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Abstract

Using the Time-of-Flight facility at the National Accelerator Centre at Fauré,
the (p, n) charge-exchange reaction has been studied at intermediate energies of 120,
160 and 200 MeV, and at angles of 0°, 2° and 4°. In this work the data collected
for the %°Zr target will be presented. The influence on the data from slow neutrons
due to previous pulses is discussed and the best manner of removing them from the
spectra is recommended. It is shown how the background cosmic rays can be utilised
to measure the intrinsic resolution of the detectors and to obtain an estimate of the
neutron energy threshold. The differential cross-sections for the states corresponding
to Fermi and Gamow-Teller transitions were extracted from the time spectra. The
sum of the strength of all the discrete Gamow-Teller states was determined and
compared to the Ikeda Sum Rule. It was found that only 50% of the sum could
be accounted for in the discrete states. An overview of the theory that has been
developed to extract Gamow-Teller strengths from the (p,n) cross-sections is given.
Some of the theoretical models that have been used to describe the *Zr(p,n)*Nb
reaction and account for the missing Gamow-Teller strength are briefly discussed.
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Chapter 1

Introduction

Since 1989 a program studying the (p,n) reaction has been proceeding at the Na-
tional Accelerator Centre near Fauré, Cape Town. The neutron time-of-flight spec-
trometer required for studying this charge-exchange reaction was fairly easily con-
structed. A ®°Zr(p, n) measurement could provide data for comparison to previous
work to establish the accuracy of the neutron time-of-flight spectrometer. One might
then proceed to investigate nuclei on which the (p,n) reaction had not been studied.

There is interest in studying the (p,n) reaction on medium mass nuclei, both
of even and of odd mass. This is because the strength of the Gamow-Teller (GT)
transitions is of interest, and in medium mass nuclei the Gamow-Teller strength is
concentrated in a clearly distinguishable giant Gamow-Teller resonance. In light
mass nuclei, however, the GT strength is fragmented, and in heavy mass nuclei the
GT giant resonance lies close to the Isobaric Analog State.

So far the data of an odd-A nucleus has been studied by Tshivhase [TSH 92].
In the odd-A nuclei the difficulties in determining the ratio of the Fermi to the
Gamow-Teller strength arise because of a mixture of both Fermi and Gamow-Teller
strength in the Isobaric Analog State. This does not occur for even-A nuclei.

In this thesis the data obtained in the *Zr(p,n)* Nb reaction will be presented
and its analysis discussed. The ®*Zr nucleus is of particular interest for a number
of reasons:

e in terms of the shell-model, a minor closure occurs at Z=40 and a major closure
at N=50. Hence theoretical calculations for this nucleus become much simpler
than for other nuclei,

o the Isobaric Analog State can be seen clearly separated from the other Gamow-
Teller states, so the Fermi strength can be extracted unambiguously,

e -a number of discrete Gamow-Teller states, as well as the Gamow-Teller Giant
Resonance, which are known to have an L = 0 angular distribution, feature at
low excitation energies and can be used to extract the sum of the Gamow-Teller
strength in the discrete states,
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e our measurements at NAC can be compared to previous work on the same
nucleus to examine the accuracy of our neutron spectrometer,

o estimates of the Gamow-Teller strength in the continuum may be made by
analysing the angular distributions of neutron spectra at high excitation en-
ergies, but for this further measurements at higher angles are required. -

g
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This thesis is laid out in the following way. Chapter 2 begins with a presentation
of the reasons for interest in the (p,n) reaction. Then a short overview of relevant
theory and information about the ®*Zr nucleus will be given. Specifically, the Ikeda
Gamow-Teller sum rule will be shown, and a brief discussion of the possible reasons .

- for missing strength in experimental studies.

In chapter 3 the experimental facilities used to acquire the data are described. -
The major factors contributing to the overall energy resolution of the neutron time- .
of-flight spectrometer are discussed. Then the method of recording specific events
is described. -

The analysis of the recorded events follows in chapter 4. The main task was,,
to extract the number of neutron events from the time spectra corresponding, to
specific transitions. .

The extracted counts for each peak in the spectrum are converted to dlfferentxa,l
cross-sections in chapter 5. Then the strengths of the Gamow-Teller states are
calculated and summed, and compared to the Ikeda sum rule. .

Conclusions are reached in chapter 6. Our measured sum is compared to. the '
Gamow-Teller sum from other (p, n) experiments, and recommendations for further
work are given. e

In the Appendix A the log of data on **Zr(p,n) that was recorded is shown. .

§a




Chapter 2

Theory and previous studies

2:1 Reasons for interest in (p,n)

The'(p, n) reaction at intermediate energies has received considerable attention in the
last“two decades since it is a good probe of the spin-isospin excitations of nuclei, and
becduse better techniques are available to measure the neutron energies accurately
using the time-of-flight (TOF) method [GOO 79, GOO 80]. Experimentally the
data-can easily be obtained at 0°, which corresponds to small momentum transfer.

“ In*these charge-exchange reactions at small momentum transfer only the isovec-
tor part (I' = 1) of the effective interaction is selected [LOV 87]. The isoscalar
(T"=0) excitations are not allowed in a charge-exchange reaction such as (p,n), but
in {p, p'), for example, both isoscalar and isovector excitations are possible.

Useful calculations have been performed with the distorted-wave impulse ap-
prékimation (DWIA). The cross-section can then be split into a reaction part and
a niiclear structure part. If the reaction mechanism is fairly well known, then the
structure information, such as the Gamow-Teller strengths and strength distribu-
tion, can be extracted from the experimental cross-sections.

With the availability of medium energy proton beams the regions which are-
energetically inaccessible to B-decay can be probed. When the (p,n) reaction is
performed at small momentum transfer, it can be related to the §-decay as shown
in section 2.4. The (p,n) reaction would relate to B~ decay, thus measuring the
B~ -strength, Ss-.

The (n,p) reaction, the inverse charge-exchange process to (p,n), can be used
to measure the S*-strength, Sg+. This strength should be nearly completely Pauli
blocked in neutron rich nuclei, and its unblocking, especially in the fp-shell, has
interesting consequences in stellar collapse [DRO 86, BER 87]. The fp-shell shell
nuclei, eg. Fe, are abundant in the core of the supernova precursor. Inverse 3-decay
occurs during the collapse and a neutron star, or possibly even a black hole, is
formed. The rates of these inverse S-decays have a great influence on the detailed
dynamics of the collapse.

A simple model independent sum rule can be used to compare the predicted GT
strength with that measured by experiment. This sum rule predicts the difference
between the f*-strength and the 3~-strength.

3
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Extracting cross-sections from narrow discrete states is reasonably unambiguous.
Difficulty arises in extracting cross-sections of some resonances at high excitation
energies, where the peaks are broad and are lying on a continuum of unknown
shape. The (®He,t) charge-exchange reaction has been used in comparison with
(p, n) to study the higher lying peaks. These two reactions have different background
conditions, which should help to identify the broad states. Unfortunately each
of these backgrounds is thus far not well understood, so the comparison of broad
peaks is only of limited use. However, the emerging particle, the triton, is charged.
Hence the standard techniques to measure particle energies can be used (whlch
are unsuitable for uncharged neutrons) and the (*He, t) can be studied with high. .
resolution in a spectrometer.

It will be shown that experimentally the sum rule could not be fulfilled. Theo— '

retical proposals to account for this missing strength will be overviewed.

2.2 Nucleon-nucleon and nucleon-nucleus inter-

actions

In the (p, n) reaction the incoming nucleon, a proton, interacts with a nucleus which
is a complicated system of bound protons and neutrons. The model of the nucleus

would be very simple if one would assume that the nucleons are noninteracting 5

amongst themselves. Then the free (p,n) scattering data could be directly related
to the observables of a nucleus with A nucleons [GOO 87]. In this simple picture
the kinematics and spin dependence would be identical and the cross-section would
equal A times the free (p,n) cross-section.

Such a simple model is modified by the binding effect of the nucleons and the,

electric repulsion of the charged protons in the nucleus. But in the charge-exchangg

reactions of complicated heavy nuclei some of these simple characteristics are stilf '

visible. The nuclear medium has two effects on the reactions:

"

o the waves of the incoming proton and the outgoing neutron are distorted due
to the interaction with all the nucleons in the nucleus,

e the transition of a neutron to a proton is not allowed for certain states in.the
nucleus already occupied by a proton, so the low-momentum-transfer tran31—
tions are Pauli blocked.

The scattering of nucleons is often described by the transition operator (or t-matrix),
tip, which is obtained from the free nucleon-nucleon (NN) interaction in the impulse
approximation [LOV 81, KER 59].

The combination of all the nucleons in the nucleus can be examined by assummg

an effective interaction, V;,, between the projectile (p) and the i** nucleon as

Vip = VE(rip) + VES(rip)L - S + VI (ri,)Sip(F) (2.1)

which is a sum of cehtral(C) spin-orbit(L.S) and tensor(7") terms, where each term

VELST depends on isospin and the energy of the projectile. Exp11c1tly [LOV 87] the
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;

spin(S)- and isospin(T')-transfer properties of the 1, are:

b

(8T) = 0,0 1,0 0,1 1,1
Vi, "= |5 + Voo, + Vir -, + VSoiro, -,
b +VL5L s, + VESL . s; + \."TLSL S, T T, + VTLSL -8 T T,
B + VTS, + VIS, T .T,
EEOLEY e (22)

T]ﬁ}i’é”f"}éfféfctive interaction is quite complicated. but it is simplified in the distorted-
vsf’é;i:i-'*éii’ﬁilelse approximation [TAD 87] in the limit of zero momentum transfer. Then
tlie'spin-orbit and tensor terms, and those with angular momentum transfer L > 0,
are negligible. The important properties of the effective interaction can be un-
dérstood by examining each of the components of equation 2.2 as a function of
momentum transfer (¢), projectile kinetic encrgy (7,) and spin and isospin transfer
S and T. Bach term in ¥}, can be related to an element #;, in the t-matrix.

_.Now the energy dependence of only the central terms. shown in figure 2.1, will
be examined. The most dominant term is the scalar-isoscalar part (VE), but this is
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Figure 2.1: Energy dependence of the contral components of the effective t-matriz at
zero momentum transfer. From [LOV &1].

not present in the charge-exchange reactions. V¢ is strongly energy dependent, but
VS and VS much less so. Thus when a particular nucleon bombarding energy is
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selected, specific states can be excited due to the energy dependence of the various
central components of V,,.

2.3 Details about the Zr(p,n)"’ Nb reaction

The ground state of °Zr has J™ = 0% and T = T. = (N — Z)/2 = 5, so by the
(p,n) reaction some final state in the ®°Nb nucleus will be reached . On figure 2.2
the energy levels for three members of the A=90 isobar are shown. Of particular
interest are the levels of Nb reached by *°Zr(p,n), as they can be compared to
states seen in the experimental (p.n) spectra. The zero degree spectra for each of

I
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!
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Figure 2.2: Energy level diagram of three members of the A=90 isobar. Using *°Zr
as the target, the (p,n) reaction reaches the states of ONb and the (n,p) reaction

the states of °°Y'. From [HOR 75].

the energies used are shown in figure 2.4 on an excitation energy scale. The GT
transitions proceed from the % Zr target 0% ground state to 1% levels in “°Nb. The
detailed energy levels of P Nb, adopted {from a number of reactions, are shown on
figure 2.3. The only 17 level seen to correspond to a peak in the experimental:
spectrum is the 1% state at E, = 2.3089 MeV. This state appears as a strong pea\[k‘,‘:
in the (p.n) spectra (labelled on the top spectrum in figure 2.4). Other 1% states
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(down to about 1.70 Mev) may also contribute to this peak, but with our resolution
of ~600 keV the they would indistinguishable.
There is no level corresponding to the small E, = 0.9 MeV state observed in the

spectra. This small peak is thought to be a combination of low-lying unresolved 1* -

levels. No levels for £, > 2.5 MeV are listed on the published energy level diagram.

A number of interesting features can be seen in the (p,n) spectra (labelled on the ;

120 MeV spectrum on figure 2.4): T

o the Isobaric Analogue State (IAS), which is reached by the Fermi ‘transition
from the 0% target ground state to a 0F state in the daughter nucleus, and lies
at an excitation energy (E,) of ~5.1 MeV with a narrow width,

o the Gamow-Teller 1*, T = 4 type states, of which some appear as narrow
discrete peaks at low excitation energy, while others combine to form the
Gamow Teller giant resonance (GTGR) at E, ~8.7 MeV with a full w1dth at
half maximum (FWHM) of 4.4 MeV,

o a Gamow-Teller transition to a T = 5 state at £, = 13.4 MeV with FWHM' |

= 3.1 MeV and
e an L =1 distribution at high excitation energy of ~18 MeV.

In comparing the (p, n) spectra of figure 2.4, it can be seen that as the proton energy

increases, the strength of the F transition (to the IAS) decreases, and of the GT* ;

transitions increases. This is in accordance with the overall trend that F transmons
strongly dominate spectra at low energies of E, < 45 MeV and the GT transmons

dominate at high energies of E, > 100 MeV [GOO 80]. An overview of prev101r§

measured quantities for each of these transitions will now be given.

2.3.1 The isobaric analogue state

The Fermi operator connects the 0% ground state in the parent nucleus to a unique |
0* state in the daughter nucleus. Hence all the Fermi strength is concentrated in |
that state, and the neutrons from the Fermi transition have a unique energy. Thus !
the measured width of the IAS is not due to a spreading in neutron energies in
the Fermi transition, but only due to the experimental resolution. The transition :
produces a change in the projection of the isospin (AT, = £1), but not a change
in the total isospin (AT = 0) or the spin (AS = 0). The energy of the IAS can be

given by an empirical formula fitted to the position of the IAS for many medium-A
nuclei [TAD 87]

EI(IAS) = WIAS : + Qground state

= 0.722(2Z +1)A73 — 113 — 6.893 MeV (2:3)

where Z is the atomic number of the target nucleus. This energy of 5.03 MeV from

the formula lies reasonably close to the measured value of 5.14 MeV [HOR 75].
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The interesting features labelled on the top spectrum arve explained in the text.
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2.3.2 The Gamow-Teller giant resonance

The concentration of GT strength in a peak at high excitation energy was proposed
by Fujita et al. [FUJ 64, IKE 63] to explain the hindrance of #-decay in medium and
heavy mass nuclei. This resonance was first observed by Doering et al. [DOE 75].in "
the (p,n) reaction on ®Zr at 25 < [, < 45 MeV. In the ®°Zr(*He,t) reaction in_.
1975 this broad peak was also seen [BLA 76]. Since the angular distribution of thea_
GTGR is similar to lower lying 11 states, it was also assigned 1* by Doeung et al
[DOE 75]. The GTGR is excited by the V. o - o 7.7, and from about 100 MeV”
upwards this resonance becomes a very plomment feature in the 0° spectra.’ o

The enelgy separation between the GTGR and the TAS was predicted to be"”
linear in (N — Z)/A [IKE 63, FUJ 64]. From experimental data the separation was
determined by Horen et «l. [HOR 31] as

Ecron — Eras = 6.7 — 60T A7 (2.4)"

and later with more available data by Nakayama el al. [NAK 82] as s
Ecror— Lias = 26."\—”3 - 37T A~ (25)

) !(;

where T = (N = Z)/2. The second formula fitted the data much better. It sl}ows;‘;

that for nuclei with small neutron excess the first term (A~ 1/3) dominates and, thel.,i
GTGR lies above the IAS. But for heavy nuclei, the second term balances the, ﬁlSt_‘_,
and the GTGR is at the same energy as the IAS. The energy separation between the
GTGR and the IAS of 3.7 MeV from the formula agrees well with the e\pellmenta,l
energy separation of 3.6 MeV.

b
2.3.3 Other Gamow-Teller peaks

At low excitation energies a strongly excited state can be seen at [, = 2.3 MeVy a
smaller peak features at ~0.9 MeV. and another small one at ~3.0 MeV, seen as &l
shoulder on the 2.3 MeV state. These three states result from transitions to states
with J* = 1% and T = 4. A broad peak at [, = 12.5 MeV can be seen in the
spectra. The strength of this peak is very similar to that of shell model calculations
which show a T = 5 state at the same position [MAT 83]. BT

2.3.4 Higher multipole transitions (L>0)

A resonance with an L = 1 angular distribution was found at E, = 17.9''MeV'
[BAI 80]. This feature is however not unique to a single target, but has been deen "
in spectra from 2Zr to 28 Ph. The typical width is ~10 MeV and the E; ~20 Me VU
[BER 81]. From studies on numerous targets with A>90 [HOR 81] the energy dif-"
ference between L = 1 resonances and the [AS was found to be linear in (N — Z)/A

Enpey — Ejys = 13.6 —66.07 A7} (2i6)

with 7' = (N — Z)/2 again.
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Even at E, = 200 MeV the resonance remains. At this energy the S = 0 transfer
is greatly suppressed, and so it is assumed that it is a spin flip, S = 1, transition
[CHA 81] When S = 1 is coupled to L = 1, then the individual states can have
J =0, l,y In theoretical studies on 29 Pb, Krmpotié et «l. [KRM 80] have shown
that J = 0 states have the hlghest energy, J = 0 and J = 1 have nearly all strength
in the same state and for J = 2 the strength is spread over several states. Similar
featmes were obtained in calculations by Cha et al. [CHA 81] of the L = 1 strength
dlstnbutlon of the various J states in °°Zr. These strength functions were smoothed
w1th L01ent21an curves and compared to experiment: a broad peak, as observed in
e\peurnent occurs at about 20 MeV, but the large L = 1 component at lower
excitations energies has not been seen in experiments.

" In measurements of angles up to ~ 48° at [, = 200 MeV, Gaarde et al. [GAA 81]
observed an L = 2 peak at E, ~24 MeV. with a width of 14 MeV. This peak
corresponds to the transition fs;; — fy1/2- lts maximum is at § = 10°, so in our
available spectra at small angles up to 4° this transition cannot be seen.

2.3.5 The high E, continuum

The continuum at high excitation energies is of interest. since a significant portion
of the GT strength, which has not been measured in the discrete peaks, could be
hiddéii there. The continuum is featureless. and its shape and magnitude are not
wéll ‘understood. Many suggestions have been made how the strength could be
shiftéd to higher excitation energy. and how this strength could possibly be found.
Thése points will be presented in section 2.6.

0

2.4 Fermi and Gamow-Teller transitions

The most interesting terms in the effective interaction (equation 2.2) are the central
isovector (T = 1) terms. They can bé related directly to the B-decay operators
[TAD 87]. The non-spin-flip (§ = 0) corresponds to Fermi 3-decay

R T

‘:)ii'f B Zi \/’TTI- . T‘/J > (—'-"\" Zi t’,:t (27)

'Alfi,i;:»'

and the spin-flip (S = 1) to Gamow-Teller J-decay
Zi V. .o o, T T, — Gv,\ Zi 0',‘ti:t (28)

where in.the 3-decay operators Gy and G are the polar vector and axial-vector
coqplmg constants respectively, t* is the (single-particle) isospin raising or lowering
operator, and o is the intrinsic spin operator [WON 90]. For even-A, T # 0 tar-
gets, thh 0t ground state, these decays would be 0% — 0% and 0* — 1% respectively
[TAD Ql]

It is useful to define the B(F") and B((T), which are nuclear F and GT strength
functions. More precisely, they are the I and GT reduced transition probabilities
averaged over initial states and summed over those final states not distinguished in
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the experiment, and summed over nucleons by the nucleon operator [GOO 87]. For
F transitions this would be [TAD 81]

A v

)= 577 DAY mld I 29

' M k=1 ET

and for GT transitions o
A

BGT) = 5= YOI oulk)maR)l) P @.10)¢
: b k=1

For Zr the ground state is 0%, so J; = 0. Usually B(GT) and B(F) are given in
units of g5/4r [GAA 81]. Then for a free neutron in the initial state, and a free |
final proton, one would obtain [GOO 87|

B(F)- = 1 B(F)* = 0

B(GT)" = 3  B(GT)* = 0. (2.11) -

All the Fermi strength is concentrated in the IAS, so B(F) = N — Z for that
state, and is zero for all other states. However, the B(GT) is distributed over many.
states. In particular, the strength in the IAS is pure Fermi for even-A nuclei, but '_
is a mizture of F and GT in odd-A nuclei. The fraction of GT in the IAS can be
calculated making use of the ratio R which will be defined below (equation 2. 18) A” '
collaborator, V.Tshivhase [TSH 92], obtained the fraction of GT in the IAS for the
SV(p,n )SICT reaction as ~0.04 for E,=120-200 MeV. So also in this odd-A nucleas
the fraction of F is close to unity.

The sum of B(GT) is called the total Gamow-Teller strength, ie. 2 B(GT)

Sp. A sum rule for the total GT strength proposed in 1963 by Ikeda et al. [IKE 63,
GAA 80] has been used extensively in these charge-exchange reactions.
This model-independent sum rule is [GAA 81, WON 90]

S YA ok (k) i)?
f oo k=1 o
=Y S UL oulk)re (k)P

! n k=1

= 3(N-2) (2.12) -

Sg- — Spe

where the o, are the spherical components of the spin operator.

If all the nucleons were completely free this sum rule would hold [GOO 87].
Then all the neutrons would be available for - decay, and at equation 2.11 it was
shown that B(GT)~ =3 for a free neutron, so the total 3~ strength for the nucleus *
would be 3 x N. In the same way the 3+ decay for protons would give 3 x Z, g1v1ng .
Sp- —Sp+ = 3(N — Z). However, the nucleons are not independent, and in a nucleus
with neutron excess, this inverse 3 decay would be strongly Pauli blocked, resulting
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in Sg+ ~ 0. Using the °°Zr(n,p) reaction. the magnitude of Sp+ can be measured,
and if its contribution is small, then S3- ~ 3(N — Z) [GOO 87, DRO 86]. Even if
the Sg+ > 0, then 3(N — Z) is still a lower limit for the Ss-. Here the discrepancy
with experiment arises: for nuclei over a large mass range only about 50% of this
sum rule has been measured. A compilation of the summed strength for many nuclei

has been given by Gaarde [GAA 85].

2.5 ¢ Strength obtained from cross-sections

The information we obtain from the experimental neutron spectra is the cross-
section. We want to use this to get information about the nucleus. The cross-section
depends on a number of factors [TAD 87]: the projectile energy (Ep), the number
and type of nucleons in the target A(N.Z). the energy loss w = E; — g, and
the specific nuclear structure relationship hetween initial and final states. So the

cross-section can be written as

o o=0.(L,A)F.(q.w) Ba) (2.13)
whire a is F (S =0,T =1)or GT (5 = 1.T = 1) and the & is the unit cross
secéllon (a proportionality [actor), F'is a form factor describing the shape of the
c1oss sectlon and B is the 7 decay transition strength.

Usmg standard direct-reaction theory. the differential cross-section can be cal-
cufated [KER 59] in the following manner

. L Ly A‘f
o ¥ ag = o T
o (2rh*c?)2 k; 2 / +1)

Gl

Z [T (Mg Mpmym, )| (2.14)

where E;(E;) is the initial (final) reduced energy and the sum is over the spin
projections of the projectile and the target. By using the transition matrix, T
in the distorted-wave approximation, applying simplifications for small momentum
transfer and using the eikonal approximation for the distortion factors, the cross-
section [TAD 37] can be written as

o(q,w) = N(E,,«)|Jst|* exp (—%(/2(1'2)) exp (=2 AY? 4 p(w)) B(ST) (2.15)

whére a- kinematic factor has heen defined as

Lk

N(y.w) = (22i2c?)? ks

and, the Jsr is the Fourier Transform of the relevant effective nuclear interaction
component, either ¢, or t,, [TAD 31].
.Previously Goulding et al. [GOU 30] defined the cross-section as

o(q.w) = KN(F,.w) N [ 1srl* B(ST) (2.16)
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where the ratio of the plane-waves and distorted-waves cross-section is called the:

distortion factor
o(DW:.q.w)

o(PW;0)

Taddeucci et al. [TAD 87] compared the differential cross-section (equation ! 7 15)
to full DWIA calculations. They found that the simple model for J™ = 0+ and
1% transitions agrees very well with the calculations which also include non- centxal
interaction, L # 0 amplitudes and reasonable optical parameters. The data for. ﬁvef;
targets has been plotted on figure 2.5.

NP(¢q.w) = (2.17)

I TryvTy 1 {
10 | I . —:
i [ @emeeig N B i
E b oreeal TN 1
~ | \*n\ n\\ 812 4
E | e Tw w28 -
= e
XN ]
oa- \‘0‘ 8 42 (
% o ’---o--~~‘8. * N 3
1F “a 90 n
: o, ° ]
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Figure 2.5: Comparison between the full DWIA calculation cross-sections (squares) -
and the model cross-section (dashed line). The data for five masses at £, = 120 MeV
is plotted against enerqy loss. From [TAD 87]. oA

SRR

To calculate the B(GT) for ?°Zr, the ratio of the unit cross-sections R? can be

used 5
UCIT(EIM";‘) (9 18)

(3']?( Ep, 4) - B O
From equation 2.13, but using the kinematic factor N (E,,w) instead of the full -
correction factor F(¢,w) this ratio, for even-A nuclei. can be written in terms of the

experimental cross-section, of and ogr. as <, ke

R(E,, A) =

aer(0°) (N — Z) KN (wo)

2 _
B= or(0°) B(GT) K(«) '

(2.19)"

For odd-A nuclei R has to be slightly modified: then the cross-sections for the mixed
[AS (Fermi and Gamow-Teller contributions) and a nearby pure GT transition are’
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used. This ratio R can be interpreted as

Jar o'/\"rnr 1/2 |
Rz“"'( ) | C(2.20)

At iﬁtgfﬁiediate energies of 80-200 MeV. in which we are interested, the DWIA
slf)b’vé'rs that the distortion factor ratio N,,/N, is almost independent of energy
aﬁdNaT/N, ~ 1.2+ 0.1 for GT and T transitions not widely separated in energy
[TAFDSI] Hence R very nearly equals the ratio of the interaction strengths |.J,,/J;|
at ¢ ~ 0. The significance of this R? is [GOU 80] that it measures the effective-
ness of the (p,n) reaction in producing spin-flip transitions relative to non-spin-flip
transitions.

The ratio R has been measured experimentally from cross-sections for many
even-A targets with N — Z # 0. To do this. targets for which 3 decay lifetimes
were known had to be used. The 3 decay transition strengths were then calculated
[WIL 80] from the 3 decay lifetimes by using

B(F) + (1.260 £ 0.003)2 B(GT) = @6—6—]‘5—2—1"’5 (2.21)
with the coupling constants from Wilkinson [WI1L 82]. The values measured for
R(E,) have been plotted on figure 2.6, where equation 2.19 was used to calculate B
for the even-A nuclei in the top graph in the figure. and a modified equation for the
odd-A nuclei in the bottom graph. From the figure it can be seen that R(E,) shows
a mass dependence for E, < 50 MeV. The possible causes for this are [TAD 81]:
the effects of compound nucleus and shape resonances. channel coupling, multistep
reactions or other nondirect eflects which are most significant at lower energies.
However, in the energy range 50 < [, < 200 Mel the curve of R is remarkably
linear (as in figure 2.6). Taddeucci ¢f al. [TAD 87] concluded that R(E,) is a
universal characteristic of (p.n) scattering.

So R can be obtained {rom the lincar relationship R(E,) = E,/Ey with Ey =
55.0 £ 1.7 MeV for even-A and thus the G'T unit cross-section can be calculated for
targets with V — Z #£ 0 by

FARETY . _ (]_—E‘,,/]_"?u)2 UIT(OO) - <E77)2 A (2.22)

ac - — agr .
T= Flgowo) (N=Z) \Eo) T

L

Once the GT strength has been calculated for all (GT)™ states, it can be summed
for all those states, giving S3-. and compared to the Tkeda Sum Rule.

2.6 The missing Gamow-Teller strength

The simple model independent sum rule proposed by Ikeda states that a lower limit
for the sum of Gamow-Teller strength is Sy- — Sg+ = 3(N — Z). In many nuclei all
over the periodic table this sum rule not be satisfied by the strengths extracted from
experimental cross-sections. Assuming that the Sg+ strength is small for neutron
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sections for many even-A and odd-A nuclm From [TAD 87].

rich nuclei, the lower limit for Sz- would be 3(V —

the e\pectecl Sp- has been measured.

Z).

AND PREVIOUS
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i

There is still an open question as to how much of the strength isin the bacl\glound
underneath the discrete peaks. or in the continuum at excitation energies above the

GTGR. Two main proposals have been made to explain the missing strength:, ..

sections calculated from experimental cross-

For A 90, only 50-60% of ,

S0

‘:j

1. that A(1232)-isobar-nucleon-hole (A-h) couple to proton-particle- .néu'tfoﬂh-i;}
hole (pn~!) states with the GT operator, which removes some of the StLength
to higher excitation energy [RHO 74, OST 82]. '

o

There have been many calculations for each of the two proposals.

that ordinary nuclear configuration mixing, such as between two-particle~two-
hole (2p-2h) states and 1p-1h GT states.
tion energies [SHI 74].

review of progress thus far has been given by Bertsch, ¢f al. [BER 87], and Ostelfeld

[OST 92.

also shifts strength to higher excitas.:

T

An e\tenswe
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2.6.1 Delta excitations

In this mechanism the internal degrees of freedom of the nucleon, identified specifi-
cally as the A-isobar excitations of the nucleon [RHO 74], move GT strength from
low excitation energy to higher excitation energy. The way in which the GT modes
are coupled to internal nuclear excitations can be considered as a spin-isospin flip
transition of a quark in the nucleon [OST 35].

The effect of these A-h excitations can be calculated using the random-phase
approximation (RPA) [CHA 81]. Then, instead of introducing particle-hole config-
urations, rather A-hole configurations are used [BER 87]. The magnitude of this
mechanism in quenching depends strongly on the coupling between the p-h states
with the A-h states. The results of this have important consequences for the under-
standing of the role of A’s in nuclei [OST 85].

2.6.2 Configuration mixing

In this process higher-lying 2p-2h states mix with 1p-1h states and shift GT strength
to excitation energies much higher than the GTGR [OST 92]. The magnitude of
this effect on the quenching also depends on the coupling strength, here between
the 1p-1h and 2p-2h states.

If configuration mixing is a major contribution to the quenching, then the GT
strength lies beyond as well as below the GTGR. It thus becomes very difficult to
detect, because in the 0° spectra the continuum is featureless.

There have, however, been attempts to extract the GT strength from the con-
tinuum. At high excitation energies values of the GT strength can be obtained by:
calculating the physical background in terms of single quasi-free scattering, sub-
tracting it from the spectrum and then analysing the residual spectrum for GT
strength by performing a multipole decomposition. This method has been used
[GAA 81, AND 85, AND 90] to obtain better limits for E, < 50 MeV.

As an example, Scholten et al. [SCH 83] searched for L = 0 strength using this
method on 0Zr(p.n) data at I, = 200 MeV. They used a quasifree background
(calculated by Bertsch et al. [BER 82] ) and a sum of L = 0, 1 and 2 angular
distributions in the energy range £, = 15 to 15 MeV. By extracting the L = 0
stifé.;:lgth_, they were able to account for about half of the missing strength. Note
that' L = 0 strength which might lie above £, = 50 MeV cannot be extracted well,
since even at 0° there is a large momentum transfer and the L = 1 distribution also
becomes forward peaked.

-« One approach of addressing the question of how some of the missing strength
has been shifted to higher excitation energy was taken by Drozdz et al. [DRO 86].
They show that conventional RPA results in two GT states due to the mixing be-
tween v|go;2 — w|gos2 and v|ges, — wlgr/2 transitions. When they allowed for 2p-2h
mixing, they found significant spreading of the higher energy resonance. Of interest
is' that a tail developed towards the high excitation energies so that about 30% of
the 3(N-Z) sum rule lay above E, = 21 MeV.
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The relative importance of these two processes of removing the GT strength

has not been established conclusively. Various theoretical studies have provided

differing results: for some the A excitations were of greatest importance, for others
the configuration mixing, and for yet others both have a comparable quenching effect

[BER 87].

bR

In the next chapter details of the experimental apparatus which was utilised to
acquire our data will be given. From this data the GT strengths will be extracted.
The sum of the GT strength will be compared to the sum rule outlined above in

¢
3

this chapter.




Chapter 3
Experimental Apparatus

The (p,n) experiments were performed with the k=200 cyclotron at the National
Accelerator Centre (NAC) near Fauré, Cape Town. The proton beam was sent by
the light ion injector cyclotron (SPC1) into the separated sector cyclotron (SSC)
and then transported to the N-line (on the lower right in figure 3.1). The targets
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Figure 3.1: Layout of the beamlines and shiclding walls at NAC. The neutron time-
of-flight facility is along the N-beam line. I'rom [NAC 91].
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were situated in the beam swinger vault and the neutron detectors in a hut outside
the main building in the neutron time-of-flight park (to the right of figure 3.1). The
data analysed in this study was recorded during October/November 1990 and during
June/July 1991. A log of the run data is listed in appendix A.

The beam currents that were used lie in the range 80-2000 nA. An average
machine vacuum of 5x107° Pa [NAC 90] was maintained. The proton energies of
120, 160 and 200(£0.1%) MeV were utilised. Neutrons were observed at angles of
0°, 2° and 4° relative to the incident proton beam. The event rate for the °Zr,
134 mg.cm™? target for neutrons detected above threshold was ~70 events/second,
when the detectors were placed at 174 m from the target. The typical beam energy
spread was 150 keV as discussed in section 3.2.2.

The experimental facilities that were used at NAC will be described in section 3. 1.
The aim of the time-of-flight method is to obtain as good a time resolution as"
possible, and hence an energy resolution as good as possible, to measure neutfon
energies. In section 3.2 the major contributions to the total energy resolution wﬂ}
be discussed. The electronics used to determine valid events and the apparatus used
for recording the data will be outlined in section 3.3. T

3.1 Experimental facilities used

3.1.1 Zirconium targets

Two self-supporting metallic * Zr foils were available. The one target of thickniess
10.0 mg.cm™? was used during the experimental sessions in 1990, while another of '+
134 mg.cm™? was used in the 1991 sessions. Although the resolution of the data..
from the thinner target used in 1990 was much better than that for the latter, the
statistics was much poorer due to the lower reaction rate because of the smaller
target thickness. The 134 mg.cm™2 target was kindly supplied by the Indiana Uni-
versity Cyclotron Facility for use in the °Zr(n, p) experiment. For this reaction a
high rate was required, thus such a thick target was used. So the 1990 data was used
only to check the trends of the data at the later experimental session (ie. changes
in the spectra with changes in energy and angle), but could not be used to extract
reliable cross-sections. The isotopic purity of the thicker target used for the data
presented in the analysis was 97.6%. The isotopic abundance of this *Zr target
are listed in table 3.1. The targets were mounted in a movable target ladder;with
six positions. Of those one was used for a scintillating quartz viewer used for.fine
adjustment of the beam on the target, and another for the natural L: target used
for efficiency measurements.

ST
3.1.2 Neutron detectors '
Each neutron detector consisted of a NE102A scintillator of dimensions 60 x 10 %
10 cm?, viewed at each end by Hamamatsu R329 photomultiplier tubes (10 stage)>
2" diameter photocathode with E934 base), coupled by tapered perspex light guides.-
The components were connected with optical grease and each detector was housed

i
e
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‘Table 3.1: Isotopic abundances of the Zirconium target used in 1991.
[ Isotope (Z) | Atomic % |

90 97.62+ 0.10
- 91 0.96 + 0.05
o 92 0.71 + 0.05
94 0.55 + 0.05

96 0.13 + 0.05

N aeny

in a light-tight aluminium box. The height and width dimensions of the detectors
had to be large enough to obtain a reasonable efficiency at the long flight path.

A vertlcal stack of 6 detectors was used. The stack was positioned transversely to
the neutron beam, so the total frontal detection area was 60 x 60 cm®. The depth of
the detectors in the direction of the neutron beam is determined by two requirements
[MAD 83]: it should be larger than the average range of charged reaction products
from the neutron interactions in the detectors, and small enough so that the detector
thickness does not contribute significantly to the flight path uncertainty.

The voltages for the photomultiplier tubes (PMT) were set at nominal values of
-1500 V, and were adjusted roughly to match the amplitude spectra of all detectors.

3.1,3.. Flight path

The length of the flight path is determined by a trade-off between obtaining a good

enetgy resolution and a good efficiency. As the flight path is increased,
9Ll
+d;; the time spread of neutrons of differing energies increases linearly, but the

. itime resolution remains constant. So the energy resolution improves with
increa.sing flight path, but it will reach a limit. This limit is determined by
..factors independent of the path length, such as the energy resolution of the

31 proton beam.

i the efficiency of the system decreases since the detectors will cover a smaller
solld angle (the solid angle decreases as the square of the flight path length).

‘3 thie absorption of neutrons increases as the neutrons need to traverse a longer
«: distance through air between the target and the detector, also decreasing the
-2iefficiency.

The longest flight path available in the park is 200 m. The neutron detectors were
positioned at a distance of 174.8 m from the target.

The coaxial cables from the hut to the dataroom were placed along the surface of
the ground, and so the pulse propagation velocities may be affected by the diurnal
temperature variations. Changes that would occur in the transit time are significant
for.the timing pulses, which are measured relative to a fixed point in the cyclotron
radig frequency (RF) phase. The diurnal variation in propagation time was of the
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order of 1 ns. This effect was minimized by splitting the experimental session into
runs of about four hours each, so time variations within a run were well below the'
cyclotron pulse time uncertainty of about 1 ns. '
The neutron flux was attenuated between the target and the detector. This
reduced the intensity of the beam at the detectors, and thus the efficiency of the
spectrometer. The following substances lie in the path between the target and the

e
4l-t)

detector:

e asteel plate, of 1.2 cm thickness, at the end of the proton beam line tc maintain .

SN A

the machine vacuum,

Tt
Y]

e about 174 metres of air, mainly Oy and Ny,
e a 3 mm plateglass window of the detector hut.

e the 2 mm thick wall of the A/l box which housed the detectors.

LURLE N PO
I

The neutron transmission is defined as the fraction of neutrons that actually reach -
the detector compared to all the nentrons emerging [rom the target towards the de-
tector . The transmissions were calculated by Newman [NEW 91} for various ener-
gies. For energies used in this analysis they are 0.56£0.05, 0.62£0.09 and 0.71£0.14
at 120 MeV, 160 MeV and 200 MeV respectively.

Voo
RO V]
Ai.é.”})!‘.la

3.1.4 Pulse selector

A difficulty experienced in the data acquisition are the wrap-around neutrons. Thesel.-
are the slower neutrons from a beam pulse on the target which are being overtaken
by the faster neutrons from the next pulse. In section 4.4.1 a method for removing
the wrap-around neutrons from the neutron spectra is discussed. It is desirable to
have as large a pulse separation as possible to reduce this wrap-around effect.” The
pulse separation can be increased by using the pulse selector in which the selection®
ratio can be set from 1 in 2 pulses to 1 in 7 [NAC 37]. In these experimental sesstons® -
the selections of 1 in 6 and 1 in 7 were used. Table 3.2 shows the time spacing ' *
the proton pulses at the various energies when using the pulse selector.

e

s o £ 1

Table 3.2: The period between proton pulses shown with and without pulse selection.! |

Energy | RF | period | pulsc selection | PS period RS ITE BT
(MeV) | (MHz) | (ns) (ns) S e
120 21.2 47.1 1:6 282.5 SRR
160 23.9 41.9 1:6 251.4 ’
200 26.0 38.5 1.7 269.2 SN

. . . . O
The pulse selector provides a sinusoidal signal at the same frequency at which’
the proton bunches arrive at the target. called the pulse selected radio frequency

ERE
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(PSRF) signal. The arrival time of the neutrons at the detectors is measured relative
" to this PSRF (section 3.3.2).

At the Indiana University Cyclotron Facility a better method was used. There a
stripper loop has been utilised which provided a pulse separation of 1.8 us [FRI 85].
This enabled measurements up to excitation energies of 120 MeV at E,=160 MeV,
whereas at that proton energy we were only able to measure up to £, ~45 MeV.

3:1"5 ' Beam swinger

The beam swinger was used to obtain neutron measurements at various angles with
respect to the proton beam by varying the angle of incidence instead of the angle
of observation. The available range is from —5° to 35°. The hut can be positioned
along the flight path at an angle of 0°, 30°, 60° or 90° relative to the undeflected
proton beam, so the possible angles of observation range from —5° to 125°. For the
present data only measurements at 0°, 2° and 4° were taken. The beam swinger
consists of three large dipole magnets [NAC 90]:

Magnet 1 is a circular pole deflecting magnet. 1t is used to set the angle at which
. the proton beam will hit the target.

Magnet 2 is a specially-contoured wedge-magnet used to guide the beam onto the
fixed target. Using an excitation current of 190 A for this magnet a field of
1.35 T was obtained. ‘

M=agnet 3 is a deflecting magnet to guide the non-interacting beam and all charged
i+-Areaction products into the beam dump. The value at which this magnet is set
z1rds not too critical, since the dump is about 30 cm wide.

(AT
..The beam swinger has thus far been operated fairly reliably. However, the mea-

sured angular distributions at 200 MeV [rom the week-end of 21-24/06/1991 did

not, follow the expected angular trend. It was deduced that the angle settings were

-slighty incorrect for this data set (see section 5.1.1 for more detail).

3.2 Overall energy resolution

Theenergy of charged particles can be measured accurately by detecting the light
output from the ionization they cause in a scintillating medium. They can also
be measured by a magnetic spectrograph or a solid state detector, but for the un-
charged neutrons all these tools are inapplicable [GOO 80]. A neutron can only
be detected in a scintillator when it scatters ofl a charged particle which in turn
causes ionization. The energy spectrum of that detected particle, resulting from a
monoenergetic neutron source, is not monoenergetic. but has a continuous energy
distribution [FIR 79, BRE 87]. This occurs because the neutron can scatter from
different types of particles in the medium and the angles of the knocked on charged
particle can differ. So the measured pulse height is not uniquely related to the
neutron energy.
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A better method for obtaining neutron energies is the time-of-flight technique,
whereby the time the neutrons take to fly along a known path length is measured.
In 1938 the initial proposal of using neutron time-of-flight spectroscopy was made*
by Alvarez [ALV 38, ALV 87]. The method was extensively used in experiments at:
low energy with reactions from light charged particles and photons from a range of
accelerators [FIR 79]. Several nuclear physics research centres, for example NAC,
IUCF, LAMPF, and TRIUMPF, have utilised time-of-flight for the (p,n) reaction:
[ZAF 80] in the intermediate energy range, obtaining time resolutions of about % ns-
or better in the intermediate energy range. i

By using relativistic kinematics, the energy of the neutron can be calculated from*
the time-of-flight, and hence the energy to which the residual nucleus is excited.
So the energy resolution of our system will depend mainly on the numerous timing
uncertainties. In this section the various uncertainties which contribute to the overait :

energy resolution will be discussed. SN

3.2.1 Timing uncertainties

An overview of numerous timing contributions in a NTOF spectrometer is given by
D’Agostini, et al. [DAG 81]. The main timing contributions arise from the spread of *
arrival times of protons in a beam pulse on the target, called the beam time W1dth
and the intrinsic time 1esolut10n of the detectors. e

Beam time width

The proton beam time width was often the largest contribution to the overall time:!
resolution. The beam time was measured with a proton telescope continuously
during the runs to measure the time quality of the beam as well as to check’ for
drifts in the beam time.

The proton telescope consisting of a thin (5 mm) AE and a thick (50 mm) E*
scintillator (both made of NE102A), and was positioned at 30° with respect to the
undeflected proton beam at about 1 m from the target. Both scintillators ‘were ™
coupled to R329, 2” Hamamatsu Photomultipliers (with E931 bases). The p‘r"o‘fehl";
telescope was set to detect elastic scatters from the (p,p’) reaction. For elastlc \
scatters the time structure of the proton pulses at 30° should be the same a$ the :
time structure of the beam pulses. This reaction was selected by gating only for thé °
highest energy protons scattered in the direction of the telescope.

First a threshold was set on the E detector, which measured the fuil energy
of the scattered proton, to select only the highest energy protons. Then these
protons, which leave a characteristic amount of energy in the AE detector, were :
selected accurately by setting a tight energy window on the AE pulses. Finally the
discriminated AE and E signals were put in coincidence to exclude any events that'’
did not originate from the target. This AE/E coincidence was used to start-a TAC 't
and the PSRF (provided by the pulse selector) was used to stop it. The amplitude™
of the TAC pulse was then a measure of the time between the protons being injected
into the cyclotron and arriving at the telescope (plus an arbitrary constant). The

|
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FWHM of the distribution of the TAC output pulses provided the width of the
proton beam pulses.

; At the energies of 160 and 200 MeV it was noticed that the highest energy,
elastically scattered protons were not stopped in the E detector. Thus they did
not deposit their full energy and became indistinguishable from the lower energy,
inelastically scattered protons. Therefore a 3 cm brass energy degrader was placed
bétween the AE and the E detector, reducing the energy of the protons to about
120iMeV. They then stopped in the I detector and the procedure outlined above
coyld be followed.

The finite measured time width of the beam is mainly due to the different path
lengths which the protons of differing energies follow through the cyclotron. We
also measured the drifts of the beam time relative to the PSRF reference signal.
Goodman reported [GOO 79] that very small drifts in the magnetic fields in the
cyiclotron cause changes in the overall transit time of the accelerating particles in
‘the cyclotron; the result is a time shift of the beam time. If the drift was significant
over time, then in the off-line analysis long runs were split and the sections shifted
relative to one another and added to reduce this effect.

The time resolution of the telescope itself was found by starting the TAC on
the AE pulse and stopping it on the E pulse, using only elastic scatters. At beam
energies of 120 and 160 MeV the I'WWHM of the peak was measured as 250 and 380
ps respectively. This accuracy was good cnough to measure a beam timing width of
about 1 ns.

For most of the sessions the beam time was about 0.7 ns. During some runs the
time width degraded to ~1.5 ns, while for some runs it was improved to 0.4 ns.

Intrinsic detector resolution

D)Ill}‘illlg,‘the (p,n) data acquisition background cosmic muons were detected. Those
muons which deposited energy in cach of the 6 detectors, and had thus traversed
the whole vertical stack, were recorded.

The procedure for calculating the intrinsic resolution is described in detail in
section 4.3.2. The average intrinsic resolution (FWHM) was found be 330+30 ps
(sijmi‘.la._u‘ for all detectors). Tor a specific experimental session it remained fairly
constant; in between sessions changes occurred presumably because of changes in
tll,q.,:qqh,lity of optical contacts between the scintillator, the light guides and the

PMI’s.

3.2.2° Energy uncertainties

There is a spread in the energy of the proton beam from the cyclotron, which can
be tuned by adjusting the width of collimator slits at a bending magnet close to
the exit of the cyclotron. During the (p.n) experiments the slits were set to give
an energy resolution, AFE,(beam). of 0.075% [CON 92]. In Table 3.3 the proton
energy uncertainty are shown for the encrgies used in the experiment. At each
bending magnet along the heam line after extraction from the cyclotron the protons
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Table 3.3: Proton energy spread from the beam extracted out of the cyclotron and
from the proton interacting at different depths in the ®°Zr, 134 mg.cm =2 target.

E, | AE,(beam) | AE (target) :
(MeV) (keV) (keV)

120 90.0 540 o

160 120.0 442 L,

200 150.0 385 HOMAT

oy

of differing energies will follow slightly different paths, which results in further time
spreading of the proton pulse. So the actual contribution of AE,(beam) to the N
overall time uncertainty (as shown in table 3.4) would be slightly more s1gn1ﬁcant :

Another uncertainty in the energy of the proton arises from the uncertainty of the "
depth in the target at which the proton interacts. The incident proton looses energy
by ionization in the target, so the further the proton traverses the target before the
interaction takes place, the lower the proton energy. The maximum energy loss,
AE,(target), is between those protons scattering at the front and those scatterlng\
at the back of the target, up to 540 keV at E,=120 MeV (table 3.3). This spreqd
in proton energies results in a spread of neutron energies, which produces a spréad
in the flight time of around 800 ps at £,=120 MeV.

3.2.3 Geometric uncertainty

The geometrical uncertainty arises from two contributions to the uncertainty in the
flight path, L: firstly the overall uncertainty in the surveyed distance between target
and detector, and secondly the uncertainty in the interaction position of the neutron
into the detector, which changes from event to event.

The flight path uncertainty from the surveyed length of the path is 0.05 m. The
uncertainty on the interaction position is 0.1 m, since the neutrons can interact at
any position into the 10 cm depth of the detector.

So the flight path would only be known to 0.10 m accuracy. But the uncertainty
of the depth of interaction can, however, be reduced to ~0.03 m by positioning, the..
detector stack longitudinally to the beam. Then the time difference between. the;..
times of the two TDC’s on either end of a detector can be used to determine;the.,
position of interaction to an accuracy of ~0.03 m. ERTTINTES

The combination of the flight path uncertainty, and the uncertainty of the area..
of the detectors, provides the uncertainty in the solid angle subtended by the de- .
tectors. This error will be introduced when calculating the differential cross-section::;
(section 5.1). The physical dimensions of the scintillator can be measured toran
accuracy of 0.001 m, but the area for efficiently detecting neutrons is not so clearly,..
. defined. The neutrons interacting on the edges of the detector are likely to depos;i(t.;,:;
only a small amount of energy in the detector without crossing the energy threshql;.c‘l_.;g,..
So an uncertain detection region of 0.005 m width around the edges of the detector..
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exists.

TR

3.2.4 Total resolution

The various uncertainties can be combined to obtain an estimate of the overall time
uncertainty, and hence the total energy resolution [MAD 33]. Two uncertainties,
namely those in the position of the interaction in the target and in the detector,
were rectangular distributions, while the others were gaussian distributions. These
two uncertainties were divided by /12 before combining them in quadrature with
the other uncertainties to obtain the total resolution [MAD 83]. Table 3.4 provides
an overview of each of the uncertainties for the runs at E,=120 MeV, 0 =0° and a
ﬂ]ght path of 174.8 m, resulting in a flight time of ~1320 ns for the highest energy

neujlons

. }‘ e
Table 3.4: Combination of typical uncertainties for E,=120 MeV, § = 0° showing
the total calculated energy resolution. During some runs a better beam time of up to
/00 pw was obtained compared to the tabulated value of 900 us.

Type of uncertainty ALnergy | Atime

(kel) (ps)

Time heam time 900

intrinsic detec. res. 330

: Energy AFE,(heam) 90 469

will AL, (target) 540 811

R Geometric | Detection position 218
TOTAL time uncertainty 1358

energy resolution 276

" The total time uncertainty is 1.36 ns, which would correspond to an energy
reglution of 276 keV. The experimental energy resolution, obtained from the width
of “the tAS, is 575 keV. The expeéted uncertainty is about twice as good as the
resclution obtained from the measured widths. Possibly the error on some of the
quantities was underestimated. or there could have been time drifts in the stability
ofithie proton beam which would have reduced the resolution. Note that not all of
theverrdrs above are totally independent. There is a partial correlation between the
beain time and the spread in the beam energy [MAD 83].

“Our total resolution is slightly better than the AL=660 keV obtained by Bainum
et al’ [BAI 80] for their (p,n) experiments on *°Zr at E,=120 MeV, L=62 m. Our
hedt resolution was obtained at E,=160 MeV, namely a resolution of 550 keV. This
enabted us to observe more structure in the GTGR than had previously been seen

at " E,=160 MeV, L=45 m, with a resolution of 1300 keV [TAD 86].
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3.3 Determining and recording valid events

Two types of events, called valid events, were recorded by the neutron detectors in
the hut:

neutron events occurred when a high energy pulse was detected in at least one of
the six detectors. The fanned-in amplitude of the pulses from the phototubes
at both ends of the detector had to exceed a neutron energy threshold (£%*")
to produce a neutron trigger. This energy threshold was the best compromise
between a high E** that reduces the wrap-around neutrons, and a low Etr
that results in better count rates. The E**" was set between 40 and 60 MeVee

[NEW 91].

cosmic-6 events were recorded when a pulse was detected in each of the 6 detec-
tors. The cosmic muon threshold was set at a value above the noise, but well .
below the cosmic peak, which corresponded to an average energy of 22.3 MeVee -
being deposited in a detector. The cosmic-6 rate was fairly low at about 0.5
events/sec.

For each of these events the following was recorded: the arrival time and amplxtude
of the pulse in each of the detectors and a number which indicated in which of the
detectors the event(s) took place. Other recorded data are the AE/E pulses and

ce b &

the scalar to measure the integrated current.

3.3.1 Layout of recording apparatus U
The main section of the electronic equipment was situated in the hut housing t;he
neutron detectors in the park. This included the circuitry (using NIM modules) to;,
record time and amplitude signals of the neutron detectors with a CAMAC, cratg;,
(the schematic layout is shown in figure 3.3 and will be explained below).  The :,
electronics for obtaining the AE and the E pulses from the proton telescope (detqmls,
in section 3.2.1) was inside the main hall near the beam swinger vault. In. the
integrator connected to the Faraday cup in the beam dump, two CAMAC crates,_,,;.thc,,.;
micro-programmable Branch Driver (MBD) and the VAX computer. The computer -,
control and spectra display of the experiment could be done either in the dataroem
or in the hut. —_—
The three CAMAC crates, one in the hut and the other two in the dataroom:;:.
were used to read the experimental data from the CAMAC modules. A microes':
programmable Branch Driver (MBD-11) acted as an interface between the CAMAG
crates and the VAX 11/730 acquisition computer. The data was recorded on migg-"
netic tapes and replayed offline on the VAX 6000-330 at the University of C&pe

‘

Town. IERTRY
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event trigger

U
____l wide trigger

PSRF

good start

J stop

measured time

Flgme 3.2: Timing measuremenls of valid evenls, using the PSRF as a start, and a
de/ayed event pulse as the stop. Sec lexl for caplanalion.

3.3.2 The method of timing measurements

A neutron emerging from the target in the (p.n) reaction cannot be used to produce
a start pulse. It is uncharged, which means it is not ionizing, and can thus not be
detected twice along its flight path [GOO 84]. However, the cyclotron pulses are
tightly bunched (within about 700 ps. as shown in section 3.2.1), so the start time
could be taken from the cyclotron RF accelerating voltage. The pulse selector was
utilised (section 3.1.4), so actually the PSRI" signal was used for the start. The stop
tirié ‘was then formed by the signal from the detected neutron event. The cosmic-
6 ‘evénts dre unrelated in time to the PSRF, but for recording purposes the same
tiﬁﬁ‘h‘g ‘method as for the neutron events was used.

“"Fhére are, however, many more PSRI" start pulses than there are stop pulses
frofii'the events. So the neutron event trigger (which will be explained in section 3.3.3
belfé\’v)"’liad to be combined with the PSRF to produce a good start only for valid
evéiits; and to produce only one good start per valid event.

~The' method of measuring the time as stated above will be illustrated using
figure 3.2. The first pulse on the figure (from the top) is the event trigger. This is
stretched to produce a wide trigger (next pulse). This wide trigger was just shorter
thansthe pulse separation between successive PSRI” signals (next pulse shown),
whiéh ‘was about 260 ns (as listed in table 3.2). Hence there would be only one
PSRFE signal for each valid event.

»dlhe wide trigger and the PSRI" were placed in coincidence, producing a good
start (as on the figure). Note that the time of this good start is determined by the
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PSRF, ie. by the beam, in this coincidence. Sometimes the time of the coincidence o

was set by the wide trigger, resulting in spurious events as described in section 3.3.4.
Part of the original signal from the detector had been delayed by about 320 ns such
that it will be later than the last possible start pulse. It should be noted that this
is the same signal from which the trigger had been formed, only with a differerice
in delay. It is then used as the stop shown on the figure, and the measured time is
indicated by the arrow. o

3.3.3 Electronic event triggering “,

The method of triggering for valid events using fast electronics will now be described.
The outline of the circuitry in figure 3.3 is simplified to show the modules for only
one detector. Each detector has two photomultiplier tubes, with their own high
voltage supplies, connected to it. Two anode signals from each PMT are used: part
of the signals were delayed, the other part was used to determine if the event was of -
interest to us (ie. a valid event). If so, then the delayed signals were used to record
the amplitude and time of the event pulse.

The one anode pulse was attenuated and delayed by about 390 ns until an event
trigger could be generated. A valid event would open the ADC gate, and the am-
plitude of the pulse would be measured by the ADC. .

The other anode pulse was split in a 500 pulse splitter. One output of this
splitter was sent to a constant fraction discriminator (CFD). One CFD output was
delayed by ~300 ns, and would act as the TDC stop in the case of a valid event.
Another CFD output was combined with the CFD output from the other PMT of
the same detector in a mean timer module. From the mean timer an output was
discriminated and recorded in the pattern register. This pattern register showed in
which of the detectors the event took place, as well as what type of event occurred

(each type of event sets a specific bit). Another mean timer output was set in

coincidence with pulses from the other five detectors, thus determining a cosmic-
6 event. The procedure for setting the coincidence was done using three 4-fold °

coincidence units: two to determine time coincidence between the top three or the

bottom three detectors, and the third to determine coincidence between both these ;
sets of three detectors. One output set the pattem register as the cosmic-6 bit, while
another was sent as a valid cosmic-0 cvenl (rigger. f
The other output from the splitter (for both PMT’s of one detector) were summed
in a quad linear gate and sent to a 6-channel discriminator with similar signals from
the other five detectors. In this unit the neutron thresholds for each of the detectors
was set, such that only neutrons depositing above about 40 MeVee in a detector

were recorded. The 6 discriminated signals were OR’ed to form a neutron event

trigger, which also set the neutron bit in the pattern register.

The two types of event triggers, cosmic-6 and neutron events, were OR’ed in a1
four-fold coincidence unit, set at coincidence level one. If the event trigger module
was busy, further events were vetoed. Then the trigger of a valid event was stretched
to form the wide trigger, which was set in coincidence with the PSRF signal as
explained above.
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The coincidence output, called a good start, is fanned out through a quad dis-
criminator into four pulses with the following functions: the event trigger, the strobe
for the pattern register, the start for the TDC’s and the gate for the ADC. As mén- *
tioned above, one anode pulse had been delayved so that it could be read into thé"
ADC once a valid event had been determined, and the one output from the ¢FD

was delayed such that it would form the stop of the TDC’s in the case of a valid

event.

3.3.4 Spurious spike due to electronics

At the end of the mean time spectra a sharp peak can be seen (channel 930 on"~
figure 4.1). This is due to the electronics and is not a feature of the neutron energy.
As explained in section 3.3.3, the timing of an event begins with a good start and :

ends with the delayed signal of the event. In ligure 3.4 it is shown that a good stdrt -
is the coincidence between the wide trigger and the PSRF (shown as PSRF 1 on the

figure). Usually the timing of this coincidence is determined by the PSRF. But ifthe ~

—

rgood start
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spurious start ,
{from PSRF 2 or 3)

iy ol

stop NAPAENTTH O3

deiang

measured tiniel |-

dett b

RS B

T

Figure 3.4: For the longest possible time meusured for an cvent, the same time is

recorded for PSRF signals arriving just beforc the wide trigger (see text), resultmg

in a spurtous spike in the mean time spectrum.

PSRF comes slightly before the wide trigger (such as PSRIE 2

the coincidence requirement is still met. fhen the start timing comes from the wide ™

or as PSRF 3), 'élﬁi;"
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trigger, which has the same timing structure as the stop. All such pulses, ranging
within the width of the PSRF (ie. in the range of PSRF 2 and PSRF 3), will be
recopded with the same time, forming the spurious spike. Hence the width of the
PSRF should be as narrow as possible to reduce the number of these events.

-These spurious events are recorded with the longest measurable time. So only
neutrons which are alimost wrapped around to the next beam pulse are affected, and
thus the neutrons in the region of interest at earlier times are not influenced by this
effect.

For cosmic-6 events the delay in the electronics is longer than for the neutron
events (mainly due to the 3 logic units used in forming the cosmic-6 trigger). The
maximum time that can be measured for them is shorter than for neutron events
by -about 21 ns. So the spurious spike for cosmic-6 events is formed 21 ns earlier.
Thi.s_} spike is not visible in the neutron spectra, since all the cosmic-6 events were
excluded when generating the spectra.

3.3.5 Electronic settings

The; Mhigh voltage on each of the photomultiplier tubes was set manually to equalise
the shapes and gains of pulse height spectra. The average voltage was about -1500 V,
but individual values ranged from about -1400 to -1700 V.

i The gains on the ADC pulses were adjusted such that the positions of the cosmic-
6 and neutron peaks were at similar channels for each of the 12 photomultiplier
tubes. :

For each session of experiments. the TD(s were set to nominal values of 4 chan-
nels/ns. They were calibrated exactly such that the time spectra could be normalised
td precisely 4 ch/ns during the off-line analysis. This was done by feeding a pulse
with varying known delays into the TD("'s and then noting the channel number of
the peak in the time spectra. The relative calibration factors ranged from 0.990 to
1.@27, depending of which TDC’s were used.

3:3,6" Correction for electronic dead time

Tile dead time was corrected for by only recording the integrated current when the
computer was not busy. The non-interacting protons were deflected by the third
béam swinger magnet (behind the target) onto a Faraday cup which was connected
to, the. current integrator unit. The signal of the current integrator was discriminated
and used to measure the amount of charge passing through the target that did not
interact. But the recorded current integrator signal was vetoed when the acquisition
computer was busy, thus correcting for the dead time. The dead time usually varied
between and 5%.

RETIRRY

3.3.7 Neutron detector efficiencies

The neutron detection efficiency in the neutron time-of-flight spectrometer was de-
telmmed using the secondary-measurement method. Watson, et al., [WAT 83] pro-
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vide an overview of other available methods: the direct measurement technique,
indirect methods and the computational method.

Two measurements are needed in the secondary-measurement technique. In our
case the yield measured by our detectors for the "Li(p,n) reaction, of which the
neutron cross-section is known, was compared to the measured yield of the 0Zr(p,n)
reaction, for which the cross-section is unknown. Since the yields are proporti?;%@l
to the cross-section and the neutron detection efficiency, and the proporﬁp@iﬁ'&yyé
constants could be measured, our detector efficiencies and the known cross-sections
could then be calculated.

In our experiment the laboratory differential cross-section for " Li(p, n)” Be(g.s.
0.43 MeV) as reference cross-section was useful. This is because 0° differential cro &=
sections for transitions to the ground and first excited state (at E;=0.43 MeV) in
7Be at a number of beam energies are available in the literature [TAD 87, WAT 89],
and the reaction has a high cross-section. So, during our (p,n) experiments only.
short runs on 7Li of 10 min were sufficient in between the longer runs of ~4 hélifé‘
on other targets. Thus the efficiency determination became an integral part of‘fc"rl"fe:‘ﬁ'f
acquired data.

A collaborator, R.Newman [NEW 91], determined the experimental efficiencies.
For extracting differential cross-sections for summed runs, the weighted efficiencies’
for all six detectors and for all runs were obtained. For *°*Zr at E,=200 MeV the'”
weighted efficiencies are 2.11% for the summed 0° spectra.

In the following chapter the analysis performed on the cosmic-6 and dnjfchgm'}
neutron events, acquired at NAC in the procedure outlined above, will be described: !,
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Analysis of the events

ThlS chapter begins by defining the features in the neutron spectra that will be used
in latél on. Then follows the discussion of two applications of the cosmic-6 events.
For the neutron events it is then explained how the problematic wrap-around events
were accounted for, and which events were rejected in generating the mean time
spectra. Finally an outline of the peak-fitting procedure used to extract the number
of rkgyent_s for peaks corresponding to specific transitions will be given.

4.1 Description of spectra

A typical mean time spectrum can be seen in figure 4.1. The mean time (of both
TDC times of one detector) will provide the TOF independently of the impact
position along the detector. This occurs since the mean photon transit time from
thexseintillation event to both ends of a long detector is independent of the position
of interaction [MAD 83, BRE 87]. Hence in the analysis mean time spectra were
generated for each of the six detectors by averaging the time of both TDC’s for a.
- detector. The mean time spectra show, from left to right, increasing time-of-flight .
of the neutrons. This increasing neutron flight time corresponds to a decreasing
neutron energy (in a non-linear manner), and hence an increasing excitation energy
of the daughter nucleus. The main features in these spectra, as labelled in figure 4.1,
will now be described briefly:

e the wrap-around region consists of slow neutrons from a previous beam
pulse; it can be seen from channel 0 to about 200, but is hidden underneath
the rest of the spectrum,

e a number of discrete states, whose intrinsic width would be less than the
instrumental resolution of ~370 keV,

e a few broad peaks: the Gamow-Teller giant resonance (at channel 350),
which is a combination of many close unresolved discrete states, and a dipole
resonance (at channel 500),

o a featureless continuum in high excitation energies (above channel 500),
slowly decreasing with increasing excitation energy,
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o a sharp spike at the end of the spectrum (channel 930) due to the instru-
mental effect explained in section 3.3.4,

¢ overflow events in the last bin of the spectrum (channel 2048, usually not
plotted on the scale of interest) in one detector, caused by events in another
detector which produces a common TDC start, but for which this detector
does not generate a TDC stop signal.

The two types of events, the cosmic-6 events and the neutron events were used in the
analysis. The spectra at zero degrees were used, because they correspond to almost
zero momentum transfer, in which case the results can be compared to 3-decay. The
goal is to extract differential neutron cross-sections, to calculate the sum of all the
Gamow-Teller strengths and to compare this to the theoretical Ikeda sum rule.

42 ‘Excitation energy spectra

From the time of arrival of the neutrons at the detector the energy of the neutrons
can calculated. The energy of neutrons [rom a specific transition need to be known. .
Then the spectra can be plotted in terms of thé energy to which the nucleus becomes
excited by the (p,n) reaction. The energy of the neutrons from the transition to the
ground state was calculated using relativistic kinematics.

! Since the arrival times are measured with an arbitrary additive constant, the
energy of neutrons in at least one peak in the spectrum must be known. In the ONb
spectrum the TAS at £, = 5.14 MeV is a well-known. clear peak. Its position in the
‘time spectrum was used to calculate the corresponding excitation energies for the
other neutrons.

?\“:I“he time the neutrons from the transition to the IAS state would take to fly to
th:e'f‘d'efgctors was calculated by

-1/2
[ns/m] (4.1)

~

939.553 >"2

= 3336404 { | — | o
tn/L = 3.336404 | 1 <T,,,+939.553

where’ L=174.6 m is the path length between the target and the detector and T,
the kinetic energy of the neutrons from the transition to the IAS.

4.3 The cosmic-6 events

Cosmic muons provide a continuous background of events. Some of the muons inter-
acted in only one or a few of the detectors. while others interacted in all six of them.
In section 3.3 it was explained how the criterion was set up for recording cosmics
which interacted in all six detectors. Here an overview of two uses of recording these
cosmic-6 events will be given:

1. determining of the intrinsic resolution of the detectors.

2. obtaining an estimate of the neutron threshold for each of the six detectors.
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Another use of the cosmic-6 events could be to monitor the stability and performance
of the detectors. . :

4.3.1 Event rejection C

Some of the events taken by the cosmic-6 trigger had to be rejected. A cosmic-6
event, requires a trigger in all 6 detectors, but for some events (of the order of , 10%)
the time recorded for some TDC’s was either zero or overflowed.

Due to cable and electronic delays, there are different time delays for the times?
of each of the TDC’s. During data acquisition at NAC the times of the cosmies:
have to lie within the wide trigger (as described in section 3.3). If the timesis so-
early that at least one TDC is recorded per detector, the event fulfills the cosmic-6*
requirement, but some of the times of the other TDC’s may be recorded as zero:,
These events were rejected, because not all the necessary information was recorded. .

Overflow events occurred when a pulse was detected in one of the two TDE’s,::
but not in the other. That TDC was then not stopped and thus overflowed. These
events were also removed. Rl

0."

4.3.2 Intrinsic resolution calculations . ﬁ

The difference between the detection time of an event from either end of a detéctor
provided a measure of the position along the detector where the event took place!
Muon fluxes at sea level have a mean energy of 2 GeV, and so the muons travel st~
relativistic velocities in straight lines through the stack of six detectors. This path' -
of the muon can be partially reconstructed by lining up the interaction position in’
all six detectors. o /
Unknown delays in the electronics and the cables for each detector shift the: time'
differences of the detectors relative to one another. These delays are called tbf “time '
offsets. However, these relative offsets can be found by taking a large number ‘of
cosmic-6 events from a run and varying the time offsets such that the reconstructed. -
paths lie as close as possible to a straight line fitted through the time differencés: +:::
By then using the time difference and these time offsets for each of the detectors,
the position, z, along the detector where the event took place can be determinéd::
using s Al

§(tR - tL)veﬂ" + C'offset, {21‘:}2)“

154

Tr =

where veg is the effective light velocity in the detector, and Cogse is the offset d\ie ’
to cable and electronic delays. The v.g can be obtained by measuring the: Aidth
of the time difference curves, which should be twice as large as the time the’ hg’ﬁt E
takes to traverse the length of the detector, and then using the physical length" of
the detector to calculate the effective veloaty of light in the detector. The effectlve ’
light velocity was found to be ~15 cm.ns~! [KAB 90} in the neutron detectors.-¢

The differences between the reconstructed paths and straight line fits to thése
points were called the residuals. A measure of the intrinsic detector resolution wis ™
then found by binning the residuals into histograms and calculating the full width""
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at half maximum (FWHM) of the distribution for each detector. This intrinsic
resolution should remain stable over different runs if the apparatus is not altered.
Figure 4.2 shows that the resolution stayed at about 330430 ps for each of the
detectors for a set of 52 runs.

oo

4.3.3" Threshold determination

During the (p,n) experiments no high energy neutron sources are available to cali-
brate the amplitude spectra. Although the channel number of the neutron thresh-
olds.can clearly be seen in the amplitude spectra, the actual neutron energy of this
threshold is not known. The neutron energy cannot be measured accurately by the
pulse height of an event, because only the energy of the scattered charged particles
is detected. A possible calibration source are the muons from cosmic rays. They
travefse the detectors at energies of about 2 GeV, and are thus minimum ionising,
and:deposit 2.23 MeV/cm in the scintillator [NEW 91]. But the cosmic events tra-
verse the detectors at different angles, and hence deposit differing amounts of energy
in the detectors. If the traversing angle is measured relative to the vertical axis of
the detectors, then vertical muons would interact at 0°, and muons traversing the
60 cm x 60 cm stack from one corner to the opposite corner at about 45°.

.. The angle at which the muons traversed the detectors, 6,, was calculated from
the interaction position in each detector. The muon events were split into 5° bins
according to their traversing angle. The position and amplitude of about 10000
events were plotted for each bin in figure 4.3 for one detector on the outside of the
stack, detector 1 (the bottom detector), and one near the middle, detector 3.

It can be seen‘that the higher the angle. the greater the energy deposited in the
detector. For each set of angles the energy deposited in the detector can be calculated
by E,; = 22.3/cosf,. The position of the maximum of the peak in each amplitude
spectra was measured and plotted against energy deposited in the detector. By
extrapolating a straight line through these points to the channel at which the neutron
threshold lies, the energy of the neutron threshold was found to be 37 +'5 MeVee
at .Fp:= 120 MeV and ~ 60 & 5 MeVee at £, = 160 MeV, assuming linearity of the
sciptillator response. '

On the amplitude curve for detector 1 (figure 4.3), low amplitude shoulders can
be seen on the left of the amplitude curves. These shoulders are due to cosmic muons
which 'traverse only part of the thickness of the top and bottom detectors. For the
inper detectors the muons have to traverse the whole thickness of the detector to
fulfill,the cosmic-6 requirement, while for the outer ones, the muons can enter (or
leaye) the stack through the sides of the detectors. The cosmic-6 thresholds are
fauly low in each of the detectors, so muons that only traverse part of the outer
detgep,t01s get detected, as long as they deposit more than the threshold energy.

On the graphs on the left of figure 4.3 the position of interaction for muons
is shown for a range of interaction angles. For both detectors 1 and 3 the muons
which interact vertically lie in a rectangular distribution along the whole length of
the detector. As the angle of interaction increases, the position where the muons
can interact in each detector becomes limited, as the muons still have to fulfill the
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Figure 4.3: Position along the detector and amplitude for cosmic-6 events at different
angles through the detector stack. Each histogram represents a range of 5°; the bold
curve is the sum of the others. Position curves are on the same vertical scale,
whereas the amplztudec are on differing . mzhm/ scales so that the position of the
peak can be seen more clearly. '
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cosmic-6 requirement. Thus diagonal muons have to cut detector 1 on the ends of
the scintillator, while they have to pass through detector 3 near the centre. The
gradual change of the rectangular distribution to each of the two extremes can be
seen clearly. The central spike in the position for detector 3 in channel 50 probably
arises from events which had times close to zero, but were not removed when the
zero events were disregarded.

4.4 The neutron e'vents.

The condition for an event to be recorded as a neutron event is that the amplitude
signal for at least one detector is above the high neutron threshold. The amplitude
signals for the two PMT’s of each detector are summed using a linear fan-in module,
and a single threshold is set for this combined pulse.

4.4.1 Wrap-around neutrons

The wrap-around neutrons are recorded when the slow neutrons of one pulse are
overtaken by the fast neutrons of the next pulse. When these slow neutrons get
detected, they will be recorded one beam period later than the faster neutrons. They
will thus be overlaid on the spectrum of the faster neutrons. Since the spectrum
at higher excitation energies is quite featureless, the wrap-around neutrons produce
a fairly continuous ‘background’ in the spectrum. During some of the runs even
double wrap-around occurred (ie. the neutrons were recorded two beam periods
later). '
For our long flight path of 176 m this makes an important contribution to the
unwanted data. There are two ways to reduce the wrap-around in the experiment:

\

1. the beam pulse separation can he increased so that the lower energy neutrons
can arrive at the detectors before the next fast ones arrive,

2. the neutron threshold can be increased so that the lower energy neutrons,

which would appear a period later and which produce a smaller pulse height,

are cut o/ut.

;

Both these methods unfortunately also reduce the efliciencies. The pulse separation . -

was set as large as possible (1 in 7) for 200 MeV (for lower energies the 1 in 5 or 1 in
6 selections were used). The neutron thresholds were set at the lower energy end of
Landau distribution of the energy of the charged particle scattered by the neutron.
This was done to include the neutron events, but to eliminate nearly all of the
muon events from cosmic rays. If the neutron thresholds can be found accurately,
then the amount of wrap-around can be determined more accurately. A method for
determining this neutron threshold was described in section 4.3.3.

For example, by estimating E;, ~ 60 MeV at £, = 160 MeV as shown above,
the lowest energy neutrons to be measured would correspond to a nucleus excitation
energy of £, = E, — Q — E;;, ~ 90 MeV. In figure 4.4 it can be seen that this would
be a double wrap-around. = Note that the reduced width and increased amplitude

R

V!§
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of the 2™ and 37¢ neutron spectra is the result of the non-linear conversion of the
time to energy spectra. Of the 2"¢ and 3™ neutron spectra, only the neutrons in
the wrap-around region correspond to the excitation energy on the axis scale, since
these neutrons are actually recorded relative to the first pulse.

In the (p,n) reaction, the first neutrons to arrive at the detectors are those with
the highest energy, and would be the neutron produced in the reaction from the
target ground state to the daughter nucleus ground state. In 90 Zr the ground state
has J7, = 0%, but the ®*Nb has J7, = 8*. The transition between ground states
would be a large angular momentum transition (ie. L>0), which would peak at a
high angle. At the small angles the simple F and GT transitions dominate, so the
ground state peak is not seen in these low angle (p,n) spectra. In 9ONb the first
peak observed in the time spectrum (due to the neutrons of highest energy) is alt
state corresponding to E; ~ 0.9 MeV in figure 4.4. Thus any events in the'time
spectrum before this state must either be from different types of events (such as
cosmic muons), or be neutrons wrapped around from the previous pulse.

If this early time region is entirely due to wrap-around, then it should match well
onto the high excitation energy part of the spectrum. This was tested by shifting
the spectrum by one beam period of 251.4 ns and fitting a decaying exponential |
to these two regions in the spectrum as in figure 4.5. The function should then .
actually continue from the wrap-around region up to the higher excitation energies
and could then be subtracted to remove all the wrap-around. If the function stﬂl
has a substantial magnitude at the high excitation energy end, it should even extend
over to the next spectrum.

The exponential function was found to fit very well onto these two regions (see
figure 4.5) . This would imply that the wrap-around has fallen off substantially after
one beam period. Estimates of the neutron threshold show that the wrap-around
should extend much further. It is thus suspected that the wrap-around drops off to
zero somewhere before the threshold. Exactly how it falls off is not known, but this
is the information that is needed to be able to extrapolate the function fitted to the
wrap-around data underneath the rest of the data.

The crudest manner to eliminate the wrap-around is to extrapolate a straight line
fit of the wrap-around region underneath the rest of the spectrum. On figure 45
it can be seen that for the earliest discrete peaks, which are of most interest in
this analysis, the difference between subtracting a straight line fit or a decaying’
exponential is small. For analysis of the high excitation energy continuum, the
shape of the wrap-around which is removed is very important. It would, however,
be most advantageous to use hardware settings to reduce the wrap-around.

It was checked if the wrap-around neutrons could be removed by software am-
plitude cuts. The wrap-around neutrons have less energy than the neutrons in the
initial spectrum. So they may deposit less energy in the detectors than the faster
neutrons. The amplitude spectrum of the neutrons in the wrap-around region was
compared to that for the rest of the spectrum. The amplitude spectra look very
similar, the only difference being that the amplitude spectrum of the wrap-around
neutrons has a slightly sharper peak. Hence an amplitude cut cannot be applied to
remove these wrap-around events.
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4.4.2 Event rejection

A number of events were rejected before the mean time spectra were generated A
brief reasoning for the removal of each of these events will be given.

¢
RN

ey
Cosmic-6 events

The cosmic-6 events are in no way related to the neutron events, thus were not
included in the neutron time spectra. The cosmic-6 events would have no effect on’
the cross-sections of discrete states, because their arrival times form a continuous’
flat distribution. Nevertheless, they would just produce unnecessary background...

Single zero events N r (
For some events the TDC digitization of the time of the signal from the PMT:atii
one end of a detector provided a zero time measurement. It was suspected that!
this could be a hardware problem. This would imply that the mean time for.such:
events would be half the non-zero time, and thus appearing in the wrong part:of.
the spectrum. Most of the single non-zero times were only up to 10 ns later than -
the zero time. Hence these events do not contribute to events counts at later times

in the time spectrum, but would affect the slope of the straight line fitted to the'
wrap-around region. They only form 0.1% of the total number of neutron events g
but were also removed. s

i
Double zero events

bod anr

s degarta

In some events both TDC times were recorded as zero. These probably cor‘fesi}'c"md' '
to events at very early times where the TDC is stopped almost as soon as it’is"
started. However, the TDC delays were chosen such that the states of interést did«
not lie at times close to zero (usually about 50 ns later). Still these were removed ds*
they produced high spikes at zero in the spectrum and were not used in the a.na.ljfsw &

DL

They constituted around 2% of the total neutron events. o
f 0 AT

CnteLsh

Overflow events : leno

When an event occurred, all the 12 TDC’s were started. But only those’ TDC s
with valid events were stopped by the pulses of those events. All other TDC’ s Wwere”
thus not stopped, overflowed and the counts in the last bin were incremented. Since.
these overflows do not correspond to actual events in that particular detector, thej/m
were also rejected. s
The overflow counts did not correspond to valid events, so do not affect the effi-
ciencies. But events with a zero time may be valid events. However, the efficienciés
were determined from the two peaks in "Li(p,n)” Be(g.s. + 0.43MeV'). Since these
peaks were recorded at about channel 100, the zero events do not remove valid events

from these peaks and the efficiencies are unaffected.

Eor
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4.4.3 Events not removed

T‘Wofypes of events could have caused difficulty in the data: events in multiple
detectors and events of a low amplitude. Since their contribution to the data of
interest was small, and it was difficult to remove them unambiguously, they were
not removed from the data.

L1 e .
Events in adjacent detectors
(XA

For the detection of the neutrons a stack of 6 detectors was used (section 3.1.2. The
reason for using such a modular detector is to obtain a sufficiently large solid angle
for the long flight path and to keep the size of each module small enough to get good
light collection properties. The neutrons are detected when they scatter off protons
or carbon nuclei in the scintillator, which are ionising particles. It can happen that
these scattered charged particles travel from one detector into an adjacent detector.
Theh a single neutron interaction in the detector stack could trigger valid events
inymore than one detector at a similar time. The delay time between these events
would only be the time the charged particles would take to travel from the one to
the. adjacent detector, which is of the order of 600 ps.

- The procedure that was followed for adding spectra was to sum all valid events
from all detectors. Then single neutron events would be recorded as multiple neutron
events, thus overcounting the neutrons. A better procedure would be to select the
event from only one detector in the case of a multiple event by, for example, choosing
the events with the largest pulse height.

A way to determine the magnitude of this effect is to generate the mean time
spectrum for one detector, and then to plot only the mean times of other detectors
for.events which also occurred in the selected detector (figure 4.6). If no charged
scattered particles were to cross the detector walls, then all the other time spectra
wopld be empty. If many particles due to neutron events do cross over into other
detectors, then the time spectra of adjacent detectors would have the same structure
as the one selected detector.

In figure 4.6, where all the mean time events of detector 3 were plotted, and all
multiple events in the other detectors, negligible structure was seen in the adjacent
detectors, mainly a low constant background. Since the interest lies in the discrete
peaks, there will be no overcounting, and hence no overcalculation of the cross-
sectlon in the discrete peaks due to such events. These multiple events could well
be COSD’llC events which had high energy, but did not traverse all 6 detectors.

Hence the procedure that had been followed only produced a small error of ~3%
due to overcounting of events, which is negligible compared to the errors of 10-20%
frém the peak fitting of the spectrum.

Ao
LO\M amplltude events

SIS .

The neutron events had to pass a threshold in order to be recorded. Many low
amplitude pulses from wrap-around neutrons and cosmic muons would be eliminated
in this manner. By viewing the amplitude spectrum for each ADC, a software
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threshold was chosen to lie between the cosmic-6 peak and the neutron peak. Using
this software threshold further low energy neutron events could be removed. The
condition for accepting an event would be that the amplitude pulse from either one
of the photomutipliers of one detector would lie above the software threshold. When
events were removed in this way, they were less than 1% of the total neutron events
and the time spectra of these neutrons had a very similar structure to the spectrum
of all other events. Thus it was better not to employ the amplitude cuts. It can be
seen that the hardware thresholds had already been effective in removing unwanted
low a.mphtude events.

4.4.4 Combination of spectra

T;he TDC’s were calibrated by recording signals from a pulser and inserting known
délays to cover the whole TDC range. Then the calibration factors were calculated
suth ‘that each time spectrum could be plotted on a common scale where 4 channels
correspond to 1 nanosecond. As the mean time spectra were generated, the times
for each event had to be multiplied by this measured factor.

“:The spectra for all runs with the same experimental conditions, ie. same target,
beam energy and beam angle, were then summed. During data acquisition, the raw
tlme spectra were shifted by changing delays so that the corresponding peaks lay
at’ roughly the same channel number. For adding the spectra of the 6 detectors
and numerous runs, they still had to be shifted more accurately. This was done by
aligning the discrete peaks to within one channel. Once added, the statistics of the
spectra were much better, and they were then used for peak fitting.

4215 Fitting of mean times

The aim of fitting curves to the spectrum is to extract the number of counts for
transitions to different final states, which can be seen as individual peaks, but are in
some way superimposed on one another. If all the discrete peaks were well separated
from one another, and the background was negligible, then the counts for each peak
could simply be found by summing the bins in the region of the peak.

-As explained in section 4.4.1, a straight line was fitted to account for the wrap-
arourid neutrons. This straight line was determined and then fixed before fitting
the rest of the spectrum. For the discrete states, the GTGR and the L = 1 state,
ga.ussw,n curves were used. The position, width and amplitude of all these curves
were varied simultaneously.

"“The effects which widen the intrinsically narrow states, such as the intrinsic de-
tectof resolution and beam time spread, produce a symmetric spread in the time
spectra. Thus symmetric gaussians were fitted to the narrow peaks in the time
spectra. If certain processes cause asymmetric spreading, then errors would be
introduced in the extraction of differential cross-sections for each of the states. Os-
terfeld, et al. [OST 85|, performed a microscopic analysis of the *Zr(p,n) spectra.
In comparing their calculations to the experimental data, they used a Breit-Wigner
form as the shape for the calculated states.



50 CHAPTER 4. ANALYSIS OF THE EVENTS

For the GTGR and the states with E; >15 MeV they chose an asymmetric
Breit-Wigner form to fit the data better. The GTGR is a combination of many
unresolved narrow states. The shape of this combined peak is not known, but its
shape was effectively parameterized by fitting with as few gaussians as possible. In
deconvoluting our spectra the GTGR was found to be fitted accurately enough by
one or two symmetric gaussians.

Osterfeld [OST 82] strongly criticised the removal of background by ﬁttmg at
quadratic curve underneath all the discrete states, which has often been done in the
analysis of (p,n) data. Osterfeld performed microscopic model calculations of the
background underneath the GT resonances of **Ca(p,n) and “°Ca(p,n). He found
that most of the background for E, <20 MeV is 1% strength.

For 120 MeV, the spectra extend only to E, ~30 MeV, which is just past the
L = 1 state. The shape of the continuum cannot be seen and hence quadratic
background was fitted towards the higher excitation energy data. IS

At 160 and 200 MeV, however, where data to higher excitation energy was ava,ﬂ
able, the continuum was fitted in such a way to match the data where no sta,tes‘_vp_hanfﬁ
~ be seen, and to fall off to zero before the GTGR. To fit this high excitation energy
region a combination of up to four wide gaussian curves was used.

The MINUIT minimisation program [JAM 75, JAM 85] was used for fitting ther
curves to the spectra. For a set of initial parameters the chi-squared value, ie.
the goodness of the fit, was calculated and the MINUIT program then varied thé
parameters to obtain the smallest chi-squared value within the limits of the param-+
eters. From the fitted parameters the number of events underneath each state were :
calculated, which were then used to calculate the cross-sections.

The calculation of cross-sections from the number of events of each peak (obi:
tained as described in this chapter above) will be shown in the following chapter.: :
The Gamow-Teller strength calculated for the various transitions will be presented::
and the sum of the GT strength will be compared to the expected value of the Ikeda,
sum rule. :
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Chapter 5

Results and Discussions
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The differential cross-sections obtained from the mean time spectra, and the calcula-
tions of the Gamow-Teller strengths, will be discussed. The sum of the Gamow-Teller
strérgths will then be compared to the predictions of the Ikeda sum rule.

5.1 Extracting the cross-sections

The information extracted from the time spectra is the number of counts, N, for
each peak. The differential cross-section, in millibarns per steradian, could then be
calculated with

da_ N
d) Awnte

where N are the number of neutrons detected for a particular transition, Aw =
1.18 x107° sr is the solid angle subtended by the stack of detectors, n is the integrated
flux of protons on the target, ¢ is the target thickness (=8.98 x10?° nuclei.cm~? for
the:°Zr target) and ¢ is the efficiency of the neutron spectrometer. The value €
really is a product of the actual efficiency and the fractional neutron transmission
from target to detector. It was determined by Newman [NEW 91] using the reference
cross=sections of the "Li(p,n)” Be(g.s. + 0.43 MeV). Usually the fractional livetime
of the acquisition system is included as a term in equation 5.1. But in our system
this was corrected for electronically, by reducing the integrated flux, n (as shown in
section 3.3.6).

The error in the differential cross-section was calculated by combining the errors
of the parameters in equation 5.1 in quadrature. A particularly large error in the
yield was obtained from the MINUIT program when fitting all the peaks simulta-
neously. This is because the errors on the width and amplitude of the peaks are
negatively correlated, and if the error on the peak area is based simply on the er-
rors on width and amplitude, it is thus too large. Moreover the widths of adjacent
peaks are strongly negatively correlated. Independent fitting to the IAS only with
a linear background resulted in a fractional error of 1-2% for the number of counts.
Thus the errors quoted with the calculated cross-sections are overestimates of the
actual errors by one order of magnitude. However, uncertainty in the shape of the
background introduces systematic errors on peak areas of the order of 10-20%.

(5.1)

a1
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In table 5.1 values of the parameters used to calculate the cross-section of ther,
IAS in the 158 MeV zero degree spectrum are listed. The fractional error of the -
charge was estimated to be about 1%. Note that the fractional error on the number; -

of counts in the table is an overestimate.

Table 5.1: Sample values and errors for calculating the differential cross-section for
the IAS at E, = 158.4 MeV. Note comments in tert regarding the errors quoted wnic

the table

Parameter Value Error Fractional

Error (%)
charge, Q 14889C 149uC 1.00
target density, t 134.0 mg.cm™? | 0.5 mg.cm™? 0.37 T,
efficiency, € 2.119% 0.024% 1.13 ) ,\‘
path length, L 174.6 m 0.05 m 0.03 Sra.
length of detectors 0.6 m 0.005 m 0.83 2
counts, N 84758 19610 23.15
‘do [dQ 4.20 mb.sr™" | 0.98 mb.sr™! 23.22

The deconvoluted zero degree time-of-flight spectra can be seen in figures 5.1, 5.2
and 5.3. The x? value per degree of freedom is shown on each fit, which shows how
close the fitted spectrum lies on the data. The interesting features that were fitted
in these spectra are (from left to ught). three narrow GT (T = 4) states, the Fermi
IAS (T = 4), the wide GTGR (T = 4), a GT (T = 5) state and an L = 1 resonance.
The relevant states can be 1dent1ﬁed by comparing the fitted time spectra to the
labelled energy spectrum in figure 2.4. o i

The best fit was obtained for the 200 MeV data, where x?/v = 2.04. Each
the discrete peaks fitted well. At each of the energies the fitted curve lies below the .
data between the states at £, = 3.0 and 5.1 MeV. In all previous work no state ha,s .
been reported at this excitation energy. Two possibilities for this discrepancy ex1stj
either a very weak state lies at this energy which has not been detected befpr_e,,jo,;
the background continuum from reactions other than the GT 1% transitions extends::
as far down as £, = 4 MeV.

Although the GTGR consists of a large number of close states, the nurnber Of -
gaussians utilised to fit it was kept as low as possible. Most of the shape lay very
close to a single gaussian, but at the top of the GTGR, additional structure can be y
seen. At 120 MeV another small gaussian can be used to fit this additional cross-
section, but at 200 MeV the data did not lie too far off the fitted curve to require;’
another curve. The best resolution was obtained at 160 MeV , and at this energy =
the spectra at each of the angles clearly show a double peak at the top. The fraction:
of cross-section of these two peaks compared to that of the cross-section due toithe *<
single gaussian is only about 1.5%, so no additional curves were used to account for
them. : Cok

The wide gaussians used to fit the continuum follow the data very closely. The
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difficulty is in determining how far the continuum stretches towards the lower exci-
tation energies. Under the assumption that most of the strength under the GTGR
is GT strength, the continuum was fitted such that it decreased from the data at
excitation energies above the L = 1 resonance down to the straight line wrap-around
at the position of the GTGR. Hence the greatest uncertainty due to this continuum
would be caused in the fitted cross-section of the L =1 peak.

= The differential cross-section, calculated with equation 5.1 for the zero degree
spectra-at each of the energies are listed in table 5.2. The cross-section for the Fermi

Table 5.2: Differential cross-sections for each of the peaks fitted in the mean time
spectra. For an explanation of the large cross-section for the L = 1 distribution
at E, = 195.5 MeV see section 5.1.1. Note comments in text regarding the errors
quoted in the table. V

Ezcitation energy | do [dQ)
(MeV) (mb/sr)
[ E,=120.0 MeV | E,=158.4 MeV | E,=197.5 MeV
1.0 (GT) 1.3140.60 0.9540.42 1.08+0.11
2.3 (GT) 4.534+1.00 6.3740.94 7.5240.64
3.0 (GT) 2.3540.74 1.66+0.41 5.0544.01
"l 5.1 (F) 5.84+1.15 4.20+0.98 4.57+0.69
8.7 (GT) 31.824+4.19 37.36+4.06 50.4047.78
o 13.4 (GT) 3.5741.09 4.531+2.82 5.2240.44
21179 (L=1) 12.3144.27 11.84£6.18 37.02+1.19

state at £; = 5.1 MeV remains fairly constant over the energy range of £, = 120
t0200 MeV. The GT state at E, = 1.0 MeV remains constant, whereas the states
at “E; = 2.3 and 3.0 MeV increase noticeably. The most dramatic increase with
enétgy is in the GTGR, which rises from 31.82 mb/sr to 50.40 mb/sr. The T =5
state’at E, = 13.4 MeV also increases with energy. Again the quoted errors on the
differential cross-sections are unreliable, since they do not take proper account of
cortélations. However, they are of the order of magnitude of the systematic error,
which is dominant. A full error analysis remains to be done, but is beyond the scope
of this>work.
ey

511 ‘Angular distributions

Thestrong increase of the cross-section of the transition at 17.9 MeV with increase
in angle (shown in figure 5.4 for £, = 158.4 MeV) indicates that thisis not an L = 0
transition, but probably an L = 1 transition. The data shown is for the angles 0°,
2°-and-4°. In previous studies this resonance has also been assigned L = 1 [BAI 80].

At E, = 200 MeV the angular distributions do not follow the expected trend
in thie 1991 set of data. The cross-section of the 1% states is expected to decrease
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Figure 5.1: Deconvoluted mean time spectrum at Ep = 120.0 MeV.
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Figure 5.2: Deconvoluted mean time spectrum af E, = 158.4 MeV.
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Figure 5.3: Deconvoluted mean time spectrum at L,=197.5 MeV. This 2° spectrum :'
was taken as the spectrum closest to the true 0° spectrum (see section 5.1.1).
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showing the angular change of the state al Ly ~20 AleV from 0° to 4°, indicating
this as an L = 1 transition.
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with increasing angle, but it increases from 0° to 2°. and then decreases from 2°
to 4°. The L = 1 peak cross-section is expected to increase from 0° to 4°, but
it decreases from 0° to 2°, and only then increases from 2° to 4°. These spectra
were compared to a set of runs in the previous year, using the thinner %°Zr target,
where the angular distributions were as expected. It was concluded that the true
0° spectrum lies closest to the measured 2° spectrum. In table 5.2 the L =1 cross-
section is significantly larger at 200 MeV, which may be a result of the 2° spegt‘iuvrp
being noticably different from the true 0° spectrum.

It is suspected that the angle settings of the beam swinger were set incorrectly for
the 200 MeV runs in June 1991. Hence the E, = 197.5 MeV, 2° spectrum was used-
in comparison with the 0° degree spectra at other energies. The (p,n) spectra of’
other targets at the dubious angular setting were examined. The same trend as for
%07  with the L = 1 peak being lowest at 2°, was observed for all the other targets,
thus confirming the suspicion that the beam swinger angles had been incorrectlyvse‘t”,.i...

PR N
[ E T

5.2 Gamow-Teller strengths

The GT strength, B(GT), for each GT transition can be calculated using eqﬁ‘aﬁ—“
tion 2.22. Then the GT strength can be summed for all the discrete states, which..
gives the total observed GT strength. This sum was compared to the value of 3!O!,Ii..)
from the Ikeda Sum Rule and in table 5.3 the fraction of the sum rule observed is .
shown. o

Table 5.3: Fraction of GT strength in ®Zr(p,n)*Nb. The sum of GT is lower at
E, ~ 200 MeV, possibly because the detection angle was not quite zero degrees. Note
comments in text regarding the errors quoted in the table.

Proton Energy | EB(GT) | GT fraction
(MeV) %
120.0 15.743.5 1 52.3x11.6
158.4 14.643.7 | 48.7x12.4
197.5 11.842.3 | 39.2£ 7.7

The errors on ©B(GT) and the GT fraction derive from the errors on the cross-
section of the GT states and the IAS, and hence may be unreliable. The sum of the
GT strength for E, = 120 and 160 MeV lies at 50% of the sum rule value within the
errors. The lower value of the S B(GT) for E, = 200 MeV most likely arises from
the error in the angle settings at this energy: even though the 2° spectra is closest;s
to 0°, it is most likely not ezactly at 0°. Hence the measured GT cross-sections, .,
which are L = 0 transitions peaked at 0°, are lower than at the true 0° setting, .

which causes the sum of the GT strength for the 200 MeV data to be reduced.
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The total GT strength measured in this experiment will be related to the sum
obtained in other studies. Recommendations for further investigation will be given.

6.1 Missing GT strength

T(h,;_é'z’sti'ength which has been extracted from the * Nb spectra was for the discrete
GT states and the GTGR. The strength from these states provides a lower limit to
the strength expected from the sum rule. The missing strength has to be accounted
for, or an explanation found why the total strength was not detected.

In figure 6.1 the fraction of GT sum rule strength observed for (p,n) on many
nuclei can be seen. The hatched region indicates the uncertainty of how much GT

S
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Figiire 6.1: The fraction of the GT sum rule observed in (p,n) reaction on many
nuclei. The hatched area includes strength underneath the discrete peaks, but not at
exéitution energies above the GTGR. From [GAA 85].

strength lies in the background underneath the discrete states. The summed GT
strength does not include strength in the continuum. It can be seen that our summed

39
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GT strength of around 50£12 % of the Ikeda sum rule is in accordance with the
sum obtained for many other nuclei with A > 90.

The (p, n) reaction probes the Ss- strength. In sections 2.1 and 2.4 it was stated,
that the Sg+ strength can be obtained using the (n, p) reaction. Recent data by..

Olsson, et al. [OLS 92] using *°Zr(n,p) at E, = 98 MeV, showed that the suyp"rulxé
strength obtained from the GT 0° cross-section is :

Sp+ = 1.7+ 0.2 units .

This value is small compared to the 3(N — Z) = 30 for 90 Zr, but it means that.even
a larger fraction of the Sg- = 3(N — Z) + Sp+ strength has remained undetected.

Many suggestions have been made that a large proportion of the strength has
shifted into the high excitation energy continuum. Possible processes for this could
be A-hole or 2p-2h excitations, as described in section 2.6.-

In the continuum it becomes extremely difficult to extract the additional GT
(L = 0) strength. The states at high excitation energy become very broad and flat,
so they cannot be identified clearly. There are also a large number of states which
overlap substantially. For higher excitation energy other processes also contribute
to the spectrum. The shape of the background due to these other processes is not

understood well, and no models can so far describe it accurately enough that it -
can be subtracted and the GT strength identified. The phenomelogical model by’

Kalbach, using multistep-direct-reactions can be used to obtain an estimate of the
events due to reactions other than GT (L = 0) transitions. However, this model does
not describe the processes — it is simply a model that is able to fit the experimental
angular distributions extremely well. Usually quasi-{ree scattering calculations have
been used to account for reactions apart from (p,n) in the background (section 2.6).

6.2 Further experimental work

A possible method for analysing the continuum is to perform a multipole decompo-
sition of events within a narrow excitation energy band. For this measurements at
a large number of angles in the range 0° to 25° are necessary, which have so far not
become available from our experiments at NAC. If such data becomes available, this
method can be used to extract the L = 0 component of the continuum, and then
we could obtain a measure of how much of the strength can be accounted for in the
continuum. ‘ )

In future experiments the overall energy resolution can be improved by position-
ing the detector stack longitudinally to the neutron beam so that the position of the
neutron interaction in the detector can be determined more accurately. However, it
must then be ensured -that contributions from other errors, such as the beam time
width and the energy spread in the target (section 3.2) are less important than that
of the improved path length uncertainty. .

These studies on %°Zr, on which ntuch published data is available, have been
a confirmation to us that our neutron spectrometer at NAC can be used to obtain
reliable data. The next phase of the experimental program would be to study odd-A
nuclei.
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" 'Finally, the missing strength leads to the question: has the GT strength just
not been identified in the experiment, or are other physical processes involved, re-
moving the strength, which we do not (so far) understand? In the midst of much
experimental and theoretical work this question still remains open.
I will conclude with the comment made by Osterfeld in a recent review paper on
nuclear spin and isospin excitations [OST 92]:

“This history of spin and isospin excitations in nuclei over the last
t  decade indicates that still more unexpected phenomena await discovery
~and that nuclear physics will continue to be challenging and exciting.”
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Appendix A

Log of the 99Zr data

The runs 150-330 were performed during October/November 1990. The runs 510-
637 were performed during June/July 1991. The short Lithium runs (in between
* the longer runs on Zirconium) used for efficiency calculations have not heen listed
in the table.

Note that #eam is the beam swinger angle (the angle of the deflected proton beam
with respect to its undeflected position), fiarge. is the rotation angle of the target
w.r.t. the undeflected proton beam. During the 1990 runs, the experiment was run
with a second parasitic experiment, which required the rotation of the target.

Table A.1: The log of the ®°Zr data.

Run File E, Opeam | Charge Run Run | Beam | Opapger | Thickness
number | size | (MeV) | (deg) (nC') date time | (nA) | (deg) | (mg.cm™2)
150 821 | 200.0 0 2875 | 19-10-90 | 7:11 | 108 30 10.0
160 604 | 200.0 0 636 | 20-10-90 | 0:54 | 200 30 10.0
162 2083 | 200.0 0 2999 | 20-10-90 | 4:11 | 200 30 10.0
177 825 | 200.0 0 1662 | 21-10-90 | 2:19 | 201 30 10.0
178 3269 | 200.0 0 3801 | 21-10-90 | 6:01 | 197 30 10.0
184 244 | 198.4 0 1276 | 26-10-90 | 1:40 | 225 30 10.0
186 | 82| 198.4 4 386 | 26-10-90 | 0:32 | 205 30 10.0
187 91 198.4 4 38 | 26-10-90 | 0:04 | 200 30 10.0
188 15| 198.4 4 71 | 26-10-90 | 0:06 | 200 30 10.0
189 1151 198.4 4 545 | 26-10-90 | 0:47 { 200 30 10.0 .
190 61 | 198.4 4 296 | 26-10-90 | 0:24 | 200 30 10.0
192 371 1984 4 1804 | 26-10-90 | 2:25 | 200 30 10.0
193 125 | 198.4 4 593 | 26-10-90 | 0:49 | 230 30 10.0
202 470 | 198.4 4 2195 | 27-10-90 | 3:02 | 205 30 10.0
205 8| 198.4 2 21 | 27-10-90 | 0:03 | 201 30 | 10.0

63 -
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Run File E, Opeam | Charge Run Run | Beam | Oyarge. | Thickness

number | size | (MeV) | (deg) (1C) date time | (nA) | (deg) | (mg.cm™?)
206 913 | 1984 2 2785 | 27-10-90 { 3:55 | 201 30 10.0
224 151 198.4 0 57 | 28-10-90 | 0:05 | 200 30 10.0
225 627 | 198.4 0 2788 | 28-10-90 { 3:52 | 210 30 10.0
299 532 1 199.6 2 3175 | 18-11-90 | 4:21 | 210 0 10.0
326 421 121.1 0 779 | 24-11-90 | 4:25 498 0 10.0

- 328 100 | 121.1 0 1854 | 24-11-90 | 1:04 | 507 0 10.0
330 287 1 121.1 0 5413 | 24-11-90 | 3:04 | 502 0 10.0
511 86| 197.5 0 59 | 21-06-91 | 0:05 197 0 134.
513 2258 | 197.5 0 2006 | 21-06-91 | 4:04 | 200 0 134.
525 3080 | 197.5 0 - 2409 | 22-06-91 | 3:19 | 205 0 134.
526 594 | 197.5 0 486 | 22-06-91 | 0:40 | 215 0 134.
530 3714 | 197.5 0 2832 | 22-06-91 | 4:00 200 0 134.
533 51 197.5 2 37 | 22-06-91 | 0:03 | 210 0 134.
534 1585 | 197.5 2 1165 | 22-06-91 | 1:38 213 0 134.
536 4794 | 197.5 2 3518 | 23-06-91 | 4:59 215 0 1134,
546 2714 197.5 4 2051 | 23-06-91 | 3:01 203 0 -134.
555 2169 | 158.4 0 2292 | 28-06-91 | 1:25 517 0 134.
557 2091 | 158.4 0 2254 | 28-06-91 | 1:21 | 500 0 134.
564 5075 | 158.4 0 4404 | 28-06-91 | 2:43 460 0 134.
569 4292 | 158.4 2 4027 | 28-06-91 | 2:27 | 500 0 134.
579 3773 | 158.4 2 3097 | 29-06-91 | 1:58 | 476 0 - 134.
591 6117 | 158.4 4 6192 | 30-06-91 | 3:39 509 0 134.
594 1846 | 158.4 0 1642 | 30-06-91 | 0:538 495 0 134.
598 3870 | 158.4 0 3611 | 30-06-91 | 2:06 513 0 134.
599 1546 | 158.4 0 1457 | 30-06-91 | 0:49 | 524 0 134.
606 3333 | 120.0 0 6668 | 05-07-91 | 3:52 504 0 134.
617 3072 | 120.0 0 6157 | 06-07-91 | 3:30 | 507 0 134.
623 527 | 120.0 2 1071 | 06-07-91 | 0:35 | 503 0 134.
625 2572 | 120.0 2 5258 | 06-07-91 | 3:01 502 0 134.
637 2437 | 120.0 4 5303 | 08-07-91 | 3:02 | 495 0 134.
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Table A.2: Run numbers for the summed *° Zr spectra displayed in the thesis. Data
forivery short runs and for runs with very unstable beam time were not used in the
summing. For spectra not on this list, the runs numbers are shown on the figure.

E, Oveam | Run numbers
(MeV) | (deg)
1200 | 0 G606, 617
a 120.0 2 |623.625
s 1200 | 4 |637
o 158.4 | 0 | 555, 557, 564, 594, 598, 599
A 158.4 | 2 | 569
B 158.4 4 | 591
b 197.5 0 | 525,526, 530
' 197.5 |- 2 | 534. 536
1975 | 4 |546
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