstelling voor experimenten aan elek-

tronenverstrooiing bij een hoek van '80° behandeld. Deze apparatuur is

opgesteld in de hal voor lage-energiefysica (LEF) van het Nationaal

Instituut voor Kern.ysica en Hoge-Energie Fysica, sectie Kernfysica.

Dit station ontvangt elektronen met een maximale energie van 110 MeV

van de 'Medium-Energy Accelerator' (MEA) van het instituut. Het 180°-

verstrooiingssysteem heeft een relatief grote openingshoek (2,9 msr)

en een energiegreep van 2 %. Elektronen verstrooid over een hoek

tussen 177° en 183°, kunnen worden waargenomen met een systeem van

overlappende scintillatiedetectoren in het brandvlak van een dubbel-

focusserende spectrometer. Verscheidene testresultaten, die de goede

werking van het systeem demonstreren, worden besproken.

Nagneti3Ch-elastische elektronenverstrooiing aan ' 9F is het

onderwerp van hoofdstuk 1. De roetingen bij lage energie werden uit-

gevoerd bij een verstrooiingshoek van 180° in het LEF-station. Voor

impulsoverdrachten groter dan q - 1 ,1 fm~' werden deze experimenten

verricht in het 500 MeV station voor elektronenverstrooiing (EMIN).

Omdat de gecombineerde meetgegevens een uitgestrekt gebied van Impul-

soverdracht (q = 0 , 1 - 2 , 8 fn"') beslaan, was het mogelijk een

model-onafhankelijke analyse van de magnetisch-elastische vormfactor

uit te voeren.

Sehillenmodelberekeningen in de volledige 2s1d configuratieruimte

bleken niet in staat het gedrag van de experimenteel bepaalde vormfac-

tor van de magnetische dipool te beschrijven. In het bijzonder de
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aanwezigheid van een tussenliggend maximum bleek niet voorspeld te
worden door de berekeningen. Een uitgebreide schlllenmodelberekenlng,
in een oonfiguratieruimte die alle schillen tot en met de 1f7 schil
omvat, levert wel een tussen-maximum op. Het radiële gedrag van de
vormfactor wordt echter niet goed weergegeven. Als verklaring voor

deze discrepantie wordt aangevoerd dat het mechanisme gebruikt om de
configuratieruimte te begrenzen niet voldoende goed bekend I s .

Pltpolarisatieberekenlngen uitgaande van golffuncties bepaald met
het schillenmodel in de volledige 2s1d configuratieruimte, leveren een
goede overeenstemming met het experiment. Een interessant punt i s het
feit dat excitaties van de 1s naar de 2s schil voor een deel
verantwoordelijk blijken te zijn voor het optreden van het tussenlig-
gende maximum In zowel de uitgebreide schillenmodel- als in de pitpo-
larisatieberekeningen. Niet-nueleonlsche vrijheidsgraden leveren
slechts kleine correcties op de theoretische vormfactor.

Het onderzoek van transversale excitaties van ' ' F tot een
aanslagenergie van t , t MeV is beschreven in hoofdstuk 5. Voor toestan-
den met positieve pari te i t worden de resultaten vergeleken met
voorspellingen van Ofta en 2nw schillenmodelberekeningen in respec-
tievelijk de volledige 2s1d configuratieruimte en in een ruimte die
alle schillen tot en met de 1f7 baan bevat. De experimenteel

' 2
bepaalde vormfaotoren voor de niveaus met negatieve pari te i t worden

vergeleken met Ifios schillenmodelberekeningen in de volledige 1p-2s1d
schil . Het 1ftco model blijkt in overeenstemming te zijn met het expe-
riment voor zover het de gedaante van de vormfactor betreft. De bere-
kende amplitudes wijken echter voor al le niveaus met een factor 1,1
tot 2 af van de experimentele waarden. Wat betreft de toestanden met
positieve pari te i t geeft het 2nu model in het algemeen een iets
betere vorm, terwijl het Oftu model een beter voorspelling voor de
amplitude van de vormfactor geeft. De enorme verschillen tussen de
resultaten van het Ofi<i> en het 2nm model geven aan dat het effect van
begrenzing van de configuratieruimte in meer detail moet worden bestu-
deerd.

Een gas-trefplaatsysteem voor gebruik In verstrooiingsexperimen-

ten bij 180° is beschreven in een appendix. Dit systeem is speciaal

ontworpen voor het doen van elektronenverstrooiir.gsexperimenten aan

kostbare gassen.
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