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Preface

The work presented in this thesis is the result of an experiment performed
at the Maxlab accelerator laboratory in Lund, Sweden, in a collaboration
between the universities of Lund, Tubingen and Glasgow.

The goal of the experiment was to investigate the reaction mechanism
governing photon absorption in nuclei, at energies around E^ = 72 MeV.
By measuring the 160(7,pn) reaction and, for the first time, resolving
the states of the residual 14N nucleus, detailed information was gained
about the properties of the proton-neutron pairs on which photons are
absorbed.
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Chapter 1

Introduction

Nuclear physics celebrates its one hundredth anniversary this year, dating
its origin from Becquerel's discovery of radioactivity in 1896. The discov-
ery of the atomic nucleus itself took place in 1911 through the work of
Rutherford, Geiger and Marsden, and other landmarks in the history of
nuclear physics include the discovery of the neutron by Chadwick in 1932,
the development of the meson theory of the nuclear force by Yukawa in
1935, the discovery of nuclear fission by Hahn and Strassmann in 1938,
and the development of the shell model of nuclear structure by Mayer,
Jensen, Haxel and Suess in 1949. Nuclear physics is a discipline coming
of age. In spite of this, our knowledge of the nucleus is in no way com-
plete, and many efforts are directed toward a better understanding of this
physical system.

The experimental techniques employed for the exploration of the atomic
nucleus are numerous and will not be listed here. One way of gaining
knowledge about the nucleus is the study of nuclear reactions. This is
the method used in the measurement reported in this thesis.

A nuclear reaction in general is characterised by a particle of some
kind (the projectile) entering the nucleus and reacting with it, whereby
one or more particles are emitted. When the source of the projectiles is an
accelerator, the energy and direction of the incoming particle is controlled
and well-known. If the emitted particles are detected, and their energies
and angles are measured, a direct comparison may be made with the
predictions of theoretical models of the nucleus. Hence, experimental
studies of nuclear reactions enable a direct evaluation of the validity of
nuclear structure models.

A multitude of particles may be, and are, used as projectiles. The
projectiles may be broadly categorised by the kind of basic interaction
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2 CHAPTER 1. INTRODUCTION

dominating their interaction with the nucleus. Four types of basic inter-
actions in nature are known: the hadronic (or strong) interaction, the
electromagnetic interaction, the weak interaction, and the gravitational
interaction (the importance of which is negligible in subatomic contexts).
Examples of hadronically interacting particles are protons, neutrons and
pions, while electromagnetically interacting particles may be represented
by electrons and photons. The weak interaction is dominant only for neu-
trinos (for which it is the only interaction apart from gravitation), and is
less frequently used in the exploration of the atomic nucleus.

1.1 Photonuclear reaction models

The experiment reported in this thesis uses photons as projectiles. There
are several advantages to using photons, as opposed to hadronically inter-
acting particles, as probes of the nucleus. First of all, the electromagnetic
interaction is well-known, in contrast to the hadronic interaction, whereby
the number of unknowns in the interpretation of the experimental results
is reduced. Secondly, the electromagnetic interaction is relatively weak,
causing a minimal disturbance of the system under consideration. Thus,
fewer effects need to be included in the modelling of the reaction. Fur-
thermore, the weakness of the interaction leads to the entire nucleus being
irradiated, not only the surface. Hence, knowledge is also gained about
the structure of the interior of the nucleus. The relative weakness of the
electromagnetic interaction, however, also has a disadvantage, namely
that the cross-sections for electromagnetic reactions are small, leading to
more time-consuming experiments.

Even though the basic electromagnetic interaction is well-known, the
detailed reaction mechanism for photon absorption in a nucleus is not.
It is crucial to understand this mechanism in order to be able to extract
detailed information about the nuclear structure from photonuclear ex-
periments. The general aim of the work presented in this thesis is to gain
a better understanding of this mechanism.

Different reaction mechanisms are expected to be dominant in differ-
ent regions of photon energy, as indicated by the total photon-absorption
cross-section curve shown in Fig. 1.1.

The energy region of concern in this measurement is the so-called
Quasi-Deuteron region, which is the region of small cross-section located
between the two major landmarks of the cross-section curve: the Giant
Dipole resonance and the A-resonance.
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Figure 1.1: Total photon absorption cross-section for various nuclei, nor-
malised to the mass-number A [Ahr85]. The energy regions indicated
are: Giant Resonance (GR), Quasi-Deuteron (QD), A-resonance (iso-
bar), and shadow region.

The Giant Dipole resonance is characterised by a reaction mechanism
involving the nucleus as a whole. The incoming photon gives rise to a
collective oscillation of all protons relative to all neutrons.

The A-resonance region, on the other hand, is characterised by a
reaction mechanism involving individual nucleons. The photon absorp-
tion leads to an excitation of a nucleon to its first excited state, the
A-resonance.

The reaction mechanism in the Quasi-Deuteron region is intermedi-
ate between these two mechanisms. Photon absorption is believed to take
place on clusters of a few nucleons, notably proton-neutron pairs. Reac-
tion models for the Quasi-Deuteron region will be treated more in depth
in Sec. 1.1.1.

1.1.1 Quasi-Deuteron region

In the Quasi-Deuteron region, early experimental evidence pointed to-
ward the validity of the model of photon absorption on a proton-neutron
pair [Bar54, Mye54, Odi56, Wat56, Bar58, Ste60]. It was shown that
a large part of the total absorption cross-section could be attributed to
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the emission of a correlated proton and neutron, with an opening angle
consistent with the photodisintegration of the deuteron, broadened by
the motion of the nucleons in the nucleus. A model of absorption on
a proton-neutron pair was formulated by Levinger in 1951 [Lev51] and
elaborated by Gottfried in 1958 [Got58] (see below).

Furthermore, the near-equality of the cross-sections for the (7,p) and
(7,n) reactions indicates that the initial absorption involves an aggregate
of both types of nucleons (direct absorption on a single nucleon would
lead to a smaller cross-section for the (7,n) reaction, since the neutron is
uncharged). This point has been elaborated by Schoch in the Modified
Quasi-Deuteron model, where the (7,p) and the (7,n) are treated from
the standpoint of initial absorption on a proton-neutron pair [Sch78].

In addition to the investigations already mentioned, several calcula-
tions have been performed on the subject of photon absorption on corre-
lated proton-neutron pairs, including the calculations of Dedrick [Ded55],
Gari and Hebach [Gar81], Boato and Giannini [Boa89], and Boffi and
Giannini [Bof91].

The original investigations of Levinger and Gottfried, together with
recent investigations by Ryckebusch et al. [Ryc92, Ryc94], all contain-
ing statements about the coupling of the proton-neutron pair (the main
subject of concern in this thesis), are presented below.

Levinger

A model for photon absorption on proton-neutron pairs was proposed by
Levinger in 1951 [Lev51]. The model was inspired by the inability of
the models available at the time to explain the emission of high-energy
protons from nuclei irradiated by ~300 MeV bremsstrahlung photons.
The compound nucleus predictions of an isotropic angular distribution
for a small number of high-energy protons were contradicted by the ex-
perimental observations of a large number of high-energy protons with
a marked forward asymmetry. Reactions on independent protons in the
nuclei would produce high-energy protons, but with a much lower cross-
section than experimentally observed.

For the absorption of photons of energy greater than 150 MeV, Levinger
proposed a nuclear model intermediate between the compound nucleus
model and the independent nucleon model. He suggested a nuclear wave-
function consisting of the product of the wave-function for two nucleons
very close together, with the wave-function for the remaining nucleons.
This leads to a cross-section that is a multiple of the cross-section for the
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photodisintegration of the deuteron, well in accordance with the experi-
mental findings.

Levinger argued that since the proton has a high momentum in the
final state and can not gain much momentum in the reaction, it must
have had a high momentum prior to the photon absorption. A nucleon
is likely to have a high momentum when it is near other nucleons since it
is then affected by strong forces. It is unlikely, however, to find three or
more nucleons very close to each other in the nucleus, leading naturally
to a two-nucleon model for the photon absorption.

In Levinger's model, the remaining A-2 nucleons merely constitute a
potential well in which the two nucleons move. The effect of scattering of
the emitted nucleons by the residual nucleus is neglected, since the model
focuses on photon absorption in small nuclei, especially 12C.

Since a proton-proton system has no dipole moment, and the dipole
term in the photoelectric effect dominates at the photon energies con-
sidered, the two-nucleon model immediately becomes a proton-neutron
model. Levinger coined the term quasi-deuterons for these proton-neutron
pairs in the nucleus. Since the two nucleons are assumed to be very close
together, only a relative S-state need be considered. Unlike the physical
deuterons, which are only found in a triplet state, these proton-neutron
pairs may couple to both 3Si and xSo. Furthermore, the binding energy
of a physical deuteron is 2.22 MeV, which is not the case for the proton-
neutron pair in the nucleus. On the contrary, the pair has a positive
energy due to the motion of the nucleons in the nucleus.

Levinger wrote the wave function for the ground state of the nucleus
with proton 1 close to neutron 2 as

#(1,2,3 ••-4) = exp(i"k/-r/)^fc(r)y>(3---A) (1.1)

where exp(ik' • r') represents the motion of the center-of-mass of the pair,
i>k(r) is the wave-function for the pair, r is the distance between the
proton and the neutron, and ip is the wave-function for the remaining
A-2 nucleons. </? is assumed to be the same for both the initial and final
state, whereby the cross-section for photon absorption depends only on

Levinger proceeded to show that in the region of small r, relevant
for the photon absorption process, ipk{r) is proportional to the deuteron
wave-function "0D(r)- The cross-section for photon absorption on the
proton-neutron pair, <Jpair, is therefore equal to the cross-section for the
photodisintegration of the deuteron, ap, multiplied by a suitable factor.
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This factor is equal to the square of the wave-function proportionality
factor, averaged over all values of the relative wave number k.

The total cross-section for photon absorption in the nucleus, a, is
equal to the cross-section for absorption on one proton-neutron pair, mul-
tiplied by the number of possible pairs. Since there are Z protons and N
neutrons to choose from, this number is equal to N Z, leading finally to
the celebrated expression

(7 = L—uD (1.2)

where L is known as the Levingerparameter. In Levinger's original paper,
L had a value of 6.4.

Gottfried

A thorough, first-principles theoretical treatment of the 160(7,pn)14N re-
action for a 340 MeV bremsstrahlung beam was performed by Gottfried
[Got58]. Experimental observations (see above) had confirmed Levinger's
prediction that photon absorption often leads to the simultaneous emis-
sion of a proton and a neutron, and Gottfried proceeded to investigate
this direct reaction.

As Levinger before him, Gottfried argued that photon absorption on
a proton-neutron pair takes place predominantly when the two nucleons
are in close proximity to each other. For this reason, it suffices to consider
pairs in a relative S-state. Gottfried estimated the error in the calculated
cross-section, caused by ignoring the P-state, to be ~7%.

Gottfried further claimed that absorption on pairs coupled to the sin-
glet state xSo may be neglected. This claim was based on a model of
photon absorption via the A-resonance, a mechanism expected to be dom-
inant at the photon energies considered. In this model, isospin and parity
conservation arguments rule out absorption on the singlet state, except
for small contributions from higher order multipoles and relativistic ef-
fects. Taking this observation in conjunction with the fact that there are
three times as many triplet pairs as singlet pairs, Gottfried concluded
that the 1So contribution may be safely ignored.

Gottfried's treatment is based on the following assumptions:

(i) The photonuclear interaction is a sum of two-body operators

£ €*> (1.3)
t<j=i
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(ii) The residual excitation energy is small compared to the photon
energy.

(iii) The influence of the remaining A-2 nucleons at the instant of photon
absorption is ignored (the scattering of the emitted nucleons on their
way out of the nucleus is taken into account, however, by means of
an optical potential).

(iv) The pair correlation function may be written

= ps(rur2)\g(\r1-r2\)\
2 (1.4)

where ps is the pair correlation function obtained from the shell
model and g corresponds to a modification at small distances be-
tween the nucleons.

Under the given assumptions, Gottfried showed that the cross-section
for closed-shell nuclei, such as 1 6 0 , may be factorized into a dynami-
cal part Sfi, describing the photon absorption process in the two-body
system, and a function F(P), proportional to the probability for finding
two nucleons in the nucleus (as described by the shell model) with total
momentum P = |ki -}- k2 — k7| and zero separation:

da = (2TT)-4F(P)SSi6(Ef - El)d
2k1d

zk2 (1.5)

where ki and k2 are the momenta of the emitted nucleons.
Sfi contains information about pair correlations in the nuclear ground

state, being dependent on the short-range pair correlation function g.
However, as Gottfried pointed out, F{P) varies much more rapidly with
P than does Sf{. Angular correlation measurements therefore yield more
information about the shell model than about the two-body correlations.
He believed, however, that the variation of Sfi is large enough to give
a detectable effect, whereby information about pair correlations in the
nuclei may be obtained.

Ryckebusch et al.

An exploratory calculation for the 160(7,pn)14N reaction was performed
by Ryckebusch et al. [Ryc92]. The calculation was exploratory in the
sense that it investigated certain aspects of the reaction, having future
more detailed calculations in mind. For this reason, complicating issues
such as Final State Interactions were not included in the calculation.
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As mentioned above, Gottfried [Got58] assumed that photon absorp-
tion takes place predominantly on proton-neutron pairs coupled to a 3Si
state. As demonstrated below, the results of Ryckebusch et al. indicate
that this is not a very good approximation for lower photon energies.

The calculation may be divided into two main topics:

• An investigation of the relative importance of various photon ab-
sorption mechanisms.

• An investigation of Gottfried's approximation of restricting the proton-
neutron wave-function to a relative S-state with zero separation be-
tween the two nucleons.

The photon absorption mechanisms considered are the lowest-order
one-pion exchange currents (Fig. 1.2 (a) 'seagull' and (b) 'pion-in-flight'),
and the A-resonance current (Fig. 1.2 (c)).

The relative importance of these three mechanisms was calculated as
a function of photon energy (using the Gottfried approximations of a rel-
ative S-state with zero separation between the nucleons, in order to avoid

A p

K

n , k

(a) (bl

1 T l

A
n p

Tl

n p

Tt
i

n \ P

Tl

( c l

Figure 1.2: Photon absorption mechanisms included in the (j,pn) cal-
culation of [Ryc92j: (a) Seagull current; (b) Pion-in-flight current; (c)
/^-resonance current.
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Figure 1.3: Contributions to the ^O(~f,pn) cross-section from the various
absorption mechanisms , as a function of photon energy [Ryc92j.

extensive numerical calculations), and the result is shown in Fig. 1.3.
Of the two pion mechanisms, the seagull current gives the larger contri-
bution to the cross-section. However, the cross-section is substantially
decreased by a destructive interference with the pion-in-flight current.
The A-resonance first becomes important at photon energies greater than
~150 MeV.

Gottfried's motivation for not considering the singlet 1So state was
based on a model of photon absorption on the A-resonance. For this
absorption mechanism, isospin and parity conservation suppress the con-
tribution from the singlet 1So state. This is not the case for the pion-
exchange currents. Hence, from this point of view, there is no reason to
exclude absorption on the singlet -"-So state, at lower photon energies.

The investigation of the validity of Gottfried's approximations of a
relative S-state with zero separation between the nucleons was performed
for the seagull absorption mechanism, and the result-is shown-in Fig. 1.4.
The dashed line shows the cross-section obtained using both approxima-
tions (relative S-state and zero separation between the nucleons), and
the dot-dashed line was obtained with the zero separation approximation
removed. The solid line shows the result of a calculation with both ap-
proximations removed, and the contribution from higher relative angular
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0
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Figure 1.4: The 16O^y;pn/) cross-section for absorption on the seagull cur-
rent, as a function of photon energy [Ryc92j. Dashed line: cross-section
obtained using both approximations (relative S-state and zero separation
between the nucleons). Dot-dashed line: zero-separation approximation
removed. Solid line: both approximations removed. The contribution
from higher relative angular momentum states is indicated by the shaded

area.

momentum states is indicated by the shaded area. As can be seen, both
approximations cause a considerable deviation from the calculation with
the approximations removed, particularly pronounced at lower photon
energies. Hence, this result indicates that neither the restriction to a
relative S-state nor the zero separation approximation is valid at lower
photon energies. Higher relative angular momentum states need also be
considered.

In summary, the results of Ryckebusch et al. indicate that at lower
photon energies, photon absorption is not restricted to proton-neutron
pairs coupled to a relative S-state. Furthermore, the dominance of the
pion-exchange currents at lower photon energies, indicates that there is
no reason (from the point of view of isospin and parity conservation argu-
ments) to exclude absorption on the singlet 1So state, at these energies.

In line with the findings of the exploratory work in [Ryc92], Rycke-
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busch et al. developed an unfactorized model for two-nucleon emission
reactions, in a general shell-model framework [Ryc94]. The basic ele-
ments of this model may be summarized as follows:

1. A one-step reaction mechanism is assumed. The residual A-2 nu-
cleus does not take part in the reaction and remains a spectator
throughout the process.

2. Photons are absorbed on two-nucleon currents. The same currents
as in [Ryc92] are included in the calculation (see Fig. 1.2).

3. Bound and continuum states are generated in the same mean-field
potential, with a partial wave expansion of the emitted nucleon
waves. Hence, the wave-functions of the outgoing nucleons are dis-
torted waves, implying an unfactorized formalism. Furthermore,
the initial and final states are orthogonal, preventing spurious con-
tributions from entering the calculations.

At lower photon energies, the reaction mechanism is predicted to be
dominated by the pion-exchange currents, with the A-resonance current
contributing only marginally. The pion-exchange currents were derived
from the one-pion exchange potential in which pseudo-vector coupling
was adopted, and are basically model-independent [Ryc96]. Thus, essen-
tially, at lower photon energies, the calculations do not involve any free
parameter.

The residual nucleus is described by a two-hole state \{hh')~l
 JRMR >,

that is, the angular momentum state of the residual nucleus may be spec-
ified, as well as the initial shells of the two nucleons.

The bound-state wave-functions and continuum waves were deter-
mined through a Hartree-Fock calculation, with an effective interaction
of the Skyrme type. Furthermore, coplanar kinematics were assumed,
that is, the momentum vectors of the two nucleons and the photon are
all in one plane (however, the calculations may as easily be performed for
out-of-plane kinematics [Ryc96]).

An example of the results of [Ryc94] is shown in Fig. 1.5, with the
right-hand column showing the contribution from the pion-currents to
the differential cross-section for the 160(7,pn)14N [(l51/2)^1(l5i/2)i71] re~
action, for £7=200 MeV and Tp=48 MeV.

A summation over all angular momentum states, \JRMR >, of the
residual nucleus was performed. A notable feature of the cross-sections
is the marked dominance of back-to-back emission of the two nucleons.
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l6O(y,pn)14N((ls1/2)-2)

PLANE WAVES

\ o o 90
-9,

Figure 1.5: Contributions to the 16O(-y >pn)14N[(ls1/2)-
1(ls1/2)~

1] differ-
ential cross-section from the one-pion-exchange absorption mechanisms,
at E^=200 MeV and Tp=48 MeV[Ryc94j- Left-hand column: plane-wave
approximation; right-hand column: full distorted-wave calculation. Top
row: seagull current; middle row: pion-in-flight; bottom row: coherent

sum.

In order to evaluate the effect of the distortions, the calculation was also
performed for plane waves instead of distorted waves for the outgoing
nucleons, as shown in the left-hand column of Fig. 1.5. The_jnain effect
of the distortions is an overall ~50% reduction of the cross-sections, with
the angular distributions remaining the same.

The calculated total cross-section for the 160(7,pn)14N reaction was
compared to the (7,In...) data of [Car82] and the (7,pn) data of [Har73]
and [Mac91], as shown in Fig. 1.6.
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Figure 1.6: Total cross-section for the 16O(-y,pn)lAN reaction as a func-
tion of photon energy [Ryc94j. The solid line is the result of the calcu-
lation of [Ryc94j. Squares: ft,In...) [Car82]; triangle: (j,pn) [Har73];
circle: (j,pn) [Mac91j.

The calculation gives a fair account of the (7,pn) data and exhausts
a considerable fraction of the (7,ln...) strength, confirming the picture
of the dominance of the (7,pn) channel for photoabsorption in the Quasi-
Deuteron region.

1.2 Goal of this experiment

The goal of this experiment is to investigate the coupling of the proton-
neutron pairs on which photons of energy ~72 MeV are absorbed. More
precisely, an investigation of the relative importance of photon absorption
on proton-neutron pairs coupled to the singlet 1So state and the triplet
3Si state is performed.

In the pioneering works of Levinger [Lev51] and Gottfried [Got58]
on photon-induced proton-neutron emission, there is a basic assumption
that photons are absorbed only on proton-neutron pairs with the quantum
numbers of a physical deuteron, that is, (J'r,71)=(l-+,0) (also known as
'quasi-deuterons'), where J is the total angular momentum of pair, x is
the parity and T is the isospin; see further Sec. 1.1.1.

Levinger's motivation for choosing these quantum numbers for his
calculation is that the statistical weight of a 35i pn-pair is three times
larger than the corresponding weight of a 1SQ pn-pair.
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In Gottfried's treatment, the quasi-deuteron assumption is a conse-
quence of the basic assumption that the reaction proceeds via absorption
on the A-resonance, (see Fig. 1.2(c) ) in which case isospin and parity con-
servation suppresses absorption on proton-neutron pairs coupled to the
singlet 1So state. The motivation for Gottfried's assumption of this reac-
tion mechanism was that the calculation was performed for a 340 MeV
bremsstrahlung beam, and at these energies the A-resonance is expected
to be dominant.

However, at the photon energy of interest in this experiment, ~72 MeV,
the importance of the A-resonance is expected to be small, as demon-
strated by Ryckebusch et a/.(see Sec. 1.1.1). Their results indicate that
the dominant reaction mechanism at these photon energies is absorption
on pion-exchange currents (see Fig. 1.2(a),(b) ), in which case there are
no restrictions on the quantum numbers of the pn-pair.

Experimental method

In this experiment, a measurement of the reaction 16O(7,pn)14N is per-
formed in a kinematically complete way, such that the excitation energy of
the residual 14N nucleus may be reconstructed from the measured quan-
tities, with a resolution high enough to resolve individual states. Infor-
mation about the quantum numbers of the proton-neutron pair involved
in the photon absorption process is gained in the following way.

Assuming that the residual nucleus does not take part in the absorp-
tion process and merely acts as a spectator, the quantum numbers of the
proton-neutron pair are restricted by the quantum numbers of the resid-
ual 14N state: at the instant of photon absorption, the proton-neutron
pair and the residual nucleus must have been coupled to the quantum
numbers of the target nucleus in its ground state. The quantum numbers
of the ground state of 16O, (J i r ,T)=(0+ ,0), are such that they can be
obtained only when the quantum numbers of the proton-neutron pair are
equal to those of the residual nucleus. The coupling of the proton-neutron
pair is thus uniquely determined by the state of the residual nucleus, given
the assumption above (see further Sec. 4.1).

The ground state and second excited state in 14N have identical quan-
tum numbers, ( l+ ,0) , differing from the (0+ , l ) first excited state; see
Fig. 1.7. Comparison of the relative populations of these three states
thus gives an indication of the relative importance of the ( l+ ,0) and
(0+ , 1) proton-neutron couplings in the absorption process.

The main challenge in the experiment was obtaining a resolution high
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enough to resolve the individual states in the residual nucleus. As is
evident from the level diagram in Fig. 1.7, an energy resolution better
than ~2 MeV is required to resolve the low-lying states of interest. In
the context of (7,pn) experiments, this is a high resolution, the highest
resolution achieved in any previous (7,pn) experiment being ~7 MeV
[Mac91].

1.3 Previous measurements

The 160(7,pn)14N reaction has been measured on numerous occasions,
and a presentation of some of the previous experiments on this reaction
is given in this section.

Garvey et al.

The 160(7,pn) reaction was measured in an experiment at the Glasgow
synchrotron by Garvey et al. [Gar65], using a 300 MeV peak energy
bremsstrahlung beam.

Protons in the range 88.8-142.5 MeV were detected by a scintillation
counter — spark chamber telescope, at an angle of 65°±10°. The neutron
detector was a NE102A plastic scintillator located 2 m from the target
at an angle of 90°±|°, subtending a solid angle of 4.5 msr. The neutron
energy was determined by the time-of-flight method, with a time resolu-
tion of ~4 ns. The set-up registered events with a coincidence between
the two detectors corresponding to a neutron energy of 77±17 MeV.

The experiment primarily measured the proton out-of-plane angular
distribution, that is, the angle between the proton direction and the plane
denned by the incoming photon and the outgoing neutron. The distri-
butions obtained were compared to predictions based on the Gottfried
reaction model (see Sec. 1.1.1), using various expressions for the form
factor F(P).

It was found that form factors derived from harmonic oscillator wave
functions did not fit the data very well, for any value of the harmonic
oscillator parameter a. However, allowing different values-of a for s-
shell and p-shell nucleons, a better prediction was obtained. Values of
aa=0.54 fin"1 and ap=0.32 fm"1 gave the best fit, corresponding to rms
radii of 2.5 fm and 5 fm, respectively. The physical picture suggested by
the authors is that of a small core of s-shell nucleons surrounded by a much
larger envelope of p-shell nucleons. Reservations were made, however, for
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the resulting rms nuclear radius of 4.45 fm which is 1.5 times larger than
that obtained in other measurements.

A value of L=10.3±2.6 for the Levinger parameter (see Sec. 1.1.1),
corrected for absorption of the nucleons on the way out of the nucleus,
was extracted from the data.

Slightly different angular distributions were found for low and high
proton energies. This is not predicted by the theory, and was interpreted
as a possible energy dependent refraction of the nucleons at the nuclear
surface.

Har tmann et al.

The 160(7,pn) reaction was measured by Hartmann et al. [Har73] in an
experiment at the 500 MeV synchrotron in Bonn. The experiment used
a bremsstrahlung beam with an intensity of ~1010 equivalent photons/s
and a duty cycle of ~5%.

The proton detector consisted of a scintillation counter telescope able
to measure protons in the range 65-250 MeV with a resolution better
than 11% FWHM. The detection angle was varied between 80° and 93°
and the telescope subtended a solid angle of 16 msr.

Neutrons in the same energy range as above were detected by two
liquid scintillation counters, located 5 m from the target at an angle of
63°. The neutron energy was determined by the time-of-flight method
with a time resolution of ~1 ns. The detectors were equipped with veto
counters, whereby charged particles could be identified. Thus, the exper-
iment measured the (7,pp) and (7,pd) reactions simultaneously with the
(7,pn) reaction.

The analysis of the data was based on the assumption that the de-
tected proton and neutron came from a direct reaction. Furthermore, a
mean excitation energy of 30 MeV for the residual nucleus was assumed.
With these assumptions, the photon energy, Ey7 and the added momen-
tum of the emitted particles before the reaction, P, could be determined
for each event.

The data was sorted into (P,i?7)-bms and the detection efficiency for
each bin was determined by a Monte Carlo calculation, taking the prop-
erties of the whole set-up into account. The quantity E(P,i27) was then
defined as the measured count rate divided by the detection efficiency,
and was plotted as a function of P for constant values of Ey.

According to Gottfried's model of the (7,pn) reaction (see Sec. 1.1.1),
£ should be proportional to the product of the form factor F(P) (the
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Figure 1.8: Cross-section for the 16O(j,pn) reaction as a function of
photon energy [Har73].

probability of finding a proton and a neutron with total momentum P in
the nucleus), and the deuteron photodisintegration cross-section, ^{E7),
that is

EfP.^ocVUft) (1.6)

F(P) was calculated in the independent particle model using harmonic
oscillator wave functions, for which the harmonic oscillator parameter
had been adjusted to give the correct 16O rms radius, known from elastic
electron-scattering.

For each £7-bin, the function F(P)^y(i?7) plus a constant background
was fitted to S, using and the background as fit parameters. The
best fits were obtained for F(P) constructed from p-shell nucleons only,
which was interpreted in terms of a strong absorption of nucleons coming
from the s-shell. - -

The obtained cross-section ^{Ey) was shown to exhibit the same
energy dependence as the deuteron photodisintegration cross-section, es-
pecially the excitation of the A-isobar; see Fig. 1.8. This was interpreted
as a justification for replacing the short range part of the nuclear wave
function for pn-pairs with the inner part of the deuteron wave function,
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as in Gottfried's model.

Mecking et al.

The 160(7,pn) reaction was measured by Mecking et al. [Mec79] in a
tagged photon experiment at the 500 MeV synchrotron in Bonn. An
internal tagging system delivered photons in the range 200-390 MeV with
a resolution of ~9 MeV, and the usable intensity of the tagged photon
beam was limited by accidental coincidences to ~3xlO5 photons/s. Both
the proton and the neutron were detected by scintillation counters, and
their energies were determined by the time-of-flight method.

Knowing the photon energy, it was possible to determine the miss-
ing energy for each event. The data was analyzed in terms of angular
correlation between the proton and the neutron for different regions of
missing energy; see Fig. 1.9. It was shown that for missing energy in the
region 0-100 MeV the angular correlation exhibited a peak, which was
interpreted as evidence for direct reactions taking place. In contrast, the
angular correlation is flat for missing energy in the region 150-250 MeV,
which was seen as an indication of final state interactions changing the
energy and angle of the emitted nucleons considerably.

Kanazawa et al.

A series of (7,p), (7,pn), and (7,pp) experiments in the A(1232)-resonance
energy region were performed by Kanazawa et al. [Kan87] at the Institute
for Nuclear Study in Tokyo. Target nuclei were 1H, 2H, 9Be, 12C and 16O.

The experiments were performed with tagged photons in the 187-
427 MeV range. Protons were detected by a magnetic spectrometer cen-
tred at 30°, with a solid angle of ~33 msr. On the opposite side of the
photon beam, neutrons and protons were detected by an array of plastic
scintillators, covering an angular range of 90°-170°. The set-up allowed
a missing energy resolution of ~30 MeV for the (7,pn) reaction.

The data was analyzed both in terms of the inclusive, single-arm (7,p)
data, disregarding the information from the plastic scintillator array, and
in terms of coincidences between the two detectors.

For the single-arm data, two overlapping peaks are seen in-the proton
momentum spectra. The low- and high-momentum peaks are interpreted
as corresponding to the 7 + "N" —• p + 7r and 7 + "pN" —> p + N
reactions, respectively, with the T or N in the final state remaining un-
detected. Cross-sections as a function of photon energy were evaluated
for the two reactions. In both reactions, a broad peak is seen around
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Figure 1.9: Angular correlation for proton-neutron pairs from the
160(j,pn)reaction at Ey =200-390 MeV [Mec79]: (a) Missing energy
0-100 MeV; (b) Missing energy 150-250 MeV.

300 MeV, considered to be due to the excitation of the A(1232) reso-
nance.

For the coincident data, cross-sections were evaluated for the 7 -f-
"PP" ~~* P + P a n d 7 + "pn" —* p + n reactions, using the particle iden-
tification properties of the plastic scintillator array. For the evaluation of
these cross-sections, a model for the angular correlation between the two
particles in the final state had to be assumed in order to correct for the
geometrical acceptance of the detector set-up.
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The cross-section for the 7 + "pn" —» p + n reaction exhibits the
same photon energy dependence as the single-arm data.

The ratio of the cross-sections for the 7 + "pp" —• p + p and 7 +
"pn" - » p + n reactions had an average value of 0.50±0.08 for 9Be and
0.39±0.12 for 12C, in this energy range.

The magnitude of the cross-section for the 7 + "pn" —> p + n re-
action differs significantly between the two evalutions (single-arm and
coincident), even after correcting for the 7 + "pp" —> p -f p contribu-
tion to the single-arm data. This is considered to be due to interactions
between the neutron and the residual nucleus. The ratio between the
two cross-sections is interpreted as being equal to the probability for the
neutron escaping from the nucleus without interaction, with an average
value of 0.50±0.08 for 9Be and 0.39±0.12 for 12C, in the present energy
region.

Using the single-arm data, the mass-number dependence of the 7 -f
"N" —> p + 7r and 7 + "pN" —> p + N reactions was evaluated. The
cross-section, averaged over photon energy, in both cases showed an A0'7

dependence when fitted to the 9Be, 12C, and 1 60 data. The interpretation
of this is that the reactions take place in proportion to A, with final state
interactions of the outgoing proton changing the observed cross-section
to the aforementioned A0 7 dependence.

The coincident data was kinematically complete, such that the miss-
ing energy and missing momentum for the (7,pn) and (7,pp) reactions
could be determined for each event, as shown in Fig. 1.10. The ~30 MeV
missing energy resolution, however, does not allow extraction of any de-
tailed information concerning the state of the residual nucleus. The bump
at the higer missing energy is considered to be due to pion production in
the final state.

The missing energy, missing momentum and angular correlation for
the (7,pn) reaction in 9Be and 12C were compared to Monte Carlo calcu-
lations based on the independent-particle model with harmonic-oscillator
wave functions, in which the harmonic oscillator parameter a was the only
free parameter. In all cases, the experimental data were best reproduced
for a having a value of 80 MeV/c.

In a similar Monte Carlo calculation of the proton momentum of the
7 -f "N" —» p -f 7T peak in the single-arm data, a value of 120 MeV/c for
a was obtained. The difference between the a values obtained from the
7 + "N" —> p + x and 7 + "pN" —> p -f N reactions is interpreted as
a possibility of the "pN" system in the nucleus not being formed from a
simple combination of two independent nucleons.
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MacGregor et al.

The highest missing energy resolution of any previous (7,pn) experiment
was obtained in a measurement of the 16O(7,pn) reaction performed by
MacGregor et al. [Mac91j at the MAMI-A accelerator in Mainz. With a
resolution of 7 MeV, it was for the first time possible to identify what
shell or combination of shells the nucleon pair was emitted frojn, although
individual states could not yet be resolved.

The experiment was performed with tagged photons in the 80-131 MeV
range, using large plastic scintillator arrays for the detection of the emit-
ted nucleons. The proton detector covered an angular range of 50°-130°
with a solid angle of 900 msr, and the corresponding numbers for the
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neutron detector were 41°-139° and 970 msr, respectively.

A missing energy spectrum, corrected only for neutron detection effi-
ciency, is shown in Fig. 1.11. The broadness of the peak at low missing
energy (twice the energy resolution) indicates that several of the low-lying
states in 14N are being populated.

Using separation-energy arguments, MacGregor et al. interpret the
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(liPn) reactions at a photon energy range of 80-131 MeV [Mac91]. The
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various excitation-energy regions as corresponding to emission from dif-
ferent shells. The excitation-energy region below ~20 MeV is interpreted
in terms of (lp)~2 nucleon emission, in which the nucleons have not un-
dergone any severe final-state interactions. The excitation-energy region
above ~20 MeV gets contributions both from reactions in which one
of the nucleons originates from the Is shell, and from (lp)~2 emission
severely affected by final-state interactions. (ls)~2 emission corresponds
to excitation-energies larger than ~40 MeV and is beyond the range of
this measurement.

In order to obtain total cross-sections for proton-neutron emission
from the various shell combinations, Monte Carlo calculations were per-
formed to account for the acceptances and efficiencies of the detector set-
up, using different models for the reaction mechanism. Missing-energy
spectra, corrected for the bias of the detection system, are shown in
Fig. 1.12. In Fig. 1.12(a), a quasi-deuteron reaction mechanism was as-
sumed, while Fig. 1.12(b) is based on a phase-space distribution of the
three bodies in the final state. The two spectra are qualitatively similar,
but the absolute scale is rather different.

The observed back-to-back angular correlation of the two nucleons is
expected for a quasi-deuteron reaction mechanism, but contradicts the
predictions of a phase-space distribution. The quasi-deuteron assump-
tion was further supported in this experiment by a comparison between
the measured missing momentum distribution and Monte Carlo predic-
tions based on the two models, in which the quasi-deuteron calculation
exhibited the better agreement with the experimental data.

Assuming a quasi-deuteron reaction mechanism, the average cross-
section for proton-neutron emission from the lp shell, for photon energies
in the range 80-131 MeV, was determined to be 510±95 fib. Likewise, a
lower limit of 1.00±0.25 mb was obtained for the total cross-section.
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Chapter 2

Experimental System

2.1 Overview

The experiment was performed at the tagged photon facility of the Maxlab
accelerator system in Lund, Sweden. Overviews of the laboratory and
the experimental area are shown in Fig. 2.1 and 2.8, respectively. A short
presentation of the experimental system is given below, awaiting a more
thorough discussion of each item in the corresponding sections later in
this chapter.

Figure 2.1: Overview of the Maxlab accelerator system, showing only the
parts relevant for the nuclear physics experiments (drawn by P. Rojsel).
The race-track microtron is found at the far right of the picture, the
stretcher ring in the centre, and the tagging spectrometer at the far left.
The tagging spectrometer shown is a successor to the one used in this
experiment (see further Fig. 2.8 and Sec. 2.3).

27
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The main challenge in this measurement of the 160(7,pn)14N reaction
was obtaining a resolution in missing energy high enough to resolve the
low-lying states in the residual 14N nucleus. As already stated in Sec. 1.2,
a resolution of ~2 MeV was necessary. In the context of (7,pn) reactions,
this is a high resolution, bearing in mind that the highest resolution
achieved in any previous (7,pn) experiment is ~7 MeV [Mac91]. The
experimental goal called upon the following requirements:

• A photon beam of well denned energy

• A high-resolution proton detector

• A high-resolution neutron detector

• A thin target

The photon beam from the tagger facility had a tagged energy range of
~67-76 MeV and a photon energy resolution of ~400 keV. The intensity
was ~107 tagged photons/s, and the duty cycle was ~50%.

The proton detector consisted of a AE-AE-E telescope with plastic
scintillator AE elements and an E-detector consisting of an array of 20
Csl crystals. The detector covered an angular range of 50°-100° and the
energy resolution amounted to ~300 keV.

The neutron detector consisted of a large array of plastic scintillators,
covering an angular range of ~35°-135°(with a few gaps, see Fig. 2.8).
The neutron energy was determined by the time-of-flight method, and at
the neutron energies and flight distances considered, an energy resolution
of ~1 MeV was obtained.

A thin target was necessary in order to minimize the uncertainty of
the proton energy lost in the target. A 0.4 mm water target was used,
yielding a total proton energy resolution of ~800 keV.

All together, the resolutions of the individual constituents combined
to a resolution in missing energy of ~1.5 MeV, fully sufficient for the goal
of separating the low-lying states in the residual 14N nucleus.

2.2 Accelerator system

The Maxlab accelerator system has a dual purpose, and may be operated
in two distinct modes:

• Storage ring mode, providing synchrotron radiation for various ap-
plications, both in basic and applied sciences.
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• Stretcher mode, providing a nearly continuous electron beam well
suited for photonuclear measurements with tagged photons.

In the present section, the accelerator system is briefly described from
the point of view of the stretcher mode, used in this measurement. A
thorough treatment of the accelerator system is found in [Eri82, Lin83,
Lin90].

The first link in the system is a 95 MeV race-track microtron. Elec-
trons, originating from a 100 keV electron gun, are repeatedly accelerated
in a 5 MeV linac. The electron beam is bent 180° at either end of the
linac, by large bending magnets. The shape of the electron orbits thus
resembles that of a race-track, with the curve radius increasing for every
passage through the linac. The beam may be extracted at any of the
orbits, thus enabling a choice of the extracted electron energy in 5 MeV
steps up to a maximum of 100 MeV. Under normal operation, however,
the chosen energy is either 75 MeV or 95 MeV. The microtron is run in
a pulsed mode, with a repetition frequency of 50 Hz and a pulse width
of ~1 fj,s. The duty factor (see App. C.I) of the direct beam from the
microtron is thus very low and the beam must be stretched before it can
be used for coincidence measurements such as photon tagging.

The conversion to a continuous beam takes place in a stretcher ring,
into which the pulsed beam from the microtron is injected. The electron
beam is slowly extracted from the ring, using the third integer betatron
resonance. Since the extraction period is ~20 ms, a duty factor of ~100%
may be achieved under ideal conditions. Small deviations of the acceler-
ator elements from their ideal settings normally reduce this value, but a
duty factor better than 50% is routinely achieved. The beam time pro-
file, averaged over the first run period of this experiment (see Sec. 3.1),
is roughly indicated by the spectrum in Fig. 2.2, showing the time within
the extraction period when an experimental event was detected (a clock
was started at the beginning of each extraction period and read out for
every event). The beam was stable during the experiment, hence the av-
eraged time profile bears a close resemblance to the instantaneous time
profile. The extracted current is ~30 nA in normal operation.

The continuous electron beam is subsequently transported to the pho-
ton tagging spectrometer, in which a photon beam is_ produced through
the bremsstrahlung process in a 50 fim (6xlO~4 radiation lengths) Al foil;
see further Sec. 2.3. Only a small fraction of the electrons interact with
the thin foil. The main beam of non-interacting electrons is bent away
from the photon beam by the large spectrometer magnet, and is trans-
ported to a borated-water beam dump, well shielded from the detectors.
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1 -

Figure 2.2: Beam time profile.

2.3 Photon beam

The photon beam is produced through the bremsstrahlung process, as
already mentioned in Sec. 2.2. Bremsstrahlung photons are not monoen-
ergetic, but form a continuous spectrum ranging from zero energy up to
the incident electron energy [Sch51]. The shape of the spectrum may be
approximated with a 1/E7 distribution, for E7 well removed from the
incident electron energy.

The continuous energy spectrum of the bremsstrahlung beam implies
that the energy of an individual photon absorbed in the target is unknown.
Hence, if no further measures are taken, the kinematical information is
insufficient for extracting the missing energy (see App. B.2) of an event,
leaving the state of the residual nucleus unknown.

However, since the energy of a bremsstrahlung photon is equal to the
energy lost by the electron, and the initial electron energy is known, the
photon energy may be obtained by a measurement of the final electron
energy. This method is known as photon tagging and was the method
employed in this experiment.

The tagging technique is illustrated in Fig. 2.3. The residual elec-
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Figure 2.3: Schematic illustration of the photon tagging method.

tron is identified through a time coincidence 1 with a reaction product
from the photon absorption, and the electron energy is measured in a
magnetic spectrometer. Depending on the placement of the focal-plane
detector array, different regions of photon energy may be covered. In this
measurement, the tagged photon energy range was ~67-76 MeV, with a
photon energy resolution of 400 keV; see further Sec. 3.5.2.

A further advantage of the tagging method is that the number of
photons (in the tagged energy region) incident on the target is known
very accurately, obtained from the number of detected residual electrons
through a simple relation (see further Sec. 3.5.4). In this measurement,
the intensity was ~107 tagged photons/s.

The photon beam was collimated by a 12 mm diameter collimator
placed 1.0 m from the bremsstrahlung production foil, thus giving a
21 mm diameter beam spot at the target position.

The position of the beam spot was determined to within ~1 mm
by a Polaroid film which was placed in the photon beam and irradiated
for a few minutes. The efficiency of the irradiation was increased by
converting photons to electron/positron pairs in a sheet of metal placed
just upstream of the film. " ~

1 Since the photon tagging method is based on time coincidences, a high duty factor
beam is indispensable in order to keep the random coincidence contribution at a rea-
sonable level (see App. C.I). Hence, the tagging technique became feasible first with
the advent of the modern high duty-factor electron accelerators.
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2.3.1 Tagging spectrometer

The tagging spectrometer used in this experiment is described in detail
in [Adl90] to which the reader is referred for a thorough treatment. A
brief description of the spectrometer is given here.

The tagging spectrometer was originally intended for measurements
in the Giant Resonance region (see Sec. 1.1) and the design was optimized
for this application.

Magnet

In order to achieve a large solid angle, a magnet with inclined pole faces
(effective opening angle ±8°) was chosen. With this type of magnet it
was also possible to have a reasonably straight focal plane. The magnet
was 50 cm wide and 25 cm deep, the dimensions determined by the re-
quirement that the difference in flight time for electrons with different
trajectories should be less than 1 ns.

Focal-plane detectors

The focal-plane detector array consisted of 22 NE102A plastic scintilla-
tors, of thickness 5.0 mm along the electron trajectory, corresponding
to a typical energy loss close to 1 MeV for the electron energies of in-
terest. Each scintillator was 18.65 mm wide (measured along the focal
plane). The focal-plane detector array was constructed with residual elec-
tron energies as low as 1 MeV in mind. For this reason, the scintillators
were placed inside the vacuum chamber in order to avoid electron energy
loss and multiple scattering in vacuum chamber windows. Circular light
guides transported the scintillation light to Philips PM1911 18 mm diam-
eter photomultipliers placed outside the vacuum chamber. The voltage
divider chain was designed for good timing performance, and the signal
was extracted from the ninth dynode in order to allow^count rates ~5x 106

in each tube without exceeding the allowed average current. The typical
pulse height from a residual electron passing the scintillator was 150 mV.
Since the height of the photomultiplier noise pulses ('single electron') was
only 20 mV, the setting of the discriminator levels (see below) presented
no difficulties.
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Electronics

The electronics set-up for the focal-plane detectors is shown in Fig. 2.4.
The description below refers to a single detector but applies equally to
all 22 detectors.

There is no need to record the magnitude of the analog signal from
the detector, since the photon energy is determined by which detector
has been hit, not by the amount of energy absorbed in the detector. The
photomultiplier anode signal was therefore converted to a logic signal at
an early stage, by a home-built constant fraction discriminator placed
very close to the detector.

The logic signal was transported via 30 m of RG58 cable from the
experimental area to the counting room, whereby it was degraded in shape
and amplitude. The signal was therefore refreshed by a LeCroy 4608C
leading edge discriminator in order to provide a standard logic signal for
subsequent modules.

The refreshed signal was connected to the Stop input of a LeCroy 2228 A
TDC, after a 150 ns cable delay. The signal was intentionally delayed in
order to arrive at the TDC at a suitable time interval after the Start
signal generated by the trigger circuitry (described in Sec. 2.8).

The OR of all 22 detectors was formed in a cascade of LeCroy 429A
fan-in modules, and connected to one of the bits of a bit pattern unit.
This bit was checked by the ACC (see Sec. 2.8) during read-out and could
optionally be used as a condition for accepting an event.

Exp.
Area

TDC

BPU

Counting
Room

Figure 2.4: Focal-plane detector electronics (sealers not shown).
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The output from the leading edge discriminator was also connected
to a LeCroy 4434 sealer (not shown in Fig. 2.4) after having been down-
scaled a factor 100 and converted to an ECL logic signal in a home-built
module. These sealers were used for determining the number of photons
incident on the target, as described in Sec. 3.5.4.

2.4 Targets

Two targets were used during the course of the experiment. Production
runs were carried out on a water target, while the calibration runs em-
ployed a CD2 target. In all runs, the target was placed at an angle of 30°
between the target plane and the photon beam, at a distance of ~ 1.7 m
from the radiator.

H2O

In accordance with the goal of obtaining a high resolution in missing
energy, a thin target was used for the production runs. The target con-
sisted of a 0.4 mm film of purified water, contained between two stretched
12 /zm mylar foils [Mil95]. The foils were glued on to aluminium frames
with elliptical apertures of size 45x90 mm2. Two syringes, also filled
with purified water, were connected to the target, whereby the thickness
of the water layer could be regulated. The thickness was measured with
a vernier microscope to within ±4 /xm, and varied by less than 3% over
the extent of the beam spot.

The thickness of the water film decreased during the course of a mea-
surement, by diffusion through the mylar foils, but this effect was reduced
to less than 4 /xm/h by flowing cool air over the target assembly. The
decrease was linear, and the thickness of the layer was measured before
and after each run (typically lasting 12 h) providing a value of the average
thickness.

The total uncertainty of the target thickness is estimated~to be ~ 3 % ,
due to the uncertainties of the microscope measurement, the thickness
variation over the extent of the beam spot, the target angle, and the
averaging procedure of the thickness decrease due to diffusion.

Background measurements (see Sec. 3.8.3) were carried out on an
identical target assembly, from which the water had been removed.
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CD2

Part of the available beam time was dedicated to calibration runs, for
which a deuterium-enriched target was employed. The photodisintegra-
tion of the deuteron provided a convenient means of performing various
calibrations, due to the over-determination of the two-body final-state
kinematics, as described in App. B.I. Furthermore, the known cross-
section for the reaction provided a reassuring check of the experimentally
determined cross-sections; see further Sec. 4.3.

The target consisted of a 273.7 mg/cm2 thick sheet of CD2 (deuterated
polyethene). The thickness was determined by weighing the sheet, using
a precision scale, and the so measured thickness corresponded closely
to the nominal thickness of 2.5 mm ( p C D =1.069 g/cm3 [Kle90]). The
uncertainty of the target thickness, including the uncertainty of the target
angle, is estimated to be ~2%.

2.5 Proton detector

The proton detector [Ann90] was originally designed for a high-resolution
16O(7,p)15N experiment [Mil95]. The main design criteria for this appli-
cation were:

• good energy resolution (~1 MeV)

• large solid angle

• good time resolution

• good particle identification

• reasonable angular resolution

• reasonable cost

These requirements were met by a AE-AE-E detector telescope (see
App. A.2), with plastic scintillator AE-elements and an E-detector con-
sisting of an array of CsI(Tl) scintillators. The detector and the target
region are schematically illustrated in Fig. 2.5. - -

The reason for using two AE detectors is that it is desirable to form the
trigger signal from a coincidence between two detectors in the telescope, in
order to suppress particles not emanating from the target. In conventional
telescopes, the coincidence is formed between the AE and E elements, but
the long decay time (~1 fis) of the scintillation light from CsI(Tl) makes it
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Figure 2.5: Schematic illustration of the proton detector telescope, the
target and the photon beam.

unsuitable for this kind of timing applications. In the design chosen, the
trigger signal was formed by a coincidence between the two fast plastic
scintillator AE-elements, with the CsI(Tl) detectors only supplying the
energy signal.

The design criteria were found compatible with the needs of the
160(7,pn)14N experiment reported here, and the detector was inherited
by this experiment in an unmodified state.

Mechanical construction

The detector telescope, together with the target, was mechanically sup-
ported by a custom-built steel table. The detector package pivoted around
the target point, for easy adjustment of the detection angle.

CsI(Tl) is an excellent medium for 7-ray detection, and care had to be
taken to shield the detector from the electromagnetic background usually
present at electron accelerators. The detector was therefore shielded by
lead blocks at the base and on all sides, leaving an opening only towards
the target. The pre-amplifiers (see Sec. 2.5.2) were attached to the top
of the CsI(Tl) box, hence the detector could not be shielded from above.
Even so, no excessive background in the detector was observed.
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2.5.1 AE-elements

Each AE-detector consisted of a NE102A plastic scintillator read out
by photomultipliers. A coincidence between the two AE-detectors pro-
vided the trigger for the data acquisition system, and the signals from
the two detectors were also used in conjunction with the signals from
the E-detectors, for particle identification through the AE-E method (see
App. A.2).

Scintillators

NE102A is an excellent choice for most timing applications, with the time
constant for the decay of the scintillation light being only 2.4 ns.

The dimensions of the scintillators were 70x60x0.5 mm for the AEyron^
and 110x85x1.2 mm for the AE^ac^.

The scintillators were loosely wrapped in aluminium foil and black
PVC tape, and coupled via lucite light guides to EMI 9954 photomulti-
pliers. The AExron£ scintillator was read out by a single photomultiplier,
while the AE^ac£ scintillator was read out by photomultipliers at the top
and bottom edges.

The AExy,on£ detector exhibited the better timing properties of the
two AE detectors, due to its smaller dimensions, and was therefore used
for defining the timing of the trigger signal.

The AE£ac£ scintillator defined the solid angle of the proton detector.
It was purposely made smaller than the front face of the CsI(Tl) array, in
order to exclude 'edge' events. Horizontally, the AE^ac/^ scintillator was
physically narrower than the CsI(Tl) array. At the top and bottom edges,
at the coupling to the light guides, the scintillator was made thicker. In
this way, 'edge' events at the top and bottom were easily identified and
excluded in a AE-E plot.

Either AE scintillator could be used in conjunction with the E-detectors,
for particle identification in a AE-E plot. However, the AE^ac^, scintilla-
tor was preferentially used, since it offered the better energy resolution of
the two, due to its greater thickness and better light collection properties
(read out by two photomultipliers). _ _

Electronics

The electronics set-up for the AE-detectors is shown in Fig. 2.6. The
signal from each photomultiplier anode was transported via 30 m of RG58
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Figure 2.6: AE-detector electronics.

cable from the experimental area to the counting room, where it was
connected to a LeCroy 428F linear fan-out module.

One of the fan-out outputs was connected to a LeCroy 2249A integrat-
ing ADC, after having been delayed in 100 ns of cable in order to coincide
with the ADC gate. The signal was also attenuated by a suitable factor
in order to fit into the dynamical range of the ADC.

Another fan-out output was connected to an EG&G CF8000 constant
fraction discriminator. The discriminator signal was connected to the
Stop input of a LeCroy 2228A TDC, after having been delayed by 100 ns
of cable in order to arrive after the Start signal generated by the trigger
circuitry.

In addition to the circuitry described above, the signals from the two
photomultipliers of the AE^ac^, detector were also added in a LeCroy 428F
linear fan-in module, the output of which was treated in exactly the same
way as described above for the individual signals. _ _

A coincidence between the discriminator outputs of the summed AE^ac

signal and the AEfronj. signal, determined by a LeCroy 622 logic unit,
denned the trigger for the data acquisition system (see further Sec. 2.8).
The signals were adjusted in time such that for a true coincidence, the
AE^ron£-signal denned the timing.
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2.5.2 Csl de tec to rs

The E-detector of the telescope was required to have good energy reso-
lution, and, due to the small cross-section for the reaction of interest, a
large solid-angle was imperative.

One alternative would have been using a Hyper Pure Germanium
(HPGE) detector. This kind of detector has been used in recent experi-
ments (see, for example, [Hoo90]) for the detection of protons in the tens-
of-MeV range, with good results. However, since the cost of an inorganic
scintillator detector is significantly less than that of a HPGE detector
of the same size, tests were performed with several inorganic scintillator
detectors to investigate if these could match the performance of HPGE
detectors.

It was found that CsI(Tl) scintillators, read out by photodiodes, in-
deed compared well to HPGE detectors, in terms of achieved missing
energy resolution. In experiments of the type reported here, the limita-
tion in missing energy resolution is often set by target thickness effects,
not by the intrinsic detector resolution. The resolution of Nal(Tl) and
BaF2 read out by photomultipliers, however, was found insufficient for
protons in the energy range of interest.

In accordance with these results, the E-detector was designed as a
5x4 array of Csl crystals, optically isolated from each other and read out
by individual photodiodes. Positional information was obtained through
the segmentation of the detector.

Csl crystals

Each of the twenty E-detectors consisted of a 25x25x30 mm CsI(Tl)
crystal, ground to a matt finish on all sides except for one of the short
ends, where it was glued to the photodiode with NE581 optical cement.
Each crystal was wrapped in a layer of 7.7 mg/cm2 thick PTFE ('Teflon')
tape. The twenty crystals were close-packed into a 5x4 array and assem-
bled in an aluminium box. A 12.5 /im Al foil covering the front surface
of the array served as a shield against ambient light.

Extensive tests with various wrappings were performed during the
design stages of the detector. The wrapped crystals were tested for energy
resolution, light output, and uniformity as a function of interaction point
in the crystal. The best results were achieved with a PTFE wrapping
of thickness greater than 25 mg/cm2. This thickness, however, would
seriously impede the passage of low-energy protons, affecting particularly
events in which the proton crosses the boundary between two crystals.
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The thickness was therefore reduced to the previously mentioned value,
the results still being within the requirements of the experiment.

With the chosen wrapping material and thickness, the crystals were
not fully optically isolated from each other, and a small leakage of light
from a scintillating crystal to its neighbours was observed. These 'false'
signals were easily identified and excluded in a AE-E particle identifica-
tion plot, as shown in Sec. 3.6.1.

The increasing popularity of CsI(Tl) as a detector material is partly
explained by the advent of photodiodes with response curves very well
adapted to the emission spectrum of CsI(Tl). There are several advan-
tages to using photodiodes instead of the more common photomultipli-
ers. They are stable devices, and their small dimensions allow a compact
detector design. Furthermore, photodiodes have a high quantum effi-
ciency, a low power demand, and are insensitive to magnetic fields. A
disadvantage is the non-amplification of the signal, as compared to the
photomultiplier gain of 106-107. Additional amplification of the signal is
therefore necessary before use with standard instrumentation. The de-
tector described here uses PIN silicon photodiodes with a sensitive area
of 10x20 mm [Ham].

The noise level is dependent on the leakage current in the photodi-
odes. These were therefore selected individually for their low leakage-
current properties. The noise was further reduced by a forced cooling of
the photodiodes, the leakage current being temperature dependent. The
diodes were in good thermal contact, using silicon grease, with a brass
plate cooled by Peltier elements, which, in turn, were cooled by two fans.
The temperature was monitored by a solid-state sensor, embedded in the
brass plate. The cooling reduced the diode temperature from an ambient
~30°C to ~15°C, thereby substantially reducing the noise level.

Electronics

The electronics set-up for the CsI(Tl) detectors is shown in Fig. 2.7. The
signal from a photodiode is small and needs amplification before it can
be used with standard instrumentation. This was accomplished by the
home-built, custom-made preamplifier—amplifier configuration described
below.

The pre-amplifier was of the charge-sensitive type. The advantage
of such a design, as opposed to a volt age-sensitive pre-amplifier, is that
the output is nearly independent of the input capacitance. This is an
important feature when amplifying signals from semi-conductor devices,
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Figure 2.7: Csi(Tl)-detector electronics.

such as photodiodes, since the capacitance of the device may vary with
operating parameters such as temperature and bias voltage. The output
from the pre-amplifier is a voltage pulse, with a peak voltage proportional
to the integrated input charge, in turn proportional to the the collected
scintillation light. The pulse is characterized by a sharp rise and a long
exponential decay, a shape not well suited for a measurement of the peak
voltage. The long exponential decay causes pile-up problems at high
count-rates, and the signal-to-noise properties of the pulse shape are poor.

The solution is a subsequent shaping of the pulse. The pre-amplifier
output was connected to a shaping amplifier, in which a differentiating-
integrating network reduced the width of the pulse and gave it a Gaussian-
like shape, characterized by a 3 fis time constant. The pulse was also
further amplified.

The shaped signal was finally connected to a LeCroy 2259B peak
sensing ADC, after a 4 dB attenuation in order to fit into the dynamical
range of the ADC.

The amplifier also had a fast output, characterized by a 0.3 /xs time
constant. The resolution of this signal was low, and it was only used for
an optional coarse discrimination of small pulses. Each fast output was
connected to an EG&G CF8000 constant fraction discriminator, and the
OR of all the discriminator outputs was connected to one of the bits of a
bit pattern unit. This bit was checked by the ACC (see Sec. 2.8) during
read-out, and could optionally be used as a condition for accepting an
event.

The stability of the entire electronics set-up for the CsI(Tl) detectors
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was monitored by a pulse-generator connected to the test inputs of all
the pre-amplifiers. The pulse-generator was running at a frequency of
~1 Hz and generated its own trigger to the data-acquisition system. The
pulse-generator events were identified by one of the bits in the bit pattern
unit being set. The width of the pulse-generator peak in a set of ADC
histograms provided a direct indication of the stability of the electronics.
No drift was observed.

From time to time, mainly during beam-off periods, the linearity of the
electronics was checked by increasing the frequency of the pulse-generator
and varying the pulse height. No non-linearities were observed.

2.6 Neutron detectors

The goal of obtaining a high missing-energy resolution for a low-cross-
section reaction translated to the following requirements for the neutron
detector:

• good energy resolution

• good angular resolution

• large solid angle

• large detection efficiency

The neutrons of interest in this experiment had energies in the tens-of-
MeV range, and at such neutron energies, the requirements stated above
were met by a large array of plastic scintillators.

A plastic scintillator consists mainly of carbon and hydrogen. A neu-
tron scattering on a hydrogen nucleus, that is, a proton, transfers part
of its kinetic energy to the recoil proton which, in turn, interacts with
the detector, producing scintillation light. The amount of energy trans-
ferred to the proton is determined by a statistical distribution, ranging
from zero up to the full incident neutron energy, and depending on the
scattering angle. The neutron energy is thus not given by the amount
of energy deposited in the detector, but may be obtained by the time-
of-flight method. Measuring the time and distance for the nentron flight
between the target and a detector yields the neutron velocity, from which
the kinetic energy is immediately determined; see further Sec. 3.7.

In order to achieve the desired energy resolution, a long flight-path
was necessary, which, in conjunction with the demands for large solid
angle and large detection efficiency, led to a large detector array.
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The distance between the target and the detectors varied between
~3.7 m and ~4.9 m. Scintillators of two different dimensions were in-
cluded in the array, 1.8x0.2x0.1 m and 3.0x0.2x0.05 m, henceforth
referred to as the thick and thin scintillators, respectively. The array
consisted of twenty thick and sixteen thin scintillators.

Mechanical construction

The detectors were arranged into four 'walls', as shown in Fig. 2.8, each
wall extending nearly from the floor to the ceiling of the experimental
area. The backward and central wall each contained ten of the thick scin-
tillators, and the two walls in the forward direction each contained eight
of the thin scintillators. The forward walls were placed one directly be-
hind the other, thereby increasing the detection efficiency in the forward
direction.

The detectors were held by purpose-built supports. Each wall was
supported by two steel rods, screwed tightly onto the concrete floor and
steel girders in the ceiling, with the detectors resting upon short steel
shelves attached to the rods. This construction minimized the amount of
matter in the vicinity of the scintillators, thus reducing the probability
for scattering neutrons into the detector.

Scintillators

The scintillation material in both types of detector was NE110, a plastic
scintillator with properties very similar to the more common NE102A.
The major difference between the two detector materials is the attenu-
ation length for the scintillation light: 4.0 m in NE110 as compared to
2.5 m in NE102A. The attenuation length was an important parameter
due to the large dimensions of the detectors.

The scintillators were polished and loosely wrapped in aluminium foil
and black rubber, and were connected to photomultipliers via acrylic
light-guides at the two short-ends. The photomultipliers were EMI 9823KB
5" and Valvo XP2312B 3" for the thick and thin detectors, respectively.

The amount of light produced by an electron in a plastic~scintillator
is proportional to the electron energy, in contrast to the case for protons
and heavier charged particles. For NE102A, equal amounts of light are
produced by electrons and protons with energies related by

Tee = 0.95Tp - 8.0(1 - exp(-0.10Tp°-90)) (2.1)



2.6. NEUTRON DETECTORS 45

where Tp is the proton kinetic energy and Tee is the equivalent electron
kinetic energy, denoted by the unit Me Vee. The same relation is assumed
applicable to NE110.

The produced scintillation light is attenuated as it propagates through
the scintillator. Attenuation is caused by absorption in the scintillator
material itself, and by losses in the scintillator boundaries due to incom-
plete reflection. The latter effect depends on the shape and the surface
treatment of the scintillator, and on the wrapping material. The detailed
positional dependence for the light attenuation is therefore a property of
an individual detector. In many cases, however, the attenuation may be
approximately described by an exponential, e~MX, where fi is the charac-
teristic attenuation coefficient for the detector and x is the distance from
the point of scintillation.

The velocity of light in the NE110 scintillator material is 0.63 c, the
refractive index being 1.58. However, the effective velocity of light in a
detector, as measured between the point of interaction and the photo-
multiplier, is lower, since most of the light is reflected several times in the
boundaries of the scintillator before reaching the photomultiplier, thereby
travelling a longer distance than a straight path. The measured effective
velocity of light in the detectors was 0.50 c (see Sec. 3.7.3).

Electronics

The electronics set-up for the neutron detectors is shown in Fig. 2.9.
The signal from each photomultiplier anode was transported from the
experimental area to the counting room via 60 m (thick detectors) or
64 m (thin detectors) of RG58 cable. These cables were deliberately
made longer than the 30 m cables from the proton detector, in order to
provide a suitable time interval between the trigger signal and the neutron
detector signals at the ADCs and TDCs.

In the counting room, the signal was split into two branches by a
passive splitter (whereby the pulse amplitude was halved). One of the
branches was connected to a LeCroy FERA ADC, while the other went
to a LeCroy 4413 CAMAC-based leading edge discriminator. The output
from the discriminator was used as a stop signal for a LeCfoy FERET
TDC.

The handling of the large number of neutron detector signals was
simplified by the use of ADCs and TDCs of the LeCroy FERA/FERET
type. These modules are based on the ECL standard, allowing a compact
set-up with flat cable connections between the modules instead of the
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previously more common coaxial cables. A further advantage is the zero-
and/or overflow-suppression option, suppressing unnecessary read-out of
channels which have not fired. This speeds up the read-outs and eases the
data-handling in the off-line analysis, avoiding the shuffling of numerous
data-words containg only zero or overflow.

Coincidences were formed between the two signals from opposite ends
of a detector, in a LeCroy 4516 CAMAC-based logic unit. The OR of all
the coincidence signals was connected to one of the bits of a bit pattern
unit, signalling the firing of at least one neutron detector. This bit was
checked by the ACC (see Sec. 2.8) during read-out, and could optionally
be used as a condition for accepting an event.

The outputs from the leading edge discriminators, as well as the out-
put from the coincidence unit, were also connected to a LeCroy 4434 sealer
(not shown in Fig. 2.9). These sealers were used mainly for diagnostic
purposes.

2.7 Veto detector

The neutron detector set-up included a thin veto detector close to the tar-
get, covering the full angular range of the neutron detector array. Charged
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particles were identified by coincidences between the veto detector and a
neutron detector, and could thus be rejected in the off-line analysis.

The detector consisted of a 500x100x2 mm NE102A plastic scintilla-
tor, loosely wrapped in aluminium foil and PVC tape. The scintillation
light was read out by Valvo XP2252 photomultipliers at the two short-
ends.

The electronics set-up for the veto detector is shown in Fig. 2.10. The
signal from each photomultiplier anode was transported via 30 m of RG58
cable from the experimental area to the counting room, where it was split
into two branches by a passive splitter.

One of the branches was amplified in a LeCroy 612AM fast amplifier
and connected to a LeCroy 2249A integrating ADC, after a 130 ns cable
delay in order to coincide with the ADC gate.

The other branch was amplified in a second LeCroy 612AM fast am-
plifier, and connected to a Tennelec TC454 constant fraction discrimina-
tor. The output from the discriminator was used as a stop signal for a
LeCroy 2228A TDC, after having been delayed by 120 ns of cable in order
to arrive after the start signal generated by the trigger circuitry.

2.8 Data acquisition system

The data acquisition system carried out the following tasks:

• Read-out of the digitized data from the CAM AC modules.
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• Rejection of data not fulfilling certain conditions.

• Transfer of the data to magnetic tape.

• On-line sorting of the data into various histograms.

The data acquisition system was based on a system of two comput-
ers: a front-end processor, ACC 2160 (Auxilliary Crate Controller) from
CES, and a main computer, NORD 100 from Norsk Data. The ACC
was designed as an ordinary CAMAC module while the NORD 100 was
connected to the crate controller.

The front-end processor was included in the data acquisition system
due to the long interrupt-response time of the NORD 100 computer, a few
miliseconds, which would have caused an unacceptably high dead-time if
interrupts were to be issued for each event. The front-end processor
reduced the dead-time, as described in Sec. 2.8.

Trigger electronics

The trigger electronics essentially consisted of a cascade of fan-out mod-
ules, the main task being to signal the occurrence of an event to the data
acquisition system and the CAMAC modules.

Triggers were generated by the proton detector (defined as a coinci-
dence between the two AE detectors; see Sec. 2.5.1) and by the pulse-
generator (see Sec. 2.5.2). 2 An OR of the trigger signals was formed at
the beginning of the trigger set-up, and from there on the same electron-
ics were utilized, interrupting the data acquisition system and providing
start and gate signals for the CAMAC modules.

The CAMAC modules were read out with the CAMAC command
'Read', not 'Read and Clear' (the Fast Clear input was used to clear
the modules). Since most of the modules were non-retriggerable (having
received a gate or a start signal, no further gate or start signals were
accepted until the module had been cleared), no hardware precautions
against multiple triggers in a single event were required. The bit pattern
unit, however, being ret rigger able, received its gate signal through a latch
circuit.

2Triggers were also generated by a detector monitoring the photon beam. This
detector was not used in the data analysis, however, and is no further considered.
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Front-end processor

The front-end processor (ACC) read out the CAMAC modules, and per-
formed some basic checks on the data, rejecting events not fulfilling cer-
tain conditions.

The ACC was based on a Texas Instruments TMS 99000 proces-
sor, with a design optimized for fast interrupt handling. The ACC pro-
gram was written in assembly language, assembled and linked in a cross-
assembler on the NORD 100 computer, and down-loaded to the ACC via
the CAMAC branch.

The ACC was normally standing idle in a wait loop. At the arrival
of an interrupt, via a front panel connector, execution of the read-out
code begun. The first module read out was the bit pattern unit. Certain
bits were used as flags for various experimental conditions. If the desired
conditions were not fulfilled, the event was rejected and all modules were
fast-cleared by the ACC. This entire operation, from the arrival of an
interrupt to the system being open for a new event, took ~15 fis. Al-
though somewhat slower than a hardware-implemented fast-clear scheme,
this concept allowed a flexible setting of various conditions, requiring only
minor modifications of the code.

If all conditions were fulfilled, the ACC continued with a read-out of
all modules, after a ~100 /xs wait loop matching the conversion time of
the slowest modules. Further conditions were subsequently imposed on
the data, and events not fulfilling these conditions were rejected.

The data was stored in a 1000 word buffer in the ACC memory. When
the buffer was full, the ACC issued an interrupt to the NORD 100 com-
puter, via the CAMAC crate controller, requesting a buffer read-out. In
order to reduce the dead-time caused by the interrupt response time of
the NORD 100, a system of two buffers was used. While one buffer was
waiting for read-out, the ACC switched to the other, filling it as described
above. In other words, the system was open for new events even while
waiting for read-out by the NORD 100.

At certain points in the ACC program, a signal was issued to a corre-
sponding channel of a LeCroy 2551 sealer, via a SEN 2088 output register.
These sealers determined the number of events rejected due to the various
conditions, and provided the necessary corrections for the extraction of
cross-sections; see further Sec. 3.9.1. The sealers also provided a valuable
diagnostic tool during the running of the experiment.
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Main computer

The CERN-written data acquisition software package DAS was running
on the NORD 100 computer. DAS contains the necessary software for
CAMAC read-outs, histogramming, tape-writing, and event-displaying.
DAS is based on other CERN-written software packages, for example,
the tape-writing and histogramming use the packages EPIO and HMINI,
respectively. All user-written code in DAS was written in FORTRAN,
with the exception of the CAMAC read-out routine, which was written
in NORD 100 assembly language.

In response to an interrupt, the NORD 100 read out the current ACC
buffer, via the CAMAC branch, transferring the content to a buffer in its
own memory, from which the data was distributed to the various DAS
tasks. The tape-writing task transferred 100% of the data to 6250bpi
magnetic tape without imposing any conditions. The on-line histogram-
ming was controlled by a user-written FORTRAN routine. Since it was
undesirable to let the histogramming reduce the data-taking rate, the his-
togramming task normally operated in a mode where it handled only as
much of the data as it could, without slowing down the transfer to tape.
Even so, under normal operating conditions the histogram contents were
fully sufficient for their diagnostic purposes.

DAS also performed an initialization of the CAMAC modules, through
a user-written routine executed at the start of every run.

Sealer handling

The read-out of the sealers was handled by a system of its own, in a
manner quite different from the read-out of the experimental events. All
sealers were read out every 10 seconds, and the read-out was triggered by
a clock in one of the CAMAC crates, interrupting the NORD 100 directly.
Due to the long interval between read-outs, the interrupt response time
of the NORD 100 was irrelevant in this case, thus making it unnecessary
to involve the ACC.



Chapter 3

Data Analysis

3.1 Introduction

The data presented in this thesis are restricted to the four most backward
Csl-detector columns and the central neutron-detector wall. This is the
detector combination most closely corresponding to deuteron kinematics,
and is also where most of the yield from the 160(7,pn)14N reaction was
found. The four Csl-detector columns covered an angular range of 60°-
100°, and the corresponding number for the central neutron-detector wall
was 81°-103°.

The data are the result of two separate run periods, separated in time
by four months. The two periods were analysed completely independently
of each other, yielding identical results, within the statistical uncertainty.
For the sake of brevity, the figures presented in this chapter correspond to
the first run period, where not explicitly indicated otherwise (most of the
spectra can not be added, since the experimental conditions were slightly
different for the two periods).

3.2 Analysis program

The analysis program used for the data sorting was written by the au-
thor and coded mainly in C. The CERN-written software package PAW
[PAW93] was used for curve-fitting and sophisticated graphics. Most of
the analysis was carried out on a VAXstation 3100.
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3.3 Data reduction

The raw data-files from the measurement were only used for a few basic
checks on the data, at the beginning of the analysis. In order to reduce
computing time and save disk space, the data was reduced, that is, only
those events which fulfilled certain conditions were written to a new data-
file, which was then used as input for the analysis. The selection criteria
were determined by the particular analysis to be performed. For example,
for the calibration of the neutron detectors, only events where at least one
of the detectors of interest fired, were useful. The format of the new data
files also allowed a more efficient use of the available disk space and less
overhead for the read operation.

3.4 Calibration strategy

Most of the calibrations of the detectors and photon beam are based on
the data itself (H2O and CD2). The calibrations are interrelated, and the
calibration strategy is outlined in the following list, showing the various
calibrations in the order they were performed (each item is developed
further in the sections indicated):

1. Conversion gain of the neutron-detector TDCs. Calibrated off-line
with a time-calibrator module (see Sec. 3.7.1).

2. Time walk of the neutron-detector discriminators. Calibrated with
CD2 data (see Sec. 3.7.2).

3. Left-right time-difference range for the neutron detectors. Cali-
brated with H2O data (see Sec. 3.7.3).

4. Time-zero for the neutron-detectors. Calibrated with H2O data,
using the '7-flash' (see Sec. 3.7.4).

5. Deposited energy in the neutron-detectors. Calibrated with CD2

data (see Sec. 3.7.5).

6. Photon energy. Calibrated with CD2 data, using the calibrated
neutron-detectors and deuteron kinematics (see Sec. 3.-5.2).

7. Proton energy. Calibrated with CD2 data, using the calibrated
neutron-detectors and deuteron kinematics (see Sec. 3.6.3).

Apart from these main items, several subsidiary calibrations were per-
formed, as described later in this chapter.
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3.5 Photon beam

3.5.1 Prompt region

Coincidences between the proton detector and the focal-plane detectors
in the tagger give rise to clear peaks in the corresponding TDCs, as shown
in Fig. 3.1 for one of the focal-plane detectors. The FWHM of the peak
is 1.0 ns. The dip at the beginning of the spectrum is caused by a non-
linear conversion in the first part of the TDC range. The exponential
fall of the random-coincidence background is not very pronounced in this
spectrum, due to the relatively low instantaneous count rate, ~1 MHz,
in comparison with the TDC range, 100 ns.

A Gaussian function is fitted to the peak, and the prompt region is
defined as the peak centroid ±4a, where a is the standard deviation of
the Gaussian.

3.5.2 Photon energy

The photon energy is calibrated with D(7,pn) data in the following way.
For the D(7,pn) reaction, the neutron kinetic energy, Tn, and angles, 6n
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Figure 3.1: TDC spectrum for one of the focal-plane detectors. The
prompt region is shown shaded in the inset.
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Figure 3.2: Photon energy calibration spectrum for one of the focal plane
detectors.

and <fin, fully determine the kinematics of the reaction (see App. B.I).
Using the already calibrated neutron detectors (see Sec. 3.7), the photon
energy is determined by Equ. (B.10) for every D(7,pn) event.

For every focal-plane detector, the calculated photon energy is his-
togrammed for both prompt and random events, and the randoms his-
togram is subsequently subtracted from the prompt, in the manner de-
scribed in App. C.2. A clear peak is seen for all detectors, indicating
the photon energy corresponding to that particular detector. A typical
histogram for one of the detectors is shown in Fig. 3.2.

In order to reduce the contribution from background events in the neu-
tron detector, two subsidiary conditions are used. The deposited energy
in the neutron detector is required to be larger than 3 MeVee, removing
many of the background events which are mostly of low energy. Further-
more, background events are suppressed by demanding that the triggering
particle in the proton detector is identified as a proton, with angles 0p

and <j>p consistent with the D(7,pn) kinematics (Equ. (B.12) and (B.I),
respectively).

The position and width of the photon-energy peak for every focal-
plane detector is determined by a Gaussian fit. The photon energy is
then plotted as a function of the corresponding focal-plane detector num-
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ber, and a straight-line fit is performed (taking the varying widths into
account), as shown in Fig. 3.3. The photon energy corresponding to a
focal-plane detector is finally determined by the value of the straight line
fit at the particular detector number.

3.5.3 Tagging efficiency

The number of photons (within the tagged energy range) radiated by the
electron beam, is equal to the number of residual electrons detected in
the focal plane. However, due to the collimation of the photon beam,
only a certain fraction of these photons reach the target. This fraction,
known as the tagging efficiency et, must be determined in order to obtain
absolute cross-sections.

A small part of the beam-time was dedicated to a measurement of the
tagging efficiency, using the detector set-up illustrated in Fig. 3.4. The
trigger to the data acquisition system was supplied by an OR-cf the focal-
plane detectors. Photons were detected by a scintillation-glass detector
placed in the photon beam. In order for this to be feasible, the beam
intensity was lowered by a factor ~1000.

The analog signal from the photon detector was registered by an ADC.
Since the ADC was gated by an OR of the focal-plane detectors, photons
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Figure 3.4: Schematic illustration of the tagging efficiency measurement.

in the tagged energy region which reached the detector were coincident
with the ADC gate. These events thus gave rise to a peak in the ADC
spectrum. However, ADC gates were also generated by the focal-plane
detectors for events in which the corresponding photon was stopped by
the collimator. These events appeared in the ADC pedestal (due to the
low intensity, random coincidences between electrons in the focal plane
and photons in the photon detector were negligible). Hence, the tagging
efficiency is given by ratio of the number of events in the peak to the total
number of events in the spectrum.

The value of the tagging efficiency is an individual property of each
focal-plane detector. For every event, the focal-plane detector giving
rise to the trigger was identified by a self-coincidence in one of the 22
focal-plane TDCs, whereby the individual tagging efficiencies could be
extracted in the off-line analysis. Ambiguities due to more than one
focal-plane detector TDC being stopped within the self-coincidence region
(that is, random coincidences between two focal-plane detectors) were
negligible, again due to the low intensity.

The tagging efficiency varied slightly between different run periods,
depending on the exact positioning of the photon beam in the collimator.
The measured tagging efficiencies (mean of the 22 detectors) were 34.5%
in the first run period (see Sec. 3.1) and 32.3% in the second run period
[And90]. The statistical uncertainty was ~0.5%, for both measurements.

The tagging efficiency may vary slightly within a run period, again
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due to variations of the position of the photon beam in the collimator.
The position of the beam was measured at several occasions during the
experiment (see Sec. 2.3), with no indication of any change of beam posi-
tion. The systematical uncertainty of the tagging efficiency is estimated
to be ~ 3 % .

For a thorough investigation of the subject of tagging efficiency, the
reader is referred to [And94].

3.5.4 Number of photons

The number of photons (in the tagged energy range) incident on the
target, JV7, is given by the number of electrons detected by the focal-plane
detectors, Ne, multiplied by the tagging efficiency, et (see Sec. 3.5.3):

= Neet (3.1)

The electrons were counted by sealers connected to each focal plane
detector (see Sec. 2.3.1). Due to dead-time effects in the experimental
system, a fraction of the electrons incident on a detector were not reg-
istered by the sealer. In principle, a correction should be made for this
dead-time in order to obtain the correct number of photons incident on
the target. However, for the determination of cross-sections, the effect
cancels as shown below. Therefore, no correction for the dead-time in the
focal-plane detectors is performed.

The largest dead-time was generated already at the beginning of the
signal chain, in the photomultipliers, having a recovery time of 50 ns af-
ter producing a pulse before being able to produce a second pulse large
enough to exceed the discriminator threshold [Hoo91]. An electron arriv-
ing within these 50 ns was not registered by the sealer. However, neither
was a stop signal for the TDC generated. Therefore, one of the conditions
for identifying a true event (the TDC stopped within the prompt region)
is removed, thereby decreasing the observed yield. Hence, the yield should
be corrected with the same correction factor as for the number of photons.
In the expression for the cross-section (see Sec. 3.9) the yield appears in
the nominator and the number of photons in the denominator, thus the
correction cancels.
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3.6 Proton detector

3.6.1 Proton identification

A large background of electrons was seen by the proton detector. These
electrons were created mainly through the process of pair production,
that is, conversion of photons to electron/positron pairs, taking place in
the Coulomb fields of the nuclei in the target.

It is essential to separate these electrons from the particles of interest,
that is, the protons from the photonuclear reactions. The particle identi-
fication is accomplished by means of the telescope method, as described
in App. A.2.

The AE^flC^ element enjoyed the better energy resolution of the two
AE elements, due to its greater thickness and better light-collection prop-
erties, and is therefore used as the AE element of the telescope. The best
resolution is obtained by forming the geometrical mean (the square root
of the product) of the two signals from opposite ends of the scintillator,
compensating for light attenuation effects in the scintillator; see further
Sec. 2.6.

The Csl crystals serve as the E-elements. Since the Csl crystals were
(almost) optically isolated from each other, and were fully instrumented
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Figure 3.5: Particle identification plot for one of the Csl crystals.
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Figure 3.6: T/a-spectrum for one of the Csl crystals. Events in the shaded
region are identified as protons.

individually, the proton detector in effect consists of 20 telescopes, sharing
a common AE element. For every event, particle identification must be
performed for all 20 Csl crystals.

An example of a AE-E plot for one of the crystals is shown in Fig. 3.5.
A clear proton ridge is seen, but the plot also contains some other features
deserving explanation. In the normal case, a significant signal is found in
only one of the twenty crystals. Hence, the content of the other channels
is the ADC pedestal, manifested as the vertical ridge on the far left-hand
side of the AE-E plot.

Due to incomplete optical isolation, a small signal is often found in
the neighbours of the scintillating crystal. These signals are larger than
the pedestal but smaller than the 'true' signal and are identified as the
events in the region close to the pedestal ridge, below the proton ridge.

Protons may in principle be selected by enclosing the proton ridge
in the AE-E plot with a polygon. However, a simpler, one-dimensional
method of proton identification is the 'T/a-method' described in App. A.2,
in which the E and AE signals are transformed to a one-dimensional quan-
tity by the formula

T/a={E + 1.73 - E1' (3.2)
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Figure 3.7: Proton multiplicity, that is, the number of Csl crystals in
which a proton is identified in a single event. Multiplicity zero is not
included in the figure.

An example of a T/a spectrum for one of the crystals is shown in
Fig. 3.6. The protons appear in a clear peak, well separated from the
electrons and the 'false' Csl signals, and are easily identified.

In a fraction of the events, a proton is identified in more than one of the
Csl crystals, as shown in Fig. 3.7 (see further Sec. 3.9.1). These events,
being very few, are discarded, since their inclusion would complicate the
analysis without significantly improving the statistical accuracy of the
measurement.

3.6.2 Energy losses

A proton emanating from the target must penetrate various objects before
reaching the proton detector, as listed in Tab. 3.1 (in addition to the
target material itself). This reduces its kinetic energy, as described in
App. A.I, and the detected energy is therefore less than the initial energy.
However, knowing the detected energy, the initial energy may be obtained
(and vice versa) by a calculation of the energy loss.

The energy loss is obtained through a repeated application of the
energy-range method described in App. A.I, using the extensive Janni
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Material

Air
PVC
Aluminium
NE102A
Aluminium
PVC
Air
PVC
Aluminium
NE102A
Aluminium
PVC
Aluminium
Teflon

Thickness
(mg/cm2)

5.9
18.6
3.4

48.3
3.4

18.6
10.6
18.6
3.4

124.6
3.4

18.6
3.4
7.7

Thickness
(/mi)

49400
146
13

468
13

146
88500

146
13

1207
13

146
13

150

Remarks

^front
detector

AEback
detector

E
detector

Table 3.1: Material between the target and the proton detector (properties
of the targets are found in Sec. 2.4)-

[Jan82] energy-range tables for protons in various elements and com-
pounds. The range for a known energy, and vice versa, is obtained by a
cubic interpolation in the Janni tables.

Unfortunately, not all the relevant materials are included in the Janni
tables. An energy-range table for PVC had to be constructed from the
stopping-power data for the constituent elements (also included in the
tables), using the scaling law (A.4) followed by a numerical integration of
(A.5).

The Janni table for the plastic scintillator Pilot B is assumed applica-
ble to NE102A, which is not included in the tables. The two scintillators
have very similar properties, for example the H/C content ratio differs by
only 0.4%, so the error caused by using Pilot B data is assumed negligible.

The target material CD2 and the tabulated CH2-are only_isotopically
different, thus the two materials have the same chemical properties, such
as the electron density. Consequently, the stopping power, ^ (MeV/m),
is the same for the two materials. However, the stopping power expressed
in units of mass thickness, - ^ (Mev/mg/cm2), is not the same for the
two materials since their mass densities are different. The same applies
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to the range, which is obtained from the stopping power through (A.5).
Hence, the range values (expressed in mg/cm2) in the CH2 energy-range
table must be scaled by the ratio PCD7/PCH2 before being applied to CD2.

3.6.3 Proton energy

The Csl detectors are energy-calibrated with D(7,pn) data in the fol-
lowing way. For the D(7,pn) reaction, the neutron kinetic energy, Tn,
and angles, 6n and <j)n, fully determine the kinematics of the reaction, as
shown in App. B.I. Using the already calibrated neutron detectors (see
Sec. 3.7), the proton kinetic energy and angles are determined for every
D(7,pn) event by (B.ll), (B.12) and (B.I), respectively.

In order to reduce the number of random events, an energy threshold
of 3 MeVee is applied to the neutron detectors. Furthermore, an event
is accepted only if the triggering particle is identified as a proton in the
detector under consideration, and if the angular range of this detector is
consistent with the proton angles determined by the neutron.

The initial proton energy, as determined by the neutron, is converted
to the expectation value of the deposited energy in the detector by cor-
recting for the energy losses, as described in Sec. 3.6.2. The proton angles
used for the energy loss calculation are the ones determined by the neu-
tron. Since the point of photon interaction in the target is unknown,
the energy loss calculation is performed for 100 points, evenly distributed
over the target thickness. The expected energy loss is then taken as the
mean of these calculations.

The correlation between the calculated deposited energy and the de-
tected signal (ADC value) is shown in Fig. 3.8. One-dimensional ADC
histograms for a set of adjacent 1 MeV slices of calculated deposited en-
ergy were also created. The mean ADC value for each deposited-energy
slice is estimated by the arithmetic mean of the corresponding histogram:

(3.3)

An estimate of the uncertainty of the mean is given by

d = s/^ (3.4)

with

s2 = —— J2 (A°C* - ADC) 2 (3.5)
ii
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Figure 3.8: Correlation between the energy deposited in a Csl detector
(as determined by the neutron detectors and D(*y,pn) kinematics), and
the corresponding ADC.

Guided by the scatter plot, events which are obviously random are ex-
cluded from the estimates by limiting the ADC range included in the
calculation of the mean.

The energy calibration, expressed as Energy — Intercept + Slope *
ADC, is finally obtained by a straight-line fit to the ADC-energy pairs,
with the varying uncertainties taken into account. An example of a fit is
shown in Fig. 3.9.

In the subsequent analysis, the energy calibration could in principle
be used as it stands here, obtaining the initial proton energy from the
deposited energy in the detector (determined by the ADC value) and
a calculation of the energy loss. This approach, however, would lead
to repeatedly performing the same calculation. Instead, an alternative
approach is taken in the following way.

For each combination of target material, target .thickness, target an-
gle and detector angle, that is, all parameters affecting the energy loss
calculation, the initial proton energy corresponding to each ADC value
(0-2047) is calculated once and for all and stored in a file. In the sub-
sequent analysis, the initial proton energy is found by a simple look-up
procedure.
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Figure 3.9: Energy calibration for one of the CsI detectors.

32.5

Since the proton angles are known only to within the angular range of
the detector, and the point of photon interaction in the target is unknown,
the energy loss calculation is performed for 25 proton directions evenly
distributed over the detector, and 10 photon interaction points evenly
distributed over the thickness of the target. The expected energy loss is
then taken as the mean of these 250 calculations.

3.6.4 Solid angle

The solid angle of the proton detector was determined by a Monte Carlo
calculation, repeating the following steps a large number of times:

1. Choose a random point in the target, within the extents of the beam
spot.

2. Choose a random direction.

3. Test if the line determined by the two previous steps is within the
detector boundaries.

The fraction of the full sphere subtended by the detector is immediately
given by the number of hits divided by the number of attempts, hence
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the solid angle is obtained by

n Nhlt 4TT (3.6)n
•L* attempt

The solid angle of the proton detector is essentially denned by the
size of the AE^ac^. detector which is smaller than the front face of the
Csl array (see Sec. 2.5.1). The calculation was performed for Csl crystals
5-20, since these are the crystals included in the analysis of the data, and
the total solid angle obtained (crystals 5-20) was 354 msr. The statistical
uncertainty of the calculation is ~0.1%. The systematical uncertainty,
due to uncertainties in the measurements of the dimensions of the set-up,
is estimated to be ~2%.

As a check, the calculation was also performed for a point source, for
which a value of 357 msr was obtained. This value was compared to an
analytical value based on the expression for the solid angle subtended at
the point (x = 0,y = 0,2 = h) by a rectangle limited by x = 0, x — a,
y = 0,y = b [Got71]:

0 = arctan r (3.7)
/ ( 2 62 + / 2 )

The difference between the analytical value and the Monte Carlo value
was less than 0.3%.

3.7 Neutron detector

The quantities to be determined by the neutron detector are the neutron
kinetic energy Tn, polar angle 9n and azimuthal angle <£„.

The kinetic energy is determined by the time-of-flight method, as
already mentioned in Sec. 2.6. The time, tnjlight, and distance, snflight,
for the neutron flight between the target and the interaction point in
a detector are measured, yielding the neutron velocity from which the
kinetic energy is given either by the classical expression

T = mv2/2 - - (3.8)

which is valid for non-relativistic energies, or, more correctly, by the rel-
ativistic expression

_L^-1) (3.9)
•y/1 - V1 \Cl
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Figure 3.10: Schematic illustration of the time intervals and distances
relevant for the determination of the neutron kinematics.

At the neutron energies of interest in this experiment, relativistic effects
are not negligible, hence the relativistic expression has been used.

For a given detector, the flight distance, snfli ht, and angles, 9n and
(frn, are determined by the single parameter d, defined as the distance from
the right-hand edge of the scintillator to the point of impact. The effect
of varying photon interaction point is negligible due to the thin target
(0.4 mm) and small beam diameter (21 mm), compared to the distance
to the neutron detectors (~ 4.4-4.9 m).

Hence, in summary, the two parameters tnflight and d fully determine
the neutron kinematics. The relevant time intervals and distances for the
determination of these two parameters are shown in Fig. 3.10, and are
defined as follows:

/ Physical length of the neutron detector scintillator.

ti Time of propagation for scintillation light through the full length of
the scintillator. Note that the velocity of light in the" scintillator
material is less than in vacuum, and is further reduced through
multiple reflections in the scintillator boundaries (see Sec. 2.6).

d Distance between the right-hand edge of the neutron detector scintil-
lator and the neutron point of interaction.
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tnfught Time-of-flight for the neutron, that is, the time interval between
emission from the nucleus and interaction with the detector.

tn3cint Time of propagation for the scintillation light, from the point of
scintillation to the edge of the scintillator. With the definitions
above,

d

l-d ,
tn3Cint2 = U— (3.10)

tndela Sum of all constant delays for the neutron signal, including light
propagation time in the light guide, electron transit time in the
photomultiplier, and propagation time for the signal in the cables
and electronics.

tnwalk Time walk of the output signal from the leading-edge discriminator,
due to the finite rise-time and amplitude of the analog input signal.
The time walk is a function of the analog amplitude, and is corrected
for, using the corresponding ADC value; see further Sec. 3.7.2.

Snfiight Flight distance for the neutron, that is, the distance between the
point of emission from the nucleus and the point of interaction with
the detector.

Time-of-flight for the proton. The AEi-ron^ detector, defining the
Start signal for all TDCs, has small dimensions, 70x60 mm, and is
located at a short distance, 50 mm, from the target. Therefore, the
variation of the proton flight time, due to varying proton velocity
and flight distance, is <0.6 ns. This variation is neglected in the
analysis, and the proton flight time is considered constant.

Time of propagation for the scintillation light in the AEx ronj de-
tector, from the point of interaction to the edge of the scintillator.
Due to the small dimensions of the scintillator_j the variation of the
propagation time due to the spread of interaction points is esti-
mated to be <0.4 ns. This variation is neglected in the analysis,
and the propagation time is considered constant (in any case, the
propagation time is not available in the data, since the
detector is read out by a single photomultiplier).
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tpdeiay Sum of all constant delays for the proton signal, including light
propagation time in the light guide, electron transit time in the
photomultiplier, and propagation time for the signal in the cables
and electronics.

tPwalk Time walk of the proton signal. Since the time pick-off device for
the proton signal is a constant-fraction discriminator, the time walk
is negligible.

The time origin is denned as the instant of particle emission from the
nucleus. With this definition, the time of arrival of the start and stop
signals to the TDC are

tstart — ^pf light + tpscint + tpdelay

tstop — in flight + tn3cint + tndelay + tnwalk

The terms included in tstart are all constant, thus tstart is constant for all
events.

The time interval measured by the TDC is

tstop — tstart = tnjught + tnscint + tndeiay + tnwalk ~ tstart (3.12)

Since the TDCs are linear (see Sec. 3.7.1), the time interval is also given
by

tstop - tstart = fcTDC + m (3.13)

where k and m are the TDC conversion-gain and offset, respectively, and
TDC is the TDC channel. Thus:

^1^ + *».«n. + tndelay + tnwalk - tstaTt = fcTDC + m (3.14)

This relation is valid for each of the two sides of the neutron detector:

A;2TDC2 + m2

t + f 4-f 4-/ - t ~ ' 3 )
LnfUght ' t n a c i n t l T l'ndelayi T '-nu/(1ifcl ''start ~

Adding the two equations and solving for tnflight gives

1
~ 2 ^ nsc»nt2 nscintl i tndeiay2 I

-2tatart - m 2 - wii) (3.16)
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Noting that tnacint2 + tn3cintl = U (constant), the second bracket yields a
constant, defined here as i0 ('time-zero'):

1
' 0 — Q \ ^ n 3 C i n t 2 i *

U
-2tstart - m2 - mi) (3-17)

In a spectrum of the quantity |(fc2TDC2 - tnwalk7 + *iTDCi - tnwalki),
ô is the point corresponding to the instant of particle emission from

the nucleus, or, equivalently, the point where particles of infinite velocity
would produce a peak.

Finally:

tnwalk2 + fciTDCi - tn_ i f c i) - t0

(3.18)

The point of interaction, d, is obtained from the difference between the
time intervals measured by the two TDCs:

d =
U

= I—
ti

1 ' f t / ) (3.19)

Solving (3.15) for tn,eintl - tn3cint2 and inserting in (3.19) gives

1
-m1+m2- tt) (3.20)

where the second bracket yields a constant, defined here as

d° " ^ ^ - ' - v i ~ *»-.!.« -mi + rm- U) (3.21)

In a spectrum of the quantity ^(fc iTDCi - tnwalki - k2TT>C2 + tnwalk7),
do is the point corresponding to the right-hand edge of the scintillator.



70 CHAPTER 3. DATA ANALYSIS

Finally:

^ - d0 (3.22)

Hence, in order to determine the neutron time of flight, tnflight, and
point of interaction, d, from the TDC channels, TDC2 and TDCi, it is
necessary to calibrate the parameters k2, &i, to, do and ti, and correct for
the time walk of the leading-edge discriminators.

3.7.1 T D C conversion gain

Since the neutron detector TDCs are used not only for establishing coinci-
dences between a proton and a neutron, but also for determining the kine-
matics of the neutron (as described above), the TDC calibration is crucial
(the need for a calibration of the TDCs is further emphasized by the con-
tinuously adjustable range of the TDCs used). It is necessary to determine
the conversion gain in terms of time-interval per channel, and ascertain
the linearity. In other words, the relation tstOp — tstart = kTDC + m is
to be verified and the conversion gain k calibrated. The offset, m, is of
course also important but is included in the total to and do parameters,
to be determined later on.

The conversion-gain calibration was carried out with an ORTEC 462
time-calibrator module, a device generating correlated start and stop
pulses. The TDCs proved to be linear, with conversion gains in the range
~ 124-130 ps/channel.

3.7.2 Discriminator time-walk

The time pick-off devices for the neutron detectors consisted of leading-
edge discriminators, hence the effect of time walk needs to be addressed.

A leading-edge discriminator produces an output signal when the in-
put signal exceeds a certain threshold. When the input signals have a
common rise-time but varying amplitudes (as is the case for the signals
from the neutron detectors), a spread in time of the output signal is
observed, as illustrated in Fig. 3.11.

However, since the magnitude of the input signal is also available
(ADCs are connected in parallel with the leading edge discriminators; see
Sec. 2.6), this effect may be corrected for, using a known expression for
the dependence of the time walk on the signal amplitude.
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Figure 3.11: Schematic illustration of the time walk effect in a leading
edge discriminator.

Following [Bra76], the time walk is assumed to depend on the ampli-
tude as

twalk = —7= (3.23)

where K is a constant and V is the voltage amplitude at the discriminator
input. This expression is based on the assumption that the time profile
of the photomultiplier pulse follows

V(t) = Vo(r
-2{t/tR-l) (3.24)

where tn is the total rise-time between V(0) = 0 and V{tn) = Vo. The
time-walk calibration is thus reduced to determining the single parameter
K for each side of a neutron detector.

The calibration was performed with the CD2 data, taking advantage
of the two-body kinematics of the D(7,pn) reaction. As indicated in
Fig. 3.12, K is determined by the slope of the distribution of the D(7,pn)
events in a two-dimensional histogram of time registered by the TDC
against l/\/ADC, in which the time has been approximately x corrected
for the variation due to the spread of photon energies and impact position.

lrThe correction is only approximate since, at this stage of the analysis, the photon
energy and impact position are not yet calibrated. The dependence of the time on
photon energy is approximated with the dependence on focal-plane detector number,
and the dependence on impact position is approximated with the dependence on the
difference between the two TDCs.
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Figure 3.12: Calibration of the leading-edge discriminator time-walk effect
at one end of a neutron detector. The parameter K in (3.23) is given by
the slope (indicated by the line) of the distribution of 1/\ADC against
Uight (the time recorded by the right-hand TDC).

3.7.3 Impact position

In order to determine the neutron point of interaction in a detector, d, it
is necessary to calibrate the parameters ti and do in (3.22).

Defining

A = fcjTDCi - in w f c i - fc2TDC2 + tnwalk2 (3.25)

(3.22) may be rewritten as

A = —l-(d+d0) (3.26)

Since d is restricted to the physical range of the scintillator, 0 < d < /, it
follows that

m a x
d0)

(3.27)

which may be rewritten as

11 — 2\ max

d0 = i
(3.28)
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Figure 3.13: Neutron impact position.
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Hence, the parameters ti and do are determined by the end-points of the
distribution of the quantity A.

A spectrum of the neutron impact position for all ten neutron detec-
tors is shown in Fig. 3.13.

As a by-product of the impact-position calibration, the effective ve-
locity of light in the detectors is given by

l_

tl
(3.29)

A value of ?;e//=0.50c was obtained, well in accordance with previous
measurements on these detectors [Kle90].

3.7.4 Time-zero

The parameter to in (3.18) is determined by the time-of-flight for particles
of known velocity. _

The neutron detectors see not only neutrons in coincidence with a
particle in the proton detector, but also a large number of photons and
electrons/positrons. These particles have velocities equal 2 to the velocity

2The velocity of the electrons/positrons is well approximated with the velocity of
light, at the energies considered here.
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Figure 3.14: The 7-flash peak, aligned and added for all ten detectors.
The width of the peak is 0.8 ns.

of light, c, and give rise to a peak in the time-of-flight spectrum known
as the 7-flash.

Defining

(3.30)

(3.31)

For particles with the velocity of light, tnflight = snflight/c. The flight
distance, sn u h t , is determined by the point of interaction in the detector,
d, which is already calibrated. Hence, to is determined by the position of
the 7-flash peak in a spectrum of the quantity | E — snfli ht/c.

The 7-flash peak, aligned and added for all ten detectors, is shown in
Fig. 3.14.

3.7.5 Deposited energy

The energy deposited in a neutron detector is obtained from the ADCs
belonging to the two photomultipliers.

E = fcjTDd - tnwalki + A:2TDC2 - ^

(3.18) may be rewritten as

1
to = - E —
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The neutron detectors see a background of low-energy particles, in
addition to the neutrons of interest. In order to reduce the influence
of the background, a threshold is applied on the deposited energy (see
Sec. 3.8.1). Since the detection efficiency (see Sec. 3.7.8) depends on the
value of this threshold, it is essential to accurately energy-calibrate the
ADCs.

The ADCs used are of the integrating type, and due to the zero-
suppression feature (see Sec. 2.6), the pedestals have been already sub-
tracted in the ADC module. Hence, the ADC value is proportional to the
integral of the pulse at the ADC input.

The ADC value for one photomultiplier depends not only on the de-
posited energy, but also on the point of interaction, due to the effect
of light attenuation in the detector. As mentioned in Sec. 2.6, the at-
tenuation may be approximately described by an exponential decrease.
Looking first at the right-hand side, the ADC value may be written

ADCi = A^-^L (3.32)

where L is the amount of produced scintillation light, \i is the light atten-
uation coefficient, and A\ is the conversion factor between the amount of
light at the right-hand edge of the scintillator and the ADC channel. A\
is determined by the light losses in the light-guide, the gain of the photo-
multiplier, the attenuation of the signal in the cables, and the conversion
coefficient of the ADC.

Equivalently, for the left-hand side

ADC2 = A2e-^l~d)L (3.33)

The geometrical mean of these two equations is

ADCmean = x / A D ^ A D d = y/A2A1e-'A^L (3.34)

In other words, ADCmean is proportional to the amount of produced
scintillation light, in turn proportional to the deposited energy.

The calibration of ADCmean is performed with CD2 data, in the fol-
lowing way. The kinetic energy of a neutron, coincident with a proton
in the proton detector, is known, since the flight time and flight distance
have already been calibrated. When the neutron is scattered on a hydro-
gen nucleus in the neutron detector, the energy of the recoil proton ranges
from zero to the full incident neutron energy. The amount of scintillation
light produced depends on the recoil energy, L = f{TPrecoil). For a recoil
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Figure 3.15: Neutron detector ADC calibration. The line shows the rela-
tion between ADCmean and the deposited energy expressed in MeVee.

proton, L — f{TPrecoil) is a complicated function, while for an electron
the relation between energy and produced light is linear (see Sec. 2.6).
The calibration is therefore simplified by expressing the neutron energy
as electron equivalent energy, Tee.

Since ADCmean is proportional to the produced light, a scatter plot
of ADCmean against the neutron energy (expressed in MeVee)j assumes
a triangular shape as shown in Fig. 3.15. At the upper edge of the dis-
tribution, the recoil energy is known, since the maximum recoil energy is
equal to the incident neutron energy. The calibration is thereby reduced
to determining the slope of this edge.

3.7.6 Minimum ADC-threshold

When a neutron interacts with a neutron detector, the amount of pro-
duced scintillation light must be large enough for the signal to exceed the
hardware discriminator thresholds on either side of the detecfor, in order
for the event to be useful.

Due to the effect of light attenuation, different amounts of light reach
the two sides of the scintillator. The following cases may be distinguished:

• L < mzx.(LthTesh2,Lthreshl) : Never useful.
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L > e^m<Lx(Lthresh2,Lthreshr) '• Always useful.

• L between these values : Possibly useful, depending on the interac-
tion point d.

Hence, the required amount of light is position-dependent in a non-
trivial way, leading to a position-dependent detection efficiency.

The remedy to this unwanted state of affairs is applying a software
threshold on the produced light. Accepting only events where the pro-
duced light is larger than eM max(Xt/ires/l2, Lthreshi )> removes the position-
dependency and simplifies the analysis. In practice, a threshold is set on
ADCmean, which, as stated in Sec. 3.7.5, is proportional to the produced
light.

The threshold on ADCmean is determined in the following way. Two
spectra of ADCmean are produced for the same data set, one with the
condition that both TDCs are stopped within their range (a TDC be-
ing stopped is a signature of the signal having exceeded the correspond-
ing threshold), and the other without conditions. Examples of the two
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Figure 3.16: Neutron detector ADC minimum-threshold calibration. Solid
histogram: ADCmean subject to the condition that both TDCs are stopped
within their range. Dashed histogram: ADCmean without conditions. The
inset shows the ratio of the two histograms.
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ADCmean spectra are shown in Fig. 3.16.
The ratio of the two spectra is shown in the inset of Fig. 3.16. For

large values of ADCmean, the ratio is fairly constant. The reason for it
not being 100% is that a signal, even though exceeding both discriminator
thresholds, may arrive outside the TDC range. A sharp drop, caused
by the hardware thresholds, is seen at lower values of ADCmean. The
minimum threshold for ADCmean is defined as the lowest value unaffected
by this drop.

The value obtained for the minimum threshold is lower than the
threshold chosen for the suppression of random coincidences (see Sec. 3.8.1).
Hence, the minimum threshold does not introduce any limitation.

3.7.7 Time regions

The TDCs for the neutron detectors have a double purpose. In addition
to determining the neutron energy, they are used for establishing coinci-
dences with a proton in the proton detector. Time-of-flight spectra for
the CD2 and H2O data are shown in Fig. 3.17 and 3.18, respectively. A
clear true coincidence peak is found in both spectra, although at a lower
statistical level in the H2O spectrum.

The subtraction of random coincidences follows the method outlined
in App. C, but since the time-of-flight for the true coincidences varies,
depending on the neutron energy, the definition of the various time regions
calls for some further consideration.

The lower limit of the prompt region is determined by the largest
possible neutron energy, in turn determined by the photon energy, the
separation energy for the (7,pn) reaction for the target in question, and
the proton energy threshold.

The upper limit of the prompt region is immediately determined by
the neutron energy threshold, chosen in Sec. 3.7.8.

The ideal region for determining the number of random coincidences
is the region to the left of the 7-flash. For physical reasons, events in
this region can only be random coincidences since the time-of-flight cor-
responds to velocities larger than the velocity of light. Unfortunately, the
delay cables for the neutron detectors were too short to allow a region of
sufficient width to be defined to the left of the 7-flash.

However, another region of random coincidences only, is found at the
far right of the spectrum. In order for an event to be accepted, the
deposited energy in the detector must exceed a 5 MeVeethreshold (see
Sec. 3.8.1). Thus, neutrons of energy below this threshold are not ac-
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Figure 3.17: Time-of-flight spectrum for the CD2 data.
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Figure 3.18: Time-of-flight spectrum for the H2O data.
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cepted. For true coincidences, the neutron energy is determined by the
time-of-flight. Hence, the threshold translates immediately to a limit
in time-of-flight above which no true coincidences are accepted. Conse-
quently, all events above this limit must be random coincidences.

As described in App. C.I, in the process of randoms-subtraction, the
randoms spectra are produced under the assumption that random events
outside the prompt region have the same properties as random events
within this region. Evidently, this is not the case for the time-of-flight
itself. Therefore, when randoms spectra are produced involving quantities
which depend on the time-of-flight, a randomly generated value within
the limits of the prompt region is assigned to the time-of-flight.

3.7.8 Detection efficiency

The detection efficiency of a neutron detector is denned as the proba-
bility that a neutron incident on the detector interacts with the detector
material, producing a signal larger than the applied threshold. The detec-
tion efficiency is determined by the cross-sections for the various possible
neutron reactions, the shape of the detector, and the threshold value.

The calculation of the efficiency was performed with the version of the
'Stanton-code' reported in [Cec79]. The code was modified slightly in or-
der to provide an option for which one of the impact-position coordinates
was picked randomly (see below).

The coordinate system referred to in the discussion below is denned for
each neutron detector by its origin in the centre of the detector front face,
the x-axis along the length of the detector, the y-axis pointing upward,
and the z-axis pointing outward from the target.

The efficiency depends not only on the neutron energy and the applied
threshold, but also on the impact position since the effective thickness of
a detector depends on the angle of incidence which in turn is dependent
on the impact position. Due to the large dimensions of the detectors in
the x-direction, the effect is too large to be neglected, and the detection
efficiency is therefore calculated as a function of neutron energy and x-
coordinate, for the chosen value of the threshold.

The x-coordinate is available for each event in the experimental data.
The y-coordinate, however, is not. In the calculation of the efficiency, the
y-coordinate is therefore picked randomly from a rectangular distribution
for each simulated event.

Since no data on the light output of the scintillation material NE110
could be found, the simulations were performed using the light output
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Figure 3.19: Neutron detection efficiencies for the ten neutron detectors,
as a function of the neutron energy. The energy threshold is 5 Me Vee and
(in this figure) the impact position is fixed at 0.5 m.
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Figure 3.20: Neutron detection efficiencies for the ten neutron detectors,
as a function of the neutron impact position. The energy threshold is
5 Me Vee and (in this figure) the neutron energy is fixed at 20 Me V. The
insets show the two edges in more detail.
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data of NE102A, that is, equation (2.1). The two scintillation materi-
als are very similar and the error introduced is assumed negligible (the
difference in light attenuation length is irrelevant in this calculation). Re-
sults of the simulation are shown in Fig. 3.19 and 3.20 for a threshold of
5 MeVee.

Since no one-to-one correspondence between neutron energy and quan-
tities such as missing energy for the (7,pn) reaction exists, the neutron
detection efficency correction is applied event by event in the analysis of
the data.

The correction would be very large for low neutron energies and near
the detector edges. Therefore these events are removed in the data anal-
ysis by the conditions

• Neutron energy > 13 MeV

• 0.04 m < impact position < 1.78 m

The determination of the uncertainty of the calculated efficiencies
relies on the results of previous reports. In [Cec79], measured efficiencies
were reproduced to within 10%, and this value is quoted here as the
systematical uncertainty of the calculated neutron detection efficiencies.

3.7.9 Solid angle

The solid angle of the neutron detectors was determined in a Monte Carlo
calculation following the same procedure as for the proton detector (see
Sec. 3.6.4).

The allowed impact position was restricted to the region given in
Sec. 3.7.8, and the total solid angle for neutron detectors 10-19 was
157 msr. The statistical uncertainty of the calculation is ~0.3%. The
systematical uncertainty, due to uncertainties in the measurements of the
dimensions of the set-up, is estimated to be ~2%.

3.8 Missing energy

For every event, the following kinematical variables are measured: pho-
ton energy E^, proton kinetic energy Tp, proton polar angle 6p, proton
azimuthal angle <f)p, neutron kinetic energy Tn, neutron polar angle 6n,
and neutron azimuthal angle <pn.

It is therefore possible to determine the missing energy for every event,
as described in App. B.2. Missing-energy spectra for the H2O and CD2
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data are shown in Cha. 4. The present section constitutes a presentation
of the analysis techniques employed for the extraction of the spectra from
the data.

3.8.1 Conditions

The missing energy spectrum for the CD2 data exhibits a clear peak well
above the background, corresponding to the photodisintegration of the
deuteron. In the H2O data, however, the number of recorded events from
the (7,pn) reaction was significantly less, and several ways of suppress-
ing the background had to be deviced to enable the extraction of the
160(7,pn)14N events.

A few of the conditions imposed on the data have already been de-
scribed in previous sections:

• Proton multiplicity (Sec. 3.6.1). Events where more than one
proton is identified in the proton detector, are discarded.

• Neutron kinetic energy threshold (Sec. 3.7.8). The neutron
kinetic energy is required to be greater than 13 MeV.

• Neutron impact-position (Sec. 3.7.8). Events where the neutron
impact-position is too close to the detector edges are discarded, that
is, the impact position is required to be found in the range 0.04-
1.78 m.

A set of further conditions were imposed on the data for the determi-
nation of the missing energy. These conditions are presented below.

Proton energy threshold

A threshold is set on the proton energy for two reasons. Firstly, the con-
tribution from background events is reduced, these events being mostly
of low energy. Secondly, the ADCs used for the proton detector (see
Sec. 2.5.2) are non-linear in the lower part of their range [LeC].

In order to ease the comparison with theoretical calculations, the
threshold is expressed as the minimum initial proton energy (express-
ing the threshold in terms of the minimum deposited energy in a crystal
would give a variation of the threshold for the initial proton energy, due
to varying proton energy losses at the different crystal angles).

The proton (initial) kinetic energy is required to be greater than
18 MeV.
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Neutron deposited-energy threshold

A threshold is set on the deposited energy in a neutron detector, in or-
der to reduce the number of random events. The background seen by a
neutron detector is mostly of low energy, as seen in Fig.3.21 showing the
correlation between deposited energy and time-of-flight.

Neutrons in coincidence with the triggering proton appear in a limited
region of time-of-flight, forming a characteristic triangular-shaped distri-
bution, while the random background is evenly scattered in a narrow
band of low energy.

The deposited energy in a neutron detector is required to be greater
than 5 MeVee.

Maximum deposited neutron energy

When a neutron interacts with a neutron detector, the deposited energy
in the detector ranges between zero and the incident neutron energy,
as described in Sec. 2.6. For true coincidences, the incident neutron
energy is determined by the time-of-flight method, as described in Sec. 2.6.
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Figure 3.21: Correlation between deposited energy in the neutron detec-
tors, and time-of-flight (CD2 data). The dashed line indicates the chosen
5 MeVee threshold.



3.8. MISSING ENERGY 85

Hence, for a true coincidence, the deposited energy is never greater than
the neutron energy determined by the time-of-flight. Events where this
situation occurs are therefore necessarily random.

This fact is taken advantage of in the missing energy determination
by imposing the condition

< Tn (3.35)

where Endepoaited is determined by the ADC values (Sec. 3.7.5) and Tn is
determined by the time-of-flight method. Tn is converted to equivalent
electron energy (MeVee) before the comparison.

Maximum detected energy

The sum of the kinetic energies of a proton and a neutron from the
160(7,pn)14N reaction has an upper limit, determined by the incoming
photon energy and the separation energy for the reaction. If the sum of
the energies actually detected, that is, the proton kinetic energy and the
deposited energy in the neutron detector, is larger than this value, the
event can not be a true coincidence for the 160(7,pn)14N reaction and
should consequently be discarded.

In other words, the condition

Tp + Endepo3ited < E~, - Eseparation (3.36)

is imposed on the data, with all quantities converted to the same unit
(MeVee) before the comparison.

Neutron detector multiplicity

The background level in the neutron detectors was not constant. It is
believed that much of the background was generated in a 30° magnet at
the entrance to the experimental area, being sensitive to the exact position
of the beam at its passage through the magnet. Small variations in this
position caused large variations in the neutron detector background.

The probability for detecting a random coincidence in a neutron de-
tector increases with the background level, and for each individual event,
it is the instantaneous background level which is of importance. If a mea-
sure of the instantaneous background level is found, and high-background
events are filtered out, the true-to-randoms ratio is improved.

A coarse measure of the background level is the multiplicity in the
neutron detectors. The coarseness of the measure comes from the fact
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Figure 3.22: Time-spectrum for the CD2 data. The true coincidence peak
is clearly seen, and the two ridges represent events where either the neu-
tron or the electron in the focal plane is random. A background of events
with all three particles uncorrelated covers the entire plane. The prompt
peaks in the focal-plane TDCs have been aligned at channel zero.

Counts

Figure 3.23: Time-spectrum for the H2O data. The same comments as in
Fig. 3.22 apply, though for a smaller number of events. In this spectrum,
the contributions from both run periods (see Sec. 3.1) have been added.
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that even for a constant background, the multiplicity is not a constant
but is sampled from a distribution governed by Poisson statistics. Never-
theless, the higher the background level, the larger the mean value of this
distribution. Hence, setting a limit on the multiplicity, a net improvement
of the true-to-randoms ratio is achieved.

In other words, the condition

Mn < Mnmax (3.37)

was imposed on the data, where Mn is the neutron detector multiplicity
and the value of the maximum allowed multiplicity, Mnmax, was adjusted
to the best compromise between achieving a good true-to-randoms ratio
while not removing too many true coincidences. In order to improve the
statistics, all 36 detectors were counted, and a value of Mnmax=5 was
found to be optimal.

3.8.2 Randoms-subtraction

The principles for the subtraction of random coincidences are described
in App. C.2. Time-spectra for the CD2 and the H2O data are shown in
Fig. 3.22 and 3.23, respectively.

A prominent true coincidence peak is found in the CD2 spectrum and
the regions of two correlated particles are seen as two clear ridges. The
whole spectrum rests upon a background of events with all three particles
uncorrelated.

The spectrum is less clear for the water target, due to a lower level of
statistics, but the same features appear. It may be noted that the true
coincidence peak is found at larger values of neutron time-of-flight due to
the lower energy of neutrons from the 160(7,pn)14N reaction compared
to neutrons from the D(7,pn) reaction.

The random-coincidence contribution to the missing-energy spectrum
is indicated in Fig. 3.24, showing the prompt and randoms spectra for
the foreground data (see Sec. 3.8.3), prior to the randoms-subtraction.

3.8.3 Background-subtraction

Since the experimental system is not enclosed in a vacuum chamber, a
fraction of the detected events originate from photon reactions in the
surrounding air. A small contribution also comes from the mylar windows
of the water target. Part of the run time was therefore dedicated to a
measurement of this background contribution to the foreground spectra.
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The background measurement was performed in exactly the same way
as the foreground measurement, but with an empty water target. The
difference between the two measurements is therefore attributed to the
desired H2O contribution.

The analysis of the background data was performed in exactly the
same way as the analysis of the foreground data, and as the last step of
the analysis, the background spectra were subtracted from the foreground
spectra, after a normalisation to the same number of incident photons.

The background contribution to the missing-energy spectrum is indi-
cated in Fig. 3.25, showing the foreground and background spectra, prior
to the subtraction.

3.9 Cross-section determination

The yields of the missing energy spectra were converted to differential
cross-sections, using the expression

d3a Y
dQpdQndE ffl il-yJI J l_mpUJlnLJ17fjj

(3.38)

where Y is the number of events in a missing energy bin, N^ is the number
of photons incident on the target, Nj is the number of target nuclei per
unit area, AQ,p and ADn are the respective solid angles of the proton and
neutron detector arrays, and AEm is the width of a missing energy bin.

3.9.1 Yield corrections

A certain fraction of the events are lost due to various effects of the ex-
perimental system and the analysis method. In order to extract absolute
cross-sections, this fraction must be determined so that a correction can
be applied to the yield.

One correction has already been applied: as mentioned in Sec. 3.7.8,
the correction for the neutron detection efficiency must be applied on an
event by event basis. Hence, this correction is already incorporated in
the spectra shown in Fig. 3.24 and 3.25.

A number of further corrections need to be performed, and these are
discussed below.

Dead-time

A fraction of the events are lost due to dead-time effects in the data
acquisition system. Three different effects may be distinguished:
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Figure 3.24: Random-coincidence contribution to the missing-energy spec-
trum. Solid histogram: prompt events, dot-dashed histogram: random
events.
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Figure 3.25: Background contribution to the mis sing-energy spectrum.
Solid histogram: foreground data, dot-dashed histogram: background data.
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• A trigger is generated within the duration of the previous trigger
pulse.

• A trigger is generated while the data acquisition system is busy
reading out and processing the previous trigger.

• A trigger interrupts the data acquisition system but is rejected at
read-out time due to lack of space in the ACC buffer (see Sec. 2.8).
This situation may occur since the length of each event is unknown
before read-out.

The first effect is fully negligible due to the low trigger count rate,
~200 Hz, in comparison with the trigger pulse length, 40 ns, yielding a
probability ~10~5 of this situation occurring.

The fraction of events lost due to the combination of the second and
third effects is determined in a straightforward manner as the ratio be-
tween two sealers, one sealer counting the number of triggers from the
proton detector, the other recording the number of these events actually
read out. The latter sealer is fed from the ACC via an output register,
at a point in the program where it has just been established that there is
space enough in the buffer, before the application of any further selection
criteria.

The data acquisition dead-time depends on the beam conditions (mean
intensity and duty factor) and varied between the run periods. In the
first period, the fraction of events lost due to the effects outlined above
amounted to 27%. Due to a better duty factor in the second period, the
corresponding number was only 15%.

Proton multiplicity

A fraction of the true events are lost due to the rejection of events with
more than one proton identified in the proton detector (see Sec. 3.6.1),
for which the yield must be corrected. This fraction is given by counting
the number of events with various multiplicities, Afp, and forming the
ratio of the number of Mp > 2 events to the number of Mp > 1 events.

Conversely, the 'proton-multiplicity efficiency', tpm-, that is, the proba-
bility that a true event is not lost due to the proton-multiplicity condition,
is given by

" N(MP >

where N is the number of events with the indicated multiplicities.
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The value of the proton-multiplicity efficiency determined in this ex-
periment was Epm = 96%.

Stolen coincidences

When a reaction product from a photon in the tagged energy region is
detected, one of the signatures identifying the event as being true is the
focal-plane TDC being stopped by a residual electron within the prompt
region.

A fraction of the true events are lost, however, due to a random elec-
tron stopping the TDC before the arrival of the coincident electron. The
event is then wrongly identified as a random coincidence, and removed
from the yield. These events are sometimes referred to as stolen coinci-
dences. The yield may be corrected for this effect in the following way.

The start signals to the TDC may be divided into two groups:

1. Starts generated by a reaction product from a photon in the tagged
region. These start signals have an accompanying electron in the
focal plane, stopping the TDC within the prompt region unless the
coincidence is stolen.

2. Other starts, with no accompanying electron in the focal plane.
These starts are generated by reaction products from photons out-
side the tagged energy region, and by background events.

The probability that the TDC is stopped by a random electron be-
fore the prompt region is determined essentially by the count rate in the
focal-plane detector, independent of the type of start signal. The proba-
bility may therefore be advantageously determined for the sum of all start
signals.

The total number of start signals to the TDC is equal to the total
number of events in the TDC spectrum (including overflows). For these
start signals, the number of occasions of an electron stopping the TDC
before the prompt region is equal to the integrated content of the spec-
trum in the region before the prompt region. The probability that the
TDC is stopped before the prompt region is therefore-simply given by the
ratio of the number of events in this region to the total number of events
in the spectrum.

Conversely, the probability that the event is not lost due to a stolen
coincidence is given by the ratio of the integrated content of the spectrum
in the region after and including the prompt region (including overflows)
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to the total number of events in the spectrum. This ratio defines the
'stolen-coincidence efficiency', esc.

The value of the stolen-coincidence efficiency determined in this ex-
periment was esc — 94%.

The same type of effect appears in the neutron detectors, where a
neutron coincident with a proton in the proton detector may be lost due
to a random coincidence arriving before the coincident neutron. Due to
the low count rate in the neutron detectors, ~30 kHz, the effect is very
small, <1%, and is thus neglected in the analysis.

Neutron detector multiplicity

A fraction of the true events are removed by the condition (3.37) of a
maximum allowed multiplicity in the neutron detectors (see Sec. 3.8.1),
for which the yield must be corrected.

As in the investigation of the stolen coincidences in Sec. 3.9.1, two
types of events may be distinguished:

1. The trigger generated by the proton detector has an accompanying
particle, arriving at the neutron detector within the prompt time
region of the TDC. For example, (7,pn) events fall into this category.

2. The trigger generated by the proton detector has no accompany-
ing particle that can be detected by the neutron detector. These
triggers are caused by, for example, protons from the (7,p) reaction
and background events.

The probability for a given trigger belonging to either of these cat-
egories is independent of the background level in the neutron detec-
tors. Equal fractions of the two types of events are therefore removed
by the neutron-multiplicity condition. The fraction of true events lost
from the 160(7,pn)14N reaction is consequently equal to the fraction of
events, regardless of category, removed from the data set by the neutron-
multiplicity condition.

The 'neutron-multiplicity efficiency', enm, that is, the probability that
a true event is not removed by the neutron-multiplicity condition, is thus
given by

where Ntot is the total number of events in the data set.
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The neutron-multiplicity efficiency varied between the run periods,
depending on the background conditions. Values of enm = 81% and
enm = 86% were determined for the first and second period, respectively.

3.9.2 Systematic uncertainties

All non-negligible 3 systematic uncertainties of the quantities involved in
the calculation of cross-sections have been presented in their correspond-
ing sections, earlier in this report. A summary is shown in Tab. 3.2. The
total systematic uncertainty is ~11%, obtained by a quadratic addition
of the individual uncertainties.

Target thickness
Tagging efficiency
Proton solid angle
Neutron solid angle
Neutron detection efficiency

3%
3%
2%
2%
10%

Table 3.2: Systematic uncertainties of the measured cross-sections.

3Uncertainties estimated to be <1% are considered negligible here.
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left BLANK



Chapter 4

Results

As stated in Sec. 1.2, the goal of this experiment was to resolve the indi-
vidual low-lying states of the residual nucleus 14N in order to investigate
the relative importance of the various proton-neutron couplings in the
photoabsorption process. This goal has been achieved. In addition, an
absolute determination of the cross-sections for transitions to the low-
lying residual states has been performed.

The result of this experiment is essentially summarized in the missing
energy spectrum for the 160(7,pn)14N reaction shown in Fig. 4.1, accom-
panied by the integrated cross-section for each of the three peaks, shown
in Tab. 4.1.

Based on the missing energies, the peaks in the spectrum are iden-
tified as the ground state, the 3.95 MeV state and the 7.03 MeV state

State

Ground state
3.95 MeV
7.03 MeV

d2a/dapdan

(fib/sr2)

1.4±0.5
1.7±0.5
1.6±0.4

Table 4.1: Measured partial cross-sections, available to the acceptance
of the detector system, for the 16 O(•j,pn)14N reaction leading to specific
states of the residual 14N nucleus. The uncertainties quoted in the table
are statistical. The systematical uncertainty is estimated to be ̂ 11% (see
Sec. 3.9).

95



96 CHAPTER 4. RESULTS
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Figure 4.1: Missing-energy spectrum for the 160(j,pn)14N reaction. The
peaks are identified as the ground state, 3.95 Me V state and 7.03 Me V
state of the residual 14N nucleus (the separation energy for the reaction is
23.0 MeV). No statistically significant population of the first excited state
at 2.31 Me V is observed.

of the residual 14N nucleus (the separation energy for the reaction is
23.0 MeV). No statistically significant population of the first excited state
at 2.31 MeV is observed.

The integrated cross-sections were obtained through Gaussian fits to
the peaks, as shown in Fig. 4.1. These cross-sections are the partial cross-
sections, available to the acceptance of the detector system.

Some observations based on the relative population of the various
states are presented in Sec. 4.1. The cross-sections are compared to a
recent calculation by Ryckebusch et al. in Sec. 4.2.

The missing energy spectrum and corresponding cross-section for the
D(7,pn) reaction provide a reassuring overall check of the calibrations
and efficiency determinations, and are presented in Sec. 4.3.~
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4.1 Relative yield

The state of the proton-neutron pair in the nucleus may be described
in several ways, one of which is by specifying the quantum numbers T
(isospin), 7r (parity), 5 (spin), / (orbital angular momentum for the rel-
ative motion), and L (orbital angular momentum for the centre-of-mass
motion).

S, 1 and L combine to form the total angular momentum J of the pair

J = S + l + L (4.1)

and the parity of the pair is given by

x = (-1)<(-1)L (4.2)

Under the assumption of a spectator model, that is, the residual nu-
cleus is unaffected by the absorption process and is left in the same state
as it was before the reaction, the addition rules for isospin, angular mo-
mentum and parity restrict the possible quantum numbers for the proton-
neutron pair on which the photon was absorbed:

(4.3)

where TR, JR, and TTR are the quantum numbers of the particular state
the residual nucleus is found in, and TV, JT, and Try are the quantum
numbers of the ground state of the target nucleus.

The quantum numbers for the low-lying states of the residual nucleus
14N are known. The quantum numbers for the ground state of the target
nucleus 1 60 are also known, (J*,T) = (0+,0), which inserted in Eq. 4.3
yield

' = 0
= 0 (4.4)
- +

T
J + Jfl

7T7TR

= TT
= JT

In other words, the quantum numbers T, J,TT of the proton-neutron pair
are necessarily equal to the quantum numbers of theTesidual-I4N nucleus
(under the aforementioned assumption), which leads to:

T = TR

|S + 1 + L| = JR (4.5)
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T
0
0
1
1

s
0
1
0
1

I

odd
even
even
odd

Table 4.2: Combinations of the quantum numbers T, 5, / allowed by
the requirement of antisymmetry of the total wave-function for the pro-
ton-neutron pair.

The quantum numbers of the pair are further restricted by the re-
quirement that the total wave-function must be antisymmetric under the
exchange of the two particles. The symmetry is determined by the wave-
functions for the spin, isospin and relative motion (the center-of-mass
motion is not involved since this motion is not affected by the exchange
of the two particles). Since the spin (isospin) wave-function is symmetric
for S = 1 (T = 1) and antisymmetric for S = 0 (T = 0), and the symme-
try of the wave-function for the relative motion is determined by ( — 1)*,
only the combinations of T, 5,1 shown in Tab. 4.2 are allowed.

Using the rules above, the possible combinations of quantum numbers
for the proton-neutron pair are derived for the low-lying states of the
residual 14N nucleus, as shown in Tab. 4.3.

The presence of the ground state, 3.95 MeV state and 7.03 MeV state,
and the absence of the 2.31 MeV state would be expected if photons were
absorbed predominantly on proton-neutron pairs coupled to the quantum
numbers of a physical deuteron (3Si). Proton-neutron pairs with this
coupling are allowed for the three states present in the spectrum and
forbidden for the absent first excited state, as seen in Tab. 4.3.

Photon absorption proceeding via the A-resonance has this property,
taking place preferentially on proton-neutron pairs coupled to 3Si since
absorption on the the singlet 1So state is suppressed by isospin and par-
ity conservation. However, absorption on the A-resonance is expected
to play a minor role at the rather low photon energies considered here
(~ 67-76 MeV). At these energies, the dominant reaction mechanism is
expected to be absorption on pion-exchange currents, for which there are
no such restrictions on the quantum numbers of the proton-neutron pair
[Ryc92] (see further Sec. 1.1.1). From this point of view, the absence
of the 2.31 MeV state is unexpected. However, a recent calculation by
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(JRR\TR) =

(i+,o)
I
0
1
2
3
4

5
1
0
1
0
1

L
0,2
1
0,2,4
3
2,4,6

(JRR,TR) =

(o+,i)
/
0
1
2
3
4

5
0
1
0
1
0

L

0
1
2
3
4

(JRR,TR) =
(2+,0)

/

0
1
2
3
4

5
1
0
1
0
1

L
2
1,3
0,2,4
1,3,5
2,4,6

(a) (b) (c)

Table 4.3: Allowed quantum numbers for the proton-neutron pair (for low
l-values) for the relevant low-lying states of the residual 14N nucleus: (a)
Ground state and 3.95 MeV state, (b) 2.31 MeV state, (c) 7.03 MeV
state.

Ryckebusch et al. predicts that the population of the 2.31 MeV state is
small, compared to ground state and 3.95 MeV state, even for absorption
on pion-exchange currents (see Sec. 4.2).

According to a calculation by Cohen and Kurath [Coh70], the ground
state and the 3.95 MeV state have different structures. The ground state
is dominated by Z=2, while the 3.95 MeV state is dominated by L=0.
Hence, the fact that both these states are populated, indicates that pho-
tons are absorbed on proton-neutron pairs coupled to both L=0 and
L = 2.

4.2 Comparison with calculation

A calculation of the cross-section for the 16O(7,pn)14N reaction leading to
specific states of the residual 14N nucleus was performed by Ryckebusch
et al., for the kinematical region of this measurement [Ryc96].

The calculation was based on the framework reported in [Ryc94] (see
Sec. 1.1.1), and differential cross-sections d3a/dnpdQ,ndkp were calculated
for reactions leading to the ground (1+) state, 2.31 MeV (0+-), 3.95 MeV
(1+) and 7.03 MeV (2+) states. The major shell-model configuration
for the ground state and the 2.31 MeV state is (lpi/2)~2- The major
configuration for the 3.95 MeV and 7.03 MeV states is (Ip3/2)~1(l?i/2)~1

5

and the calculation was performed for both combinations of proton and
neutron, that is, {lp3/2)^(^1/2)^ a n d {lP3/2)v1{1Pi/2)*\ where the
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indices TT and v stand for proton and neutron, respectively.
The calculation was performed for a photon energy of Ey=72 MeV

(the mean photon energy of this measurement), and for a grid of pro-
ton angles 0p, neutron angles 6n, and proton energies Tp, reflecting the
detector geometry of this measurement. Under the assumption of copla-
nar kinematics and for a specific residual state, conservation of energy
and momentum determine the neutron energy Tn for every point in the
0p-0n-Tp grid.

The calculation gives the full cross-section d3a / dQpdQ,ndkp as a func-
tion of 0p, 0n, and Tp. The experimentally observed cross-section, how-
ever, is the partial cross-section d2(j/dQpd£ln for events with both proton
and neutron over their respective detector threshold, averaged over the
geometrical acceptance of the detectors.

In order to compare the theoretical and experimental results, the ap-
proach was taken to calculate a theoretical partial cross-section d2a jdQ,pdCln

from the theoretical d3a/dfi,pdftndkp provided by Ryckebusch et a/., in
a Monte Carlo procedure taking account of the detector geometries and
energy thresholds. The Monte Carlo procedure was performed for each
residual state included in the theoretical calculation and, in brief outline,
went as follows.

For a set of Tp, in small steps from the detector threshold up to the
maximum possible proton energy (determined by E^ and the separation
energy for the 16O(7,pn) reaction) 0p, (f)p, and 0n were picked from random
distributions. Since the theoretical calculation was performed for copla-
nar kinematics, <j)n was set equal to </>p-f 180°. The trial was discarded if
either the proton or neutron direction determined by these angles did not
intercept the respective detector. For events within the detector bound-
aries, Tn was calculated (determined by .E7, 0p, 0n, Tp and the excitation
energy). If Tn was below threshold, the cross-section (d3 a jdClpdQndTp)
was set to zero. Otherwise, d3a/dQpdQndkp was calculated from an in-
terpolation in the 0p-0n-Tp grid, and converted to d3 a jdQ,pdClndTp by
multiplying with dkp/dTp. This was repeated for a large number of trials,
and the mean d3a/'dft,pdft,ndTp (including the trials with the cross-section
set to zero) was formed for each Tp, as shown in Fig. 4.2. For a compar-
ison, the mean d3a/dQ,pdVtndTp in the absence of a -neutron -threshold is
shown in Fig. 4.3.

The mean d3a/dQpdQndTp was subsequently integrated over Tp yield-
ing the partial cross-section d2a/dQpdQn for events with both particles
above threshold, averaged over the geometry of the detectors. This is the
cross-section which is experimentally observed, hence theory and exper-
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Figure 4.2: Calculated cross-section d3a/dQpdft,ndTp averaged over the ge-
ometry of the detectors. Solid line: ground state, dashed line: 2.31 MeV,
dotted line: 3.95 MeV, dot-dashed line: 7.03 MeV. The lower (upper)
cut-off is due to the proton (neutron) detector threshold. The contribu-
tions from the two configurations of the 3.95 MeV and 7.03 MeV state
have been added incoherently.
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Figure 4.3: Calculated cross-section d3a/dQpdttndTp averaged over the
geometry of the detectors, in the absence of a neutron threshold (see fur-
ther caption of Fig.
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State

Ground state
2.31 MeV
3.95 MeV
7.03 MeV

(d2a/dftpd£ln)caic

(fib/sr2)

0.27
0.05
1.00
0.20

(d2a/dnpdQn)meas

(Vb/sr2)

1.4
—
1.7
1.6

Table 4.4: Calculated [Ryc96] and measured partial cross-sections, avail-
able to the acceptance of the detector system, for the lGO(~f,pn)14N reac-
tion leading to specific states of the residual 14N nucleus.

iment may, in principle, be directly compared. Note, however, that the
calculation is performed for coplanar events. Out-of-plane events (which
are also seen by the detectors) have a lower cross-section. Thus, the cal-
culated cross-sections have a bias toward higher values. The result of
the integration is shown in Tab. 4.4, accompanied by the measured cross-
sections. The contributions from the two configurations of the 3.95 MeV
and 7.03 MeV state have been added incoherently. This gives an over-
estimation of the cross-section since nuclear structure and interference
effects are not taken account of [Ryc96].

For all states, the calculation predicts a lower cross-section than what
was measured. This may partly be explained by the calculation being
sensitive to the exact wave-functions of the various states [Ryc96]: any
admixture of {lp3/2)~1(lPi/2)~l m the ground state would increase the
calculated cross-section substantially (cross-sections involving IP3/2 are
larger than those involving lpi/2)- The same comment holds for (1^3/2)~2

admixture in the 7.03 MeV state.

4.3 The CD2 measurement

In order to provide an overall check of the calibrations and efficiency de-
terminations, the approach was taken to analyze the CD2 data as a (7,pn)
measurement, following the same procedure as for the analysis of the H2O
data (for the determination of the cross-section for the photodisintegra-
ton of the deuteron, an analysis of the data in terms of a (7,p) reaction
would suffice, the kinematics being fully determined by the photon and
proton energies). A missing energy spectrum for the D(7,pn) reaction is
shown in Fig. 4.4.
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Figure 4.4: Missing-energy spectrum for the photodisintegration of the
deuteron.

The centroid of the peak is found at 2.5 MeV, to be compared with
the separation energy of 2.22 MeV for the D(7,pn) reaction, indicating an
accuracy of ~0.3 MeV for the energy calibrations. The width of the peak
is 3.9 MeV, and is dominated by the uncertainty of the proton energy lost
in the target (the CD2 target is approximately seven times thicker than
the H2O target).

The obtained cross-section is compared with previous measurements
of the photodisintegration of the deuteron [Jen94]. Since the present
measurement is analyzed as a (7,pn) reaction, events where the neutron

da/dQp (fib/sr)

This measurement
Previous measurements

4 .0±0
3.8

.2

Table 4.5: Partial cross-section, available to the acceptance of the detec-
tor system, for the photodisintegration of the deuteron. The uncertainty
quoted in the table is statistical. The systematical uncertainty is estimated
to be ~* 11% (see Sec. 3.9).
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is not within the geometrical boundaries of the neutron detector, are
lost, thus reducing the measured cross-section. In order to enable the
comparison, the approach was taken to submit the [Jen94] differential
cross-section to a similar Monte Carlo procedure as described in Sec. 4.2,
thus obtaining the partial cross-section for events within the acceptance
of the detector system. In this way, the Monte Carlo procedure was also
included in the overall check. The result of the present measurement is
shown in Tab. 4.5, accompanied by the Monte Carlo processed [Jen94]
cross-section. The cross-sections differ by ~5%, which is well within the
uncertainty of the present measurement.

4.4 Conclusions and discussion

The main conclusion of the measurement presented in this thesis is that
at photon energies around 72 MeV, the (7,pn) reaction takes place pre-
dominantly on proton-neutron pairs coupled to (J7r,T) = ( l+ ,0) , where
J is the total angular momentum of the pair, TT is the parity and T is
the isospin. The cross-section for absorption on (0 + , l ) pairs is strongly
suppressed. Furthermore, the results indicate that both X=0 and L=2
pairs participate in the reaction, where L is the angular momentum for
the center-of-mass of the pair.

The absence of the (J7r,T) = (0+, 1) state in the residual 14N nucleus
may be explained in several ways. The calculation of Ryckebusch et al, in
which the dominant strength at these photon energies comes from absorp-
tion on pion-exchange currents, predicts a small population of the (0+ , 1)
state, compared to the two (l+ ,0) states (see Sec. 4.2). This prediction
is within the uncertainties of the present measurement. Hence, the rela-
tive population of the states may be explained within the framework of a
dominant absorption on pion-exchange currents.

Another explanation, although less likely at these rather low pho-
ton energies, is offered by the hypothesis of a dominant absorption on
the A-resonance, for which absorption on (0+ , 1) proton-neutron pairs is
suppressed by isospin and parity conservation arguments (see Sec. 4.1).

Even more information about the reaction mechanism would be ob-
tained from angular distributions, of various kinds, for the different resid-
ual states. However, the present data set was too small to allow any an-
gular distributions to be extracted. It therefore seems clear that further
high-resolution measurements are desirable, with an emphasis on large
solid angles and high detection-efficiencies for the detector systems.



Appendix A

Charged-particle
interactions

A few aspects of the interaction of heavy charged particles (such as pro-
tons) with matter are presented in this appendix.

A.I Energy loss

A charged particle propagating through matter suffers a loss of kinetic
energy, mainly due to Coulomb interactions causing excitation and ion-
ization of the atoms in the medium.

The energy loss may be described in terms of the stopping power,
— dE/dx, where E is the particle kinetic energy and x is the path length.
The stopping power is given by the Bethe formula

_ f =
dx

where
B = Z

c2 / c2 (A.2)

In this formula, e and me are the electron charge and rest mass, z
and v are the charge number and velocity of the particle, N ,-Z and I are
the number density, atomic number and average excitation and ionization
potential of the medium.

The Bethe formula is valid for particles with velocities large com-
pared to the velocities of the atomic electrons in the medium. For non-
relativistic particles, only the first term in B is significant. The variation
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of B with particle velocity is slow, so the dependence of the stopping
power on the particle energy is dominated by the 1/v2 factor. For a
given medium, the stopping power for various charged particles may be
approximated by the proportionality

dE mz2 . . n.

~ T* K T" (A-3)

where m is the particle mass. This relation is taken advantage of to
identify various charged particles in a detector; see further Sec. A.2.

For a medium consisting of a compound of several kinds of atoms, the
stopping power is approximately given by the scaling law

dE\ _ ^ WtNcompound (dE\

where W{ is the fraction of atoms of kind i in the compound, and N is
the atomic density.

A charged particle has a limited range, R, in a medium, due to its
continuous loss of kinetic energy. The range is given by

In most materials, the relation between range and energy is well de-
scribed by the empirical expression

R = aEb (A.6)

where a and b are empirically determined parameters. For a given mate-
rial, the value of 6 does not vary much among different kinds of particles.
For example, b = 1.73 for protons and 6 = 1.65 for carbon ions. In con-
trast, a has a characteristic value for each particle species, a fact that
is used as a basis for a particle-identification method, as described in
Sec. A.2.

A particle energetic enough to fully penetrate a certain object, will
nevertheless suffer an energy loss, AE, in the process. The energy loss may
be calculated in the following way, assuming that the relation between
proton energy and range is known for the material in question.

If the relation between energy and range is given by R = f(E) and
the initial energy of the particle is known to be E{, then the initial range
of the particle in the material is Ri — f(Ei). After the passage, the
remaining range is given by Rf — R{ — Ax, where Ax is the thickness of
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the object. The energy corresponding to this range is Ef = f l(Rf), and
the energy loss is given by AE = E{ — Ej. The same method is applicable,
with obvious modifications, if the final energy, Ef, is the known quantity.

A.2 Particle identification

A particle telescope consists of a thin transmission detector, in which
a small fraction of the particle energy is absorbed, followed by a fully
absorbing thick detector, as shown in Fig. A.I. The energies absorbed in
the thin and thick detector are usually denoted by AE and E, respectively.
AE is given by the integral of the stopping power

AE =
•T dE

= 1 teix)dX (A.7)

where T is the detector thickness.
Inserting the approximation (A.3) for the stopping power, yields the

proportionality
fT mz2 mz2

AE ex r=j-^dx = —=-T (A.8)
Jo E{x) E'

where m and z are the particle mass and charge, and E' is restricted
by E(x = T) < E' < E{x = 0). Usually, AE <C E, and E' may be
approximated by E:

0

AE<x-—T
h

(A.9)

Particles of different mass and/or charge are thus identified by different
relations between E and AE. These relations are often illustrated in two-
dimensional spectra (see, for example, Fig. 3.5, Sec. 3.6, where protons
are identified).

E+AE 1

E-detector

AE-detector

Figure A.I: Particle telescope.
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(A.9) is derived for heavy charged particles and does not apply to
electrons. However, an electron of a certain energy generally yields a
smaller AE than a proton or heavier charged particle of the same energy.
Electrons are therefore encountered in a region below the proton ridge in
the two-dimensional spectrum, and are thus identified.

An alternative, one-dimensional method of particle identification in
a telescope, sometimes referred to as the lT/a-method\ is based on the
empirical relation Eq. A.6 between particle range and energy.

The thickness, T, of the transmission detector is equal to the difference
between the particle range before and after the passage:

T = R(E + AE) - R{E) = a(E + AE)b - aEb (A.10)

Noting that the value of a varies between different particle species
while the value of b does not change greatly, the combination

T/a = (E + AE)b - Eb (A.ll)

of the E and AE signals is seen to have a value characteristic for each
particle type, thereby providing a convenient means of particle identifi-
cation.



Appendix B

Kinematics

A collection of kinematical formulae used in the thesis are presented in
this appendix.

B.I Deuteron kinematics

In the D(7,pn) reaction, schematically depicted in Fig. B.I, seven kine-
matical variables are distinguished: the photon energy £ 7 , the proton
momentum kp, polar angle 6p and azimuthal angle cf>p, and the neutron
momentum kn, polar angle 6n and azimuthal angle $n . The kinematics
are restricted, however, by conservation of momentum (three equations)
and energy (one equation), leaving only three independent variables.

In the following discussion, the coordinate system is temporarily de-
fined such that the z-axis is pointing in the photon direction, and the
x-axis is lying in the plane defined by the photon and neutron directions,
leaving the y-axis perpendicular to this plane.

Conservation of momentum in the y-direction restricts the proton to
the photon-neutron plane, that is

</>p = cf>n + 1 8 0 ° (B.I)

T l )Among the remaining five variables, that is E^, kp, 6p, kn and 9
any two can be chosen as the independent variables,-with the-other three
following from conservation of momentum in the x- and z-direction and
conservation of energy.

At the photon energies of concern in this experiment, ~72 MeV, rel-
ativistic effects are not negligible. Hence, the calculation is performed
relativistically, using the \-vectov formalism, where the 4-vector, p, of a
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• p

n

(a) (b)

Figure B.I: (a) The initial and final states of the D(^,pn) reaction, (b)
Momentum conservation in the reaction.

particle is defined by

V = (E,k)

= {E,kx,ky,kz) (B.2)

with E the total energy and k the usual 3-momentum.
The scalar product of two 4-vectors is defined by

Pip2 = EiE2-k\- k2

= EXE2 - hk2 cos(9)

= EtE2 - klxk2x - klyk2y - klzk2z (B.3)

with 9 the relative angle between ki and k2.
The square of a 4-vector is thus equal to the square of the particle

mass:
p2 = E2-k2 = m2 (B.4)

Conservation of energy and momentum implies conservation of 4-
vectors in a reaction:

Pinitial = P final (B-5)

where pinitiai and pfinai are the sums of the 4-vectors in the initial and
final states, respectively.

In the following discussion, these equations are applied to the D(7,pn)
reaction, with the neutron variables, kn and 6n, chosen as the independent
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variables. The relevant 4-vectors, expressed in the laboratory frame, are

PD = h , 0 )
PP = (EP,kp)
pn = (En,kn)

Conservation of 4-vectors gives

PT+PD=Pp+Pn (B.7)

implying

PP2 = (P-r +PD- Pn)2

= mD
2 + mn

2 + 2E1mD - 1

- 2mDEn (B.8)

Using this result in conjunction with

P2 = mp
2 (B.9)

the photon energy may be expressed as

2 + 2rnDEE7 ~ 2{mD -En + kn cos(0n))

Now, with 6n, &nand ky known, conservation of momentum yields the
proton momentum through the cosine-theorem:

kp = ^ky
2 + kn

2 - 2k^kn cos(9n) (B.ll)

Again using the cosine-theorem, the proton polar angle may now be
expressed as

"

B.2 Missing energy

Due to the conservation laws for momentum and energy, not all the kine-
matical variables in a reaction need to be measured. Certain variables
may be deduced from others, by the use of these laws.
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Two-body final state

Consider the reaction
A(a,b)B (B.13)

where A is the target nucleus, a is the incoming projectile, b is the emitted
particle, and B is the residual system after the reaction. In a common
situation, the target nucleus is known, the momentum and energy of
the projectile are known, and the momentum and energy of the emitted
particle are measured. In this case, the momentum and energy of the
residual system need not be measured but are determined in the following
way.

Conservation of momentum and energy yields

EA + Ea = Eb + EB

where E is the energy and k is the momentum of the particle indicated
by the index. Normally, the target nucleus is at rest in its ground state.
Therefore,

kA = 0 (B.16)

EA = mA

where TRA is the mass of the target nucleus.
The momentum of the residual system, commonly referred to as the

missing momentum, is then simply given by

= k a - k b

while the energy of the residual system is given by

= mA
JcEa- Eb

The relativistic mass of the residual system is determined by the ex-
pression

mB = y/E2
B-\kB\2 (B.20)

A quantity commonly referred to as the missing energy, Em, is defined
by

E -\~ma-mA

Note that if the residual system B is bound (not split up into smaller
subsystems), the missing energy may be written

Em = ms(ground state) + Eex + ma - mA = Esep + Eex (B.22)
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where Eex is the excitation energy of the residual nucleus and E3ep is the
separation energy for the reaction.

For Eex below the particle emission threshold of the residual nucleus,
the missing energy thus uniquely determines the state of the residual
system. Above this threshold, ambiguities arise due to the possibility of
more than two bodies in the final state of the reaction.

Three-body final state

For a reaction with two detected particles in the final state, that is

(B.23)

the missing momentum and missing energy are obtained by straight-
forward generalisations of the expressions derived for the A(a, b)B re-
action. The results are here summarised:

k B = ka - k b l - k b 2 (B.24)

EB = rnA + Ea - Ebl - Eb2 (B.25)

mB = yjE2
B-\kB\2 (B.26)

= mB+ma-mA = Esep + Eex (B.27)
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Appendix C

Coincidence measurements

Some of the basic concepts of coincidence measurements are introduced
in this appendix.

C.I Basic concepts

In many measurements of nuclear reactions, not only one, but two or
more particles emanating from the same reaction are detected. Such
measurements are known as coincidence measurements. The signature
of two particles coming from the same reaction, henceforth referred to
as coincident particles, is that there is a certain correlation between the
instant of detection in the respective detectors. In the simplest case the
time interval between the detection of the two particles is constant.

The identification of two particles as being coincident may thus be
performed by starting a time-measuring device, such as a TDC, with the
signal from one detector and stopping it with the signal from the other.
In a spectrum of time intervals measured in this way, coincident particles
appear in a limited region, henceforth referred to as the prompt region.

The issue is complicated by the fact that not only coincident particles
are detected, but also particles emanating from different reactions which,
by chance, happen simultaneously. Such events are known as random
coincidences. Random coincidences give rise to a background covering
the whole range of measured time intervals, including the prompt region.
Events in the prompt region thus consist of a mixture of true and random
coincidences.

In the evaluation of data from a coincidence measurement, various
spectra of physical quantities are produced from the measured parameters
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of the events in the prompt region. Due to the presence of the random
coincidences, these spectra are contaminated by an unwanted background.

The solution to this problem is obtained by noting that outside the
prompt region, random coincidences only appear. These events are as-
sumed to have the same properties as random coincidences appearing
within the prompt region. The contribution of the random coincidences
to the spectra may thus be simulated by producing the same spectra from
events outside the prompt region. The 'randoms spectra' are then sub-
tracted from the 'prompt spectra', leaving only the contribution from the
true coincidences.

The statistical uncertainties corresponding to the randoms-subtraction
decrease with increasing ratio between true and random coincidences.
The number of true and random coincidences both depend on the beam
intensity, but with different functional dependences: the number of true
coincidences increases linearly, while the number of random coincidences
increases quadratically with the intensity. Hence, from this aspect, a low
beam intensity is desirable. However, the statistical uncertainty also de-
pends on the number of true coincidences recorded. Taken that the time
available for an experiment is limited, it follows that a beam with a high
duty factor (roughly, the fraction of the total time the beam is 'on') is
desirable in order to minimize the instantaneous intensity (which affects
the true/randoms ratio) while maintaining a reasonable mean intensity
(which affects the number of recorded true coincidences).

C.2 Randoms-subtraction

One dimension

The width of the time region from which the randoms spectra are pro-
duced is not necessarily equal to the width of the prompt region. The
randoms spectrum must therefore be properly normalized before the sub-
traction from the prompt spectrum.

The random coincidence background in a TDC spectrum is not con-
stant, but rather given by the expression e~rt, with r being the count rate
of the detector supplying the stop signal. However, in situations with low
count rates in comparison with the measurable time range, the spectrum
may, in the lowest order, be approximated with a constant distribution,
with the number of random events in a given region approximately pro-
portional to the width of the region.

The number of random coincidences in the prompt region (henceforth
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referred to as the p region) may thus be obtained from the number of
events in two regions of known width on either side of the prompt region
(henceforth referred to as the g regions) normalized to the width of the
p region:

NR = ^Ne (C.I)

where NR is the number of random events in the prompt region, Ne is
the number of events in the two randoms regions, wp is the width of the
prompt region, and we is the width of the two randoms regions. Hence,

HT = HP- gHe (C.2)

where H? is the true spectrum, Hp and H g are spectra produced from
events in the indicated regions, and g is the normalization factor given
by

^ (C3)
we

A much improved statistical accuracy in the randoms spectra is ob-
tained by including all events above the prompt region (henceforth re-
ferred to as the r region), including overflows in the TDC. These spectra
can not be normalized directly, since the width of the randoms region is
now undefined. However, Nr is known, being just the integrated content
of the r spectrum, and the normalization may be obtained by a two-step
process

HT = Hp-gkHr (C.4)

where g is still given by (C.3) and k is given by

k = J (C.5)

Two dimensions

When three particles from the same reaction are detected, the randoms
subtraction becomes technically more complicated although the same
principles apply as in the two-particle case.

Three types of events may now be distinguished:- -

• All three particles are correlated.

• Two of the particles are correlated while the third is uncorrelated.

• All three particles are uncorrelated.
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The different types of events are clearly identified in Fig. 3.22 and 3.23
in Sec. 3.8.2.

In practice, when the count rate is not very high (as in this exper-
iment), the contribution from events where the triggering particle 1 is
uncorrelated and particles 2 and 3 are correlated is negligible.

Analogous to the two-particle case, the randoms-subtraction is based
on regions of known area adjacent to the prompt region. The analogy of
(C.2)is

- HPP - 9pgHpe - ggpHgp + 9eeHee

where the normalization factor gpe is given by

and A is the area of the indicated region in the two-dimensional time
plane. The normalization factors g^p and gee are given by equivalent
expressions.

Note that the Hee spectrum is added, not subtracted. The reason
for this is that events of this type cover the entire time plane and are
included also in the Hpe and Hgp spectra. The completlely random events
are therefore subtracted twice at the subtraction of Hpe and Hgp, which
is compensated for by the addition of the Hee spectrum.

Continuing the analogy, the statistical accuracy of the randoms spec-
tra is much improved by including all events above the prompt region

Hpr - ggpkTpHrp + geekrrHrT (C8)

where gpe is still given by (C.7) and kpr is given by

V = %*• (C9)
•** pr

with equivalent expressions for kTp and kTr.

Several stop-detectors

In this experiment, several detectors are employed, both for the neutron-
detection and in the focal plane of the tagging spectrometer, and some
more consideration is required.

The basic observation is that all neutron detectors and all focal-plane
detectors are fully instrumented individually and are completely inde-
pendent of each other. Every combination of a focal-plane detector and a
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neutron detector may therefore be regarded as an individual experiment
of its own, and be analysed in that manner.

In principle, true coincidence spectra could be created for every detec-
tor combination using (C.8), obtaining the total true coincidence yield by
adding the spectra for all combinations. However, 22 focal-plane detec-
tors and 10 neutron detectors give a total of 220 combinations, and with
four histograms for each combination, a total of 880 histograms would be
needed for each total true coincidence spectrum. This would be rather
inefficient and a different approach is therefore taken.

The histogram operations for obtaining the true spectrum as described
above may be written:

22 19

= E E
/=m=io
22 19

/=ln=10

(CIO)

where / and n are indexes for focal-plane detector and neutron detector,
respectively. The order in which the summations are performed may be
changed:

22 19 22 19
HT = E E HPPfn - E E 9pefn

kPTfn
HPrfn

f — ln=10 f=ln=10

22 19 22 19

- E E 9tP/nkrpJnHrpJn + E E 9egfnKrInHrTfiC.ll)
/=ln=10 /=ln=10

This is still just a rearrangement of the operations on the 880 histograms.
However, note that the same normalisation factor gk (with appropriate
indexes) is applied to all events in a given histogram. The normalisation
may therefore be performed event by event already when filling the his-
tograms. Thus, events from all detector combinations may fill the same
set of four histograms, if every event is multiplied by the normalisation
weight appropriate for the particular detector combination and coinci-
dence type to which it belongs.

The factors g are known beforehand, being just the ratios of the areas
of the chosen time regions for each combination. The factors fc, however,
expressing the ratio of the number of events in the different randoms
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regions, are unknown before the sorting of the data. Hence, the sorting
must be performed twice. The first time just establishing the number of
events in the various time regions, the second time filling the histograms,
using the appropriate weight for each event.
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