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Foreword
This thesis is organized in the following way. First an introduction to
the field is given, then the experimental arrangements and the data
analysis are presented. A section on the theoretical tools used is
followed by a section where the publications are summarized. A short
chapter is included where unpublished (3He,t) data are presented, and
finally a summary is given.
This thesis is based on the following publications:
1. The p('He,t)A++ Reaction
Phys. Lett. 154B (1985) 110
2. Study of the A Isobar Excitation in Nuclei
with the (}He,t) Reaction
Phys. Lett 1 M B (1986) 331
3. The (JHe,t) Reaction at Intermediate Energies Spin-Isospin Transitions to States in **N and " N
Mucl. Phys. A (1987) - in print
H. The (d,2He) Reaction at Intermediate Energies
submitted for publication in Phys. Rev. Lett.
The results have also been presented at several national and
international conferences. Invited talks have been given at the
International Conference on Nuclear Structure, Amsterdam 1982; Delta
Nucleus Dynamics, Argonne 1983; the International Symposium on Nuclear
Spectroscopy and Nuclear Reactions, Osaka 1984; the Niels Bohr Centennial
Conference, Copenhagen
1985; the International Nuclear Physics
Conference, Harrogate 1986; the International Symposium on Weak and
Electromagnetic Interactions in Nuclei, Heidelberg 1986; APS - fall
meeting, Vancouver 1986; SFS-KS, Studsvik 1986; APS - spring meeting,
Washington 1987 and the International Conference on Particles and Nuclei,
Kyoto 1987.
The experiments have been performed
by a French-Scandinavian
collaboration. The involved laboratories are LNS Saclay, IPN Orsay, IPN
Lyon, NBI Copenhagen, Indiana University USA, and Lund University Lund.
For the names of my collaborators the reader is referred to the
publications.

1. Introduction and Summary
Charge-exchange reactions, such as the (3He,t) and (d,2He) reactions, at
intermediate energies are unique tools for the study of nuclear
structure. At intermediate energies the impulse approximation (see
section 3.1) is assumed to apply and measured cross sections can then be
related to one-body operator matrix elements. With charge-exchange
reactions the conservation of charge places the restriction that only
isovector interactions can be studied. Furthermore, at intermediate
energies it has been found that these isospin transfer reactions are
accompanied by spin transfer, i.e. they are well suited for studies of
spin-isospin excitations. These reactions thus probe, in principle, only
one part of the nucleon-nucleon (NN) interaction, a fact which
facilitates comparisons with theory.
Charge-exchange reactions are related to B-decay, one of the basic tools
for the study of nuclear structure. In B-decay a neutron is transformed
into a proton (B~-decay) or vice versa (6*-decay) and at the same time an
electron, a B-particle, (a positron) and an anti-neutrino (a neutrino)
are emitted, figure 1.1.

figure 1.1 An illustration of B-decay.

Both types of B-decay, B" and B*, exist in two forms. If the B-particle
and the anti-neutrino have anti-parallel spins (S tot s0) the decay is of
Fermi type and no spin is transferred. If they have parallel spins
(S tot =1) it is of Gamow-Teller (GT) type and one unit of spin is
transferred. When the (total) angular momentum, L, of the B-particle and
the neutrino, is 0 the transition is allowed. With increasing transferred
L the degree of forbiddeness increases.
A nucleus can exist in different states depending on how the protons and
neutrons are arranged. The states of a nucleus are characterized by their

and parity, J71, and their isospir. a^d isospin projection, T a-yj ".',,

spin
where

T2

represents the neutron excess. Transitions between the states,

in

the

same nucleus or between states in different nuclei, are governed

by

selection

rules. In table 1.1 the rules for allowed Fermi and Gamow-

Teller transitions are given. Fermi transitions can only connect Isobaric
Analogue
and

a

States,

IAS. IAS are states in different nuclei where a proton

neutron are interchanged (ATZ=±1) without change of orbit. The GT

transitions

can

connect
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Its

since

spin

is

also

transferred, see figure 1.2. These two states have different energies aue
to the spin-orbit interaction.
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to states in the daughter nucleus which have energies higher

than the initial level in the mother nucleus (often the ground state) are
impossible.
nucleus
from
(also

Thus,

lies

for example, in an N,Z+1 nucleus the IAS of the N+1,Z

at a higher energy because of the Coulomb energy resulting

the charge of the extra proton (Satchler, 1980). For GT transitions
isovector

interaction

also

transitions,
contributes

an

AT.-'I)
energy

the

residual

particle-hole

shift (see section 3.2). This

interaction is repulsive, so the states are pushed up in excitation
energy. The interaction also redistributes the strength so that most of
it is found in the higher states. Particularly in heavier nuclei, these
states nay form collective so-called giant resonances. This was suggested
in Ikeda et al. (1963). These states, however, can be explored by nuclear
reactions. In B -decay the changes in the nucleus are the same as in a
(p,n) reaction, i.e. a charge-exchange reaction. The reaction results in
a neutron being replaced by a proton. B*-decay is similar to an (n,p)
reaction. In nuclear reactions the energy restrictions can be overcome as
the projectile can transfe:* a large amount of energy, and levels with
high excitation energies in the final nucleus can be reached.
A measure of the strength of a transition as reflected by the transition
rate is given by the transition matrix elements <f|T|i>, where T is the
transition operator. (The state denoted i is the initial state, f denotes
the final state.) The matrix element <f|T|i> can usually be factorized
into a structure-dependent and a "geometry"-dependent part, which
contains aspects of the experiment which depend on the choice of
coordinate system. The part of the transition matrix element containing
the nuclear structure is a so-called reduced matrix element. For Fermi
and GT transitions the squared reduced matrix elements are called B(F)
and B(GT) and are defined by (Bohr and Mottelson, 1969):

- 1 --|<
K f I lI^*t -T.<
U ) II i >|f

(1.1)

2J^1

B(GT) =

* ivT 5

l<f

T (k)

-

>r

(1.2)

where T . and a are one-body operators and Ji is the spin of the initial
state, t transfers isospin and o transfers spin to the nucleon they are
operating on. A charge-exchange reaction works in the same way as the
operator T_, sometimes as O^T.. Isospin transfer only gives Fermi
transitions, spin and isospin transfer gives GT transitions. For 0*-like
transitions similar expressions are employed.

The quantities B(?) and B(GT) are also connected to 8-decay through the
ft-value,
6l63/ft = B(F) * (g a /g v ) 2 B(GT)

(1.3)

where f here denotes a calculable parameter and t is the half-life of the
state; g a and g v are coupling constants.
If B(GT)8 and B(GT)^ are separately summed over all final states and
then subtracted from each other the sum rule for GT transitions is
obtained. This sum rule is practically model independent. The sum rule
for Fermi transitions is obtained similarly. (Note that the nucleonic
degrees of freedom are not included.) Explicitly the sum rules read
(Gaarde, 1983):

Fermi:
Gamow-Teller:

= Z B(F)| - EtB(F)f* = N - Z

(1.4)

C = 3(N - Z) (1.5)

In B-decay, as mentioned, only the low-lying states can be explored and
thus the whole sum rule strength cannot be obtained. In the 196O:s and
1970:s (p,n) experiments at incident energies of up to 50 MeV were
carried out to study the connection with B-decay (Goodman, 1979). At
these energies the Fermi transitions are dominant and the IAS states can
be studied. In the late 197O:s (p,n) experiments at 100-200 MeV incident
energy with good energy resolution were performed (Goodman et al., 1980).
When the energy is increased to 100-200 MeV the Fermi transitions become
weaker and it is then easier to study the GT transitions. If the
interactions in the nuclei are considered to be NN interactions, this can
be expressed by saying the NN interaction 'changes' from the isospin
channel to the spin-isospin channel. GT transitions thus offer the
possibility of studying the spin dependence of the NN interaction, which
is not probed by studying the IAS.
It was then also shown (Goodman et al., 1980) that the (p,n) cross
sections at 0° could be connected to the B(GT) values measured by 8decay. In this way, the relative normalization of the (p,n) cross section
and the values of B(GT) from 8-decay could be determined and the
contribution from B(GT) for the higher states to the sum rule could be
estimated. (In heavier nuclei with a considerable neutron excess the

approximation S«* = 0 was made since most transitions of protons are
forbidden by the Pauli principle.) The results showed that some strength
was still missing. Depending on how the background (from other processes)
was subtracted from under the peaks, about 30-50% of the sum rule for the
GT states remained unaccounted for (Gaarde, 1963). Several explanations
were proposed.
* Some strength could be found in the excitation region at 20-50 MeV,
above the GT states. This would come from a mixing with 2-particle 2 hole states. (Bertsch and Hamamoto, 1982)
* Strength could
Mottelson, 1981)

be moved

to the A resonance region. (Bohr and

Probably, both explanations are needed to explain the missing GT
strength, i.e. some part is explained by the mixing with 2p2h states and
some by the coupling with the A states. (See e.g. Brown and Wildenthal,
1987.)
The A is the first excited state of the nucleon, it has an excitation
energy of »300 MeV and is characterized by J f =3/2* and T=3/2. (It can
also be described as a particle with a mass of 1232 MeV and
(Jf,T)=(3/2*,3/2).) A nucleon in the ground state has (J*,T)=(1/2*,1/2).
The A is unstable and decays emitting a pion (e.g. A* • ni*). In the
constituent quark model the building blocks of matter are the quarks,
which build up the nucleons etc. In this model the nucleon and the A are
made up of 3 quarks (see figure 1.3). If the at operator works on a
nucleon quark a A may be formed. (The T operator alone cannot give a A
since both spin and isospin have to be transferred.) This implies that
the nucleon structure could be important for the nuclear structure.
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w
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Figure 1.3 The schematic
quark content of a
nucleon (2 up quarks and
1 down quark with spins
coupled to 1/2) and of a
A
(3 up quarks with
spins coupled to 3/2).

To study the A-resonance excitation together with the GT transitions the
(*He,t) reaction was considered to be better than the (p,n) reaction. In

the (p,n) reaction the detected neutron may originate from the decaying A
(either from projectile excitation or target nucleon excitation) when the
A resonance is studied. The basic mechanism of the (3He,t) reaction is
similar to that governing the (p,n) reaction. j He may be regarded as an
a-particle with a hole. If the nucleons in it are in s states they will
couple to the same quantum numbers as the nucleon has. The difference
between 3 He and a proton will then lie in the form factor. The situation
is similar for the triton. The advantages of the ^ 3 He,t) reaction are
that tritons are easier to detect than neutrons and that the probability
of projectile excitation leading to a A which then decays into a neutron
that fits into the ground state of a triton is low. A disadvantage is the
larger distortion for the (3He,t) reaction compared with the (p,n)
reaction, which restricts the (JHe,t) reaction more to the surface of the
target than the (p,n) reaction.
The (3He,t) experiments have been carried out at Laboratoire National
Saturne, LNS, Saclay, outside Paris, France. The synchrotron Saturne
delivered 3He beams with energies from 600 MeV up to 2.3 GeV. Outgoing
tritons were measured at 0°-7°, and with an energy loss of up to ^500
MeV, with the spectrometer SPES 4. Cross sections for the interesting
structures are large so a systematic study was performed for several
targets covering the periodic system. The reasons for using intermediate
energies are that at lower energies the Fermi transitions are dominant so
the GT transitions are difficult to study, and that A excitations require
around 300 MeV (in the NN cer %e of mass). At these energies the
interactions between the projectixe and the target nucleons can be
considered as NN interactions, so the NN interaction taking place in a
nuclear medium can be examined. The A resonance is clearly excited in all
targets studied and has a similar appearance except for the hydrogen
target. However, these A resonances might be difficult to relate to the
L=0 i resonance blaimed for removing strength from the GT transitions,
since in these reactions an energy transfer of about 3C0 MeV takes place
as well as a momentum transfer of 300-400 MeV/c. The transferred angular
momentum, L, is of the order of 3-5 tl (Weise, 1984).
The lower-lying excitations have also been studied, not only those with
L=0, to which the GT transitions belong, but also multipoles with L>0.
Since the charge-exchange reactions select the <n channel at these
energies, these multipoles also involve spin transfer. It is possible to
extract the different multipoles since the angular distribution is

strongly dependent on L.
Details of the NN interaction have also been studied. At 0° the strength
of the isospin and spin-isospin channels can be determined from cross
sections for Fermi and GT transitions. Yet another process studied is
that of quasi-free scattering including charge-exchange. Quasi-free
scattering is a process in which the projectile interacts with a single
target nucleon without appreciably affecting the other nucleons. This
should thus resemble free NN scattering. The nuclear medium, i.e. the
combined average effect of the other nucleons, may however, have some
influence on the process.
While the (JHe,t) reaction is analogous to B" decay, the other reaction
studied, (d,*He), is related to B* decay. In order to study the B*
strength, the (n,p) reaction can also be used. Good neutron beams are,
however, difficult to obtain. There are, however, groups studying the
(n,p) reaction, e.g. at TRIUMF (Aiförd, 1986). Oeuteron beams are easier
to obtain and we have used the one available at Saturne. Detecting *He
is, however, more challenging than detecting single protons. *He is an
unbound system, with the two protons in a l S 0 state (i.e. the 'ground
state' of a He). The two protons are detected in coincidence using SPES 4
which, due to its construction, only accepts the two protons when they
are in the 'So ground state. The (d,*He) reaction is a very specific
spin-isospin probe since deuterons have spin 1 and the two protons are
coupled to S=0. The interest in obtaining the B* strength is connected to
the GT sum rule. If it is possible to relate the (d,2He) cross sections
to B(GT) the approximation Sg+»O for neutron-rich targets may be checked.
However, it is also interesting to study the same transitions as those
studied with the (*He,t) reaction but in the other direction. We also
measured polarization response, since the deuteron beam used is tensor
polarized. From this quantity it might be possible to study the spin
transfer in the directions longitudinal and transverse to q, the momentum
transfer, separately, i.e. more specific information can be obtained.
The (JHe,t) and (d,*He) experiments are, in principle, rather simple to
perform. Nevertheless they are important since they test fundamental
ideas, e.g. properties of the interaction between nucleons and whether
the 'inner degrees of freedom' of the nucleons affect che nuclear
structure.

2. Experimental Arrangements and Data Handling
This section deals with the experimental set-up and data handling for the
two experiments in more detail than will be found in the publications.
Some things mentioned in the publications will, however, be found also in
this chapter in order to keep this section as complete as possible. The
first part concerns the (3He,t) experiment and the second part takes up
changes made for the (d,2He) experiment and other differences in that
experiment.
Ion source and accelerator
The beams were delivered from the synchrotron SATURNE at Laboratoire
National Saturne at Saclay, see figure 2.1. Bursts of accelerated
particles were delivered with a repetition rate of 1-4 s. Durations of
the burst are around ~1U-2O % of the repetition rate. To avoid time
structure in the bursts, high intensities are recommended, 10 9 - 10'°
particles per second. The ion source Hyperion was used in both
experiments. Between the ion source and SATURNE a 10 MeV linac for preacceleration is situated.
In the (d,*He) experiment the beam was tensor polarized. The deuterons
were polarized in the following way (Boudard, 1984). After dissociation
of the deuterium molecules into atoms they pass a magnetic field. Atoms
which have electrons with spin up (in the chosen coordinate system) are
selected. These then pass three radio-frequency cavities in which, in the
presence of well chosen magnetic fields, adiabatic transitions between
the different states of the deuterium atom take place (the states are
characterized by the electron spin projection m g =1/2 and the deuteron
spin projections m d =0, t1). In this way, the states will achieve
different populations. Finally, the atoms are ionized by electron
bombardment and the ions are extracted. The three radio-frequencies work
in different combinations to produce the different populations required.
2.1 The (JHe,t) Experiment
Experimental Set-up
Beams of 3He with energies between 600 and 2300 MeV an-} intensities of 120 particle nA were used. In order to obtain different scattering angles

with the fixed spectrometer the incident beam was deflected with one
fixed and one movable dipole magnet, the latter placed just in front of
the scattering chamber. This makes it possible to study scattering angles
between -9° and +30°.
The magnetic spectrometer SPES 4 (Grorud et al., 1981) was used to
analyse the outgoing particles, see figure 2.2. SPES 4 is a D5Q6S2
instrument (i.e. five dipoles, six quadropoles and two sextupoles) and
the length between the target and the focal plane is about 35 metres. In
order to facilitate measurements at 0°, a dipole magnet is situated
between the target and the collimator. This feature is very important in
the present experiments since the angular distributions are strongly
forward peaked. The spectrometer is able to analyse tritons with a
maximum kinetic energy of 2.3 GeV.
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FI:
fan in, FO: fan out, CC and CCT: coincidence circuits, JH: shaper, GGT:
gate generator, FD: fast decision (to inhibit data collection).
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Figure 2.5 A cut through the first drift chamber
(constructed in the
same way as the second drift chamber). Hl and H2 are the horizontal
drift planes and give the coordinates x, and xz.
V{ is the vertical
drift plane giving the coordinate y,. The anode wires are marked oc>, the
field shaping wires u and the wires giving the drift fields by #09. The
values of the marked distances are: a - 12.5 mm, b - 0.7 mm, c = 25 mm
and d - 20 mm.
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Three different arrangements of the focal plane detectors were used in
the experiments: (i) one wire chamber, (ii) one wire chamber and one
drift chamber and (iii) two drift chambers. The chambers were placed
close to the focal plane. When two chambers were used the distance
between them was 1 m. The wire chamber has one plane with 2 mm wire
spacing. The drift chambers consist of three planes each, two are used to
obtain horizontal particle position and one, with the wires at 45°, to
obtain information on the vertical position. The effective area of each
plane is (0.20 x 1.00) m 2 . The horizontal plane has 20 cells with a cell
size of 50 mm. The anode wires are double, with a spacing of 0.7 mm, to
make it possible to determine whether the particle has passed to the left
or to the right. The 45" plane has 24 cells of the same size as those in
the horizontal plane. The second horizontal plane is displaced 12.5 mm
sideways, so that the dead areas near the anode wires in one plane will
be covered by active areas in the second plane. A cross section through
one drift chamber is shown in figure 2.5 (Contardo, 1984).
The gas used in the drift chambers was a mixture of 66.4ji argon, 30.2%
isobutane and 3-4% methylalcohol. The electric fields were obtained from
planes consisting of wires with 2 mm spacing on both sides of the drift
planes. The voltage on the wires opposite the field shaping wire was
about -3.5WV while the wires opposite the anode were grounded, i.e. che
electric field is 1.4-1.5 kV/cm and is constant over the drift region.
Typical drift velocities were 50 um/ns. The drift planes are separated by
a thin metallic foil. The detection efficiency for one plane was
typically 90%, obtained from the ratio of the number of counts in one
drift plane to the number of coincidences in the I and F scintillators.
In some cases, there were problems with the functioning of the focal
plane detectors: some wires in the wire chamber were not working and
nonlinearities arose in the drift time spectra from some wires in the
drift chambers. The latter problem was probably caused by deviations from
the ideal electric field. These effects result from the geometry near the
anode wires and caused a fine structure in the data in addition to the
statistical spread. Applying corrections for these effects, and in some
cases measuring additional spectra, has caused considerable extra work.
The event trigger consists of a coincidence between signals from the
scintillators 1^ (at I) and F^ and/or F i+ i (at F ) , demanded by the time-

of-flight
about

requirements. The resolution (FWHM) for the time of flight was

i ns. The following parameters were recorded on magnetic tape for

each

event: the I and F scintillators triggered, the pulse height in the

F-scintillators,

the

TDC

values

for

the I and F sclntillators, which

wires were hit and, when drift chambers were used, the drift times.

A

pair of monitors was placed about 5 m 'upstream' from the target, each

consisting
were
A

of

a

telescope cf three small scinti llators. The telescopes

aligned to detect particles from a thin Ta foil placed in the beam.

secondary-electron

monitor

was placed closer to the target. For each

burst the sealer readings for these monitors were also recorded.

With

the

target thicknesses and beam currents used a spectrum typically

took 10-30 minutes to collect.

Data Handling

Sorting

of

involved.
very

the

This

useful

data

has

taken

place independently at the institutes

procedure, although more time-consuming, was found to be

in revealing errors in procedure, program bugs etc. In Lund

the sorting was performed mostly on a NORD-100 computer and was last year
moved

to

language.
event.

a

microVAX-II

are

such

as

2

(d, He)),

Fortran

77 was used as programming

The program is menu oriented and the data are treated event by

Before

data

computer.

the final sorting of the data takes place, subsets of the

sortad in order to determine various constants and corrections
constants needed for alignment of time difference spectra (only
drift velocities in the drift chambers etc. The most important

items in the menu are:

* tape handling

• changing parameters - parameters such as drift velocities, time
windows, etc. can be changed at any time

* slices

subsets of data are sorted for diagnostics,
determination of parameters, etc.

* correlations

- different data are displayed in

two-dimensional plots during sorting, mostly
used for diagnostics
only for (d, 2 He), the determined positions

* ray tracing

from the drift chambers are 'ray traced'
according to the transport matrix of SPES 4
and instead of position spectra energy
spectra are obtained

* write

- saves final histograms on disc

* sort

- the data are sorted with the chosen
parameters and options. The sorting can be
interrupted at any time to check
histograms, parameters, restart, etc. In the
sorting, apart from the drift chamber spectra,
spectra of multiplicities, time differences,
hit wires, etc. are also constructed so that
these things may be checked in each sorting

For

good

spectra
CARATE

events,
(for

the
2

(d, He)

saved
see

histograms are the drift chamber position

above). The spectra are sorted and stored in

format (Carlén, 1982). A special version of CARATE (Carlén, 1982)

was

used to treat and analyse the final spectra. The sorting program and

the

spectrum

handling

program

are

continuously

being

developed and

improved.

The position of a track in a drift plane is obtained from:

x-position = wire number'cell size ± vo-(t-to)

(2.1)

(+ for odd cells, - for even cells)
v0

=

drift velocity for the electrons, common for each chamber

(t-t0) = drift time
t

= time read by the electronics

tn

= time offset

The

parameters

v0

and

t0,

which

are

common

for

one

chamber, are

determined by the following relations (Bedjtdian et al., 1986).

The

parameter

plane
of

one

vD is obtained from particles which have passed ceil i in

and plane two of chamber one and any cell in plane one or two

chamber

two.

The x coordinate from the second chamber will give the

horizontal angle of the trajectory.

(2.2)

v. -- ( a + d • tan 9 ) / | t 2 - t /

Particles

passing

cell

i in plane one and cell i+1 in plane two of the

same chamber give t 0

t 2 )/2 + t 1

(a-b+d-tanO)/2/va

i=odd

(a-b+c-d-tan0)/2/vo

The

parameters

chamber,
by

v0

and

t0

are

then

(2.3)

i=even

determined iteratively, for each

starting with preliminary values given by the cell size divided

the

width

of the drift time spectra and the end points of the drift

time spectra (see figure 2.6). (a,b,c etc. are given in figure 2.5)

A

more

'graphic'

display

Xj-x 2

difference

since
should

against

x,

(and

be

zero
almost

in

the

parallel

x3-x,,

against

middle
to

the

of

x 3 ) and to require the

the

chambers

optical

where

the

axis. Trajectories

to the anode and cathode wires should either be excluded,

these areas the drift velocity is not constant, or corrections

be

procedure

determining v 0 and t„ for each chamber is to

are

close
in

of

to

trajectories
passing

way

made
was

to

the

positions because of this. Usually, the former

adopted. The spatial resolution of the chambers was about

0.5 mm.

100

200

300
channel

Figure 2.6 A drift time
spectrum,
obtained as
the sum of
all
the
individual
drift time
spectra in one plane.
One channel is about 1. 5
ns. The decrease at the
left end of the spectrum
is due to the
field
wire. The decrease at
the right end is due to
the anode wire, and this
point gives the
time
(here it. is
offset
about 425 channels).

The relation between position at the focal plane and momentum is given by
(where x, the position in mm, is transformed into a channel, W)

AN

(2.4)

Po

or
P = Po"

e -AN/k

, AN=N0-N

(2.5)

where p 0 is the momentum of the particles on the optical axis, No is
corresponding focal plane position and N is
with momentum p. The reaction

12

3

the

12

C( He,t) N

s

position

with

of

different

the

particles
magnetic

field settings (different values of p a ) was used to determine the offset,
N o , and the dispersion, k. An example of this is shown in figure 2.7.
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Figure 2.7 Determination
of the parameters Na and
k for a (iHe,t) run at 2
GeV. The value of No is
obtained as the channel
for which ln(pg/p) is
zero. The parameter k is
given by the slope of
the line, which is
simply drawn through the
data points.

ln(p /p)
0
Absolute normalization was obtained by two independent methods: (i) using
an activation measurement on carbon and (ii) using 3He elastic scattering
on hydrogen. The relevant expression is:

d£ = 1 A = X A X
dJJ

i t

where

(2.6)

M t

Y is the yield (integrated area of the appropriate peak), i is the

incident flux. A and t are the mass number and thickness of the target, M
is the monitor count and X is a normalization constant.
The

normalization

measurement,
of

66

ly/2

constant

X

is
2

using

determined

from

the

activation

3

the reaction ' C( He,x)''C which has a cross section

mb at 600 MeV (Nuclear Data, 1966 and Aslanides et al., 1981) and
- 20.3

ll

min for

3

C. The normalization is also determined from the

3

reaction p( He, He)p for which the cross section for the inverse reaction
is known
cross

(van

Oers,

sections

four-momentum
slightly

can
(-t

=

1984). For elastic scattering at small angles the
be

expressed as functions of (-t), the transferred

(Ei-£3) *-(Pi-p.i)') • This cross section depends only

on the incident energy. The transformation to (-t) is performed

via
da
dt

.

,_n
p2

l

da x
dR cm

{2

7)

and values for different energies will then fall almost on the same line.
Since

there is a slight dependence on incident energy the values for the

corresponding
for

the

Taking

energies/nucleon

normalization
the

tnickness

uncertainty

at
in

were used. The cross section values used

different
these

energies are given in figure 2.8.

cross

sections

and

in

the target

into account, the deduced absolute cross sections are believed

to be accurate to 15%, slightly worse at 1.5 GeV.
The

exact

scattering

angle

is obtained (off-line) from two different

measurements of elastic scattering on a CH 2 target at the same scattering
angle
carbon,

but

with

with

approximation

a
of

different
preliminary

field
value

settings,

p0.

Elastic scattering on

of scattering angle, yields a first

the dispersion parameters N o and k. Elastic scattering

on hydrogen is then used to determine the scattering angle via kinematics
calculations.

The

procedure

is repeated with the calculated scattering

angle until convergence is reached.
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Off-line sorting of the data starts with the selection of events which
have correct combinations of I and F scintillators, and which have
multiplicity one in the different planes in a combination such that they
will give one proper x (horizontal) coordinate in each chamber. The x
coordinate from chamber one, x^f and that from chamber two, x ^ , will
then define the angle of the track (tan6=(xi-xii)/distance between
chamber one and chamber two) and with the use of similar triangles a
projection onto the focal plane can be made. For the wire chambers the x
coordinate is calculated from the number of the wire hit, and for the
drift chamber the coordinates are calculated from the wire number and the
or ift time. By means of a ray-tracing procedure it is possible to
discriminate against particles not coming from the target.
The raw spectra are transformed from position to momentum, or kinetic
energy (using E J =p 2 +m 2 ), according to the dispersion relation. Absolute
normalization is performed with the expression given above and the
deduced normalization constant X. The spectra are also corrected for the
dependence on the relative efficiency of position, of which an example is
given in figure 2.9. This dependence was determined from several
measurements of tritons from carbon with different magnetic field
settings.

02
u
4)
U

V

"3
a.

figure 2.9 The relative
efficiency
from
a
i*He,t) run at 600 MeV.
A smooth curve is drawn
through the points and
is
used
for
the
efficiency correction of
the spectra. The spectra
are usually recorded in
the flat region.
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Spectra of the A excitation were constructed from four spectra with
somewhat overlapping field settings (Ap o /p o =2-3?). Each part is treated
separately as above and they are then put together. The overlapping areas
are usually consistent. Sometimes, however, there may be a mismatch,
especially at larger scattering angles in the & region. The reason is
that the collimator is rather large and is situated behind a dipole
magnet which introduces a coupling between the momentum and the
scattering angle. The effect was always found to be as expected from the
angular distributions and has been corrected for in the data. It is seen
especially in the region of the A resonance which is broad and has a
rather steep angular distribution.
Background subtraction in the raw data is performed with the aid of
measurements on an empty target frame by normalizing to the monitors. The
instrumental background in the spectra is, in general, very low. This can
be exemplified by noting that the low-lying states in l3 N can be studied
from the \% ''C content in the natural carbon target (see Figure 1 in
paper 3 ) .
Integration is carried out over the interesting peaks. Background
subtraction from other processes, when made, is performed by fitting an
exponential or a spline function to areas adjacent to the peak. The
energy resolution was 1.1 MeV at 600 MeV and 2.7 MeV at 2 GeV.
2.2 The (d.'He) Experiment
Experimental Arrangement
The main experimental differences in the (d,*He) reaction compared with
the (3He,t) reaction are, as mentioned earlier, that 2 He is an unbound
system of two protons, which have to be detected in coincidence, and that
a polarized beam is used. In this experiment the incident energies were
650 and 2000 MeV. The two arrays used for the time-of-flight measurements
were required to have hits in two individual scintillators each, and each
I-F pair was required to have the correct combination and the time of
flight for a proton fulfilled. For example, if I scintillators Ij_ and I,
are hit the event is accepted if the F scintillators F i or F i + 1 and F« or
F« + 1 are hit. During this experiment the F scintillators were usually in
a non-overlapping configuration (rotated 60°). A 'He (i.e. two protons in

a : S 0 state) having a very small relative momentum is, however, lost
since the two protons then will pass through the same I scintillator. The
cross section for these 2 He is however very small. Additional electronics
needed for the (d,2He) experiment are shown by the dashed contours in
figure 2.4.
The background in this experiment consists, to a large extent, of protcns
from deuteron break-up. The cross section for the (d,pn) reaction is
large, about half the geometrical cross section (Lander et al., 1965) and
these protons have a momentum distribution similar to that for the
protons belonging to the 'decaying' J He (when q=0), i.e. p_"-pd/2. The
angular distribution for the break-up protons is also strongly forward
peaked. Protons coming from two simultaneous break-up deuterons will thus
look like a 2 He. Time difference spectra were used to distinguish the
'true' 2He:s from the 'false' 2 He:s. The time signals from the I, and
sometimes F, scintillators were used to give the time difference between
the protons when arriving at I (and F ) , i.e. At=t(I^)-t(I,) arid similarly
at F. The tru3 2 Ke:s, which are well correlated, will give a well defined
coincidence peak on the roughly flat distribution of the false 2 He:s.
If the two protons are assumed to originate from the target at the same
time, they will arrive at I at different times depending on their
momentum. The time difference in arrival at I is given by (to first order
in Ap o /p o )
sjt, - t,|=|s/c •

, - E,/p2)|= s/c • Ap o /p 3 • mV(E 0 -p 0 )

(2.8)

po= central momentum
px= momentum of particle one, the faster, = p o +Ap 0 /2 if I 12 is hit
p2= momentum of particle two, the slower, = p o -Ap o /2 if I, is hit
E o , Ej, E2= corresponding total energies
m = proton mass
s = distance between target and the intermediate focus, *-i6 metre
Apo/Po= momentum range for SPES 4 {!%)
Protons arriving at I ; and I,, have At=1.0*0.1 ns (when Ep=1 GeV). The
'uncertainty' arises from that the scintillators have a finite width.
Protons passing I s and I7 will have At=O.08+0.1 ns. In order to construct
one At spectrum with one peak, ail the different I combinations have to
be aligned. Such a spectrum is shown in figure 2.10. Ideally, this peak

should

be

resolution
the

rectangular,

with

a

width

of M).2 ns, but due to the time

of the detectors, etc., the width is found to be •*-? ns. About

same width is found at both energies, 1-2 ns at 2 GeV at the highest

field and ^-2 ns at 650 MeV.

1500
1000

Figure 2.10 Two aligned
time difference spectra
from the (d,*He) experiment at 650 MeV and 0°,
with targets of CHt and
carbon. The time window
used is marked TR, and
the region marked R is
used
for random subtraction.
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ratio

is

important. This is determined by the count rates for the true coincidence
events, Nt r u e , and the random coincidence events, N r # c > N

true s N A * t ' 42(9) * R o ' dfl
A dQ
•
T
}2
T • v( M
Nr.c."
"single'
: Avogadro's number

(2.9)
(2.10)
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t

= target thickness

A

= mass number

do/dJ2= cross section
Ro

= beam intensity

dfi

= solid angle

T

= time window for coincidence

^sinele= count rate for the single protons from deuteron
break-up, given by the same expression as N t r u G but
with the relevant cross section

For

the

efficiency
large
too

He:s

for

the count rate will be reduced since the detection

the detection of the two protons is far from 100%. A too

angle between them prevents them from passing the collimator and a
large

from

2

true

relative

traversing

momentum between them prevents at least one of them

the

spectrometer.

The

detection

efficiency has been

calculated

to be about 15-20% at a deuteron energy of about 2 GeV with a

collimator

of

2

He:s

were

1.7°x3.4°.

simulated

The

in

calculation was of Monte-Carlo type, the

their

rest

system

and

transformed

to the

laboratory system where folding with the collimator and the properties of
SPES 4 was performed.

The

worst

background

condition, as mentioned, is in the region for the

Gamow-Teller states. With carbon the following cross sections may be used
to
I2

estimate

suitable

C(d,2He)12B._ «.

running

reaction

is

parameters.

estimated

to

The
be

=

da/dft(0°)
20+5

for

the

mb/sr (cm.)

3

(estimated from (p,n) and ( He,t) cross sections on carbon). The deuteron
break-up

cross

section

on

carbon

at

0° and 2 GeV incident energy is

estimated to be ~37 b/sr (lab.), (Lander et al., 1965).

Since

for

stability

possible,

it

thickness

and

efficiency

reasons

only

(and

the

remains
solid

the

the
to

beam

find

a

intensity
compromise

must

be as high as

between the target

angle, where the solid angle is restricted by

fact

that

too large a solid angle results in too

large a part of the angular distribution being obtained in one run).
With a carbon target of 50 mg/cm2, R0=1.4«10' particles/s and dfl=1.7-10"J
sr
=
GeV

the ratio for true-to-random coincidences is found to be 0.24, with T
2

ns.
and

Experimentally, a ratio of 0.5 (2ns) was found for carbon at 2
0°, with

collimator.

the

numbers

as

above

but with a somewhat smaller
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The

momentum resolution for SPES 4 is 6p/p=5'1O'*, and the resolution of

the drift

chambers

will hardly contribute to the final resolution. The

energy resolution will then be:

El

He =

EJH6

E

(2.11)

p2

Pl

(2.12)

= J2
E

P

p

This gives AE = 1.1 MeV at a proton kinetic energy of 1GeV and AE
MeV at 325 MeV, which is somewhat better than the experimental
For the ground state of

l2

=

0.4

findings.

B, AE was found to be 3.5-4 MeV for £d=

2

GeV

The same final focal plan'- detectors (i.e. the drift chambers) as in

the

and AE=1.8 MeV for Ed= 650 MeV, (FWHM), see below.

Data Handling

3

( He,t) experiment were used. Now both x (horizontal) and

y

coordinates were used to give the momentum vectors for the

two protons.

Ray tracing that connects xp, yF, 0p and

<t>p at

6p/pT, 0 T , 4>T and y T at the target was carried

the

out

focal

with

(vertical)

plane

the

with

transport

matrix of SPES H (Boivin and Durand, 1980). The coordinates are shown

in

figure 2.11.
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Figure 2.11 The coordinate systems used, from the drift chambers the x
and y coordinates at the focal plane (index F) are obtained together
with the angles 9 (in the xz plane) and $ (in the yz plane). These
coordinates are transformed to the target coordinate system (index T).

With this information, it is possible to obtain missing-mass spectra
the residual nucleus, mass excess spectra or

relative

momentum

for

spectra
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for the 2He system, etc.

The

missing mass for the residual nucleus (index 5) is obtained from the

four-momentum relation (T is kinetic energy)

P

1

+ P

2 = P3

+ P

4

+ P

P2 = m 2 = E 2 - p 2

5

(2.13,14)

E = T + m
,

(2.15)

where
=(E

m

34=E3l

= P5 - m 5

thus E

Unfortunately,
well

3*

known

(2.17)

the

as

parameters

the

for

horizontal

the vertical ray tracing are not as

ones. One way to get around this is to

construct energy loss spectra instead of missing mass spectra, since then
only the horizontal ray tracing is important.

Energy loss spectra are constructed from

ui = E 1 - E

* inj-,'

- E3 -

34

• n|)'

(2.18)

and energy conservation gives
(2.19)

u =
(The

ground

resolution
because
improved

state
for

of
if

The

poor

the

vertical

of

the

the
the

u

the

residual nucleus is then found at u=Q.) The

spectra

intrinsic

width

may
of

be

worse than for the Ex^ spectra

*He. The efficiency is, however,

vertical information can be rejected, see figure 2.12.

resolution in the EXIJ spectra is probably due to the fact that
ray

tracing

parameters

important for the determination of m ^ .

are

not

well

known.

They are
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Energy loss

Pigure 2.12 Data from i2C(d,2He)l*B
at 650 MeV and 0° sorted as
functions of w and E . The spectra are not corrected for the efficiency. Both spectra are presented in 0.5 MeV intervals. The E
scale
is obtained as P%-mlr it is then comparable with the u> scale, i.e. peaks
vill fall in the same channels, To obtain the proper E _ scale one
should shift the scale by
(mz-mi).

Absolute normalization has been performed through Plane Wave Impulse
Approximation (PWIA) calculations of the p(d,2He)n reaction (J^rgensen,
1986) folded with the properties of SPES 4.
Corrections for the relative efficiency have been made in the following
way. The energy loss spectrum for the reaction p(d,2He)n at a certain
angle is studied as a function of the magnetic field setting ( p 0 ) . The
spectra are normalized to each other and the area of the neutron peak is
plotted versus Ap o /p o '1OO (Ap o =p,-p). The Apo=O point is taken to be the
maximum. A smooth curve is drawn through the points, as illustrated in
figure 2.13, and the curve obtained is inverted. This curve is then
transformed
into a function of energy loss. One such efficiency
correction curve is constructed for each field setting. As a check on
this procedure, the spectra used above to give this curve are corrected
in the described manner. The agreement between the spectra is good in the
best known region and is taken as a confirmation that the procedure is
correct.

Figure 2.13 The relative
efficiency for a (d,*He)
run at 2 GeV. The bes c
known region is between
±2 %.

Polarization
The ion source delivers polarized deuterons in 8 different combinations,
denoted 1-8 (Boudard, 1984 and Arvieux et al., 1984). The different
combinations have different populations of the three different spin
projections for the deuteron (in the chosen coordinate system they are
spin-up, spin-down and spin-zero or sideways). The deuteron bursts are
delivered in the different combinations cyclically i.e. burst one
consists of combination one, burst two of combination two, etc. The
combinations 5-8, which give vector and tensor polarization when combined
in a certain way, are used in this experiment. The polarization of the
deuterons is checked with a polarimeter situated near the linac. To
measure the polarization of the beam some bursts are let into the
polarimeter, instead of into the linac and SATURME. Studies have shown
that no depolarization takes place during the acceleration (Arvieux et
al., 1984). The degree of polarization is checked repeatedly during a run
and was found to be very stable. The degree of tensor polarization, ?^,
was ^85/t and of vector polarization, Py, ^\00%. (For some expressions in
this section see section 3-3.) The maximum of P 2 Q» tne parameter defining
the tensor polarization of the beam, is 1//2 for combinations 5 and 6,
and -1//2 for 7 and 8. The mean value of p 2 0 is obtained from the
polarimeter and is related to the degree of tensor polarization, P-j.,
where

max

1 With

we t h u s n a v e
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Table 2.1 The density matrices (x 3) describing the combinations used

5

6

7

8

2 00

1 00

1 00

0 00

0 00

0 00

0 20

0 20

0 01

0 02

0 00

0 01

Combination

3 x density
matrix

The four combinations used in the (d,2He) experiments are combined in the
following way to give R, the polarization response we are interested in,

AR =/{{1+a)/Etr/(1-o)2}'

(2.20,21)

N 5 • N 6 • N 7 • Ng
= N^true+random) - N^(random)
—
Ltr

, Er= I Nx{ (random)
i=5

1=5,6,7,8

8

Itr= t lMtrue+random)
i=5 x

The numbers Nj denote the number of counts

obtained

when

combination i were incident. The denominator in R gives

deuterons

the

of

unpolarized

cross section. AR is the first-order uncertainty. The ratio R can also be
desribed as

f = spin up
R - I • q(f) • q(|) - 2-o(0)

2

0 = spin 0 or sideways

o(f) • o(j) * o(O)

where o(i) denotes the cross

(2.22)

| = spin down
section

when

the

projection i. The ratio R is connected to the

projectiles

tensor

have

analysing

spin

powers,

T 2 0 and T22 through

R O ) = |p20| '{ \ ' T20(9) • /|*# T22(9) • < cos 2+ >}

(2.23)

where p 2 0 defines the polarization of the beam and t is the angle between
the normal to

the

scattering

plane

and

coordinate system is defined according to
figure 2.14 (Madison, 1970).

the
the

polarization
Madison

axis. The

convention,

see
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Figure 2.14 The Madison coordinate system (index M) and the coordinate
system in which the incident polarization
is given (index p). The
scattering plane is defined by the vectors p. and p , i.e. the xz plane
in the Madison system. The angle 6 is the angle between the polarization
axis z and the beam axis. The angle between the polarization
axis and
the normal to the scattering plane (Y ) is denoted <j>. '/fhen 6=90°, as is
the case at SATURNE, the axis x is along the beam.
P

Since the collimator is finite an average over cos2$ is made in the
experiment. The mean value of cos2<|> has also been calculated in a MonteCarlo simulation (J^rgensen, 1986 and paper 4) to be used when comparing
with theory. Since R is a ratio neither absolute normalization nor
relative efficiency corrections have to be made.
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3. Theoretical Tools
In the publications presented in this thesis, references are made to the
Distorted Wave Impulse Approximation (DWIA) (in paper 3) and to the OnePion Exchange Potential (OPEP) (in papers 1-1). The DWIA, which is a
'direct reaction1 theory, is used for low-lying states, i.e. peaks in the
spectra related to the nuclear structure. The OPEP, one of the channels
for the nucleon-nucleon interaction (thus in a way present in the DWIA),
is used for the 'bump' considered to be the A resonance, i.e. nucleon
structure, and for the interpretation of the spin-isospin interactions in
a nuclear medium.
In this section the DWIA and the OPEP will be outlined and at the end the
formalism of polarization is sketched. (A vector is written v or ?.)
3.1 The Distorted Have Impulse Approximation, DWIA

•
:

I
;

i

The DWIA is a distorted wave theory used here for direct one-step
reactions, with light ions at intermediate energies. By a one-step
reaction we mean here that only one interaction takes place between the
incident particle nucleon and a target nucleon. The reaction does not go
through any intermediate state. The Impulse Approximation, IA, can be
used if the projectile energy is high enough, >100 MeV/nucleon. Then, in
the I A, the influence from the other nucleons in the target can be
neglected and the NN interaction in the medium can be described as a free
NN interaction. The relative motion of the projectile-target system is
described with distorted waves (DV!) to account for the disturbance due to
the presence of the nucleas. (In PWIA this is not included, instead plane
waves (PW) are used for the relative motion, a simplified description.)
Distortion is, in this case, absorption of the incident and outgoing
waves and refraction when passing the nuclear surface.
The probability of finding the ejectile at an angle 9 after the reaction
is given by the differential cross section (Satchler, 1980)

if

<e> •,?}&, ^r~ -TTTT

r

ITfi I'

».D
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where Tfi, the transition matrix, in the DWIA is given by :
fi " JJ Af

*• B' B

x

'

X[

vK a ,r a ; araarg

vo-^;

U - reduced mass, k - momentum, x - distorted waves, i = initial state, f
=

final

state,

J^

=

spin

of

the initial state, ra and rR = relative

coordinates for the initial and final systems and V is the interaction. V
is

taken

to

be

L^

V;.,

where

Vj, is the NN interaction between the

projectile nucleon (j) and a target nucleon (i).

To

describe

the interaction, the free NN interaction, given by the two-

body scattering matrix t12(ki,kf-), is used (Glendenning, 1983).

t12(ICf,R^) - a + bö^nöj-n + c(ä1+äI)v + eö^qöj-q + faj-Qoj'Q

(3.3)

where a,b,c,e,f are functions of centre of mass energy, scattering
and isospin, which comes in as a=ao-t-aiT1-T1 etc.;

k^ =

initial

angle

momentum

and kf= final momentum. q=k^-kf (momentum transfer), Q=k^+k^ and n=
Q, and they form a right handed coordinate system. The
amplitudes) are determined from phase-shift analysis
Index 1 refers

to

the

projectile

and

index

2

q

coefficients

of
to

NN

the

x

(or

scattering.
target.

The

interaction could also be written with projection and tensor operators.

However, t 12 is not known at all energies and angles and

is not

local.

Thus one wants to find an effective 'local' interaction, t=t(rfp),
should also include exchange (then
used) (Glendenning, 1983). Love and

unsymmetrized
Franey

wavefunctions

(1981),

whose

frequently used, obtained an effective local t matrix
way. Each NN channel (referring to the

four

their total spin and the parity of the

wavefunction

in

channels

which

can

results
the

be
are

following

characterized

of

their

by

relative

motion) has been assumed to have the form: (where C = central, LS ^ spinorbit and T = tensor)

t(r,p) = tc(r) + tLS(r) C-S * tT(r) • S 12 (r)
E •- ? x p

r = r, -r,

p = 1/2 (p\-p2)

(3.4)
S=1/2(ö,+ö2)

tc(r) = to(r) • ta(r)öl-ä1 * t T ( r ) V T 2 • tflT(r )*, -5,1, -T,

(3.4a)

tz(r) = tj(r) * t^(r)TJ-T2

(3.4b)

S,,(r)=3'ö,*räjT - ä ; 'ö 2

z = LS or T
is the tensor operator
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The different direct t(r):s are represented as sums of Yukawa potentials
(A-exp(-ur)/r) of different ranges (u"1) and strengths (A). The part with
the longest range should behave as one-pion exchange. The strengths and
ranges are fitted with the restriction that t 11 (kf,k£) is obtained, when
the assumed interaction is used between two free nucleons. In the
effective interaction exchange is included as
t(r,p) = t(r,p)(l-P w )=t D (r,p) + tE(r,p)Px

(3.5)

P l 2 =P x P a P T and interchanges all coordinates of particle 1 and 2. P x is
the space exchange operator. In the last right hand side of eq. (3-5) the
spin and isospin exchanges are included in t and t . The two amplitudes,
the direct (D) and the exchange (E), connect the initial and final states
in different ways (see an example in figure 3.1). The exchange part is
important although it is small, at least at small momentum transfers. In
the effective t an approximation is also made so that only direct matrix
elements need to be calculated. Using a multipole expansion of the
interaction it is possible to separate the projectile and target
operators to act in their respective space. Insertion of this in Tf.^
gives a general form (Glendenning, 1983, where a detailed description of
the steps and approximations mentioned here may also be found):

[
The first matrix element, with T&, concerns the projectile and is called
the distortion function, D. The second matrix element, with T a , is the
nuclear one, and gives the transition density for the target, p t .
Sometimes its reduced matrix element is called the transition density,
(in e.g. (3.6) it is not reduced).
In the (*He,t) experiment the projectile is a composite
projectile matrix element will then be replaced by

particle. The

<X f « t |Operator| Xi *J He >=D(r)'p p (r)
For the projectile transition density, p_, in the (JHe,t) experiment the
magnetic form factor measured by electron scattering hac been used.

"h>

distortion

n-jp^nds

on

the

projectile

energy,

how much time the

projectile sueiic..-; in the mean field, the momentum transfer and scattering
angie

(different

configuration

of

distances are travelled inside the nucleus) and on the
the state studied. The distorted waves are obtained by

solving Ihv? Schrodinger equation with an optical potential, obtained from
the analysis of elastic scattering or directly from a folding integral of
che type (Satchier, 1980):

U(R) = H P p ( V v(r tp ) p t (r t ) dr p drt
where v is the same

effective

interaction

as

(3.7)
before

and

R

is

the

distance between the centres of the projectile and target. Now, pt is the
target (matter) density,

for

example

represented

with

a

Woods-Saxon

distribution. In the (JHe,t) experiment the latter (folding) alternative
has been used.

Approximation for small values of q
}
i

',

Studies of the effective interaction at intermediate energies
for small q, (L=0 transfer) the dominant part is

the

show

central

one,

spin-orbit and tensor parts can be omitted (Petrovich, 1979 and

Furthermore,

exchange reactions, only those parts that transfer

isospin

the

Goodman,

1979) (a result from Love and Franoy M981) is shown in figure
q=0 the spin-orbit and tensor parts r.re zero.

that

3-D.
for

are

At

charge
needed.

i.e. for the direct part
f

'

tc(0) = t,.(0) T.'T, + t

(0) 0^0,1,-T,

(3.8)

I

I
\

With the same technique as before, the cross sections for

Fermi

and

GT

transitions are factorized:
dc/dfl cc |pt(k{O)pp(O)tk(O)|2

k^T or ox

(3.9)

For kzT the square of the reduced target isospin transition density gives
B(F).

Similarly, for k=CT

B(GT) will be obtained. For a mixed F

transition the twc contributions

add

incoherently.

interaction strength is given by t^f.G), which

is

A

measure

equal

integral of the interact ion, J^. The distortion should not
and will charge (H.9) to

to
be

the

and

GT

of

the

volume

forgotten
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k=t; K=F (Fermi)
do/d8 oc |Jk|2-B(K)-D

(3-10)
k=ct; K=GT (GT)

The

distortion

factor

obtained

as

the

ratio

section,

or

from

the

D

reduces

between
eikonal

the
the

cross section, and D is usually
DW cross section and the PW cross

approximation (Goodman et al., 19-80 and

Taddeucci et al., 1986).

From
be

e.g. (3.10), various things may be extracted, if the distortion can
calculated.

versa.

If the B's are known then we can extract the J's or vice

Equation

(3.10)

was

used

when

the

(p,n) cross sections were

related to B(GT) values from B-decay (Goodman et al., 1980).

210 MeV

1
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3
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0
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1
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q(fm-i)

0

800 MeV

1

2

3

Figure 3.1 Magnitudes of the isospin transfer components of the NN
interaction (direct+exchange) at different incident energies (redrawn
from fig. 1 in Love and Franey, 1981). Notation: solid line: t central, long dashes: t -central, short dashes: t -tensor, dash-dot: VT
T
spin-orbit.

3.2 The One-Pion Exchange Potential, OPEP
The

OPEP is sometimes used to describe the part of the NN interaction in

which spin and isospin are transferred. In the OPEP the nucleons interact
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by exchange of pions. The idea of an exchange of particles in the
interaction between nucleons was developed during the 193O:s by Yukawa
and others (Brink, 1965). A free pion is characterized by: Jfl=0", T=1,
m C2=14O MeV= 0.7 fm"1 (in units of hc=197.33 MeV'fm) and the Compton
wavelength is Ac=1.4fm (A^hc/m^c 2 ). J n =0" means that the pion is ,
pseudo-scalar particle, its properties are similar to those of the
operator o-q, (which changes sign on reflexion). The range of the nuclear
force is determined by the mass of the exchanged particle. In the OPEP
the range is about 1.4 fm, and is a rather 'long-range' force in nuclear
physics. (Compare with the electromagnetic force which has an infinite
range since m =0.)

Figure
3.2
Various
direct one-pion exchange
diagram's. (The particles
enter
from the left,
interact and emerge at
the right.)

In momentum

space

the OPEP

is given by (e.g. Weise, 1984; Bohr and

Mottelson, 1969):
f2

ö,-ö,

ö.-äff,-q1 *

.T

(3.1D

where f is the coupling constant, a measure of the interaction strength,
and q is the momentum carried by the exchanged pion. The value usually
used for the coupling constant is fV4u=0.08, determined from pionnucleon scattering. This potential is, however, only valid in the static
limit which means that the energy transfers, is 0 (or small compared
with the nucleon mass). Furthermore, the size of the nucleons have to be
taken into account. This is done by modifying the coupling constant with
a form factor, usually of the type (Bäckman and Weise, 1979):

f-F(t)= f-

A1 - m 1
A2 - t

t=transferred four-momentum

(3.12)

Here A is a parameter (the cut-off mass or the range of the vertex, range
= 1/A) determined from experiment and m is the mass of the exchanged
particle. The vertex form factor thus contains information "about the
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finite range of the vertices (Bäckman and Weise, 1979). It is
particularly important to include it at larger energy and momentum
transfers.

Figure
3.3
The
g
dependence
of
the
Oi'qOr'q Part of V (eq.
3.11) without
inclusion
of the form factor (eq.
3.12) (solid line) and
with
the form
factor
(dashed
line)
with
A =1.2 CeV. The potenn
tial becomes attractive
l
at q^0.5 fm . The u
scale is in units of

-0.6 -

2

qlfntf

Interactions which have a o*q coupling, such as the OPEP, are called
spin-longitudinal interactions. Another type of coupling, namely the oiq,
gives spin-transverse interactions. They are related to the exchange of p
mesons, which are vector mesons and have Jff=1". V. has a shorter range
because of the larger mass of the p meson (mp=5.5mn) and is developed in
a similar way as V,. The One-Rho meson Exchange Potential will be
abbreviated OREP.

(3.13)

With these two potentials we can describe the direct part of the NN
interaction, especially in the spin-isospin (isovector) channel. They are
thus important for our experiments. For the exchange part all meson
exchanges have to be included.
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The OPEP used for A production
When a pion and a nucleon interact the resonance (or an excited state)
called the A resonance can be formed. The OPEP is often used to describe
this process. An example is A production in proton-proton scattering.

Figure 3.4 The direct
and exchange
diagrams
for the process p + p •*•
A*+ • n.

Since a rather large amount of energy has to be transferred (mA-m=300
MeV) the static limit cannot be used and retardation has to be included
(Weise, 1984). The interaction is modified in the following way:

(3.14)

mi

S and T are spin and isospin transition operators, respectively, needed
to change one of the protons to a A (fS|1/2>=|3/2>* and 'T|p>=|A>'). f is
the coupling constant for the »NN vertex and f is the coupling constant
for the ITNA vertex. (f*/f*2, Brown and Weise, 1975)- Also here the form
factors for the vertices should be included since the exchanged pion is
usually off-mass shell i.e. virtual. This is the only possibility for
space-like (reactions having q1>u>2) reactions. A resonance shape has to
be included since the resonance has a finite width. The cross section for
the reaction is then obtained in the usual way:

dw

(3.15)

Both direct and exchange parts should be included in T, T=T D -T E . This
model can be modified for a case such as H(JHe,t)A** and A production in
nuclear media (Dmitriev et al., 1986 and Dmitriev, 1986).

Spin-isospin interactions in the nuclear medium
When the projectile interacts with a nucleon in a nucleus the surrounding
nuclear medium will affect the interaction. Although the basic process is
still a NN interaction the presence of the other nucleons will be felt.
These effects are called medium effects. One may then consider how the
nucleus responds to the disturbance induced by the projectile, the
external field. With charge exchange reactions, for instance, the spinisospin response may be studied. This response may also be separated into
a spin-longitudinal
and a spin-transverse part. The response is
proportional to the measured cross section.

400 F

q (fm"1)

Figure
3.5
An
u-g
diagram, i.e. a diagram
showing the
relations
between energy loss (m)
and momentum
transfer
(q).
In
the
region
between the solid lines
it is possible to excite
ph states (here denoted
NN'').
In the region
between the long-dashed
lines A/i states (here
LN~l) may be excited.
The
dash-dotted
line
shows the tn-q relation
for free NN scattering.
(The dotted line shows
the relation for a free
pion )
The
( 3 He,U
reaction always lies in
the region to the right
of the u=g line (see
also figure 9 in paper
3).
The
curves
are
calculated using a Fermi
momentum
of
(=23 7 MeV/c).

1.2

fm~

In the nucleus the NN scattering may result in a particle-hole (ph)
excitation. The target nucleon may be excited to another state (free or
bound), or internally excited so as to become a A, leaving a hole in its
former state. The response from the excitation of ph states is referred
to as the 'free' response. However, the excited ph states may also
interact, via a residual ph interaction. In this way, the ph states
become correlated, a coherent state may develop and therefore the
response will change. The coherent state will remove strength from the

/.O

icL*?
down

in

ö-~.tes.

excitation

These

energy

coherent states may also be pusnea up o

depending

on whether the ph interaction i;

repulsive or attractive. This is discussed by Ericson (1986).

Piqure 3.6a A ph state
fa nucleon has an upward
arrow, a hole a downward
arrow) is created by an
external
field
(wavy
line). A A is represented by double lines.
For

spin-isospin

represented
transverse

by

Figure
3.6b
The
ph
interaction
(straight
horizontal
line)
may
induce
correlations
between the ph states.

response,

the

OPEP

and

the

residual

OREP

ph

interaction

is

often

in the spin-longitudinal and spin-

channels, respectively, (Ericson, 1986 and Weise, 1984). This

is possible because o*q can couple to a state with pionic quantum numbers
while oxq can couple to p mesons. (Below, L=longitudinal, T=transverse)

Vph(q,u) = (7L(q,u)-ä,-qö,-q + VT(q,u))'ä1xq<Jixq ; T,'-,
with

VL(q\w) =

- ~

• S - •( g' - c r j

and

Here

g'=g'(u,q)

complicated
effects).
should

operators
states,

is

the

interactions
T_

also

coupling

Then

(3.16a)

•( g1 - r* — j - 9 ^ — - — )

and
be

Landau-Migdal
(such

as

parameter which represents more

short-range

repulsion and exchange

T- are the form factors for the vertices, which maybe
included for g'. C is the ratio between the p and the n

constants. If the particle in the ph state is a å then relevant
have
already

to

be used and, in principle, g' changed to g'^. The GT

mentioned

in section 1, are obtained when q=0 and wsO.

V pn = (fVm'^g' • O I * O 1 T I * T I

value),

(3.16b)

and,

with

g'=0.6-0.7

(a

usually used

the interaction becomes repulsive, and the jtate is pushed up in

•!41

excitation energy.

Medium effects have also been studied in the quasi-free region, here with
the momentum transfer is in the region 1-3 fm~l,

the

restrictions

and

the energy transfer u=0-150 MeV. In this region VL is attractive and

VT

that

is repulsive. Without interactions there is practically no difference

between

the

longitudinal and transverse responses (here only calculated

with 1p1h states).
i
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Figure
3.7
Response
functions calculated in the
Fermi gas model with p =J.2
fm~i at q=l. 75 fm~l. The
free response, Ro, includes
no
particle-hole interactions. The longitudinal
response, R , includes a
spin-longitudinal particlehole interaction (see eq.
(3.16a))
whereas
the
transverse response, R ,
includes a spin-transverse
particle-hole interaction
(see eq. (3.16b)). Both R
and RT are calculated with
with
the
and
RPA
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from Ichimura, 1987.

w (MeV)
With

the

ph interactions 'switched on' the response in the longitudinal

channel is pushed down somewhat (softened) and slightly enhanced, whereas
in the transverse channel it is pushed up (hardened) and quenched, figure
3.7.

However,

channels
finite,
constant

-

are

which,

these

results

obtained
amongst

for
other

-

which show a large contrast in the two
infinite nuclear matter. Real nuclei are
things,

means

that

the density is not

throughout the nucleus. Also, real probes might not be pure o*q

or

oxq

fields

mixture.

or pure isoscalar or isovector fields, rather they are a

Other

distortion

effects

of

the

that

should be included are the absorption and

incident

and outgoing waves. For a reaction such as

(*He,t) this has the consequence that only the surface, where the density
is

lower,

further
has
be

is

probed.

apart.

The nucleons could then be thought of as sitting

Correlations are then harder to build up since the force

a certain range within which it is efficient. The response will then
similar

account

to

is

According
surface

the 'free' response. One model taking these effects into

the

to

Surface

Response Model by Esbensen and Bertsch (1986).

calculations

nature

by

Alberico

et al. (1987) inclusion of the

makes the difference between R^ and R~ less significant.

However with the right probe some difference might still be found.

These

processes

other

collective

are

also believed to appear in the A region. Here also

branches

may develop which could remove strength from

the quasi-free Ah states, (paper 2)

3.3 Polarization

In

(d,2He)

the

means

that

it

differently
different

experiment
is

prepared

populated.
states

the incident beam is tensor polarized. This

with

so

Deuterons
m^O

that

the

have

different

spin

one

spin

and

states are

can be in three

or ±1. The preferred spin direction may be

chosen by introducing a magnetic field for the particles to penetrate. In
a

polarization

while

the

particles
This

initial

interaction.
transferred
to

system

the
is

outgoing

spin directions are measured,

unpolarized.

If

instead

the

incident

are polarized the quantity measured is called analysing power.

quantity

couple

experiment

gives
For

more

instance,

angular

information about the spin dependence of the
angular

momentum.

J^O",1",2"

states

distributions are sensitive to the

Thus

t.=1

and S=1 transitions which may

will

all

have

about

the same angular

distributions. Their polarizations, however, are expected to be different
(Moss,

1982

target

is

combination

and

Bugg

and Wilkirt, 1987). In the (d,2He) experiment the

unpolarized and the quantity measured in this experiment is a
of the tensor analysing powers T j a and T i 2 . (The word tensor

refers to the deuteron spin of one.) Similar quantities are obtained from
(ft,j5) experiments.

The

necessary general expressions pertinent to this

type of experiment are summarized below.

The spin density matrix p, which describes the population of the
different spin states in an assembly of particles (e.g. a beam), is
defined by (Brink and Satchler, 1963):
= fraction of the particles in state i (3.17)

p = I |i> Pj<i|
and with Tr(p)=1

It is convenient to expand p in spherical tensors,
known transformation properties under rotation.
= Tr(pt Xu )=p Xu

, which have well

(3.18)

describes the polarization of the beam and is a known quantity in the
(d, He) experiment. If the z axis is the symmetry axis only the u=0
components contributes to p. The z axis may be defined as -the direction
of a magnetic field. Thus, in this coordinate system a deuteron beam will
ibe described by:
2

1

(3.19)

X=0,1,2

For an unpolarized assembly, such as the target A, only p 0 0 is needed.
The spin density matrix for the initial system is P^'P^- Using the
density matrix the cross section may be written (note that the coordinate
system is not specified yet) (Madison, 1970):
t.

da .
dfl "

z

with

_

Xu"

(3.20)
Tr

where 1 is the transition operator, and do/dJJo is the unpolarized cross
sectioTi, which is proportional to Tr(TT*). T^ u is the tensor analysing
power and contains the interaction information when the incident
polarization is specified by x^. 7^
is the quantity predicted by
theory. As coordinate system the Madison frame is recommended, see figure
2/14. This is generally not the system where only u=0 is needed for p.
two coordinate systems are related by a rotation through two angles $

and B. $ is the angle between the polarization axis and the normal to the
scattering plane and B is the angle between the polarization axis and the
Madison

z-axis.

At

Saturne

8=90°.

Performing

this

rotation for the

density matrix gives:

T n (0)p 10 cos*-P 20 (- T2O(0)+/?T22(e;eos2*)] (3-21)
where T\
the

now refers to the Madison frame and P^Q to the other system. In

(d,*He) experiment the unpolarized cross section and the quantity R,

defined below, were measured.

R=
Near zero

degrees

20
<cos2$>

(3.22)

+

is

very

sensitive

to

the

shape

collimator and the beam parameters. At larger scattering angles,
to zero and then R

is

proportional

to A

yy,

the

analysing

of

the

$ goes

power

in

cartesian coordinates (the T^'s are in spherical coordinates).

From polarization and analysing powers in combination with cross sections
it is thus possible

to

extract

more

specific

information

about

the

interactions.

\

Method 2

The

second

method

uses

results

from

DW

calculations

of

angular/

distributions for different transitions. The triton spectra are binned /n
2A

MeV

intervals

at\ all angles. The obtained angular distribution/in

each interval is then fififced by

W(Q,9) = ao(Q)-Wo(Q)
where W^ are the calculated

• a2(Q)-W2(9) • c(Q)

/(5-D

iar distributions for L=0, 1 .-and 2 and

are the 'coefficients' obtained fVom the fit. c(Q) is a constant for
angle 9. In figure5.7 the results för
9Q

S0

Zr are shown, i.e./aQ, a 1 and

Zr is a case where it is possible ap perform reliable/T)W

The different

distributions

are

a2.

calculations.

maximum

to

the

in

each

/

distribution.

MULTIPOLE STRENGTH
DISTRIBUTION FROM

15

b.E3Ht=900MeV

e 10
t

—
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>
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Q.MeV
Figure 5.7 The Aultipole distributions for 10Zr(}He,t) at 900
extracted by method 2. L=O (open circles), L=l (open triangles) and
(open diamonds).
(The curves are drawn to guide the eye.) T<
distributions have been normalized to their maximum in their respectiv
angular dist/ibution. The points represent the integrated cross
in 2.4 MeV bins. Before comparison with figure 5.6 the distributions
therein should be binned into intervals of 2.4 MeV.
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Discussion

For the cases were both methods can be used similar results are obtained.
The

agreement

shows

distributions, and
reliable

that

method

is useful

DW calculations

1 is good

since

for resolving multipole

it might be difficult to perform

due to lack of knowledge about configurations

etc.

The

L=0 distribution

is interesting

because

of

its relation to the

missing

GT strength, as mentioned above. In the lower excitation energy

region

the L=0 distributions are dominated by GT and Fermi transitions.

Above, this region some L=0 cross section is also seen. In 2SMg about 6 %
of

the extracted

L=0 cross

section is found in the excitation region

above the GT states up to 70 MeV in excitation energy. For *'Ca.s"Fe and
90

Zr the corresponding numbers are 15 X, 31 t and 13 %, respectively. For

'"Ca

practically

no L=0 cross section is seen, as expected. To relate

this L-0 cross section, in the region above the GT states, to the missing
GT

strength

about

is, however,

the distortion

strength

not straightforward. For instance, knowledge

is

redistributed

important. This L=0 cross section could be GT

as 2p2h

states or it could come from 2hw, AL=2

transitions.

This

suggestion

DWIA

calulations

nucieon

on

reactions.

90

is given by Schulte et al. (1987). They have performed

Zr

They

for the (p,n) and

(JHe,t) reactions at 200 MeV per

in order to examine the difference observed in the two
find

that

a large part of the 0° spectrum for (JHe,t)

above 20 MeV can be explained by 2 nui, AL=2 excitations (i.e. states with
Jn=0*,
because
(p,n)

T,

2 + ) . These

states

are populated

by the (JHe,t) reaction

of the Larger surface character of this reaction compared to the
reaction.

calculation

The 2hu, ÄL=2

transitions

included

in our DWIA

do not have the same angular distributions as those found by

Schulte

et al. (1987).

forward

peaked. They

Their 2hw, AL=2 angular distributions are more

also

find that (3He,t) more strongly excites ITIUJ

final states than (p,n).

The

cross section distributions from L=1 transitions are similar in all

nuclei

studied.

region

in all nuclei. This L=1 cross section is probably an envelope of

0",

1" and 2

Most

of

the L=1 cross section is concentrated in one

states. Resolving these different multipoles has not been

possible.
reaction
instance,

Spin-dipole
and

are

that

states

discussed

from

a

have

also

DV Gaarde

simple

model

been
et

studied

with the (p,n)

al. (1982). They find, for

these L=1 states also seem to be

subject to a repulsive particle-hole interaction. They also have problems
in

resolving

these

these

states.

It might, however, be possible to resolve

states if polarization data become available (Moss, 1982, Bugg and

Wilkin,

1987).

A

(p,n) experiment

at

160

MeV has been performed by

Taddeucci

et

transfer.

They clearly see different signals for the known GT states and

the

IAS. They

al. (1986a) on *°Zr. They measured transverse polarization

also

state, as is expected.

claim

that the signal varies over the spin-dipole
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6. Concluding Remarks
The (3He,t) reaction at intermediate energies has been shown to be a onestep reaction useful for the study of spin-isospin excitations in nuclei.
The reaction is also more located tc the surface region than e.g. the
(p,n) reaction. The GT states and the A resonance are clearly excited by
the (3He,t) reaction. The question about the missing GT strength is,
however, still not answered. The unfolding of the 900 MeV data from the
(3He,t) reaction shows that there seems to be some L=0 cross section in
the region above the GT states. The origin of this cross section is not
clear at present. Meither is it clear how the A resonance excited by the
(JHe,t) reaction is related to the GT states. Is it, for instance,
possible to do without quarks at intermediate energies? Thus, even though
the original questions motivating this experiment have not been
conclusively answered, other interesting aspects of the reactions studied
have been found. Unexpected results have also been obtained which have
given rise to new questions.
In the search for the B + strength contribution to the GT sum rule the
(d,2He) experiment wa3 developed. Even though the ejectile is unbound it
was found that the reaction was possible to perform and had a rather good
efficiency, at least at intermediate energies. The (d,2He) reaction
excites the same kind of states as the (3Ke,t) reaction and is also a
one-step reaction, talcing place at the surface. Further studies,
experimental and theoretical, will show if it is possible to relate the
(d,*He) reaction at 0° to B + decay. It will be interesting to compare the
(d,2He) data with the (n,p) data.
The extracted ratio of the spin-isospin interaction strength to the
isospin interaction strength at momentum transfers close to zero, from
1J
C( J He,t)"N
transitions, does not decrease at higher bombarding
energies, as expected from free NN data. This could be an effect of the
nuclear medium.
The position of the quasi-free peak is different in the (JHe,t) reaction
compared with e.g. the (p,p') reaction. There the position of the peak
follows the free NN kinematics. Compared with the free NN kinematics the
position of the quasi-free peak in the (5He,t) reaction is shifted
towards higher excitation energies at a momentum transfer, q, of about
1.1 fm~J and towards lower excitation energies at q^2.5 fm"'. The same
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shifts (preliminary) are found with the (d,2He) reaction, for which the
p+n transition is also possible.
The change
with angle of position of the quasi-free peak seen here
is between the free NN scattering and scattering against the nucleus as a
whole. However, simple calculations do not reproduce the position. The
proposed explanation of the shifts is related to the residual particlehole interaction which may cause correlations between the particle-hole
states, i.e. a 'nuclear medium effect1. At q values of 1-1.5 fm"1 the
charge exchange NN interaction is mainly spintransverse and at q~2.5 fnT *
it has become mainly spinlongitudinal. A spintransverse particle-hole
interaction is repulsive at q values of 1-2 fm"' and would move the peak
up in excitation energy, whereas the spin-longitudinal particle-hole
interaction is attractive and would move the peak in the other direction.
This qualitative explanation of the shifts suggests that charge exchange
reactions are useful for studying spin-isospin response in nuclei.
However, detailed calculations, including distortion of the incident and
outgoing waves, are most important. The calculations should also include
the surface nature of the reaction. Also here (p,n) or (n,p) experiments
for studies of the quasi-free peak would be interesting. Such experiments
would help to answer the question: is it the distortion that shifts the
peak position? The experimental data could, perhaps, be improved by
measuring the knock-out nucleon in coincidence with the ejectile.
The (p,p') results in the quasi-free region have been reproduced by a
Surface Response calculation. For this reaction a polarization experiment
has also been performed at q~1.75 fm"' to study a possible difference in
the longitudinal and transverse response. Practically no difference was
observed. This has been suggested to be due to the surface nature of the
reaction which seems to mix the longitudinal and transverse response and
make the difference between them less significant.
With calculations which onJy include one-pion exchange it is possible to
reproduce the detailed shape and absolute magnitude of the cross section
for the p('He,t)A++ and p(d,2He)A° reactions. When produced in nuclei,
the position of the A resonance is shifted downwards in excitation energy
compared with when it is produced on a free proton. This shift in
position has also been seen with the (p,n) and (d, J He) reactions. The
position and the shape of the A resonance is the same in all nuclei
studied. The change in position with scattering angle is similar to that
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for

the

i.e.

quasi-free

quasi-free

quasi-free
position.
same

A

peak.

This suggests similar production mechanisms,

excitations,

production

Perhaps

the

in

for

the

nuclei

shift

two processes. A calculation of

does,

however,

not reproduce the

in the A position can be explained by the

kind of arguments as those proposed for the shift of the quasi-free

peak,

i.e.

correlations

between

A

hole

states.

Here

again,

more

calculations are needed with the same requirements as above.

For the A resonance, coincidence experiments between the ejectile and the
decay

products from the A would be useful to learn more about the A. For

instance,

are

in

a

Un

detection

the de-excitation mechanisms of a free A and a A produced

nucleus different? Correlation experiments are most efficient if a
system

is used,

since

all

angles

can then be studied

simultaneously.

The

polarization

response

interesting.

From

polarization

results for the p+n transitions the results are interpreted

PWIA

calculation of the polarization response the

the interaction being mostly spin-transverse at q^1 fm"l while at q*-2

as
fm~'

it

has

Measurements
the

a

results from the (d,2He) experiment are very

study

become

a

predominantly

spin-longitudinal

interaction.

with a tensor polarized beam will be a most useful tool for
of

the

spin

structure

of

the

quasi-free

peak and the A

resonance.

The

polarization

expected
data
to

to

response

for

the

quasi-free

peak

might naively be

oe the same as for the p-»n transition. However, preliminary

show that the response seems to be of spin-transverse character out
q~2 fm"1. For the A resonance the polarization measurements will show

whether

one-pion

exchange

is

enough

further interactions have to be included.

to

explain these data too or if
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