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ABSTRACT

Ericsson, G., 1988, Production of heavy hypernuclei in antiproton annihilation — study of
their decay in the fission channel. Acta Univ. Ups., Uppsala Dissertations from the Faculty of
Science 24, 170 pp. Uppsala. ISBN 91-554-2301-9.

A strange lambda-particle bound to an atomic nucleus forms a so
called hypernucleus. The introduction of a new kind of particle in addition
to the ordinary protons and neutrons in the nucleus gives a unique
possibility to study many effects connected both to the surrounding nuclear
medium and to the lambda-particle itself. This thesis presents the first
experimental results on the lifetimes of hypernuclei in the mass region of
bismuth and uranium.

Antiprotons from the Low Energy Antigroton Ring at CERN, Geneva,
were brought to rest in thin targets of 209Bi and 238U where they
annihilated. A detector system, designed according to the so called recoil-
distance technique, recorded the positions of single and coincident heavy
fragments emitted in the annihilation reactions. By a careful selection
procedure, clean samples of fission events were selected. The geometrical
arrangement of the detectors made a clear separation of prompt and delayed
fission events possible. A delayed fission activity, with a yield of 2- 6 - 104
per stopped antiproton was observed, both with bismuth and uranium
targets. Using the least-squares method, the lifetimes for the delayed fission
activity were found to be (0.24 )%+ 0.02) ns and (0.120 P92 + 0.020) ns for
bismuth and uranium, respectively. Because of the yields, the lifetimes, the
high-energy mode of fission and the fact that delayed fission activity was
found for both targets, the observation was interpreted as the formation and
decay of heavy hypernuclei. The results obtained in this experiment are
compared to predictions made in theoretical studies and also to previous
measurements on light hypernuclear systems.

An analysis of the antiproton induced, prompt fission events shows
that modern intranuclear-cascade calculations are well suited to describe the
gross features of antiproton annihilation on complex nuclei. The fission
probabilities in antiproton annihilation were found to be 0.116 * 0.017 and
1.15 £ 0.17 for 209Bi and 238U, respectively.
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Introduction 1

Chapter 1 : INTRODUCTION.

A dominating part of our knowledge of atomic nuclei comes from
accelerator based research. The results of experiments concerning various
aspects of the behaviour of nuclei and nuclear constituents are essential for
the development of nuclear theory and the models which can be
conceived from such a theory. Using the models one can hopefully predict
the outcome of future experimental studies. If a model does not stand the
test of a particular study, it has to be changed within the limits of the
underlying theoretical basis. Even the basis has to be modified at times,
now within the limitations of the still more fundamental laws of nature.

For the understanding of the properties of nuclei it is of course essential
to know the characteristics of their constituents, the nucleons, i.e., protons
and neutrons. However, it does not seem possible to predict the exact
behaviour of nuclei from the properties of individual nucleons. The
interactions between two constituents change in the presence of other
nucleons.

Many-body forces come into play, and it has been fruitful for the
description of nuclei to represent the medium by some potential, like is
done in the nuclear shell model, for instance.

On the other hand, it does not seem necessary to include all the collected
knowledge about the nucleons into nuclear models. To mention one
example, it has so far been difficult to find any clear cut case where the fact
that nucleons are in turn made of quarks and gluons plays any essential
role in a model intended for describing nuclear behaviour.

Technical innovations hold an important position in the continuing
dialogue between theory and experiment. As higher particle energies are
attained new thresholds for particle production can be reached. Higher
particle intensities make possible studies of reactions with very low
probabilities and greater precision gives more detailed results, just to
mention a few obvious examples.

Accelerators which give access to a new kind of probes of nuclei belong
to the category of technical innovations with which new approaches may
be made. Storage rings, equipped with cooling facilities are yet another
means of progress in this respect. For these reasons it was very important
that at CERN, the European Organization for Nuclear Research, a new
facility was put at the disposal of experimental nuclear and particle physics.
This storage ring, the Low Energy Antiproton Ring (LEAR), had many
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interesting features. It stored antiprotons which could either be accelerated
to energies which were high enough to produce new particles or
decelerated to low energies for experiments using stopped antiprotons. In
addition, the improvement in energy resolution, brought about by the
cooling device, made it possible to increase the stop rate also in very thin
targets.

These features were crucial for the decision to propose the experiment
presented here. This project, the 177:th experiment to be accepted by the
CERN committee for the Proton Synchrotron facilities, was given the
name PS177. This name will sometimes be used in this thesis which
contains the following main parts.

Chapter 1 is an introduction and also gives the outline of this thesis.

Chapter 2 gives a short description of the physics involved. The main
part is devoted to hypernuclear physics, and in particular to the present
knowledge, both experimental and theoretical, concerning hypernuclear
lifetimes. Some physics aspects of antiproton annihilation and nuclear
fission are each given a shorter treatment. They are mainly used as tools in
the present study. This chapter should not be considered as a part of the
work done by this author. It is included to give the reader part of the
necessary background.

Chapter 3 gives the detailed design of the experimental apparatus. Parts
describing the experimental technique, the data acquisition system and the
electronics are also included.

The performance of the various parts of the detector system is treated in
chapter 4. The response to different types of particles is discussed and in
particular, the procedure to select fission events is carefully described.

The analysis of the experimental data is treated in some detail in
chapter 5. Both delayed and prompt fission events were examined, and a
set of new results could be extracted.

Chapter 6 gives a summary of the final results obtained in chapter 5 and
discusses them in view of previous knowledge. The conclusions which
can be drawn from these results are also given.

Three appendices are included. Appendix A is a summary of the least-
squares method for parameter estimation. Many of the results obtained in
this work rely on this method. Appendices B and C are reprints of two
papers, published in Physics Letters, where the preliminary results of the
PS177 experiment were presented for the first time.
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Chapter 2 : PHYSICS BACKGROUND.

2.1 Antiproton-nucleus interactions.

Some of the basic properties of antiproton annihilation on complex
nuclei are reviewed. Only aspects with relevance to this thesis are treated; in
particular, the strangeness content of low-energy antiproton annihilation is
given some attention.

2.1.1 Annihilation.

An antiproton stopped in a target will form an antiprotonic atom with
one of the target nuclei. An electromagnetic cascade towards the atomic
ground state is initiated, and when the overlap between the antiproton
wave function and the nucleus becomes appreciable annihilation start to
occur. This process is usually quite peripheral, taking place where the
nuclear density is low. An example of the radial distribution of annihilation
sites is shown in Fig. 2.1, taken from the calculation of Iljinov et al. (Ilj 82).
By studying the charged particle multiplicity after annihilation at rest, it has
been estimated that about 93% of all annihilations occur in a region where
the nuclear density is less than 75% of its central value (Pir 86).

g P(r)
plo| 1
1.0——~-—--\ 1
- \ 1 Fig. 2.1 The annihilation
| ) probability (solid and dashed
05 ) curves) compared to the nuclear
L \ 4 matter gsgsity (dot-dashed
’ \ 1 Pb. F 11j 82. Th
0 A A A /I 1 A I\A } Jnd. A curve} for rom ] ¢

0T o6 e 10 12 rd r-scale is in fm.

Due to their peripheral nature, most annihilations proceed through the
elementary antiproton-nucleon interaction. This process is well studied for
stopped antiprotons. More than 90% of the interactions lead to purely pionic
final states, the number of pions ranging from 2 to 8 with a mean
multiplicity of {n)r =5 (Ghe 74). The energy of the pions is in general 100 -
300 MeV, i.e, in the region of the A-resonance. The next lightest type of

meson, the strange kaon, is produced in about 7% of all annihilations at rest
(Arm 69).
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Many of the features of low-energy antiproton annihilation on complex
nuclei can be explained as a succession of two-body interactions between the
primary pions and the nucleons in the residual nucleus, as has been shown
by many groups (see, e.g., I1j 82, Clo 82 and Cug 85). The most important
processes in such an intranuclear cascade (INC) are the formation and decay
of the A as well as tN- and NN-scattering. Fig. 2.2 shows the nice agreement
between such an INC calculation and the experimental momentum
spectrum for pions and protons emitted in the annihilation of 608 MeV/c
antiprotons on 238U (McG 86). The two-bumped structure in the pion
spectrum is well described by the model. The wide structure for momenta
larger than about 300 MeV/c comes from non-interacting pions, directly
produced in the annihilation on a nucleon on the nuclear surface. The
narrow peak around 200 MeV/c is due to pions which have interacted with
the residual nucleus and thereby transferred some of their energy.

T

10 E p+8U-nt+X 4k PHU-pHX
© Eofs I 3
> C I ]
Q H n 4
2 L
a 1k E(3 3
E g ¥ 3
Q. i 1 ]
s L
} 1 1 1 . L
3 10 0 200 400 800 800 200 400 600 800 1000 1200

p (MeV/c)

Fig. 2.2 : The inclusive momentum distributions for n* and protons from
608 MeV/c antiproton annihilations on 238U. The solid histograms are the

experimental data, the dashed histograms show the result of the INC calculation.
From McG 86.

The scheme presented above indicates that, although the energy released
in the annihilation is large, 1.88 GeV, only part of that will normally be
transferred to the residual nucleus. Calculations have shown that for heavy
nuclei, 0.4 - 1 GeV is transferred from the pion system (Clo 82, Cug 87b). The
energy deposited decreases with the mass of the target nucleus and it is also
strongly dependent on the position of the primary annihilation ;
antiprotons which penetrate further into the nucleus will deposit more
energy.

The different stages in the deexcitation of the residual nucleus are
schematically shown in Fig. 2.3. The primary pions can induce direct knock-
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out reactions whereby nucleons or nuclear clusters are emitted. The average
energy of different light particles, emitted after antiproton annihilation, has
been measured for a wide range of targets. The corresponding average
momenta are almost independent of particle type and very close to the
expected mean pion momentum (Egi 87). The deexcitation then proceeds
through particle evaporation, where mostly neutrons but also some protons
can be emitted. For heavy nuclei, decay through the fission channel is also
possible. What is left are radioactive, neutron-deficient nuclei, distributed
over a wide range in mass.

N o
E| [MeV] Annihilation
1102 1 100
n 7}: Intranuclear cascade
11022 P
4102
d
+ 10 n t Pre-equilibrium
He, ...
41020
Light nuclei Heavy nuclei
1ot 2 \
Y c J
i C o AN
[
- 10-18 . & n »
g n Fission and
it} evaporation
O\ from fragments.
C o QN
n
+ 1677 (K
s Ground state N\ N
n
N\

Fig 2.3 : Schematic picture of the different stages of nuclear deexcitation after
antiproton annihilation on a complex nucleus. Note that the scales to the left are
only very approximate.

Measurements of the gamma emission from the more long-lived nuclei
(Mos 86, Egi 88) have shown that more than 30 nucleons may be emitted
from 98Mo and up to 50 from 165Ho after the annihilation of stopped
antiprotons. On average, about 10 - 20 nucleons are lost for these targets. The
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experiments also include a study of the residual nuclei found after
antiproton annihilation in 238U. No nuclei with mass close to 238 were
found, the range of nuclear masses being mainly from A =97 to A =126. The
fission process is clearly dominant in this case. The mass yields in the case of
98Mo have been satisfactorily explained using an INC approach in
combination with a simple evaporation model (Cug 87b).

2.1.2 Strange particle production.

In the elementary pN-reaction at rest, the only strange particles which can
be produced are kaons, having a mass of about 495 MeV. They are produced
in about 7% of all annihilations at rest (Arm 69).

However, it has been known for many years that low-energy antiproton
annihilation on deuterium produces A-particles at a rate which exceeds what
is expected from rescattering of the normal annihilation products (Roy 75).
Some more recent experiments have confirmed this observation and also
extended the measurements to heavier nuclei. For low-energy antiprotons,
targets such as C, Ti, Ta and Pb (Con 84) and Ne (Bal 87) have given A-
production rates close to 2%. An experiment with 4 GeV/c antiprotons
impinging on Ta has given a similar result (Miy 84).

Naively, one might think that no hyperons could be produced in low-
energy antiproton annihilation since the threshold momentum for the
elementary process pp — A A is 1435 MeV/c. One approach to explain the
enhanced A-production, studied by Mandelkern et al. (Man 83), has been to
include the double-scattering of a K, produced in the annihilation on a
single nucleon. The calculation gives a large contribution from the double-
scattering process but it still underestimates the A-production rate by a factor
of two or so.

A quite different mechanism, namely the annihilation on more than one
nucleon, was proposed by Rafelski (Raf 80) and has been studied in more
detail by Cugnon and Vandermeulen (Cug 84). In this model, the encounter
between the antiproton and a nucleon creates a fireball with baryon number
B =0 and with a short, but finite lifetime. This object may collide with other
nucleons before decaying, thereby forming a B21 system. The calculation
shows that the decay of the B =1 fireball leads to an enhancement of the
channels involving strangeness, and especially those with S =-1 baryons (A
or 2) produced in association with § =1 kaons. Cugnon and Vandermeulen
predict that 8.8% of all B =1 annihilations will produce a hyperon. Using
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this type of model in the analysis of antiproton-deuteron interactions, both
for the A—production and the p d — 7~ p branching ratio, leads to a B =1 rate
of about 10% (Cug 84 and Gua 88).

One can conclude that, whatever the mechanism behind the large A-
production, strangeness is clearly produced at significant rates in low-energy
antiproton annihilations.

2.2 Hypernuclei.

2.2.1 Introduction.

A hypernucleus is an atomic nucleus where one or more nucleons have
been replaced by one or more hyperons. The lightest hyperon is the neutral
A -particle, with a mass of 1115.6 MeV, spin-parity J* = 1§+, isospin I = 0 and
strangeness S = -1. Hypernuclei with a single A-particle attached to the
nuclear core are those best studied so far, even though the field of X -
hypernuclei has attracted quite some attention lately. Some observations of
double-A hypernuclei have also been reported.

The notation used for hypernuclei follows the ordinary scheme. Hence,
hypercarbon, }\ZC, consists of a A-particle bound to a nuclear core of 6 protons
and 5 neutrons.

There are excellent reviews on the subject of hypernuclei : the series of
articles written by B.Povh have been of great value to this author (See, e.g.,
Pov 87, Pov 88). The latest results in the field, both experimentally and
theoretically, can be found in the proceedings of the 1986 INS International
Symposium on Hypernuclear Physics (Ban 86) and the 1987 International
Symposium on Strangeness in Hadronic Matter (Spe 88).

There are several reasons why hypernuclear physics is of interest. First,
the introduction of the hyperon as a distinguishable probe into the nuclear
medium offers the possibility to study the interactions of a single baryon
with the remaining nucleons, without the complications introduced by the
Pauli exclusion principle. Thus one can test models for nuclear structure,
e.g., the shell model, even for the most deeply bound states.

Furthermore, direct scattering experiments on the low-energy hyperon-
nucleon interaction are not easily performed and the study of hypernuclear
systems has so far contributed most of the information on this topic. By
investigating the properties of A -, £ -, and in the future even Z - and Q -
hypernuclei, new knowledge on the fundamental baryon-baryon force can
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be gained (Dov 82). The double-A hypernuclei even open up the possibility
to investigate the A-A-interaction (See, e.g., Bod 87 and the review Bre 86).

Moreover, it has been suggested that hyperons in nuclei might reveal
unique information about the effects of quark degrees of freedom on the
nuclear physics level (Yam 87, Hay 88).

Finally, the A-hypernuclei present a good laboratory to test our
understanding of the fundamental baryon-baryon weak interaction (Bar 86,
Bar 88). This last topic has received renewed attention in the last few years,
much as a consequence of the new, high-quality data available (see sub-
section 2.2.4 for a review of the experimental situation). It is the aim of the
PS177 experiment to add some further information in this field.

2.2.2 Hypernuclear production.

In practice, there are two types of processes whereby strange baryons can be
produced. The first is the so called associated production, in which pairs of
particles with opposite strangeness are created :

T+ N-o>K+Y

(2.1)1
Y+ N->K+Y 2.2),
where N is a nucleon (n or p)
Y is a hyperon (A or X).
450 — T T T T T T T T T |
| 200
400+ 4 § 150
s
wtn—k+3° =
L 4 100
3 350 T %
2
- 1
) 0.2 04 0.6 08 1.0
© py- (Gev/c)
300
Fig. 2.4 : The hyperon recoil as a
250 . function of the incident meson
a momentum. a) For the
+ . ;
5 - = 5 |l,4 s (rt , K" )-reaction, b) for the

pr+Gev/c)

(K™, m)-reaction. From Dov 82.
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The second mechanism is the strangeness exchange reaction :

K+N-o>n+Y 2.3).

This latter reaction has been extensively used in hypernuclear research
(Wal 88), mainly through the process :

K +AZ 5 1 + 42 24)
i.e,, utilizing the elementary reaction
K +n-m+A + 178 [MeV] (2.5).
Muy-Ma
230 220 2 1
26 (k- )% Ma-M,
ol etk (19,153, An 4
£ 10l E
3
(8]
ol o e
s mﬂ*ﬁé{ (1s,,, 19, )an
tastittd a4
g T P 1 i T T
B — 20 0 0 10 2
B,[Mev]
300 ek R0 |
Py, Py o
200 -
2
c -1
3 19,18 p
© - Fig. 2.5 : I;;oducti% of the
oo Ly 155 hypernuclei ';C and "fO through
b Mﬂ 0, 1935)An the (K, n)-reaction. The kaon
h‘:‘ao”m”& momentum was 715 MeV/c. The
% § s S shell model assignments are
indicated for each peak. From
By MVl pizs

The exothermic process of eq. 2.5 possesses a very attractive kinematical
property. Detecting the outgoing n- at zero degrees in the laboratory, there
exists a "magic" incident K momentum for which the A is produced with
no recoil momentum. This recoil-less production is obtained for a K
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momentum of 530 MeV/c. Even for momenta close to the "magic"
530 MeV/c (Fig. 2.4) and at higher angles for the n-, the A recoil momentum
remains very low.

In the recoil-less reaction the A is preferentially produced in so called
substitutional states, with the A in the same orbital as the n it replaces. In the
language of a A-hypernucleus shell model : the (K, n-)-reaction at zero
degrees populates mainly (A , n-1)-states with AL=0. Detecting the outgoing
n- at higher angles makes it possible to select states with higher AL-values.
Fig. 2.5 shows a typical hypernuclear production spectrum, where the
(K", n-)-reaction has been used (Brii 78). In Fig. 2.6 are the neutron and A
potential wells schematically depicted.

o Qs
AL=1
lll

S =

K I —

30 MeV
- — - — —— -

e Y e 4

T AP —— Fig. 2.6 : Schematic picture
of the n and A potentials,
with a few n— A-transitions
indicated. Full drawn
B N p— A arrows are for
substitutional transitions,
dashed arrows indicate
transitions with angular
n momentum change.

50 MeV

The (n+ , K*)-reaction has recently been successfully used for hyper-
nuclear studies at the Brookhaven National Laboratory (BNL) (Chr 88). Such
studies are also under preparation at the KEK laboratory in Japan (Has 86).
This reaction has no "magic" momentum; rather, the A is produced with a
quite high momentum in the laboratory. Therefore, the (n*, K*)-reaction
depends more on the high-momentum components of the nuclear wave-
functions and thus preferentially excites high-spin states where these
components are relatively large (Ros 88).

The (v, K*)- and the (n+ , K*)-reactions are in many aspects similar,
although the former seem to populate AL=1 states while the latter
preferentially excite states with AL=0.

In the PS177 experiment a more exotic mechanism for hypernuclear
production is exploited, namely that through antiproton annihilations.
From sub-section 2.1.2 it is clear that strange particles, both kaons and
hyperons, are produced in antiproton annihilations on nuclei. The processes
which could lead to the formation of hypernuclei are :
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1) Secondary interactions of kaons. About 7% of the annihilations at rest
are accompanied by kaon production. These kaons are produced with
momenta which are favourable to hypernuclear formation, as can be seen by

comparing the kaon phase-space momentum spectrum with the "magic”
kinematics of the (K™, m-)-reaction as shown in Fig.2.7. In effect, the
antiproton annihilation acts as a kaon factory on the surface of, or even
inside, the nucleus. Additionally, since no spectroscopy is performed in the
present experiment, strangeness exchange reactions involving neutral

mesons can also contribute.

A - RECOIL (Mev/c)

K - PHASE SPACE

K- MOMENTUM ( MeV/c )

Fig.2.7 : The phase-space
momentum spectrum of
the reaction p + p = K+ K
+ n-m, for different number
of accompanying pions, n
(lower part), is compared
with the kinematics of the
(K, m)-reaction (upper part).
From Joh 84.

2) Secondary interactions of pions. The large number of pions produced
in antiproton annihilations makes it interesting to study the (n, K)-reactions
in this context. However, the threshold for the elementary process, eq. 2.1, is
about 900 MeV/c for A-production. This is at the very high-momentum tail
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of the pion spectrum emitted from low-energy antiproton annihilations
(Fig. 2.2). Therefore, the contribution from this process can not be expected to
be very significant for annihilations at rest.

3) Attachment of directly produced A- or Z-particles. The strong
enhancement of the direct A production in low-energy antiproton
annihilations, observed experimentally by several groups, makes this
process an interesting candidate for hypernuclear formation.

Only very crude estimates of the expected hypernuclear production rates
can be made, based on the limited knowledge of the three processes
described above. Using the available information for the two-step
strangeness exchange (SE) reaction, p + N — K+X, K+N — m+ A, one can
estimate the contribution from process 1) as :

[¢))

Pz = Py - Q- Psg - Pstick (2.6)
where PE)KN is the probability of producing kaons in antiproton

annihilations at rest,

Q is the part of the solid angle covered by the residual
nucleus,

Pgg  is the probability for a strangeness exchange reaction,

Pstick is the probability that the produced A is bound to the
nucleus.

The kaon production probability has already been given in sub-
section 2.1.2 as about 7% and the Q is of the order 20%. The elementary
strangeness exchange reaction, eq. 2.3, has a cross-section of about 4 mb for
both the (K, n-)- and the (K, n°)-reaction at 400 MeV/c (Fla 83). The cross-
sections for the K° are here assumed to be of a similar size. Scaling with the
number of effective nucleons in a heavy nucleus, estimated to be about 8
(Ber 83), and normalizing to the nuclear disc area gives a Psg =2%. Hsiao
and Cotanch (Hsi 83) have calculated the sticking probability in 208Tl. They
obtain a 10% sticking probability for the (y, K*)-reaction with a hyperon
recoil of about 250 MeV/c and this value is adopted here. Collecting the
different factors gives :

P =0.07-0.02-0.1-02 = 03104 @7)

per stopped antiproton from the strangeness exchange reaction alone.
Additionally, the process 3) gives a contribution which can be written as :
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@3)

Pz = Pa - Pstick (2.8)
where Pa is the probability for direct A production,
Pstick is the probability that the A is bound to the
nucleus.

The value of P = 1.9%, as given by both Condo et al. (Con 84) and Balestra
et al. (Bal 86), has been adopted here. The calculation performed by Hsiao
and Cotanch shows that the sticking probability drops with a factor of about
two when the hyperon recoil is increased from 250 to 300 MeV/c. An
experiment on antiproton annihilation on deuterium (Roy 75) has given a
mean A recoil-momentum of 426 MeV/c. Hence, the sticking probability can
be expected to be on the percent level, and a value of 2% is used here.

P = 0019-002 = 38-104 9

Adding the contributions from the two processes finally yields an order-
of-magnitude estimate for the total hypernuclear production rate per
stopped antiproton as :

TOT 1 3)
= = . -4
P,z =P 7+P7 =41-10 (2.10)

There is no way, however, in the PS177 experiment to study the
individual mechanisms involved in antiproton induced hypernuclear
production. The considerations presented here are only meant to show the
plausibility of the argument : hypernuclei can indeed be formed in
antiproton annihilations on nuclei.

2.2.3 Properties of A-hypernuclei.

The main part of this sub-section is devoted to the phenomenology of
hypernuclear weak decay. However, a few other properties of hypernuclei
are reviewed initially.

From the systematics of A-hypernuclear ground state binding energies,
Fig. 2.8, it has been calculated that the A potential is about 30 MeV deep, only
2/3 of the nucleon potential depth. Another striking feature of the A-
nucleon potential is the small, if not vanishing, spin-orbit interaction. A
detailed analysis of the splitting between the p3/2 - and p1/2 - states in II{’O
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gives a spin-orbit splitting of 0.8 + 0.7 MeV, to be compared with the nucleon
spin-orbit splitting of 6.3 MeV (Bou 80). This situation has already been
indicated in Fig. 2.6. Furthermore, since the A has isospin I =0 one cannot
have any one-pion exchange in the strong AN-interaction. Hence, the spin-
spin and the tensor forces are also expected to be small (Pov 87).

T T ! T ! ! ;
30 _—ro=11m s
ro=1451m IH
+ 4
L q
20 -
% L 4
z | i
@
i ] Fig. 2.8 : Binding energies
- 1 of the A-particle plotted
ol B X ~ against  A213 for
L Y J hypernuclear  ground
i o X ] states. The solid lines are
Be T. . .
I A \1\ i fits for two different rg
5, > parameters in the square
- . AHe 1\‘ a well  potential, as
0 . s L indicated in the figure.
0 0.2 _2,30" 06 From Pov 87.

The free A-particle decays with a lifetime of TA = (2.632 £ 0.020) - 10-10's,
mainly through the mesonic channels :

Ao prw (642 %) @11)
A > n+n° (35.8 %) (2.12).

Additionally, a small part of the decays go through semi-leptonic
channels : A = p + 1" + ¥V, but they are not of interest here.

A A bound to a nucleus will in a very short time, about 10-16 s, make
electromagnetic transitions down to the 1s ground state. In this
environment, the presence of the surrounding nucleons opens up the non-
mesonic decay channels, giving the complete set of possibilities as :

A - p+m + 38[MeV]-(Ba-Bp) (2.13)
A - n+n° + 41[MeV]-(Bp-By) (2.14)
A+p > n+p  + 176 [MeV]-(Bp +Bp) (2.15)

A+n - n+n + 176 [MeV] - (Bp + Bp) (2.16)
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where Bs  is the initial state binding energy of the A,
BN s the final state binding energy of the outgoing nucleon,
By is the initial state binding energy of the nucleon.
The final state nucleons in the non-mesonic decay are considered
unbound due to the large energy release (notation according to Szy 87).
It is worth noting that the process AN—NN is one of the few weak, four-
baryon interactions readily observed experimentally.
The lifetime of a heavy hypernucleus is given by the four decay rates
associated with the different elementary processes of eqs 2.13-16 :

h

T = — where Fror = M-+ T+ I+ Ip (2.17).
2n - I'ror

As is shown in Fig. 2.9, already for hypernuclear masses around A=5 the
non-mesonic channels are as likely as the mesonic. With increasing A the
ratio rapidly changes in favour of the non-mesonic decay. The reasons for
the dying off of the mesonic decay rate are, firstly, that the increased binding
energy of the A - particle restricts the phase-space for the outgoing nucleon,
and secondly, that fewer states are available to the slowly recoiling nucleon
in a heavy nucleus, due to the Pauli principle. The non-mesonic rate is at
the same time favoured by the increasing nuclear density, enhancing the
overlap between the A and the nucleon wave functions.

Mass number, A

Fig. 2.9 : The ratio ", of the non-mesonic decay probability to the probability for a

decay via n emission, as a function of the hyper-nuclear mass, A. Data from the
compilation in Dov 82 and from Szy 87.
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For hypernuclear systems of mass A=100 or heavier, the mesonic decay
rate can be expected to be on the percent level, at most. Such systems

therefore offer a good testing ground for predictions about the non-mesonic
weak A-decay.

2.24 Lifetimes of hypernuclei - the experimental situation.

Experimental data on hypernuclear lifetimes are scarce. The earliest
experiments of this type, made in the 1960s and early 1970s, were performed
with K™ beams striking stacks of nuclear emulsions or bubble chambers. This
resulted in a number of estimates for the lifetimes of the lightest
hypernuclei, such as XH, ﬁH, 1He and iHe (See, e.g., Pre 64, Kan 65 and
Phi 69). The poor statistics, in combination with the particular experimental
difficulties, such as the ambiguous identification of the decaying nucleus,
made the errors in these measurements large. The most recent of these early
experiments gave lifetimes close to the free A lifetime.

o Nuclear emulsion
@ He bubble chamber
¢ LBL
o BNL
41
4
—_ AH
%)
e |\
"3 ;\ ?\He
£
=Y I N re
2“1 AH 4He }33{:
11 4’
0 T T
1 2 5 10 20 50 100 200

Mass number, A

Fig 2.10 : The most recent measurements of lifetimes for the hypernuclei studied
prior to this experiment. See Table 2.1 for the numerical values.
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A completely different approach to the problem was taken by a Tuscon
group in 1976 (Nie 76). This group, working at the heavy ion accelerator at
the Lawrence Berkeley Laboratory (LBL), used a 2.1 GeV beam of 160 to
bombard a polyethylene target. By triggering on the decay of a K*, as a
signature for associated production of strangeness, they hoped to select
events involving 1A6O production. The decay in flight of these hypernuclei
was then registered in a gas spark chamber. A total of 22 events gave a

lifetime estimate of 0.86 *33 - 10-10 s for the E\GO hypernucleus.

Hyper- Target Lifetime Reference
nucleus [-1010s]
iH Nucl.emulsion 1.28 fggg Boh 70a
He bubble ch. 246 +_g_'212 Key 73
AH Nucl.emulsion ~ 2.68*1& Phi 69
AHe Nucl.emulsion  228%23% Phi 69
>He Nuclemulsion 274705 Boh 70b
6Li 2.56 +0.21 Szy 87
] Scintillator (CH) ~ 1.92:+0.22 Gra 85
R Scintillator (CH) 211031 Gra 85
%0 Polyethylene (CHp) 0.86 *93 Nie 76
=2%p;  209B; 2745 Nog 86

Table 2.1 : Experimentally measured hypernuclear lifetimes. The compilation is not
complete, for the lighter nuclei several other experiments have been performed,
see, e.g., Gra 86 and Dov 82. The measurement on %O used a 160 beam and the
2ggBi experiment used the (e, e’)-reaction. All the other measurements were made
with K- beams.
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During the 1980s a group working at BNL has produced a series of high-
precision lifetime measurements on different light and medium-heavy
hypernuclei. By detecting the energetic proton or pion, emitted in the
hypernuclear decay, in coincidence with the (K, n°) -production reaction and
using high-quality timing scintillators they have been able to make direct
lifetime measurements on the hypernuclei iHe, }\IB and }\ZC (Gra 85, Szy 87).

Quite recently, a group working at the Kharkov linear electron accelerator
reported delayed-fission lifetimes of 2.7 + 0.5 ns, obtained while bombarding
a 209Bi target with high energy electrons (Nog 86). The delayed-fission
events, only visible for electron energies above the A-K-electroproduction
threshold, are interpreted by the authors as a signal for the decay of heavy
hypernuclei in the bismuth mass region. Later, this group has also found
evidence for a second lifetime component in the same delayed-fission decay
(Nog 88), where the new channel has a significantly shorter lifetime than
that presented above.

The results from some of the hypernuclear lifetime measurements are
collected in Table 2.1, and also shown in Fig. 2.10. Except for the result
obtained by the Kharkov group, the tendency of the data is that

Thypernuclei < TA. This compilation is not complete ; only the latest results for
each hypernuclear species are shown.

2.2.5 Lifetimes of hypernuclei - theory and calculations.

The decay of a A-particle is governed by the weak decay through the V-A
coupling. On the quark level the weak interaction amplitude is proportional
to a matrix element (Ait 82) given by :

Qua =y (l-v5)s DWdw (1-y5)u (2.18)
where u,dands are the quark spinors,
Drv is the intermediate propagator.

It is now a well-established fact that the weak interactions are mediated by
the vector bosons W+, W- and Z°, as is depicted in Fig. 2.11 for the weak
decays of the A. However, for low-energy interactions where the
momentum transfer is small eq. 2.18 reduces to the Fermi point-like, weak
interaction :

Hvl.:A =%sin6ccosecﬁyu(l-75)s dW(1-v5)u (219)
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where Gg =102-105. m'p2 is the Fermi coupling constant,
mp is the proton mass,
6.  =13.3°is the Cabibbo angle.
P P
4t H
u - u
u ":': W
v v
nd,
A p A : N
B B 4 u . & d
> i i LW i
d = e S == u
u i u d - d

v

Fig. 2.11 : Quark-line diagrams of mesonic and non-mesonic A decay.

A problem with a Hamiltonian of the form given by eq. 2.19 is that it
includes amplitudes of 1/2 unit of isospin change (AI=1/2) and 3/2 units of
isospin change (AI=3/2) of equal strength. Empirically, hyperon decay data
have shown that the Al=1/2 - amplitude is greatly enhanced, by a factor of
twenty or so. This fact is usually referred to as the "Al=1/2-rule". As an
example one can consider the final state isospin channels of free A decay. For

an amplitude relation Aaj=3/2 << Aal=1/2, the Clebsch-Gordan coefficients
give the branching ratio :

B(A—>p + m)
== 2.20),
Res B(A—-n + n°) @20)
in close agreement with the experimental ratio:
B(A->p +
Rexp = Ba-prm) g @21).

B(A—>n + n°)

Correcting for phase-space factors makes the agreement even better. The
branching ratios of Z- and E-decays confirm this "rule", even though the
situation for the Q-decays casts some doubt on its universality.

Some theoretical efforts have recently been made to explain the "Al=1/2 -
rule" by calculating so called penguin diagrams and other QCD effects
(Bur 88), i.e., including distortions due to the strong interaction in an
effective weak Hamiltonian. It is claimed that these calculations can
reproduce the observed Al=1/2-enhancement to within 25%.
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In the context of hypernuclear decay-rate calculations an earlier attempt,
made by Gilman and Wise, to construct such an effective weak Hamiltonian
is of interest (Gil 79). Including both "penguin" diagrams and gluon
radiative corrections this calculation gives :

HAE}'? = 3—% sin 61 cos 6 cos 63 2 ¢j Q;j (222)
J
where Qj are the fundamental current-current matrix elements of
the type in eq. 2.18,
cj are the so called Wilson coefficients.
Only the first two coefficients in the sum over j in eq. 2.22 are significant,

corresponding to the operators :
Q =dy(l-vs)s Uy (1-y5)u  with ¢; =-0.87 (2.23),
Q =0y (1-15)s dw(l-y5)u  with g =+151 (2.24).
As the authors point out, the ratio of coefficients (cz - ¢ )/(c2 + ¢1 ) gives a

measure of the Al=1/2-enhancement. It is in this case 3.6, which is a step in
the right direction but far from the experimental ratio of about 20.

: &) N © N
p!
A @ N A @ N

Fig. 2.12 : The weak A decay in the meson exchange picture. The strong and weak
interaction vertices are indicated by S and W, respectively.

The results of Gilman and Wise have been used in one of the works on
hypernuclear weak decay, presented below, for the short-range part of the
interaction. However, most groups performing such calculations have
chosen to work in the more conventional framework of meson exchange, as
illustrated by Fig. 2.12. The connection to the fundamental quark-level
processes is indicated in Fig.2.11. In the meson-exchange picture the
effective weak NAn-vertex Hamiltonian is given by :
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Hpg = Gr m2 A ¥N(1+475) T ¥A 6n .25),

where myg is the pion mass,
A, )\ are empirical constants, given by a fit to A-decay data as
|Al=1.051=-687.

The ¥p = (q? A) is the A spurion field, introduced to accommodate the
“Al=1/2-rule".

Another interesting idea in the field of hypernuclear lifetimes has been
put forward by Bychkov (Byc 84). He proposes that a A bound to a heavy
nucleus experiences a potential of the form

U) = ap@)+ P p2(r) (2.26),

where o< 0and B > 0 are constants,
p(r) is the nuclear density distribution.

This has the effect that, in addition to the normal volume potential well,
a narrow potential well at the nuclear surface is created. By carefully
selecting the parameters, o and B, Bychkov can reproduce the found A
binding energies and at the same time obtain a bound surface state. Since the
nuclear density drops drastically at the surface, and the non-mesonic decay
rate is expected to be roughly proportional to the density (see the next
paragraph), Bychkov estimates that the lifetime for the A surface state will be
more than twice that of the normal volume state. It is pointed out that the
suppression of the n- decays of heavy hypernuclei does not contradict the
possibility of a surface state ; the Pauli blocking effect is still present. The
author also notes that the localization of the A to the nuclear surface would
affect the surface tension and thereby be especially important for the fission
process.

In the following paragraphs, five calculations of the decay rate for heavy
hypernuclear systems are reviewed. Four of these (McK 84, Ose 85, Hed 86
and Dub 86) have been performed during the 1980s, using the ingredients
briefly described above. However, more than 20 years ago Dalitz (Dal 64)
made an estimate of the lifetime of heavy hypernuclei and this work is

presented first. The results of the various calculations are collected in
Fig. 2.16.
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2.25.1 The Dalitz calculation.

In his work Dalitz (Dal 64) approximates the non-mesonic decay rate by
the simple expression :

Inm =Rns(AZ) - pa (227)

where N and S are nucleon and spin indices, respectively,
Rns (AZ)  is the spin and charge averaged AN — NN
transition rate for the particular hypernucleus,
PA is the mean nucleon density at the A position.
Only initial systems in a relative s-state are included, which is a
reasonable assumption considering the low AN relative momenta expected
for hypernuclei, and the A decay on different nucleons is treated as
independent. Dalitz argues that interference effects will generally be small
and will cancel out when the decay rates are summed over all final states.
Consequently, the possible AN — NN decay rates can be schematically
written Rpo, Rp1, Rng and Rpy, where the indices p and n denote the nucleon
involved in the non-mesonic decay, and the indices 0 and 1 indicate
opposite or parallel initial state AN-spins, respectively. .
For the lightest hypernuclei, the R varies quite drastxcally, dependmg on
the different number of nucleons in the 1s-shell. For AH it has the form

R (A1) =1 (2Rpo +3Rn1 +Rno) - Ta 28

while for \He it is

R (,‘{He) =% (3Rp1+Rpo+2Rno) - Ta (2.29).

Here, the I'p denotes the decay rate of the free A particle.

However, from ,S\He and on, all 1s-orbitals are filled and, according to eq.
2.27, the decay rate depends only on pa, the mean nucleon density at the A
position. The averaged transition rate is then given by

=3 (3Rp1+Rpo+3Rn1 +Rno) - Ta 230).

The pa was calculated by Dalitz for the lightest systems, and his result was
pg = 0.019 fm-3 and ps = 0.038 fm3.
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From existing iHe and ﬁH data, and from the restrictions Rpg = 2 Rpo and
Rn1 < 2 Rpy, imposed by the "Al=1/2-rule", Dalitz extracted the following set
of values for the different Rns :

Rpp = ( 33+11)-Tp  [fm?] (231)
Rp1 = (86+3.0)-Tp [fm3] (2.32)
Rpo = (66+21)-Tp [fm3] (2.33)
Rp1 = (17.246.0)-Tp  [fm3] (2.34).

Inserting these numbers into eq. 2.30, and making use of the calculated ps,
Dalitz gives a total non-mesonic decay rate for iHe :

Tnm(He) = 0.45 T4 (calculation) (2.35).
This is in good agreement with the very recent experimental value
I‘nm(iHe) =0.44 *_8:;15 Tan (experiment) (2.36)
reported by Szymanski (Szy 87).
Scaling with the increasing nuclear density, where p13=3:ps and
p100 = 4 - p5 , Dalitz obtains the values
13
Inm(4, C) =1.5Tx (237)

Tnm(AA =100) =2.0Tp (2.38).

The value of eq.2.37 is again quite consistent with the experimental
findings of the BNL-group (Gra 86), given as

Inm(aA =11,12) = (1.32+0.12) Ty (2.39).
2252 The hybrid quark-hadron model calculation.

A hybrid quark-hadron model was first developed by Cheung, Heddle and
Kisslinger for A decay in nuclear matter (Che 83) and later applied to finite
nuclei by Heddle and Kisslinger (Hed 86).

The amplitude for the AN — NN process is calculated in two parts. For
separation distances of less than rg=1fm the interaction is described in
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terms of the fundamental quarks, gluons and weak bosons. For larger
distances a conventional one-pion exchange model is used.

The inner-part calculation makes use of the massless quark wave
functions from the MIT bag model. The interaction Hamiltonian is taken
according to the Gilman and Wise results, eqs 2.23-24. In addition to using
the values for c; and c; from the original calculation, a fit to reproduce the
"AI=1/2-rule" is also performed, yielding c; + ¢z = 0.32. The contribution to
the decay rate from the quark part of this model is :

I“l'm
-2 - 273 (4 +0)2- P89 F (2.40)
A
where Pﬁq is the initial state six-quark probability,
F is a function of the chosen quark wave functions.

In the calculation for nuclear matter, the Pélq cannot be calculated directly.
Guided by electron scattering data on 3He, a previous calculation with the
hybrid quark-hadron model has given a P6iq of about 15%. Evaluating F and
using the c1 and c; values consistent with the "Al=1/2-rule", the numerical
result for the quark contribution is :

l““l'n
2 _ o7 (41).
A

For the outer, pion-exchange part of the calculation the
phenomenological form of the interaction Hamiltonian according to eq. 2.25
is used. Taking into account initial and final state correlations and using a
pion propagator of the form :

2
~ 1 Az
DI = . (2.42)
H@emy @A
where A,zr =20 mi,
My = 107 MeV is the effective pion mass,

the authors arrive at a "best" pionic contribution of :

e

— = 0.77 (2.43).

Ta

Combining the pionic and the quark contributions their final result for
the A decay in nuclear matter is :

I'ror
_l_ = 3.0 (HQH model) (2.44).
A
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Using the pure V-A-form, eq. 2.18, or the original ¢ and ¢ coefficients,
eqs 2.23-24, for the calculation of the inner, quark part gives a factor 2-3
higher non-mesonic decay rates. For the finite hypernucleus lAZC the hybrid
quark-hadron model predicts :

m
Tror _

13 (HQH model) (2.45)
T

which, as the authors point out, is in excellent agreement with the
experimental result (Gra 85) :
T1or .
—l_— = (1.25%£0.18) (experiment) (2.46),
A

if the mesonic decay rate is small.
2253 The McKellar - Gibson calculation.

McKellar and Gibson (McK 84) make use of a pure meson-exchange
model of the type depicted in Fig. 2.12. Their calculation takes into account
n- and p-meson contributions and includes tensor forces and nuclear
correlations.

For the pionic contribution, an effective weak Hamiltonian of the form in
eq. 2.25 is combined with a conventional G - q - coupling at the strong vertex.
Thus, the amplitude of the pion contribution is :

W@ = Gri2a|1ea | L,

2m g 242
I -
X XE(GN'q) (Tp - TN ) @r(Q) (247)
where m is nucleon mass,
u is the pion mass,
Dr(q) is the product of the strong and weak vertex form
factors.
The authors have adopted a form factor of the form
2 2
on(R2) = 22k (2.48)
A2+ K2

where k is the momentum transfer.
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For the p-contribution, the weak vertex cannot be determined from
experiment. The authors use the ansatz :

Gr - . olvk T —

and put in a strong vertex of the form :
) T
Ili=g [F1 Y+ 5y Ouv KV ] > (2.50)

where F1 and F; are form factors, obeying the relation :

Fi(§2) A2-m3
Fa(@) A3-@

The unknown weak Hamiltonian coefficients o, B and € in eq. 2.49 are
determined in two different models : a factorization model and a pole
model. The results from the two models differ by a factor of about 20 and
have opposite signs. McKellar-Gibson conclude that maybe experimental
observations can help decide which model is the more correct. For the final

results they use the factorization model; the pole model gives a negligible p-
contribution.

(2.51).

1ot
Effects included e
Ta
m only 0.97
p only 0.52
n+p 2.33
n-p 0.71

Table 2.2 : The results of the McKellar-Gibson calculation for A decay in nuclear
matter. The factorization model has beeﬁt used to dete{mine the_p-component, and
the parameters in the form factors are Ag=20 p?and Ap=227 mf)

In obtaining their final results, collected in Table 2.2, the authors restrict
their analysis to initial s-states, but take into account all the possible final
state angular momenta, i.e.,, AL= 0, 1 and 2. They use nuclear matter
correlations and a tensor force in the final state. McKellar-Gibson point out
that for the m-contribution alone, 97% of the process proceeds through the
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s = d transition, induced by the tensor component in the interaction
Hamiltonian.

To be able to include the p-contribution, one has to know the relative sign
of the n- and p-amplitudes. Since no reliable information about this can be
gained from their calculation, the authors give results both for constructive
and destructive interference and they quote as their final result:

1ot
logio| ==—— | =0+£03 (2.52).
TaA
2254 The Oset - Salcedo calculation.

In their calculation Oset and Salcedo use a many body method to study
the A decay in nuclei (Ose 85, Ose 86). Only pion interactions are considered
but on the other hand all pions, virtual as well as real, are allowed to
interact with the surrounding nuclear medium. This results in a
renormalization of the pion propagator, which in some cases has large
effects on the decay rates..

Fig. 2.13 : Diagram showing
a contribution to the A self-
energy. The free decay rate
can be calculated by putting
the particles crossed by the
dotted line on-shell.

The decay rates are calculated from an evaluation of the A self-energy,
depicted for free A decay in Fig 2.13. By requiring that the particles cut by the
dotted line are on-shell, i.e., fulfilling the free-particle energy-momentum
relation

(2.53),
the A decay width is given by the imaginary part of the self-energy

[=-2ImZy (2.54)
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where
4 2
w [ (02, 2 2\ B

A { (2n )8 S2 + uz q° |Dn Dy . (2.55)
and the nucleon and pion propagators are given by

~ 1

Dn = (2.56)

KO-q0-e(k-q)+ie
~ 1
Dy = (2.57).

q?-q?-p?+ie
Here, e(k - g ) is the nucleon kinetic energy.
In nuclear matter both the nucleon and the pion propagators are changed
by interactions with the medium, as is schematically shown for the A self-
energy in Fig. 2.14. The modifications to the nucleon propagator are due to
the effects of the Fermi sea of nucleons and the nucleon potential. This latter
quantity is here given by a local density approximation :

1
VnN(r) =-—2-I-n—(%1t2p(r))3/2 (2.58)

where the nuclear density p(r ) is taken from experiment.

The pion can interact with the nuclear medium through particle-hole and
A-hole-excitations, as well as via s-wave nN-interactions. The net result of
this is that an extra term from the pion self-energy, - II(q0, g), is added to the
denominator of the pion propagator, eq. 2.57.
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Fig. 2.14 : Diagrams contributing to the calculation of the A self-energy in the nuclear

medium. By putting the particles cut by the dotted lines on-shell, contributions to
both the mesonic and the non-mesonic decay rate can be evaluated.
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When performing the integration over the complex plane, one can pick
out the components corresponding to the non-mesonic and the mesonic
channels. The results for the A non-mesonic decay rate show a smooth rise
from the lighter to the heavier systems :

—_—=1 for SHe (2.59),

T'a

I\lm

—=~15 for 12C (2.60),

LA

—_— =2 for A = 100 hypernuclear systems (2.61).
A

Note, however, that these numbers include only the contribution from
pions in the meson-exchange. As the authors point out, if heavier mesons
are included the total non-mesonic rate decreases by about 25%, as shown by
Dubach (see the next paragraph). Taking this into account gives a calculated
™™ /T -value for 1A2C which is very close to what is found experimentally

(Gra 85). For the heavy hypernuclear systems the corrected non-mesonic
decay rate is :

1—~rm
— =15 for A = 100 hypernuclear systems (2.62).

A
An interesting result of the Oset-Salcedo calculation is the large
enhancement seen for the mesonic decay of heavy hypernuclei. However,
although the enhancement can be as large as a factor 30 for medium heavy

hypernuclear systems, the mesonic decay is still predicted to be at the 1-2%
level for hypernuclei of mass A = 200.

2255 The Dubach calculation.

In his calculation, Dubach (Dub 86) treats the A non-mesonic decay as a
one-meson exchange process, including both weak and strong interactions,
as depicted in Fig. 2.15. Both the pseudoscalar mesons, x, n and K, and the
vector mesons, p, ® and K*, are taken into account.

By using SU(6)w symmetry and enforcing the "Al=1/2-rule" the author
obtains the relation

(M' | Hy | M) o< {n | Hy | K) (2.63)
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i.e., all weak meson-meson amplitudes in the diagram of Fig.2.15c are
related to the K — & - amplitude, given by the K — nn decay rate.
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d) f) 2)

Fig 2.15 : Meson exchange diagrams used in the Dubach calculation. A black dot
indicates the full strangeness changing weak interaction. An open circle indicates a
weak meson-meson or baryon-baryon transition.

The weak baryon-baryon amplitudes in diagrams 2.15d-g are related to the
physical A and X decays by

(NI Hy | A) < (nn | Hy | A) (2.64)
(N | Hy | Z) e (n°p | Hy | =) (2.65).
In Fig. 2.15, a weak strangeness changing interaction is marked by a black
dot and an open circle indicates a weak baryon-baryon or meson-meson
transition.
With these ingredients the author is able to calculate the ANw-amplitude
AANT = 135.106 (calculation) (2.66)
in good agreement with the experimental value

AANT = 161106 (experiment) (2.67).

For the final calculation the A is taken to be at rest inside a Fermi sea of
nucleons with a Fermi momentum of kg = 268 MeV/c. Only initial s-states
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are included but all possible s, p and d final states are taken into account. A
few different forms for the initial and final state wave functions are
considered to take into account nuclear correlations in the best possible way.

. rm
Effects included -
A

T (no correlations) 3.89

7 (with correlations) 1.82
T+p 1.55
n,p, M, o K K* 1.23

Table 2.3 : The results of the Dubach calculation for A decay in nuclear matter.

Dubach gives the values in Table 2.3 as his final results. It is worth noting
the =30% decrease in the decay rate when going from the pure n-exchange to
including the full set of mesons. It is also pointed out that in the full
calculation the s — d rate is substantially reduced compared to the pure =n-

exchange ; s — p and s — d transitions contribute with about equal strengths
to the final result.
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Fig. 2.16 : Results from the theoretical calculations on the A decay in nuclear matter.
The calculations are 1) Dal 64, 2) Hed 86, 3) McK 84, 4) Ose 85 and 5) Dub 86. Each
point, except for calculation 1, is marked with the mesons included. Note that the
m-exchange in calculation 2, marked by an x, is only evaluated for R>1 fm.
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2.3 The fission process.

One of the most spectacular phenomena in nuclear physics is the splitting
of a heavy nucleus into two, approximately equal fragments. This process is
called binary fission and some of its fundamental properties are described in
this section. However, since the fission process is mainly used as a tool in
this thesis, the treatment will be very brief. Most of the general material is
collected from the book by Vandenbosch and Huizenga (Van 73). Several
reviews on fission isomers exist; particularly those by Metag et al (Met 80)
and Poenaru (Poe 77) have been used as references here.

2,3.1 The physics of fission.

Simply from studying a chart of nuclear masses, it is clear that for heavy
nuclei, the splitting into two equal-weight fragments is energetically
favourable. The quantity AM, defined as

AM = M(A,Z)-2-M(A/2,2/2) (2.68)

is positive for nuclei with a mass larger than about A =90. However, it is
well known that even for the heaviest naturally occurring nuclides, such as
238U, only a very small decay rate through spontaneous fission has been
observed. The reason is that heavy nuclei are stable against small
deformations in their shape; there is a certain energy barrier, the fission
barrier, which has to be surmounted before fission can take place. This
situation is schematically shown in Fig. 2.17.

The fission barrier height is very sensitive to the nuclear mass, typically
dropping from about 20 MeV for A =200 to only a few MeV for mass
A =250. Spontaneous fission, found for some nuclides with mass A 230, is
a quantum mechanical tunneling phenomenon, the rate for which is very
sensitive to the height and width of the fission barrier. As typical examples,
spontaneous fission half-lives range from 1019 years for 230Th to about 400 ps
for 258Fm. The nuclide 252Cf, used as a calibration source in this work, has a
half-life of about 80 years for fission decay. Only 3% of the decays of this
nuclide go through fission, the main rate being due to a-emission.

The changes in the shape of the fissioning nucleus as it moves from the
ground state to a situation with two separated fragments are depicted in the
upper part of Fig. 2.17. The critical point at the top of the fission barrier, from
which the nucleus inevitably moves towards fission, is called the saddle
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point. The final division into two separate fragments takes place at the so
called scission point.
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Fig. 2.17 : Schematic illustration of a single-humped fission barrier. The shapes of
the nucleus at different stages of the fission process are indicated on the top.

Through bombardment with different types of projectiles one can extend
the mass range of fissioning nuclides, and systematically study the energy
dependence of the fissility, i.e., the ratio of the fission cross-section to the
total reaction cross-section. Common probes are neutrons, y-rays and
charged particles like protons, deuterons or a-particles. Even pions and
muons have been used to induce fission. In general, the fission cross-section
depends on the shape of the fission barrier, on the excitation energy and also
on the possibility of decay through competing channels, like neutron
emission. For highly excited, heavy nuclei the different stages in the
deexcitation process follows about the same scheme as for antiproton
annihilation, shown in Fig. 2.3. A higher excitation energy imparted to a
heavy nucleus gives a higher probability for fission, since the competition
between neutron emission and fission decay is repeated through many steps
before the excitation energy is reduced below the fission barrier. This
situation is clearly illustrated in Fig.2.18, where the fission probability for
different nuclei bombarded with high energy protons is shown. As the
proton energy is increased from 150 MeV to 1 GeV the fissility steadily goes

up.
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Once fission has taken place, most of the released energy is carried away by
the fission fragments, primarily as kinetic energy but also as excitation
energy. Typical fragment velocities are of the order 1 cm/ns. Since the
neutron excess increases with mass, the two daughter fragments will be
highly neutron-rich and they normally emit 2-4 neutrons in a short time
after fission. For excitation energies below the neutron emission threshold
the deexcitation process proceeds through y-emission. The fragments finally
reach a stable state by slow B-decay.

The kinetic energy released in fission is mainly determined by the
Coulomb repulsion of the two fragments at the instant of scission and it is
relatively insensitive to the excitation energy. An approximate correlation
between the mass and charge of the mother nucleus and the average kinetic
energy release is given by

(Exin) = 01071 22/ A1/3 + 222  [MeV] (2.69).

Thus, for bismuth one obtains ( Ekin ) = 145 MeV, while uranium gives
{ Ekin ) = 175 MeV. The total kinetic energy for a certain fissioning nucleus
will, however, depend on the mass ratio of the two fragments. A slightly
asymmetric mass split gives a higher total kinetic energy, a fact which is
illustrated in the upper part of Fig. 2.19.
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The mass distribution of fission fragments depends strongly on the
excitation energy of the fissioning nucleus. As an example of low-energy
fission, the lower part of Fig. 2.19 shows the mass distribution of fragments
from spontaneous fission of 252Cf. For this nuclide, practically no fission
events give rise to a symmetric split of the nucleus. The mean mass for the
heavy fragment is about A = 139 while for the light fragment it is A = 106. As
the excitation energy of the fissioning nucleus is increased, the symmetric
mass splitting is more and more pronounced. For nuclides with Z <83,
where the fission barrier is high, the symmetric mode predominates,
resulting in an approximately Gaussian distribution of fragment masses.
However, for fission induced by high-energy protons an almost uniform

mass distribution has been observed for intermediate-mass nuclei, like Sb,
Ag and Ni (And 87).
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2.3.2 Fission isomers.

In 1962 S.M.Polikanov and co-workers (Pol 62) discovered a fission
activity with a half-life of about 14 ms in the reaction products after
bombarding a 238U target with energetic 160 and 22Ne ions. The produced
nuclide was later identified as 242Am, the normal spontaneous fission half-
life of which is close to 1012 years. Considering that induced fission normally
takes place in about 1017 s after the impact of the energetic projectile, it was
clear that a new phenomenon had been discovered.

To explain the short spontaneous-fission lifetime, a model with a more
complicated, two-humped fission barrier had to be invoked, schematically
shown in Fig. 2.20. In this picture, there exists an isomeric state for a larger
deformation than that of the ground state.
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Fig. 2.20 : Schematic illustration of the double-humped fission barrier.

Normal spontaneous fission involves the tunneling from the ground
state to a complete separation into two fragments. If, however, enough
excitation energy is supplied to the nucleus, it may reach the isomeric state
in the second minimum. From there it can either continue to fission by
tunneling through the second barrier or revert to the ground state by y-
emission. The y-decay back to the ground state is for most fission isomers
hindered by the different shapes of the ground state and the isomer, with the
possible exceptions of the U and Np isomers. The short lifetime of the
isomeric state is due to the fact that the second barrier is both narrower and
lower than the full barrier seen from the ground state. Clear evidence for the
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existence of the second potential minimum, with a larger deformation, has
been seen in the rotational band structure of a few nuclides (see, e.g., Spe 72).
Until now, fission isomers have been observed in more than 30 nuclides
from 236U to 246Am (Fig. 2.21). Their half-lives range from 14 ms for the
most long-lived to just a few ps for the most short-lived state. The lightest
known fission isomer, that of 236U, has a half-life of about one hundred ns.
The most convenient way to produce fission isomers is by simple pick-up
reactions, using protons, neutrons, deuterons or a-particles. Under such
conditions, it is relatively easy to control the identity of the isomeric nuclide
and the amount of energy transferred. The production cross-sections are
normally very low. Thus, in the most favourable reactions the ratio of
isomeric production to the total geometrical cross-section is of the order 10-4.
The existence of the "isomeric island" for masses around A = 236 - 246 is
theoretically explained as an interplay between macroscopic (liquid drop)
and microscopic (shell structure) nuclear effects. It is not believed that
fission isomerism will be found for nuclei with masses outside this region.
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Fig. 2.21 : The nuclide chart of fission isomers. Two values for the same nucleus
indicate spin isomeric states in the second minimum. From Met 80.
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Chapter 3 : THE PS177 EXPERIMENT.

3.1 The CERN low-energy antiproton facility.

The PS177 experiment was performed at the Low Energy Antiproton
Ring, LEAR, one of the experimental facilities of the European Organization
for Nuclear Research, CERN, situated in Geneva, Switzerland. The data
presented here were collected during two separate periods: in September
1985 and in July 1986.

An overview of the CERN antiproton complex is shown in Fig. 3.1. The
antiprotons are produced by a beam of 26 GeV/c protons from the CERN
proton synchrotron, PS, striking a Cu target. The produced antiprotons have
a broad distribution of momenta, with a flat maximum at 3-4 GeV/c (Jon 84).
A system for collecting and transporting the antiprotons, designed for
particles of 3.57 GeV/c10.75%, injects them into the Antiproton
Accumulator, AA. New bunches of particles are added to the stack in AA
every 2.4 seconds. In the AA the antiprotons are subjected to stochastic
cooling to reduce the phase-space spread of the stack. The cooled antiprotons
are then transferred back to the PS for deceleration to 600 MeV/c before
being injected into the LEAR machine.

> <
&

East hall

N

&
2y

Proton and
antiproton beams

Fig.3.1 : Schematic drawing of the CERN low-energy antiproton complex. PS is the
proton synchrotron, PSB the proton synchrotron booster, AA the antiproton
accumulator and LEAR the low energy antiproton ring. The antiproton production
target is indicated by " p - prod ".
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LEAR, situated in the CERN South hall, is a storage-cooler ring with a
circumference of 78 m (Lef 84, Lef 85). It is designed to provide the
experiments with high quality antiproton beams in the momentum range of
0.1-2.0 GeV/c. Using stochastic cooling, the momentum spread of the
extracted beams is reduced to Ap/p = 0.5-1-10-3. By means of an ultra-slow
extraction system, LEAR delivered a continuous beam, with an antiproton
intensity of typically 105 per second over a period of about 50 minutes.

South hall

] Shielding blocks Bl Beam dump
X Experimental barracks

Bending and splitting magnets

Fig.3.2 : Lay-out of the LEAR experimental area, in the CERN South hall. The
position of the PS177 experiment is indicated by the black dot in the nl area. June
1983.

The PS177 experiment was located in the nl1 experimental area as the
most up-stream experiment on this beam-line. A plan of the South hall
floor space is shown in Fig. 3.2.

The n1 was one of two beam-lines specially designed for providing
antiprotons at the low-momentum end of the LEAR momentum range. To
accomplish this the most stable power supplies for the beam-line elements
and special beryllium windows at the down-stream end of the beam-pipes
were installed. These special precautions were aimed at keeping stable beam
conditions and reducing the multiple Coulomb scattering as much as
possible.
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The antiproton beam delivered at the PS177 target position, marked by a
black dot in Fig. 3.2, had a nominal momentum of 105.5 MeV/c and a beam-
spot width of about 2 mm (FWHM) both horizontally and vertically

(Fig. 3.3). Note that the measurement in Fig. 3.3 includes multiple scattering
in the beam-line exit window.

1 16
Horizontal projection |

Bin size :
1 mm

Vertical projection

16

Fig. 3.3 : A cross-section of the LEAR
‘ beam at the PS177 target position,
| measured by the LEAR beam
diagnosticcs group. The histogram bin
size is 1 mm both horizontally and
vertically.

3.2 The recoil-distance method.

The experimental technique used in the work presented here is the so
called recoil-distance method, first described by Metag et al. in 1974 (Met 74).
This technique has been widely used to study fission isomers, determining
their lifetimes, in the ps to ns region, and the reaction cross-section (see, e.g.,
Sle 76).

The special geometrical arrangement of this method is recalled in Fig. 3.4.
A thin target, having a well-defined width p, is deposited on one side of a
thick target backing, having a width r. The backing width r is slightly larger
than the target width p. At some distance R, where R >> r, from the centre of
the target the detectors are placed, parallel to the beam axis, x. The target
arrangement defines two regions in the detectors, separated by the projection
of the target plane : an open region with an unobstructed view of the target,
and a shadowed region where the view to the target is blocked by the target
backing.

The recoil-distance technique is a fission-in-flight method that depends
on the fact that prompt fission, occurring about 10-18 s after the antiproton
annihilation, takes place inside the thin target while nuclei decaying by
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delayed fission, in the case of hypernuclei occurring after about 10-10 s, have
a chance to escape out of the target. Fission fragments emitted from the
target plane can only be recorded in the open area of the detectors, any
fragment directed towards the shadowed area will be stopped in the target or
the target backing. On the other hand, fission events that take place in the
fission chamber at some distance away from the target plane have a

possibility to emit fragments that are registered in the shadowed area of the
detectors.

3 243 14243 PPAC detector

Magnification : d/x = (R-r)/r

Recoil axis : x

P | o F A g
— A b\ f IR
Target backing 1 1 !
N\ oo I
' ,
‘ "
1 1
1 ]
1 1
1 1
] 1
[} 1
1 1
1 )
Shadowed area : Open area "

PPAC detector

Fig. 3.4 : The principle of the recoil-distance method. The distance recorded in the

detector, d, is magnified a factor (R-r)|r compared to the distance travelled by the
recoil, xj, along the recoil axis. The drawing is not to scale.

Furthermore, as can be seen from Fig. 3.4, the short distances travelled by
the recoils before they decay are magnified in the detectors. This is
exemplified by the three perpendicular recoils coming from the centre of the
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target in the figure. Fragments emitted from the position 1 along the x-axis
can strike the shadowed area of the detectors only in the dark shaded region
marked 1+2+3. Fragments coming from positions further away from the
target plane can reach successively deeper into the shadowed area, as shown
by the lighter shaded regions 2+3 and 3. The maximum magnification for
any recoil distance x, along the beam axis, is simply

[e%
=
"

w

~ " T sinceR>>r 3.1).

The position distribution of fission fragments recorded in the shadowed
part of the detectors is thus determined by the recoil distances of the
decaying nuclei. This distance, in turn, depends on the lifetime and the
velocity of the recoil. Only under simplifying assumptions is it possible to
calculate this position distribution analytically. In general it is necessary to
use specially developed simulation programs to take into account the actual
experimental conditions. The simulation program used in the present
experiment is described in section 5.1.

3.3 The experimental set-up.

3.3.1 The fission chamber.

The whole PS177 experiment was housed in a 55 x 55 x 55 cm3 aluminium
box, the fission chamber. The design of this box is schematically shown in
Fig. 3.5 and the main components are described below.

The large energy losses suffered by fission fragments when passing
through matter makes it necessary to keep the interior of the fission
chamber under vacuum. The box was pumped by means of a turbo-
molecular pump with a capacity of 500 1/s, typically keeping a few times 10-5
torr vacuum.

The antiproton beam entered the box about 15 mm from its centre by a
special construction of the wall facing the LEAR beam pipe. It is preferable to
have the foils separating the LEAR high vacuum from the lower vacuum of
the fission chamber as close to the target as possible. This minimizes the
effect of multiple scattering of the beam, thus keeping a good focus on the
target spot. The passage from one vacuum to the other consisted of two thin
foils, the LEAR beam line exit foil of 100 pm Be and the box entrance foil of
25 um Kapton, separated by a 5 mm air gap. The diameters of the foils were
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35 mm for the exit foil and 16 mm for the entrance foil. See Fig. 3.7 for
details.

On each vertical wall, parallel to the beam, was placed a parallel plate
avalanche counter (PPAC), each with a dimension of 190 mm horizontally
and 290 mm vertically. These were the main detectors of the experiment and
they are described in detail in sub-section 3.3.4. Their distance to the beam
line axis, and consequently to the centre of the target, was 270 mm.

1
1
. X
/ Vacuum pump zZ
D Target Vacuum foils D PPAC

scintilator ~ EH Lignt guide [l Photomutiplier

Fig. 3.5 : Schematic side view of the fission chamber with the closest wall removed.
The experimental coordinate system is also indicated. Note, however, that the
origin is at the centre of the target. See Fig. 3.7 for a closer view of the target region.

The target arrangement, which is described in detail in the next sub-
section, was placed in the centre of the fission chamber. The volume
between the target and the parallel plate chambers was kept clean of all
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material, such as cables, light guides, PM tubes etc. All these parts were
placed in the space above and below the target, making a clear path for
fragments emitted from the target surface towards the detectors.

3.3.2 The target arrangement.

The experimental environment and the detection technique adopted put
special demands on the construction of the targets, degraders and the beam
diagnostics equipment.

The recoil distance technique, see Fig. 3.4, requires a small target backing
width, r, and consequently an even smaller target width, p, to give a large
magnification, d/x, on the detectors. Furthermore, the target has to be very
flat to define the separation between open and shadowed regions accurately,
and it must have perfectly defined edges to keep a constant magnification
over the whole surface.

The target should be thin to permit the slow, recoiling nuclei to escape,
but at the same time it should be thick enough to give a sufficiently high
antiproton stopping rate. The choice of target material has to be a
compromise between the requirements of a low fission yield in the primary
antiproton annihilation, and a high fission yield in the hypernuclear decay.
Additionally, it is an advantage to stay away from mass regions where short-
lived fission isomers can be produced.

Prior to the LEAR era little was known about antiproton interactions with
heavy nuclei, and more specifically, antiproton induced fission. In the
original proposal (Joh 80) the use of Th-, U- and Pu-targets was foreseen.
Tests of several different targets : Pb, Au, Bi and U, were performed in order
to measure fission probabilities. These tests involved nuclei in a wider mass
range than originally proposed, motivated by the desire to study possible
target nuclei in a broader region of the parameter Z2/A.

A simple test set-up was arranged, with the antiprotons stopped in thin,
self-supporting targets inclined 45° to the beam and placed in the centre of
the fission chamber, facing the PPACs. Coincident fission fragments were
recorded in the two PPAC detectors, giving the relative fission probabilities.
The measured fission probabilities, normalized to an assumed 100% fission
in U, are plotted in Fig. 3.6 (Ber 85). On the basis of this test, the Bi target
could be expected to be a good candidate for the hypernuclear production.
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Fig. 3.6 : Fission probabilities for antiprotons stopped in targets of Au, Pb, Bi and U
as a function of Z2[A. The straight line is a fit to an exponential. The values are
normalized to 100% fission in U. Data from Ber 85.

However, using the normal hypernuclear production set-up (Fig. 3.5), no
trace of delayed fission was found in the first short test runs with a Bi target.
Quite unexpectedly, tests with a U target, on the other hand, showed clear
evidence of delayed fission events.

These findings for the different nuclei led to the choice of two different
heavy targets, 209Bi and 238U, in the final heavy hypernucleus production
runs presented here.

The final design adopted for the target region is shown in Fig. 3.7. The
dimensions of the target were 2 mm horizontally and 5 mm vertically for
both target types. In the 209Bi case it was put on the backing by evaporation.
The thickness of the 209Bi layer was given by a simultaneous resistance
measurement on an glass plate adjacent to the actual target. The 238U
material was put on the backing by ion implantation, performed at the
PARIS isotope separator in Orsay, France (Meu 81). In this latter case a thin
aluminium coating was put on one side of the backing, making it possible to
gauge the amount of material deposited by measuring the current. An
independent measurement of the a-activity of the U-target confirmed the
mean thickness. Both targets had a thickness of 100 pg/cm2.

A thin slab of plastic scintillator, type NE110, was used as target backing.
At the same time, this scintillator acted as a degrader of the beam and an
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antiproton counter. The thickness of the scintillator was 220 pm and the
width in the z-direction, corresponding to 2r in Fig. 3.4, was 2.5 mm for the
hypernuclear production runs. In a separate test run a 10 mm wide
scintillator backing for a uranium target was used (see sub-section 5.2.5). The
vertical length of the scintillator was 50 mm and at each end it was
connected to a cylindrical plexiglass light guide. These light guides were in
turn connected to photomultiplier tubes, Philips XP1911.

Fission chamber
vacuum

LEAR vacuum

Variable degrader
25-60 pm Mylar

Air normal pressure

Plastic scintillator S1
220 Hm

2
Target 5 x 2 mm

Fission chamber entrance foil

25 p m Kapton 100 g/cm?
| LEAR exit window
100 pm Be
T T T X [mm]

-
[=]

| T
-40 -30 -20 -10

Plastic scintillator

Supports, holders etc.
Light guide, plexi . PhotomultiplierE Target, U or Bi

Fig. 3.7 : Design of the target region. The scale in mm is only approximate.

To align the targets in a position perpendicular to the antiproton beam
axis, a laser beam test was performed. The laser was put a few meters
downstream of the target and aimed at the target along the beam axis,
passing through a hole in the downstream wall of the fission chamber. The
target was adjusted in such a way that the laser light was reflected straight
back along the beam axis again.
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The flatness of the target surfaces was tested by interferometry with a Na-
lamp. They were found to be flat to within 1 pm.

3.3.3 Detecting and stopping antiprotons.
The low kinetic energy of the antiproton beam, 5.3 MeV, made it

necessary to construct a compact, low-mass system for degrading the
antiprotons and performing the necessary beam diagnostics.
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Fig. 3.8 : Vertical and horizontal scan with beam line dipoles. The count rate

S1-52/S2 is plotted as a function of dipole current. The correspondence current to
distance is indicated at the top of each plot.

As indicated in the previous sub-section, the target backing was in itself a
part of the beam diagnostics system, acting both as a fixed degrader and an
antiproton counter. This is the 220 um plastic scintillator, S1, in Fig. 3.7.
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Another scintillator, 1 mm thick, with a 3 x 6 mm2 hole cut out, was placed
7 mm upstream of the target. The centre of this hole was positioned on the
beam axis. Hence, this scintillator, S2, acted as a beam anti-counter, the count
rate of which had to be minimized at the same time as the S1 rate had to be
at its maximum.

A preliminary focussing and centring of the beam on the expected target
position was made with a beam diagnostics wire-chamber by the LEAR staff
before the experimental equipment was put in the beam line (see Fig. 3.3).
To fine-tune the beam onto the actual target spot, two beam line dipoles, a
few meters up-stream of the experimental position, were adjusted once the
fission chamber was put in place. Fig. 3.8 shows an example of such a dipole
scan. The count rate of scintillator S1, vetoed by S2, was compared to the rate
of 52 itself to monitor the number of antiprotons striking the target. The
optimum dipole settings were chosen at the centre of the broad
distributions, Iyert = -2.0 A and Inor = 0.6 A in Fig. 3.8, giving a maximum
rate $1-52/52, both horizontally and vertically.
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Fig. 3.9 : The number of counts per second in the two PPAC detectors as a function

of the thickness of the variable Mylar degrader. Fragments from antiproton

annihilations in uranium. The thickness chosen, 50 um, is indicated by the vertical
arrow.

The thin targets used in this experiment made the antiproton stopping
rate sensitive to even very small variations in the beam momentum.
Therefore, a variable degrader was placed in the antiproton beam line just
downstream of the box entrance foil. This degrader was composed of Mylar
strips glued together and was adjustable in 5 pm steps from 25 pm to 60 pm
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by a remote control step motor. Having a production target in place, the
fission yield recorded in the PPAC detectors was used to monitor the
antiproton stopping efficiency. The chamber count rate as a function of
degrader thickness, i.e., the antiproton range curve, is shown in Fig. 3.9. The
width is in this case about 16 pm (FWHM), in agreement with tabulated
values (Jan 82). For this particular test, the optimum degrader thickness was
set to 50 pm.

Assuming that the 50 um Mylar degrader made the antiprotons come to
rest in the centre of the target, one can estimate the beam momentum by the

following procedure, where all the material between the target and the
LEAR vacuum is taken into account :

Energy to penetrate the 220 pum CH) scintillator 3.83 MeV
+ -"-  -"- " the 50 um Mylar foil 4.43 MeV
+ =" "o -"-the 25 pm Kapton foil 4.70 MeV
+ -"- "= -"-the 5mm air gap 4.75 MeV
+ -"- "= -"-the 100 pm Be window 5.86 MeV.

A Kkinetic energy of 5.86 MeV corresponds to an antiproton momentum of
105 MeV/c, in good agreement with the nominal beam momentum of 105.5
MeV/c. Similar calculations show that the momentum range covered by the
25 - 60 um Mylar degrader is about 103 - 106 MeV/c.
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Fig. 3.10 : The relative range straggling in percent for protons as a function of kinetic
energy. R is the mean range and dR is the range straggling. Values for polyethylene
(CH3), Mylar and uranium are plotted. Note that the vertical scale starts at 1 %.
From Jan 82.
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Using the methods described here, both the beam focussing and centring,
as well as the degrader thickness, were continuously monitored during the
running periods, with an interval of a few hours.

The fraction of antiprotons stopped in the target can be estimated under a
few general assumptions. Firstly, the stopping power and range tables for
protons are assumed to be valid also for antiprotons and secondly, the
variable degrader adjustment is assumed to stop an antiproton of average
energy in the centre of the target. The fluctuations in range, the straggling, of
the antiprotons can be approximated by a normal distribution around the
mean range, where the variance is given by (Seg 77)

Ep
dE\ 3
Vrange = Graznge = 4r. Z%) . Na . Za . e4 . f (&) dE (32).
0
where N, is the number of atoms per cm3 in the absorber,
Zy is the charge number of the absorber,
Zp is the charge number of the projectile,
Ep is the kinetic energy of the projectile.

Performing this integration for protons in a few different materials gives
the range straggling as a function of kinetic energy as shown in Fig. 3.10
(Jan 82).

One can further assume that the normal shape of the straggling curve is
kept when the antiprotons enter the actual target, but that the variance is
modified according to the target medium. Thus, the standard deviation of
the range distribution in the targets is given by oy = Ry( Ep) and
oBi = Rgi( Eg) for uranium and bismuth, respectively. Here, R is the range
and Eo is given by RcH,( Eg) = 6CH,. Finally, performing the integration
over the normal distribution gives the stopping efficiency (in percent) as

1(1/2)
&stop = 100 - [2 : 0_[ N(0, Otarget ) dx ) [ %] (3.3),
where N(O0, Starget ) is the normal density function with zero
mean and standard deviation Gtarget,
Otarget is oy or oBj,
t(1/2) is half the target thickness.

Table 3.1 summarizes antiproton stopping rate calculations, performed in
the manner described above, for four momenta close to the expected
105 MeV/c. Note, however, that in this table no loss of antiprotons due to
multiple scattering is taken into account. The low beam momentum,
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allowing for thin degraders, in combination with the compact geometry of
the degrader and beam diagnostics system should make such losses almost
negligible.

Momentum Energy €stop U €stop Bi
[MeV/c] [MeV] [%] [%]
95.0 4.80 1.41 1.55
100.0 5.31 1.23 1.34
105.0 5.86 1.07 1.16
110.0 6.43 091 0.98
200.0 21.1 0.14 0.15

Table 3.1 : Stopping efficiency in the target for five different beam momenta.

Table 3.1 also emphasizes the importance, in this experiment, of a low
beam momentum to make efficient use of the antiprotons.

3.3.4 Parallel plate avalanche chambers.
3.34.1 Principle of operation.

The main detectors in the PS177 experiment are two position sensitive
parallel plate avalanche chambers (PPAC), the detailed design of which will
be covered in the next sub-section. This section gives a brief description of
the operating principle of such chambers.

Basically, each parallel plate chamber consists of two planes of equally
spaced wires placed halfway between a cathode and an anode plane, as
shown schematically in Fig. 3.11. The gap between the electrodes is filled
with a suitable gas, isobutane in this case.

Position sensitive PPACs and low-pressure multi-wire proportional
chambers (MWPCs) have played an important role in heavy ion research in
the last decade or so. They have proved to possess excellent timing and
localization properties when exposed to heavily ionizing particles ( See, e.g.,
Bre 82, Sch 83 and Pei 83 ). Their low mass, making them more or less
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transparent, together with the good timing has made them well suited as
start and stop counters in time-of-flight measurements.

The fundamental processes governing the interactions of charged
particles in gas-filled detectors have been treated extensively in the
literature. For some reviews see, e.g., Sau 77 and Ric 74. Here follows only a
short summary.

Fission fragment

-HV
Cathode plane

"Y" wire plane

+HV
Anode plane

-t

-HvV
Cathode plane

Inner chamber
window

Vacuum chamber

Fig. 3.11 : Exploded view of the PPAC detector used in experiment PS177.

When a charged particle traverses the gas volume of the chamber it will
lose some of its energy through Coulomb interactions with the molecules of
the gas. This energy is transferred to the molecules in the form of excitations
and ionizations, the latter producing electron-ion pairs. The energy is shared
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about equally between excitations and ionizations. The mean energy needed
to produce an electron-ion pair differs from gas to gas ; for isobutane it is of
the order 23 eV.

The produced pairs are separated by the applied electrical field and start to
drift towards the electrodes. In general, the electrons move much faster than
the positive ions, due to their small mass and large mean free path. The

average velocity of the slowly moving ions is linearly proportional to the
reduced field :

W=t (—E—) (3.4)

where P is the pressure, and
p+ s the mobility ( 0.55 [cm2/(V s)] for isobutane).
For the drift velocity of the electrons the following relation is valid :

e
where T is the mean time between collisions.

In turn, 7 is a function of the pressure, p, and the electrical field, E. At high
fields values of w- around 5 cm/ps are typical for normal pressure.

In a PPAC, operated under low gas pressure, the reduced field between the
electrodes, E/p, reaches a few hundred V/(cm Torr). In such a high reduced
electrical field the electrons are accelerated to energies large enough to
induce secondary ionization of the molecules of the gas. An amplification
takes place, creating a swarm of electrons moving towards the anode. The
number of electrons in the swarm grows exponentially with the distance,
and the gain can therefore be given as :

G=exp[ad] (3.6)
where d is the distance from the primary electron to the anode,
o is the first Townsend coefficient.

The coefficient o, being the average number of secondary electrons
produced by a free electron per unit length, can be approximated by :

o

S=A-exp [ B (pg)l] 3.7)
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where A and B are gas specific constants. Typical gas gains of up to 104 can
be achieved in low-pressure PPACs with an E/p of a few hundred
V/(cm torr) (Ste 76). Due to the exponential character of the gain, the charges
released closest to the cathode contribute the most to the final avalanche.

Hence, the time spread of the fast electron signal depends on the position
of this first primary charge which gives an intrinsic time resolution of at best
a few hundred pico-seconds (FWHM) (Bre 79). Due to the low pressure the
positive ions can be collected relatively fast and consequently the problem of
remaining space-charge, which reduces the count rate in a normal-pressure
chamber, is much smaller in the low-pressure type.

The amplification process in a PPAC is totally different from that which
takes place in MWPCs where the secondary amplification step takes place in
the close vicinity of the chamber wires, as shown in Fig. 3.12.

The energy loss resolution of the PPAC is quite poor, typically a few tens
of percent (Bre 79). This is mainly due to the statistical fluctuations in the
amplification process. As stated earlier, the avalanche size is strongly
influenced by the distance of the first primary charge to the cathode.

Ch; d ticl Charged ticl
h‘ arged particle +HV ‘\ rged particle

)
o !
+ .
Electron swarm . /Avalanche region

Collection region

Primary ionization ¥
“ XP@—t—Primary ionization
y R
T
-HV -HV '.

PPAC MWPC

Fig. 3.12 : Working principle of PPAC and MWPC detectors.

It can be shown (Har 79) that when such an avalanche is collected on the

anode it gives rise to an induced charge in the wires approximated by the
expression

(3.8

qj = cosh'l[n (—X-I;-—X]l]

where qj is the charge induced on wire j,
D is the gap between the electrodes,
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x' is the true position of the avalanche close to the anode,
xj  is the position of wire j.
An example of the distribution of charges over a set of neighbouring
wires is shown in Fig. 3.13.

n=-3 n=-2 n= -1 n=0 n=s n=+2

Fig.3.13 : Distribution of induced charges on neighbouring wires by a charge
moving at x'/D near the anode. The geometry is D=3 mm and a =2 mm. The black

bars denote the position of the wires and the magnitude of the induced charge.
From Har 79.

The position resolution one might obtain depends on the actual geometry
of the construction. It is typically several hundred pm up to about one mm
(Pei 83, Har 79).

The total charge induced in the wires will vary depending on the position
of the avalanche, with a smaller charge induced for an avalanche occurring
in the middle between two wires, as shown in Fig. 3.14a.

With a charge distribution described by eq. 3.8, the centre-of-gravity of an
induced signal will give an estimated position of the avalanche, X, which
differs from the true position, x'. This results in an intensity modulation
with the same period as the wire distance. As is shown in Fig. 3.14b, this
variation in the intensity can be as large as +18 % for a ratio wire distance, a,
to electrode gap, D, of 2/3. The PS177 PPACs have an a/D ratio of 2.54/3.2.

When using large surface PPACs one has to be aware of the problems
introduced by deformations of the electrode windows, caused by the
electrostatic forces. Even small variations in the gap distance D can give
large variations in the gain and can also affect the timing (Pei 83). However,
in the PS177 application the differences in the gain are not considered
serious since no very exact information is needed on this part. The
differences in timing for different parts of the detector will cause variations
of around or less than one ns (Eya 78, Har 79).
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(%]

Fig.3.14 :a ) Intensity modulations in
percent as a function of the avalanche
position for different geometries. a is
the wire spacing, D is always 3 mm.
b) Dependence of total induced charge
on the avalanche position x'la. From
Har 79.

3.34.2 The PPAC detectors in the PS177 experiment.

Two identical position sensitive parallel plate avalanche chambers have
been used in the PS177 experiment. The geometry of the whole
experimental set-up is described in section 3.3. Basically, each chamber
provided information on the position and energy loss, AE, of the heavily
ionizing particles passing through and also acted as one of the counters in
the time-of-flight measurement.

Each chamber has a sensitive area of 190 x 290 mm? and the main features
of their design are shown in Fig. 3.11. The anode and the cathodes are made
of 2 um thick aluminized Mylar foils. For the anode plane the aluminium
layer covers both sides of the foil. The gap between the electrodes is 3.2 mm
and halfway in between them a plane of 50 pm CuBe wires is placed, having
a wire spacing of one tenth of an inch, 2.54 mm. This gives in total 74 long
wires and 115 short wires per chamber. The two planes of each chamber
measure two orthogonal directions, the wires of the inner plane placed
vertically (x-direction) while the outer plane is placed horizontally (y-
direction). A foil of 2 um polypropylene acts as an inner detector window
towards the vacuum of the fission chamber.

The chambers were operated with isobutane gas at a pressure of 7 mbar
and with a high voltage of 280 V on the electrodes. The wires were
connected to ground. Each wire was connected to a tap of a delay-line of the
type Pulse Engineering PE 20610, giving a delay of 2 ns per tap.
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The fast electronic signal from the anode plane was sent via a pre-
amplifier to a timing filter amplifier (ORTEC 454). This signal was then split
into one part used in the energy loss measurement and a second part used as
a start signal for the TDCs in the position determination and in the the time-
of-flight measurement. In the latter case, the stop pulse was provided by the
antiproton signal from the S1 scintillator. Signals from both ends of a delay-
line were fed via pre-amplifiers to timing filter amplifiers (ORTEC 474)
followed by constant fraction discriminators (CFD, Schlumberger 1326D).
This eliminated the dependence on the amplitude of the delay-line pulse in
the time definition . The logic CFD-pulse defined the stop signal for the
TDCs which measure the position. See the next section for further details on
the electronics.

The impact position in the chamber was given by measuring the
difference between the two propagation times at each end of the delay-line.
The sum of the two propagation times shows if the whole length of the
delay-line has been traversed, thus providing a test for multi-fragment or
other background events.

The performance of the chambers under experimental conditions is
covered in chapter 4.

3.4 Data acquisition and electronics.

3.4.1 Data acquisition.

The most important task for the data acquisition system was to store the
experimental information on magnetic tape for later use in the off-line
analysis. It should also monitor the performance of the different parts of the
experiment during data taking periods.

The block diagram in Fig. 3.15 presents the main components of the data
acquisition system.

The electrical signals from the various detectors at the experimental site
were transferred to the counting room by 45 m long standard BNC coaxial
cables. Some of the signals from the detectors were split in two. After pre-
amplification, one part of the signals from the PPAC anodes and from the
Sl-scintillator photomultiplier was, via a suitable delay, fed to an analogue-
to-digital converter unit (ADC, LeCroy 2249) for pulse height analysis to give
information on energy deposition. The second part was used for the fast
trigger logic electronics (see next sub-section).
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Fig.3.15 : Block diagram of the components of the data acquisition system. The
arrows indicate the data flow.

When the pre-defined trigger conditions were met, read-out was initiated
by a LAM grader unit and the information from the experiment was
transferred via DMA - direct memory access - directly to the host computer, a
Norsk Data NORD 10 S. The most important task for the host computer was
to copy the experimental information to magnetic tape. Some of the
information was also directly processed and displayed to monitor the
performance of the apparatus. A CERN standard program for NORD
computers, the data acquisition system DAS (Bog 84a, Bog 84b), was used in
this experiment. The sequence of read-out of the electronics in the CAMAC
crate defined the order of the different data-words in an experimental event,
as is shown by Fig. 3.16. The three-word event-head was added by the
computer before writing on tape.

A hard-copy unit connected to the computer terminal allowed for the
documentation of histograms and scatter-plots on paper.

The CERN standard input-output package EPIO was used to read the
experimental tapes off-line.
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Fig. 3.16 : Event structure.

Event

3.4.2 Electronics and trigger system.

The electronics used in the PS177

header experiment consisted of standard NIM

TDC1

TDC2

TDC3

ADC

and CAMAC modules. A schematic
drawing of the circuitry is shown in
Figs 3.18a and b.

For each chamber, the signals from
the PPAC delay-lines were connected as
stop signals to a time-to-digital converter
(TDC, LeCroy 2228) which was started by
the fast Tp signal from the chamber
anodes (see Fig. 3.11).

The same TDC unit was also used for
the time-of-flight measurement, in
which case the stop signal was provided
by a delayed signal from the antiproton
counter, S1. In this arrangement the
largest TDC channel numbers were
attributed to the fastest projectiles and,
conversely, that the slower projectiles
were given lower TDC channel
numbers. This situation is pictured in
Fig. 3.17. Hence, to deduce an absolute
time-of-flight it was necessary to know
both the channel-to-ns calibration of the
TDC and the position of the prompt
peak in the TDC spectrum. This question
is further discussed in section 4.2.

The role of the fast trigger is to initiate the read-out of the electronics
when the information from the detectors indicate that an interesting event
has occurred. Fig. 3.18 shows the circuitry of the fast trigger electronics. Only
the main components are shown in this figure which means that, e.g., all
delay units have been omitted.
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Fig. 3.17 : The time-of-flight measurement. The TDC is started by the PPAC signal
and stopped by the antiproton scintillator signal. This gives an "inverted" time
which is translated to an absolute time by the known position of the prompt peak,
Tg, and the channel-number-to-ns calibration. Note that there is a 20 ns off-set in
the prompt peak determination due to the different transit times in the detectors.

Two types of triggers were used for data-taking : the singles and the
coincidence trigger. The singles trigger was defined as :

S1-(T01 v T02) - Busy (3.9),
where Busy denotes a computer generated signal, telling the system that the

computer is not yet ready to accept another event. The T0-signals are the
PPAC anode pulses, defined in Fig. 3.11.

The coincidences trigger was defined as :
S1-(TO1 A T02) - Busy (3.10).

This latter type of trigger was only used in connection with the two runs
of July 1986. See Table 5.1 for a run period summary.
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Fig.3.18 : a) Electronics circuitry. Distribution of analogue (ADC) and TDC stop
pulses. TC(stop) and TC(start) indicate where the time calibration pulses were
connected. The electronics for the three trigger pulses "S1", "T01" and "T02" are
continued in Fig. 3.18b).
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Chapter 4 : PERFORMANCE OF THE DETECTOR SYSTEM.

This chapter describes the performance and calibrations of the various
detector components. The interpretation of the signals from the detector
system depends to a large extent on a correct understanding of the energy
deposited by different types of particles in different parts of the apparatus.
Therefore, the first section of this chapter gives a short description of the
energy losses inflicted on the particles participating in the reactions of this
experiment.

In conclusion, it is shown that by imposing certain cuts, the PS177 detector
system can be used to make an unambiguous selection of fission fragments.

4.1 Energy loss considerations.

411 Energy loss in the target.

The kinetic energies of fission fragments are typically in the range of 0.1 to
1.0 MeV/amu, where the light fragments have a somewhat higher energy
than the heavy ones due to momentum conservation in binary fission
(Fig. 2.19b). The range of various heavy ions in a number of different
materials can be extracted from the tables of Northcliffe and Schilling
(Nor 70) and from the handbooks edited by Ziegler (Zie 80, Lit 80).

The effects of energy loss on typical fission fragments can be evaluated by
studying the nuclides 107Ag and 142Nd. These correspond to the two peaks in
the asymmetric mass distribution of fission fragments from 252Cf (Fig. 2.19a),
later used as a calibration source (see sub-section 4.4.1).

Fission fragments are in general only marginally affected by the passage
through the target material. For light fission fragments the range is about
10 mg/cm? in uranium whereas for the heavy ones it is about 8 mg/cm?2
(Lit 80). This should be compared to the target thickness of 0.1 mg/cm?2. Only
for fragments with trajectories making an angle of less than one degree to
the target surface does the energy loss become significant. This corresponds
to fragments striking the parallel plate detectors within 5 mm of the target
projection line.

For the heavy recoils, about to undergo delayed fission, the situation is
less clear. Experimental data on the energy loss of heavy ions with mass
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around 200 amu and higher in heavy targets are extremely scarce. The total
recoil energy is in this case presumably only a few hundred keV (see
section 5.1 for a further discussion on this point). Using the computer
program suggested by Ziegler (Zie 85) gives an estimate of the ranges of these
heavy ions, as plotted in Fig. 4.1. In this case the projectile is a 200Hg ion,
moving in bismuth, but a plot for the energy loss in uranium looks very
similar. Clearly, a large fraction of the recoils with kinetic energies below
about 1 MeV, coming from within the target, will not have sufficient range
to penetrate the 100 ug/cm? target.

350

Wy in 2%p;
300 -

250
2001

150

Range[ pg/am?2 ]

100 1

50

T T ™

0 500 1000 1500 2000 2500
Kinetic energy [ keV ]

Fig. 4.1 : The approximate range of low-energy 200Hg ions in 209Bi.

The implications of energy loss and range for the detection efficiency
determination are further discussed in sub-section 5.2.1.

4.1.2 Energy loss in the PPAC detectors.

The construction of the parallel plate counters as well as the
interpretation of the data requires an understanding of the energy loss
experienced by fission fragments traversing the foils and gas-volumes of the
chambers.

A 105 MeV 107Ag ion has a range of about 18 pm (2.5 mg/cm?) in Mylar,
for an 80 MeV 142Nd ion the range is about 15 pm (2.1 mg/cm?2). Moving
perpendicular to the detector planes, a fragment has to penetrate a total foil
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thickness of 6 pm to be detected in both the x- and y-measuring volumes of
the PPAC chamber (see Fig. 3.11). As will be shown later, the energy loss in
the gas volume itself is negligible in this context. Hence, the chambers are
well designed for registering fission fragments. Since o-particles from
competing decay processes invariably accompany fission fragments when
using a 252Cf source, the range of 6 MeV a-particles is interesting for
comparison. In Mylar it is about 39 um.

Specific ionization in Mylar
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Fig. 4.2 : Specific ionization for different heavy ions in Mylar. Data from ref. Nor 70.

In Fig. 4.2 a plot of specific energy loss in Mylar is shown for the two
nuclides discussed above. The data are taken from the tables of Northcliffe
and Schilling (Nor 70). The energy loss of a-particles has also been included
in this figure.

Fig. 4.2 clearly shows that in the energy range considered there is a
positive correlation between kinetic energy and energy loss : the higher the
energy the higher the energy loss. This correlation is even more pronounced
for the fragments actually detected in the gas volumes of the PPAC, since
part of their energy is lost when passing the detector foils.

Table 4.1 summarizes a calculation of the successive energy losses of the
two fission fragments as they pass through the chamber. For comparison, an
energy loss estimate for a 6 MeV a-particle has also been included. In
Table 4.2 is shown the expected energy loss of the same fragments when
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passing through the gas-volumes of the chambers. It should be noted that
the lighter, faster fission fragments deposit more energy in the gas of the
chamber than the heavy, slow fragments. Note also that the energy

deposited by the a-particles is only about 2 % of that lost by the fission
fragments.

Inner chamber 1st Mylar 2nd Mylar
window * foil foil
Exin AE Exin AE Exin AE Ekin
[MeV ] [MeV] [MeV ] [MeV]
WNd 80 19 61 20 41 15 26
Wag 105 17 88 20 68 19 49
gHe 6.0 0.17 58 022 56 0.23 5.4

Table 4.1 : Successive energy losses, AE, experienced by typical fission fragments and
a-particles when passing through the PPAC foils. The tables of Northcliffe and
Schilling (Nor 70) have been used.

*) Tabulated values for ( CH2 )y used.

The numbers presented in the two tables, 4.1 and 4.2, are only
approximate. The reasons for this are, firstly, that the exact composition of
the individual materials has not always been used and, secondly, that the
tabulated dE/dx-values differ by about 10 % between different compilations.
The latter fact can be seen by comparing the tables of Ziegler (Zie 80) and the
ones of Northcliffe and Schilling, used in this calculation. The lack of
precision is, however, of no great importance in this application, due to the
poor energy resolution of the PPACs.

The results of the study presented here clearly shows that

1) the chambers are transparent to typical fission fragments,

2) the energy deposited in the chamber gas-volumes by typical fission
fragments is about 50-100 times higher than for 6 MeV a-particles,

3) a larger AE signal can be expected for the light, fast fission fragments
than for the heavy, slow ones. This is particularly true when the energy
losses in the chamber foils are taken into account.



Performance of the detector system 67

Inner volume Outer volume
n "y
Exin  AE Exin  AE
[MeV ] [MeV]
¥oNd 41 039 26 028
Wag 68 052 49 049
He 56  0.0062 54 0.0064

Table 4.2 : Energy loss of typical fission fragments and a-particles in the gas-volumes
of the PPAC detectors. The density of isobutane is 2.67 [mgjcm3] at 1atm, 0°C.
Tabulated values for (CH2 )y, are used. Data from Nor 70.

4.2 Time calibration.

4.21 TDC-calibration.

In this experiment both the position and the velocity measurements
depend on timing information. The correlation between TDC channel
number and time is directly used in the time-of-flight assignments. It is also
important that the calibrations of the two TDCs, timing the signals from
each end of a chamber delay-line, are well known. Possible differences in
these calibrations have to be taken into account to get reliable position and
resolution information.

The calibration was made by feeding a signal from an ORTEC 462 time
calibrator unit through parts of the electronics. The calibrator start pulse
simulated the fast timing signal from the chambers and was connected at
position "TC(start)" in the electronics scheme (see Fig. 3.18a). The calibrator
stop pulse was distributed to simulate all the pulses from the various delay
lines, indicated by the "TC(stop)" in Fig. 3.18a. The period of the pulser was
set to 10 ns and its range to 0.64 us. This procedure gives a TDC spectrum
with sharp peaks separated by 10 ns in time. Fig. 4.3 shows the TDC channel
numbers of the peak positions versus time for a typical calibration run.
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A line fitted to the data of Fig. 4.3 reveals that the deviations from a
straight line for the individual peak positions are very small indeed, and the
slope gives the required channel to time calibration. These calibrations were
performed in each run and were subsequently used in the event evaluation.

TDC calibration July 1986
TDC e00
ch.nrgq,

700

600,

500,

400.

300 Slope : 2.618 ch./ns

200

100

) 50 100 150 200 250 300 350
Time [ ns ]

Fig. 4.3 : TDC calibration. Channel number of calibration peak versus time.

422 Zero-time (prompt) peak position.

To convert the registered TDC information to a real time-of-flight it is
necessary both to know the channel to time calibration and to define the
position of the zero-time (prompt) peak in the spectra. The latter task was
performed by feeding a pulse from the time calibrator simultaneously to the
two fast timing (anode) outputs of the chambers and to the output of the
photomultiplier (PM) base connected to the antiproton beam scintillator, S1
in Fig. 3.7. In this way all the cable and electronics delays affecting the timing
signals were taken into account, except for the transit time in the chamber
anodes (approximately 2 ns) and in the photomultiplier (about 22 ns
according to the photomultiplier specifications). Thus, an extra 22 - 2 = 20 ns
had to be added to the measured position of this peak (see Fig. 3.17).

Fig. 4.4 shows the raw TDC spectra for the two chambers with the prompt
(zero-time) position indicated by the dashed, vertical line. These data were
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recorded while stopping antiprotons in a 238U target. Due to the
arrangement with the start/stop signal, time is running from right to left in
this figure. The lower scale in Fig. 4.4 gives the time-of-flight in ns for this
particular run. The independently measured zero-time position coincides
exactly with the sharp cut-off in the TOF distributions.
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Fig.4.4 : TDC spectra with zero-time position indicated by the dashed line. Lower
scales show time in nano-seconds, as given by the TDC calibration. Note that time is

running from right to left in the figure. Spectra of single fragments from antiproton
annihilations in uranium.

4.3 Position calibration and resolution.

4.3.1 Position coordinate calibration.

Having checked that no correction is needed due to differences in the
calibration of any pair of TDCs on the same delay-line, one can use the TDC
information directly to give the fragment position and position resolution.
Subtracting the two TDC numbers from each end of a delay-line gives the
fragment position, adding them together gives a possibility to discard
background events.
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Assume that the times registered at the two ends of a delay line are
T =t; + At and Tj = t) + At, respectively, where t; and t, are the transit times
in the delay line and At is a common time off-set. Then

T-=Ti-To=t1 +At-(tp +At)=t1-tp and
(4.1)
T+=T1+To=t1 +At+ (2 +At) =t +th + 2 At

Hence, the TDC difference, Ty - T2, directly corresponds to a position
coordinate. It can also be seen from eq. 4.1 that a small time off-set, which
might be introduced for various reasons (see sub-section 4.3.2), does not
influence the position coordinate determination. It tends, however, to
broaden the distribution of summed times, thereby introducing a small
uncertainty in the background rejection.

Horizontal projection : x Vertical projection : y

N E N F
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-200 -100 O 100 200 -400 200 0 200 400

Position [ TDC channel difference ]

Fig. 4.5 : Singles distributions in one of the PPACs. a) is the horizontal projection
(along the beam axis), x. b) is the vertical projection, y. Data from antiproton
annihilations in wranium.

A typical example of a singles raw distribution projected along the beam-
axis (the horizontal projection) is shown in Fig. 4.5a, and the corresponding
position distribution in the vertical projection is shown in Fig. 4.5b. The
edges of the chambers are clearly defined in these distributions, and in
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Fig. 4.6 they are shown in a magnified scale for the horizontal case. The
extremes of the chambers are taken as the positions where the number of
counts has dropped to half of that at the plateau inside the chamber to take
into account the finite position resolution. These positions are marked as

full-drawn, vertical lines in Fig. 4.6.
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Fig. 4.6 : Magnified view of the position distribution at the chamber edges in the
horizontal projection. See Fig. 4.5 for full view. The limits of each chamber are
defined as shown by the full drawn arrows. The oscillating structure of the

"plateau” is discussed in sub-section 4.3.2.
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The limits of the chambers in each coordinate direction immediately
gives the correspondence between TDC channel number and position. These
position calibrations were performed in every run period and inserted into
the event evaluation program.

To check that the channel to distance calibration was linear over the
whole chamber a grid of known dimensions was placed in front of the inner
chamber window. When exposed to fission fragments, a pattern of alternate
bands with and without detected fragments was produced in the chambers.
The positions and widths of these bands were consistent, within errors (see

next sub-section), with the position calibration over the whole chamber
width.

4.3.2 Position coordinate resolution.

The position resolution of a chamber of this type can, as explained earlier,
be expected to be considerably better than the 2.54 mm wire spacing. This was
checked by studying the chamber edges, Fig. 4.6. Ideally, these should be
sharp, but due to the finite resolution of the chambers they are seen to be
somewhat rounded off. The widths of these smeared edges give an
indication of the position resolution. It was found that the resolution in the
x-direction, = 1.0 mm, was better than the resolution in the y-direction,
= 1.8 mm. This difference can partly be explained in terms of the energy loss
experienced by fragments passing through the detector. Fragments in the
outer, y-measuring, part of the PPAC have, on average, a lower energy than
those traversing the inner, x-measuring, part. The larger inclination of the
tracks at the y-measuring edge could also contribute to this effect.

These findings agree well with the 1 mm resolution found in previous
experiments using the same chambers (Ris 88).

For a single fragment, the sum of the propagation times of the two pulses
travelling to each side of the delay line should, ideally, be a constant. The
reason is that the total delay experienced by a signal in the delay-line is
independent of where the fragment enters the chamber. This fact can be
used to discard multi-particle or uncorrelated fragment events.

In practice, several effects contribute to give the spectrum of summed
propagation times a finite width. Firstly, the fragments have different
impact positions along the wire. With a signal propagation speed of 2/3 c,
this gives a timing spread of about 3 ns for the long wires and about 2 ns for
the short ones. Other contributions come from the small difference in TDC
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calibrations and non-linearity in the delay-line as well as different charge
collection times on the electrodes. There is also a finite transit time for the
start pulse through the anode and this will be different in different parts of
the chambers. Finally, small deformations cf the chamber windows and foils
can lead to variations of around or less than 1 ns (Eya 78, Har 79) in the pulse

propagation time.
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Fig. 4.7 : Time sum spectra for a 252Cf test. The dashed lines indicate the window

inside of which events are accepted. Note the logarithmic scale.
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Consequently, one would expect the spectrum of summed propagation
times to be composed mainly of one sharp peak, corresponding to the
propagation time in the full delay line plus some mean propagation time in
the wire itself. There should be no events with propagation time sums
much greater than this. Background events of the multi-particle type as well
as uncorrelated fragments should give rise to sums that are shorter than the
full delay-line peak, except for very special cases.

The experimental distributions of summed times are plotted in Fig. 4.7
The vast majority of fragments fall inside a well defined peak (note the
logarithmic scale ). The widths of the peaks are about 3 ns (FWHM) for the
sum in the x-direction and about 4 ns in the y-direction. Most of this spread
can be understood in terms of variations along a wire. The fact that the
larger width is observed for the shorter, outer wires can possibly be
explained by the difference in specific ionization of the fragments in the x-
and y-measuring parts of the detectors, as mentioned earlier. To exclude any
dubious events, but still allow for the intrinsic time spread, a rather broad
window was set around the peaks, corresponding to the position where the
channel contents had fallen to 0.5% of the peak value, as shown by the
dashed lines in Fig. 4.7. All events outside these windows were rejected
from further analysis.

A periodic, oscillating structure can be observed superimposed in the
position distribution (Fig. 4.6). A closer study shows that the period of this
oscillation is equal to the distance between two wires. The experimentally
found period is 2.55+ 0.23 mm, in excellent agreement with the 2.54 mm
wire distance given by the mechanical construction. As already mentioned
in the previous chapter, sub-section 3.3.4, these modulations are due to the
difference between the estimated centroid of the pulse from the wires and
the true position of the avalanche on the anode (Har 79). In general, this
structure can be reduced by reducing the ratio a/D, where a is the wire
spacing and D is the gap between the electrodes. The clear resolution of this
oscillation again shows that the error in the position determination is
indeed smaller than the 2.54 mm wire distance.

Due to the rather limited statistics available, it was not considered
meaningful to use the 1-2 mm position resolution for binning. To exclude
the possibility of introducing any artificial structure into the position
distributions, the experimentally found wire distance of 2.55 mm was used
as the basic unit when finally binning the data for evaluation purposes. As
will be seen in the next chapter, 4 x 2.55 mm bins were used for the analysis
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of the delayed fission events, and 2 x 2.55 mm bins for the more numerous
prompt fission events.

4.4 Response to fission fragments.

Fission fragments have characteristic properties that make them easy to
distinguish from other types of ions. They are

1) heavy and have a high charge, making them highly ionizing when
passing through matter,

2) fairly slow, with typical velocities around 1 cm/ns,

3) normally emitted in pairs, back to back in binary fission.

These properties are used in this work to separate fission fragments from
other particles emitted in the antiproton annihilation process.

4.4.1 Fragments from 252Cf.

To set the various parameters governing the response of the chambers to
values optimized for the detection of fission fragments, several tests with a
252Cf source were performed.

Fig. 4.8 : Energy spectrum of ions from the 252Cf source used in the calibration, as
measured by a solid-state counter. The vertical scale is logarithmic. The sharp peak

at low AE contains the a-particles, the broader structure at high AE corresponds to
fission fragments.

This radio-nuclide has two main decay channels of interest here. It is a
strong o emitter, giving a-particles of an energy of about 6 MeV.
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Additionally, in about 3 % of the cases, the decay will go through
spontaneous fission. The mass and kinetic energy distributions of the fission
fragments are shown in chapter 2, Fig. 2.19. Thus, this source is well suited
to test the response of the chambers to typical fission fragments.

An energy spectrum of fragments from the 252Cf-source used in the
calibration, detected in a solid-state counter, is shown in Fig. 4.8. The sharp
peak at small energies corresponds to the 6 MeV o-particles while the
broader structure at higher energy is caused by the heavily ionizing fission
fragments. Note that the ordinate scale in Fig. 4.8 is logarithmic.

A 6 MeV o-particle loses only a few keV in the isobutane gaps of the
chambers. Typical fission fragments lose several hundred keV in the same
volume. The discriminator levels were adjusted in such a way that no PPAC
AE-signals were seen from the o-particles in the 252Cf test runs. The chamber
voltage, and thereby the gain, was set to a level where the full fission
fragment energy loss distribution is included in the ADC range.

Fig. 4.9 showns a 252Cf fission fragments AE spectrum, together with AE-
spectra from reactions induced by antiprotons stopped in stainless steel and
in 238U. The poor energy resolution of the PPAC does not make it possible to
separate the light and heavy fission fragments, corresponding to the
asymmetric mass distribution of the 252Cf fission fragments. The difference
in AE-signal between fission fragments and other, lighter jons is
nevertheless clearly visible.
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Fig. 4.9 : Energy loss of fragments of various origin registered in the PPAC detector.
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Figs 4.10 and 4.11 show results from a test where the 252Cf source was
placed in the same position in the fission chamber as the targets in the
antiproton runs. The californium material was deposited on a scintillator
backing of the same dimensions as for the ordinary targets. This scintillator
was then covered with a steel mask to ensure that particles from the 252Cf
decays were emitted only through a surface of the same size as that of the
actual targets. The normal trigger conditions were imposed, requiring a
signal from the scintillator, S1, and from at least one of the chambers. This
trigger requirement, together with the thick steel mask, prevented the
detection of almost all coincident fission fragments in this test.

Fig. 4.10 shows the velocity distribution of the fission fragments measured
in the two chambers, as given by the time-of-flight and position for each
fragment. The measured mean velocity is 12.7 and 12.2 mm/ns for chamber
1 and 2, respectively. This compares well with what is expected. Simple non-
relativistic kinematics gives the velocity of the fragments as

T e
MV “2).

v
C

Thus, a 100 amu fission fragment with a kinetic energy of 100 MeV moves
with a velocity of about 13.8 mm/ns.
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Fig. 4.10 : Velocity distributions of fragments from a 252Cf source recorded in the
two chambers.
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A scatter plot of energy loss versus velocity for fragments from the 252Cf
source is shown in Fig. 4.11. In this and all the subsequent plots, the
individual AE values have been normalized to correct for the path length
traversed in the chamber. This should give a more correct AE/Ax
assignment to the individual fragments. There is a clear positive correlation
between the velocity and AE/Ax : the higher the velocity the higher the
energy loss registered. This behaviour can be understood qualitatively by
studying the specific ionization curves for fission fragments in the
appropriate energy range, taking into account the energy loss of the
fragments in the chamber windows. Going back to section 4.1, Fig. 4.2 shows
the energy loss as a function of kinetic energy for two different heavy ions,
corresponding to fission fragments emitted in the decay of 252Cf.
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Fig. 4.11 : Scatter plot of AE[Ax versus velocity for 252Cf fission fragments registered
in the two chambers (singles).

The calculations in sub-section 4.1.2 show that the chambers are indeed

transparent to fission fragments, even though the energy loss in the
chambers can be considerable. The kinetic energy of fragments from 252Cf,
detected in the gas volumes of the chambers, range from about 0.1
MeV/amu up to about 1 MeV/amu, with the heavier fragments at the lower
energy limit and the lighter ones at the higher. It is clear from Fig. 4.2 that
one expects fission of 252Cf to produce fragments which, after passage
through the foils of the chambers, give an increasing energy loss with
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increasing fragment energy, i.e., with increasing velocity. This is also what is
observed experimentally.

4.4.2 Antiproton induced fragments - selection of fission fragments.

When targets intended for hypernuclear production are exposed to the
antiproton beam one can expect the parallel plate chambers to be irradiated
both by fission fragments and by other, lighter ions. These light ions
originate from antiproton annihilation in material surrounding the actual
targets, such as target backing, moderators and foils in the beam line as well
as from other processes than fission in the target nuclei. Those parts of the
apparatus which can be expected to be struck by antiprotons have been
constructed from low Z material to reduce this type of background.
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800 |

600 |

[arb. units]

400 L

AE/AX

200

Velocity [ mm/ns ]

Fig. 4.12 : Scatter plot of AE/Ax versus wvelocity for fragments produced in
antiproton annihilations in a uranium target, a) for singles and b) for coincident
fragments.

Fig. 4.9 shows the AE-signals from one of the chambers when exposed to
fragments of various origin. The separation between low mass, low Z -
fragments and high mass, high Z - fragments is quite good. This figure also
gives a clear indication that fission fragments are produced in antiproton
annihilation in a uranium target. The spectrum obtained in this latter case
consists of a mixture of the two others, exhibiting both the peak at low AE
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and a broader structure towards high AE. The overlap in AE, in Fig. 4.9 in the
region up to about 200 (arbitrary units), between different types of fragments
is partly resolved when taking into account the velocity of each fragment.
Looking at the scatter plot of AE/Ax versus velocity for fragments from
antiprotons stopped in the uranium target, Fig 4.12a, one observes two well
separated regions. The distribution of fragments in region I obviously
corresponds to the fission fragments earlier identified in the 252Cf tests. The
fragments in region II, on the other hand, originate from antiproton
annihilation in lighter nuclei, or fragmentation of the target nuclei, and
thus constitute a background. By imposing a linear cut, indicated by the thick
diagonal line in Fig. 4.12, fragments from region II can be rejected.

However, some background fragments remain, uniformly distributed
over the region I in Fig.4.12a. These events are rejected by imposing a
coincidence requirement : only those events are accepted which are found in
region I in both chambers. The effect of this requirement is shown in
Fig. 4.12b. Note that in this figure, the linear cut has not yet been applied. In
this case there still remain a few events in region II, which are subsequently
removed by the linear cut.

Furthermore, a few fragments exhibit anomalously low AE/Ax-signals. To
rule out any contamination by random coincidences of light ions a
threshold was imposed, indicated by the horizontal, dashed line in Fig. 4.12.

The probability of random coincidences of fragments in region I is very
small. With a measured singles count rate of typically 60-70 per second and
chamber, the random coincidence rate is

Nchance = 2 - 60 - 70 - At (4.3),

where At is the coincidence gate width of 240 ns. Hence, this rate is about one
coincidence every 8 min. This should be compared to a rate of about 90
registered coincidences per min. Moreover, this background of chance
coincidences is almost entirely concentrated to the open area of the detectors.

There also exists a possibility to further reduce the very small contribution
of chance coincidences with one fragment in the shadowed region, as is
explained in section 5.2.

The velocity spectra of true fission fragments from antiproton
annihilation in uranium, selected according to the above presented
procedure, are shown in Fig. 4.13. The mean velocity, 12 [mm/ns] for both
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chambers, agrees well with what is expected for fission fragments from this

reaction.
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Fig. 4.13 : Velocity of selected fission fragments in the two parallel plate counters.
Data taken while stopping antiprotons in a uranium target.

In conclusion, the methods described in this chapter make it possible to
perform an unambiguous selection of fission events.
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Chapter 5 : PHYSICS ANALYSIS.

The data presented in this thesis were collected during four different runs,
involving two different target nuclei, as shown in the run summary of

Table 5.1 below. The nominal beam momentum was 105.5 MeV/c for all the
runs.

Date Target #p # fission  time
(backing) [+109] [h]
Sept.-85 238U (10 mm) 0.96 14 100 -
Sept.-85 238U (2.5 mmy 2.10 34900 -
July-86 238U (2.5 mm) 5.62 138 500 26.50
July-86 209Bj (2.5 mm) 11.75 39 400 19.65

Table 5.1 : Run summary. The dimension indicated under "Target" is the backing
width. The number of fission events are those remaining after all the cuts described
in chapter 4 have been applied.

For the July -86 runs, most of the data were taken with a coincidence
requirement in the electronics trigger. Only a small part of the uranium
target run from this period used the singles trigger. All the runs using a
2.5mm wide target backing were used in the delayed fission, i.e.,
hypernuclear, analysis. The run using the 10 mm wide target backing was
used to check the recoil-distance method, as will be explained in sub-section
5.2.5.

The lower relative fission yield in September 1985 was due to a larger
beam-spot size in these runs compared to the July 1986 runs.

The data analysis was performed on a pVAX computer at the Department
of Radiation Sciences, Uppsala University, Sweden. The rather slow speed of
this computer had some implications for the work as will be discussed later.
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5.1 Analysis programs.

5.1.1 Event selection program.

The purpose of the event selection program is to separate true fission
events from other types of fragmentation events, induced by antiproton
annihilations in and around the target. In addition, the program should
present the selected events in distributions that can be directly compared
with the results of the simulation program, described in the next sub-
section.

The event evaluation program summarizes the properties of the
chambers as determined by the calibration and the various detector tests. It
also includes cuts which take into account the underlying physics processes.
More specifically, the calibrations made independently of the data collection,
such as the TDC calibration and zero-time measurements, are directly
inserted into the program. Other parts of the calibration, e.g., the position
calibration translating the delay-line TDC difference to a coordinate, makes
use of the program in a first round after which also these numbers are fixed
and taken as input for the subsequent physics analysis.

Various quantities which are calculated in the program, such as the
velocity and the AE/Ax of the fission fragments, depend strongly on the
calibrations performed.

In order to make a correct selection of true fission events, the data are fed
through three types of cuts of increasing complexity:

1) First order, electronics cuts. These exclude any event from further
evaluation which has an overflow or underflow

- either in the delay-line TDCs
- or in the AE-measuring ADCs.
2) Second order, instrumental cuts. Events are cut for which
- the time-of-flight TDC has a value outside the physical range or
- the sum of delay-line TDCs is outside the defined window.

3) Third order, physics cuts. These vary somewhat depending on what is

presently studied, but in general, events that are kept must
- pass a linear cut in the AE/Ax - velocity scatter-plot,
- be subject to a threshold cut in the AE/Ax - distribution and
- involve both chambers, i.e., be coincidence events.
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This procedure provides samples consisting of only fission events.
Further geometrical or other requirements finally define the conditions for
each separate event sample.

5.1.2 Monte Carlo simulation.

It was shown already in the early work on the recoil-distance method
(Met 74) that only under ideal conditions is it possible to calculate
analytically the position distribution of the fragments originating from
delayed fission events. If one wants to take into account the physical
processes under study, as well as the experimental geometry and the detector
performance, special programs which simulate the experiment have to be
developed. One quite recent example of such a program, also using the so
called Monte Carlo method, is described in Dor 86.

The details of the physical processes leading to fission and the precise
geometry of the experimental set-up have been described elsewhere in this
thesis. Here only the general outlines of the Monte Carlo program are given,
with emphasis on the physics assumptions made. The case of delayed
fission, i.e., decaying heavy hypernuclei, is treated first before describing the
small and straightforward changes needed to adjust the program for prompt
fission simulation. It should be stressed that no estimates on the relative
yields of delayed and prompt fission are made in the Monte Carlo program;
the two processes are treated separately.

Fig. 5.1 shows the main components in the simulation of a delayed fission
event. Note that, for clarity, the dimensions of the target and the vector H
are exaggerated in the figure.

The production point of the heavy hypernucleus is indicated by a P in the
figure. Due to the fact that the LEAR beam had a width of about 2 mm both
horizontally and vertically (FWHM) at the target position a square surface of
dimension 2 x 2 mm2 was chosen as the effective production area. A
uniform distribution of production points over this area was assumed (dark
shaded area in Fig. 5.1).

The direction of the outgoing hypernucleus, along the vector i, was
chosen at random from a uniform spherical distribution (CERN program
library routine RAN3D). All hypernuclei recoiling in the negative x-
direction, i.e., into the target, were considered lost. To gain efficiency, all
events could therefore be given a positive x-component, resulting in
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outgoing directions uniformly distributed over a half-sphere. This has no
effect on the distributions as long as one is only interested in coincidences.

The length of the vector H is determined by the lifetime, 1, and the
velocity of the hypernucleus. It is the aim of this work to estimate the values
of these two quantities. However, in the case of the velocity two
assumptions go into the simulation program.

Shadowed region ot Open region

Fig. 5.1 : Schematic view of the experimental set-up. The main components of a
simulated delayed fission event are shown. The figure is not to scale.

Firstly, an assumption about the mass of the formed hypernucleus has to
be made. Some results on mass distributions after antiproton annihilation
in heavy targets have been quoted in section 2.1. Especially the work by
Angelopoulos et al. (Ang 88) seems applicable in this case. Here it is shown
that each heavy nucleus loses on average about six neutrons, in a very short
time after the annihilation. Applied to the targets used in this experiment
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their result gives a mass of the heavy hypernucleus of 202 amu in the
bismuth case and 231 amu for uranium, since one nucleon is lost in the
initial annihilation. Furthermore, one can expect a few protons to be directly
knocked out from the heavy nucleus. These are only rough estimates but, as
is shown later in this chapter, sub-section 5.2.5, the final results are not
sensitive to this particular input parameter.

Secondly, some assumption has to be made about the momentum
distribution of the recoiling hypernuclei. A reasonable guess, considering
the statistical behaviour of the annihilation, could be to use an exponential
function, corrected to take care of the low-momentum part of the spectrum
properly. This is the form favoured by intra-nuclear cascade calculations and
it is also supported by some recent measurements on the recoil momenta of
3He - and 4He - particles emitted after antiproton annihilations in a wide
range of target materials (Egi 88). The form finally introduced was

N(p) = pi?-exp(-p/po) (5.1)

where i is an integer,
Po is a constant, describing the width of the distribution.

This approach should be considered as purely phenomenological. A few
different choices of i were tested as explained in sections 5.2 and 5.3. The
constant pg, as well as the lifetime t, were treated as free parameters in the
least-squares minimization. By using a slightly modified version of the
CERN program library routine FUNRAN, each event was given a random
momentum generated from an overall distribution of the functional form
given in eq. 5.1.

The hypernuclear decay, leading to fission, takes place at position D in
Fig. 5.1. In the simulation program, fission was considered to be binary and
perfectly back-to-back in the mother nucleus' reference system. Apart from
that, two main quantities are of interest here: the kinetic energy and the
mass of the fission fragments. As was shown in section 2.3, the kinetic
energy release in fission is almost linear in the Coulomb energy parameter,
Z2 / A3, For a compound nucleus with A around 200, e.g., 200T], formed in
a-bombardment, the kinetic energy given to the two fragments is about
140 MeV, quite independent of the a-particle energy (Van 73). Similarly, for
a compound system of A =230 the kinetic energy release is 160 - 165 MeV,
where the higher values correspond to higher excitation energies. The
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values used here for this quantity were 140 MeV for bismuth and 160 MeV
for uranium.

The masses of fragments from fission induced by energetic projectiles,
corresponding to a high excitation energy of the fissioning nucleus, show a
symmetric distribution (Fig. 2.19). Since the energy released in the decay
A+N -5 N+N is of the order of 160 MeV it seems reasonable to assume
that this type of mass distribution also applies to fission induced by the decay
of heavy hypernuclei. To simplify things further, a constant mass of half the
mother nucleus mass was assigned to each daughter fragment. As will be
shown later, in Fig. 5.22 in sub-section 5.3.2, there is experimental evidence
to support such an assumption.

Table 5.2 summarizes all the inputs to the Monte Carlo program
concerning the fission process.

The directions of the emitted fission fragments, + F°M, are generated
randomly from a uniform spherical distribution. Due to the recoil of the
fissioning system, the opening angle between the laboratory directions of the
fragments, ?I?b and ?‘3", will deviate from 180°. Furthermore, the true decay
point D is not known experimentally and the opening-angle distribution is
therefore calculated using the vectors from the origin, i.e., the centre of the
target, to the two impact points on the detectors, C; and Cp. For consistency,
this is also the opening angle calculated in the Monte Carlo program. The
difference to the true opening angle between the two fragment trajectories is
very small, since the recoiling heavy nucleus only traverses a few tenths of a
mm outside the target before decaying.

Target Mass [amu] Kinetic energy
mother daughters [MeV]

209Bi 200 100 140

B8y 230 115 160

Table 5.2 :  Fission process inputs to the Monte Carlo calculations.

The full geometry of the experimental set-up is implemented in the
Monte Carlo program. Thus, any fragments striking the target arrangement,
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as well as those intersecting the chamber planes outside their physical limits,
are considered lost.

Applied to the prompt fission case, the main modification to the program
is that the vector H is given a zero length. This takes into account the fact
that prompt fission occurs in a very short time, about 10-18 s after the
annihilation. Hence, all the prompt fission takes place inside the target itself.
This further implies that, as already mentioned for the heavy recoils, any
fragment with a velocity component in the negative x-direction, i.e., going
deeper into the target, is considered lost. Since the kinetic energy release is
only weakly dependent on the excitation energy, the values from the
delayed fission analysis, Table 5.2, were also used for prompt fission
simulation.

5.2 Delayed fission analysis.

This section describes the evaluation of the delayed fission events.
Extracting the lifetime of the delayed fission process was the main goal of the
analysis, and it is treated here in some detail.

The unambiguous selection of true fission events, delayed and prompt,
was described in the previous chapter and the procedure was summarized in
section 5.1. In all what follows the cuts described there have already been
applied.

5.2.1 Detection efficiency.

With the geometry of the experiment given by the mechanical
construction of targets, target backings, chambers etc., there are still a few
factors left that determine the number of delayed fission events registered in
the detectors :

i) The probability for the recoiling, heavy nucleus to escape from the
target. This escape efficiency will depend on the momentum, mass, charge,
production point, direction of motion etc of the heavy recoil. Some aspects
of this were already discussed in sub-section 4.1.1.

ii) The PPAC detection efficiency.

iii) The spatial distribution of decay points, as given by the velocity and
the lifetime of the fissioning nucleus.

Point i) above is only important if one wants to calculate the absolute
yield of delayed fission events. As the emphasis here is on the
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determination of the lifetime of the delayed fission process this problem has
mainly been considered in the context of restricting the recoil angles of the
escaping heavy nuclei, as will be discussed in sub-section 5.2.5. Moreover,
this effect is to some extent taken care of by the phenomenological form of
the momentum transfer distribution. Nevertheless, a rather simple
calculation of the escape efficiency was made, based on the stopping power
program suggested by Ziegler (Zie 85). This showed that about 30 % of all
recoils - or about 60 % of those moving in the forward direction - escaped
from the target into the fission chamber.

Point ii) is discussed at some length when the analysis of the prompt
fission events is presented in section 5.3. For simplicity, in the analysis of the

delayed fission events the chambers were always considered to be 100 %

efficient.
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Fig. 5.2 : Delayed fission detection efficiency for uranium (2.5 mm backing) as a
function of the lifetime and the pg-parameter. The level of each curve is marked in
percent. Straggling and multiple scattering in the target are ignored and the parallel

plate chambers are assumed to be 100% efficient, the recoils are assumed to be
isotropic over 4z solid angle and the escape efficiency is 100%.

The dependence of the detection efficiency on the velocity and the
lifetime of the recoiling heavy nucleus can be studied with the Monte Carlo
simulation program. The result of such a study is presented in Fig.5.2,
showing a contour plot of the efficiency when varying the lifetime and the
width, po, of the momentum transfer function, eq. 5.1. Here the integer i was
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set to 2 and the fission parameters were chosen according to the uranium
case in Table 5.2. As expected, the detection efficiency increases with
increasing lifetime. The efficiency for bismuth looks quite similar, although
the curves are shifted somewhat towards lower pg-values in that case.

The Monte Carlo study also shows that there are at least as many delayed
fission events, where both fragments are registered in the open area as there
are events with one fragment being recorded in the shadowed area and the
other in the open area. Since there is no way, with the present detection
system, to separate delayed and prompt fission events other than by purely
geometrical methods, it is impossible to include the former type of delayed
fission events in the analysis.

The probability of forming a hypernucleus is not taken into account in the
calculation at this stage.

5.2.2 The target plane projection.

The only type of delayed fission event treated here is that for which one of
the fission fragments has an impact position in the shadowed area of the
detector. The separation line between the shadowed and the open area is
given by the intercept of the extended target plane with the detectors, as is
shown in Fig. 3.4. The accurate determination of the geometrical limits of
these areas is therefore a crucial ingredient of the recoil-distance technique.

The method applied to fix the exact geometry of the experiment will now
be illustrated for one special case, using the 1986 uranium target data. The
same procedure was repeated for all the hypernuclear production runs.

The gross features of the position distribution in each chamber give a
rough idea of the position of the target plane projection. Fig. 5.3 shows the
interesting part in more detail for both chambers. Note the logarithmic scale.
The centre of each chamber is indicated by a dashed line and the positions of
the minima of the intensity oscillations, discussed in section 4.3, are shown
by short, solid lines. The oscillating structure can be followed well into the
low-populated area of the chamber, thus interfering with the structure
caused by the shadow of the target backing. Nevertheless, a first guess where
to find the target plane projection can be made by connecting the structure
minima, as indicated by the solid lines in Fig. 5.3. This points to a position
around channel -14 in chamber 1 and channel -8 in chamber 2.

To fix the separation line position, a preliminary least-squares test was
performed. Each choice of the target plane projection line defines a different
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experimental geometry and thereby a different delayed fission event sample.
The least-squares method was applied to the position distribution in the
shadowed area for each sample. The values of the global least-squares
minima in the t/pg - parameter space for the different projection line
choices are plotted in Fig. 5.4.

Chamber 1 Chamber 2
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Fig. 5.3 : Position distribution of fission fragments projected along the experimental
x-axis. The middle of each chamber is marked with a dashed line. Each minimum
of the intensity modulation is indicated by a short, solid line. The long, solid line
connects the two minima in the open region close to the open/shadowed area
separation line, for each chamber. On top of each plot is indicated the scale in mm.
Data from the uranium run in July 1986.

Clearly, channel -15 in chamber 1 and channel -9 in chamber 2 give the
lowest minimum and can therefore be selected as the target plane projection
for this run. Trying some of the "cross-combinations", such as -15, -10 or -14,
-9, gives no lower minima. Of course, one still has to be aware of the fact that
the finite position resolution might mix events of the delayed and the
prompt type in the region closest to the separation line between the
shadowed and the open area. This problem will be studied further in sub-
section 5.2.5.

In this way the dimensions of the open and shadowed areas for each
chamber and run could be included into the simulation program. It was
found that the target position was in general 2 -3 mm upstream of the
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middle of the chambers, making the open area slightly larger than the
shadowed.

Comparing the position distributions for horizontal slices at the top and
the bottom of the chambers, shows that the targets were in all runs placed in
a perfectly vertical position. In the bismuth run of July 1986, however, the
target was observed to be slightly rotated around the vertical axis, by about
0.3°. Included in the simulation program, this rotation produced no effect
on the final results.

2 14
Xmin v=4
12+

104

8

6 -

-19 -17 -15 -13 -11 -9 Chamber 1
13 =11 -9 -7 -5 -3 Chamber 2
Position [ TDC channel difference ]

Fig. 5.4 : Least-square minimum for the shadowed region as a function of the
position, in TDC channel number difference, of the separation line between open
and shadowed regions. The number of degrees of freedom in the least-square
calculation is 5. Data from the uranium target run in July 1986.

5.2.3 Event selection and cuts - experimental distributions.

Having fixed the geometry and, specifically, determined the separation
line between the open and the shadowed areas, it is then a straightforward
task to identify the delayed fission events. This is made simply by selecting
those events with one, and only one, fragment in the shadowed area.
Figs 5.5 and 5.6 show the position and opening-angle distributions of the
selected delayed fission events from the three 2.5 mm backing runs (see
Table 5.1), respectively. The separation line between open and shadowed
regions, indicated by the dashed line in Fig. 5.5, defines the origin in the
position distributions.
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Fig. 5.5 : Position distribution for selected delayed fission events from all 2.5 mm
target backing runs. The bin size is 10.2 mm. See Table 5.3 for more details.
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Fig5.6 : Opening-angle distribution of selected delayed fission events for all 2.5 mm
target backing runs. The data are binned by 2°. Table 5.3 gives the values for mean
angle, rms width and number of entries.
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The position distribution histograms are binned by 10.2 mm,
corresponding to 4 x 2.55 mm, to avoid the introduction of any artificial
structure due to the intensity oscillations. At the same time this binning
gives a reasonable number of entries per bin.

The position distribution in the open area is given by the fragments
accompanying those striking the shadowed area in a coincident event. The
opening angle is defined as the angle, smaller than 180°, between the two
vectors connecting the centre of the target with the two impact points in the
detectors. The opening angle is calculated in the same manner in both the

event selection program and in the Monte Carlo program.

One consequence of the recoil-distance technique is that every recoiling
heavy nucleus, giving rise to a detected delayed fission event, has a
momentum component in the positive x-direction (see Fig.5.1 for the
definition of the experimental coordinate system). If this is the only
momentum imparted on the recoiling nucleus, and the subsequent fission
is perfectly back-to-back, the impact position in the open area will be found
further away from the open/shadowed area separation line than the
correlated impact position in the shadowed area. However, examining the
experimental distribution of the quantity

Ax = Ixopen| - | Xshadowed ! (5.2),

shown in Fig. 5.7, one notices that the distributions extend to negative Ax-
values that are by far larger than what one would expect from, for example,
the finite position resolution.

The shape of the Ax-distributions can be understood if one takes into
account the weak decay process. In the underlying A + N - n + N reaction,
responsible for the subsequent fission decay of the heavy nucleus, about
400 MeV/c momentum is given to each final state nucleon. In leaving, these
nucleons interact with the residual nucleus, transferring excitation energy
but also linear momentum. Monte Carlo studies show that an extra,
isotropically distributed, momentum transfer of about 300 MeV/c, given at
the instant of fission decay, can explain the shapes of the Ax-distributions.

At the same time, this effect had almost no influence on the final result of
the parameters pertaining to the delayed fission process. Therefore, it was
not included when performing the least-squares search for the lifetime
parameter. The same Monte Carlo study, however, also shows that even in
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the most extreme cases, with a recoil kick of several hundred MeV/c, it is
very unlikely to get events with Ax < -30 mm.
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Fig. 5.7 :_ Ax-distributions for all 2.5 mm target backing runs. One event, indicated by
the arrow, from the July 1986 uranium run, is rejected.
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- This then gives a possibility to introduce an extra cut for delayed fission
events, rejecting any event with Ax < -30 mm. Only one experimental event,
from the July 1986 uranium run, was rejected on these grounds. This event
is indicated by an arrow in Fig. 5.7. The properties of the remaining events
are summarized in Table 5.3. k

Date Target/ # delayed «®> Orms
backing fission [degr.] [degr.]

Sept-85 100 ug/cm2U 7 170.1 43
10 mm

Sept.-85 100 ug/cm2U 46 170.7 5.3
2.5 mm

July-86 100 pg/cm2 U 163 170.6 5.1
2.5 mm

July-86 100 pg/cm? Bi 156 170.5 4.7
2.5 mm

Sept.-85 + 100 pg/cm2U 209 170.6 5.1

July-86 2.5 mm

Table 5.3 : Delayed-fission event selections for the four runs discussed in this thesis.
The number of events, mean opening angle and rms width of the opening-angle
distribution are given for each event sample. The properties of the combined

sample of uranium data taken with the 2.5 mm target backing are shown below the
wavy line.

5.2.4 Parameter search.

The least-squares method was adopted to extract physics information
from the experimental distributions. The main principles of this method are
explained in Appendix A. This sub-section describes how the least-squares
principle was applied to the PS177 data.

The residual sum of squares, X2, is given by eq. Al in Appendix A as:

N

X2 = Z [Y_x'_fn_(c_@_ﬂ_)] 2 (A.1).
1

i=1
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This quantity has been calculated individually for three different
distributions : i) Xs%\ad for the position distribution in the shadowed area of
the detectors, ii) Xa%\gle for the opening-angle distribution and iii) Xgpen for
the position distribution in the open area. The theoretical prediction,
£i( 8 ; x;), as well as the estimated error, oj, in each data point were given by
the Monte Carlo simulation program (see section 5.1 for details). The Monte
Carlo histograms were produced with 20 - 30 times more events than the
experimental ones. Two parameters, T and po, pertaining to the lifetime and
the recoil velocity of the nuclei about to undergo delayed fission,
respectively, were varied freely ; the principal aim of this part of the analysis
was to get accurate estimates of these two quantities.

In general, one can expect the X2 calculated from the position distribution
in the shadowed area to be the one most sensitive to the lifetime parameter.
In most experiments using the recoil-distance method no coincidences are
recorded and, consequently, the position distribution in the shadowed area
becomes the only source of information on the fissioning system. In our
case, however, the opening-angle distribution gives additional information.
This latter distribution can be expected to be especially sensitive to the
velocity of the recoiling heavy nucleus at the instant of fission decay. In the
analysis presented here the Xgpen is also studied, as an extra check on
consistency.

The next four paragraphs present the details of the parameter search for
the three 2.5 mm target backing runs.

524.1 September 1985 uranium data.

When applying the least-squares test to the uranium data of September
1985 it was found that, for the opening-angle distribution, a dis-
proportionally large contribution to X2 was given by the two events in the
157° bin. Removing these two events, by imposing a 8 > 160° cut, both on the
experimental and the Monte Carlo events, reduced the number of
experimental events to 44 but at the same time made the variations in all
three X2 - surfaces much smoother. For consistency, the corresponding
entries in the position distributions were also removed.

Fig. 5.8 shows contour plots of the three X2/v - surfaces in the t/po -
parameter space. Every contour is marked by its X2/v - value and the global
minima are indicated by black dots.
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The shapes of the three X2 - surfaces shown in Fig. 5.8 are somewhat
contradictory when it comes to selecting the best combination of the 1 - and
po - parameters. Clearly, the Xa%lgle is practically insensitive to the variations
in the lifetime parameter, t. The minimum on this surface is found for a
rather high value of the recoil momentum parameter, pp ~ 450 MeV/c, as
compared to the pg~ 300 MeV/c given by the other two X2 - surfaces. As
expected, the Xs%mad - values exhibit a strong dependence on the T - parameter
but are only weakly dependent on the choice of pp, at least for
Po > 200 MeV/c. The global minimum on the Xs%\ad - surface is found for t =

0.12ns and pp = 300 MeV/c. As can be seen in Fig. 5.8, this is also the pg -
value for which the quite irregularly shaped Xsiad- contours have their
largest width in the 1 -direction.

Therefore, plotting the Xsiad - values as a function of the 1 - parameter
only, with a fixed recoil momentum function of N(p) =
p -exp(-p /300 [MeV/c]), should give quite a conservative estimate of the
statistical errors involved. Such a plot is shown in Fig. 5.9 and the dashed
lines in this figure indicate how the intersection method is applied to give
approximate confidence limits. For the 1c - error the Xs2had - curve is
intersected at a level of X2 = sthad(min) +(12) and for the 95 % confidence

level the corresponding level is at X2 = Xs%lad(min) +(1.962) . The numerical
results are :

T (238U) (Sept.-85) = ( 0.12 fg gz ) ns : 1o error interval

© (38U) Sept85) = (0.12 *I2 )ns  :95% CL interval

In addition to giving parameter estimates, the least-squares method also
provides a goodness-of-fit test. The basis for this test is described in
Appendix A, section A.3. Making use of eq. A.22 one gets

o=1-F(X2 4min)=24,v=3) ~ 48%

The probability to get a higher Xs2had(min) in 48 % of the cases, when a

new data-set drawn from the same parent population is used, strengthens
the confidence in the obtained results.
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Fig. 5.8 : Contours of reduced residual sum of squares, X2|v, in the t/po-parameter
space for the September 1985 uranium data. The number of degrees of freedom, v, is
7 for the opemng-angle, 3 for the shadowed—area and 6 for the open-area calculation.
Each contour is marked by its X2[v — value. The minimum on each surface is
indicated by a black dot. The dashed line for pg = 300 MeV/c in the shadowed area
X2|v - surface indicates the cut displayed in Fig.5.9.
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Fig. 5.9 : The residual sum of squares for the shadowed region, sthad' as a function

of the Monte Carlo lifetime parameter, t, for September 1985 uranium data. The
dashed lines indicate how the intersection method is applied to give the
approximate 1o - and 95 % confidence intervals.

5242 July 1986 uranium data.

Contour-plots of the three X2 - surfaces in the ©/pg- parameter space are
shown in Fig. 5.10 for the July 1986 uranium data. Before applying the least-
squares test one experimental event, at position x = -86.7 mm, was excluded
from the analysis. This was made on purely computational grounds, to
avoid the complication of having bins with no entries in the least-squares
expression. The corresponding fragment in the open area position
distribution was also removed, as well as the entry in the opening-angle
distribution.
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In order to reproduce the experimental situation correctly, the Monte
Carlo events were required to have a position in the shadowed area of
Xshad 2 -71.4 mm and an opening angle of 6 > 154°.

As indicated by the black dot in Fig. 5.10, for this data set the global
minimum on the Xs%ad - surface is found for the combination t = 0.14 ns,
po = 350 MeV/c. Both the Xa?mgle - and the Xs%lad - surface exhibit much the
same properties as were already found in the analysis of the September 1985
uranium data. However, the larger number of events in the July 1986 run
makes the variations over the X2 - surfaces much smoother in this case.

Following the recipe from the previous analysis one can fix the po-
parameter at 350 MeV/c, as given by the Xs%\ad minimum. This pg also more
or less corresponds to the largest width of the ellipse-like Xsiad - contours,
thus giving a good estimate of the statistical error. The error estimates for
the t - parameter, as given by the intersection method, are shown in
Fig. 5.11.

From Fig. 5.11 the following result for delayed fission in the uranium
data-set of July 1986 can be extracted:

T (238U) (July -86) =(0.140+0.025 ) ns : 1o error interval
© (@380) (uly-86) = (0.140*0% )ns  :95% CL interval

To obtain these values a recoil momentum function of the form
N(p) =p-exp( -p / 350 [MeV/c] ) was used, as indicated in the figure.
Changing to a higher value of the width parameter, setting for example
Po =450 MeV /c as suggested by the Xa%\gle - surface, shifts the minimum to
0.15 ns with the same error intervals.

The goodness-of-fit test gives for this data-set
o =1-F(X2, 4min)=48v=4) = 31%

Even though this value is somewhat lower than what was obtained for
the analysis of the September 1985 uranium data it is still comfortably high .
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N(p) =p - exp(-p/pg)
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Fig. 5.10 : Contours of reduced residual sum of squares, X2|v, in the t/po-parameter
space for the July 1986 uranium data. The number of degrees of freedom, v, is 10 for
the opemng-angle, 4 for the shadowed -area and 7 for the open-area calculation.
Each contour is marked by its X2|v - value. The minimum on each surface is
indicated by a black dot. The dashed line for pg = 350 MeV/c in the shadowed area
X2|v - surface indicates the cut displayed in Fig.5.11.
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Fig. 5.11 : The residual sum of squares for the shadowed region, sthad' as a function
of the Monte Carlo lifetime parameter, T, for the July 1986 uranium data. The solid
line only connects the points to guide the eye. The dashed lines indicate how the
intersection method is applied to give the 1o error interval.

5243 All 2.5 mm target backing uranium data.

As has been seen in the previous two paragraphs, the data from the two
uranium target runs, in September 1985 and July 1986, give very consistent
results. This consistency, together with the fact that all experimental
conditions were the same for the two runs, made it possible to combine
them into one data-set. The results from a least-squares parameter search
using this combined uranium data sample is presented in Fig. 5.12.

Of the total 209 selected delayed-fission events constituting this combined
data-set only one was rejected before the least-squares calculation was
performed, namely the one with Xshad = -86.7 mm from the July 1986 data.
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Opening angle distribution N(p) = p- exp(-p/pg)
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Fig.5.12 : Contours of reduced residual sum of squares, X2[v, in the t/po-parameter
space for the combined uranium data. The number of degrees of freedom, v, is 10
for the opening-angle, 4 for the shadowed-area and 7 for the open-area calculation.
Each contour is marked by its X2/v - value. The minimum on each surface is
indicated by a black dot. The dashed line for pg = 375 MeV/c in the shadowed area
X2|v - surface indicates the cut displayed in Fig. 5.13.
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Fig. 5.13 : The residual sum of squares for the shadowed region, sthad' as a function
of the Monte Carlo lifetime parameter, T, for the combined 1985 and 1986 uranium
data. The solid line only connects the points to guide the eye. The dashed lines
indicate how the intersection method is applied to give the 1o error interval.

Inspecting Fig. 5.12, one observes that the shape of the Xa%\gle' surface
changes very little when combining the two uranium runs. The contours on
the Xs2had - surface are narrower and more ellipse-like for the combined
data-set. The global minimum on this surface is found for T =0.12ns and
po =375 MeV/c; there is also a local minimum for the same lifetime but a pg
of about 1000 MeV/c. For the Xgpen- surface a global minimum has
developed for © =0.07 ns and pg = 400 MeV/c. The minimum in this case is
very shallow in the 1 - direction and there is no real contradiction to the
higher and better defined 1 - value given by the X52ha
In conclusion, there is a fair overall consistency in the features of the

three individual X2 -surfaces, indicating that the model and the parameter

d- minimum.

estimates give a good description of the physical processes at hand.

Fig. 5.13 gives the following result for the lifetime parameter, based on
delayed fission data from the uranium target runs in September 1985 and
July 1986 :
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T (238U) (All uranium) = ( 0.120 TO%OZZOS ) ns : 1o error interval
© (38U) (All wranium) = (0.12*2% )ns  :95% CLinterval

The recoil momentum function N(p) = p - exp(-p/ 375 [MeV/c]) was
used to extract these error intervals.
The goodness-of-fit test gives

o =1- F(X2,4min)=29,v=4) = 56 %,

again indicating that both the model and the parameter estimates describe
the experimental situation in a statistically satisfactory manner.

5244 July 1986 bismuth data.

Out of the 156 selected delayed fission events from the bismuth run two
were discarded before the least-squares parameter search was performed. As
in the uranium analysis, this was made to get a smoother behaviour of the
X2 -surfaces. One rejected event had an opening angle of 6 = 152.1° and was
excluded by a 6 > 158° cut. The other event had a position in the shadowed
region of Xshad =-87 mm and was excluded by an Xghad > -81.6 mm cut. The
two cuts were imposed both on the experimental and the Monte Carlo data.

The least-squares test of the remaining 154 events is presented in Fig. 5.14.
Both the Xa2ngle - and the Xgpen - surface show great similarities with what
was found in the uranium analysis : they only exhibit a weak dependence on
the lifetime parameter, t, and the values for the recoil momentum
parameter, po, at the X2 -minima are very close to the uranium values.

The shape of the sthad - surface, on the other hand, exhibits a few
differences compared to that of the corresponding surface found in the
uranium analysis, Fig.5.12. Firstly, the position of the global X s2l'\ad -
minimum is in this case found for a high value of the pp- parameter,
po = 1500 MeV/c. In the uranium case a local minimum was found for about
the same pg - value. However, such high pg - values are totally excluded by
the least-squares fits to the other two distributions. Secondly, the value of
the lifetime parameter that gives the sthad - minima, both the global one
and the local minimum marked by the black dot in Fig. 5.14, is about a factor
of two larger than that given by the uranium analysis.
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Fig. 5.14 : Contours of reduced residual sum of squares, X2|v, in the t/po-parameter
space for the bismuth data. The number of degrees of freedom, v, is 8 for the
opening-angle, 5 for the shadowed-area and 7 for the open-area calculation. Each
contour is marked by its X2|v - value. The minimum on each surface is indicated
by a black dot. For the X ., the black dot indicates the position of a local

minimum. The dashed line for po = 350 MeV/c in the shadowed area X2|v - surface
indicates the cut displayed in Fig.5.15.
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Fixing the pp - value at that given by the local minimum, pgp = 350 MeV/c,
indicated by the dashed line in Fig. 5.14, gives the X5211ad as a function of
lifetime plotted in Fig. 5.15. The minimum is here found for t = 0.24 ns, and

the statistical errors given by the intersection method, indicated by the
dashed lines in Fig. 5.15, are :

7 (209Bi) = (0.24 _"096%6 ) ns : 1o error interval
209R:) — +0.13 . :
T (?9Bj) = ( 024 08 )15 :95% CL interval

The shape of the recoil momentum function was in this case N(p) =
p * exp(-p/ 350 [MeV/c]).

2
Xshad N(p) =p - exp(-p / 350 [MeV/c])
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Fig. 5.15 : The residual sum of squares for the shadowed region, sthad' as a function
of the Monte Carlo lifetime parameter, T, for the bismuth data. The solid line only
connects the points to guide the eye. The dashed lines indicate how the intersection
method is applied to give the 16 and 95 % CL error intervals.
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The goodness-of-fit test gives
o=1-F(X2, 4min) =65v=5) = 27 %.

A probability of 27 % for getting a higher sthad(min) when using a new
set of data drawn from the same parent distribution should normally be
quite acceptable. In this case, however, the fact that only a local minimum of
the Xs%xad - surface has been used adds some exira uncertainty to the results.

In view of the different results obtained in the uranium and the bismuth
analysis, the shape of the Xs2had - surface and the rather low goodness-of-fit
value in the bismuth case might indicate that some of the assumptions

made in the simulation program are not quite applicable to the bismuth
analysis.

5.2.5 The stability of the results.

Several tests were performed to study the stability of the results presented
earlier in this chapter. At the same time, these tests also give an indication
of the systematical errors involved in the analysis. The results of some of
these tests are collected in this sub-section; they are grouped rather loosely in
four categories:

- 10 mm target backing test,

- software geometrical tests,

- tests of the analysis method,

- variation of some Monte Carlo input parameters.

525.1 10 mm target backing test.

About one third of the antiprotons in the September 1985 run was used in
a test where the normal 2.5 mm wide scintillator target backing was replaced
by a 10 mm wide backing. The target consisted of a 2x5mm? large,
100 pg/cm? thick uranium spot deposited in the centre of the scintillator
backing.

As can be seen from Table 5.1, the total number of fission events from the
wide backing run was consistent with what was obtained with a target of the
same size in the 2.5 mm backing run, taking the different number of
incoming antiprotons into account. The number of fission events per 106
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antiprotons were 16.6 and 14.7 for the wide and the narrow backing runs,
respectively.

When all the cuts had been made, seven delayed fission events remained
in the wide target run. Of these, two had their positions in the shadowed
area within 0.5 mm of the selected separation line between the open and the
shadowed regions. These seven events correspond to 7.3 delayed fission
events per 109 antiprotons, to be compared to a yield of 21.9 per 10°
antiprotons in the 2.5 mm backing run. Hence, the experimental ratio of
yields was Ryg/2.5 = 0.33 £ 0.10. The detection efficiency ratio, given by the
Monte Carlo program for the same geometries, was RMc = 0.24, i.e., the same
within the experimental error.

Uranium 10 mm target backing

! —— Experiment
: --- Monte Carlo
i

8
7.
61
N |
41
3
2

11 I— _____________
0 . >

-408 -204 O 204 408 612 81.6 102.0

Position [ mm ]

Fig. 5.16 : Position distribution of the seven experimental delayed fission events
(full drawn line) from the uranium 10 mm target backing run in September 1985.
The Monte Carlo histogram (dashed line) was produced with a lifetime parameter

of 0.12ns and a recoil momentum given by N(p) = p * exp( -p/375 [MeV/[c] ). Note
that the bin size in the open region is 20.4 mm.

The Monte Carlo simulation gives an expected position distribution of
the seven delayed fission events as shown in Fig. 5.16. Note that the bin size
in the open region has been increased to 20.4 mm in this figure. These
results were obtained with a lifetime parameter of 0.12 ns and a momentum
distribution of the form N(p) = p - exp(-p/375 [MeV/c]), as given by the
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analysis presented in sub-section 5.2.4. There is a fair agreement between the
experimental and the Monte Carlo distributions, especially in the shadowed
region. The simulated opening-angle distribution is also consistent with the
experimental data.

In conclusion, the wide target backing test clearly shows that the recoil-
distance method works properly in the application presented in this thesis.

5252 Software geometrical tests.

a) As mentioned before, in sub-section 5.2.2, a slight rotation of the target
of about 0.3° around the vertical axis could be observed in the bismuth run
of July 1986. Including such an effect in the simulation runs for the bismuth
analysis had no effect on the final results of the analysis.

b) Two of the simplifying assumptions about the beam spot geometry,
made in the simulation program, were tested.

I) The position of the beam spot was shifted from the centre of the target
to other parts of the target surface. This led to higher X2 - levels in the least-
squares analysis, without changing the parameter estimates.

II) The uniform 2x 2 mm?2 beam spot distribution was replaced by a
Gaussian distribution with a standard deviation ¢ = 0.64 mm (FWHM =
1.5 mm) both horizontally and vertically, positioned at the centre of the
target. Re-running the least-squares analysis with the combined uranium
data-set, a shift of the best lifetime estimate of +0.02 ns, to 0.14 ns, was
obtained, with no significant change in the pp-parameter estimate. It should
be noted that the 1.5 mm (FWHM) beam spot is smaller than what was
usually observed experimentally. In reality, the beam was more uniformly
distributed over the target surface and consequently a 0.02 ns uncertainty
due to this effect is a quite conservative estimate.

c) In spite of the careful selection of the separation line between the
shadowed and the open regions, described in sub-section 5.2.2, there is still a
chance for some background events to be included in the final event sample.
The sources of these background events could be:

i) Prompt events that, due to the finite position resolution of the
chambers, are registered as striking the shadowed part of the chambers.

ii) An up-down asymmetry in the position distributions which, if not
corrected for, will smear out the separation line.

iii) The possibility of having hypernuclei of fission fragments, i.e, a A
particle attached to a prompt fission fragment. If the trajectory of such a
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hyper-fragment is almost parallel to the target plane there is a possibility that
the subsequent decay of the A might give a recoil to the residual fragment in
such a way that the flight-path is deviated into the shadowed region.

All these effects have in common that they add an admixture of
background events to the position distribution in the region closest to the

separation line. Consequently, a cut rejecting the events in this region

should eliminate this type of background.

5 N(p) = p * exp( - p/ 350 [MeV/c])
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Fig. 5.17 : The residual sum of squares for the shadowed region, )gzhad' as a function
of the Monte Carlo lifetime parameter, T, and for a fixed pg = 350 [MeV/c]. The solid
line is for the full July 1986 uranium target data sample and the dashed line for a

case where events from a region of 1.4 mm around the separation line between
the open and the shadowed regions have been excluded from the analysis.

Events from three successively larger areas around the separation line
were in this way excluded from the analysis of the uranium target data of
July 1986: £ 1.4 mm, 5.1 mm and *10.2 mm. The result for the Xs2had -
surface, for a fixed pg = 350 [ MeV/c ], is plotted in Fig. 5.17. For clarity, only
the curves connecting the points for the no-cut and the smallest cut cases are
shown. All the three curves with the cut give a lifetime estimate of about
0.12 ns, 0.02 ns shorter than for the full event sample. Moreover, the data-set
with the smallest cut, + 1.4 mm, even gives a lower minimum value and
slightly narrower error limits than the full sample, in spite of the smaller



I ~aupiea o

number of events. This improvement is also seen for the Xazngle - and the
Xa%\gle - surfaces for this particular data-set. For the broader cuts the error
intervals get increasingly larger, as a consequence of the reduced number of
events.

It is not possible to identify whether the observed shift is a real
background effect or a purely statistical fluctuation. Therefore, it was
considered as part of the systematic uncertainty.

5.25.3 Tests of the analysis method.

a) One way to test the intrinsic resolution of the analysis method chosen
is to apply the least-squares test to Monte Carlo produced event samples. In
the literature, this procedure has also been suggested as a way to get an
indication of the distributional properties of the parameter estimates when a
non-linear model is used (Pre 86). However, in the test performed here only
three Monte Carlo event samples were analyzed, for which reason nothing
can be concluded on these distributional properties.

Data set Lifetime 1o error 95% CL po  X2/v
estimate[ns]  [MeV/c]

MC 1 0.25 +0.05 N 350 4.1/5
MC2 0.22 +0.05 s 300 55/5
MC 3 0.28 +0.06 s 400 74/5
Exp.Bi 024 o0 o 350 65/5

Table 5.4 : Results from parameter search tests on three Monte Carlo generated
event samples. The Monte Carlo samples were all produced with fission parameters
according to the bismuth case, a lifetime of 0.225 ns and a momentum distribution
of the form N(p) = p * exp( -p/450 [MeV/c] ). The results from the parameter search
on the experimental bismuth target data from July 1986 are shown for comparison.

The tests were made on data-sets simulating the bismuth target
conditions. A remarkable result of the analysis was the great similarities
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between the structure of the different X2 - surfaces for the Monte Carlo data
and the real experimental data. In particular, the Xs?l"\ad - surfaces from the
analysis of the Monte Carlo data samples also exhibit a number of local
minima, close to the known, correct lifetime but for values of the pg-
parameter which were both larger and smaller than the one used to produce
the data. For each Monte Carlo sample, however, only one of these minima
was consistent with the pg-value given by the shapes of the Xa2ngle - and the
Xgpen - surfaces. The intersection method then gives, for the selected pq -
value, the results presented in Table 5.4. The input for the simulation was

7=0225ns, and the form of the momentum distribution was N(p) =p -
exp(-p /450 [MeV/c]).

From this study one can conclude that the finite number of experimental
events in combination with the geometry of the set-up seem to limit the
sensitivity of the analysis roughly to the level presented here. The peculiar
shape of the sthad - surfaces, with several local minima where only one is
consistent with the shapes of the Xgpen -and Xaggles - surfaces, is reproduced
in least-squares tests on Monte Carlo generated data.

b) The least-squares method is not the only method by which one can
estimate certain parameters from a set of experimental data. Another
method is the so called maximum likelihood method (Ead 71). Assuming
that the number of entries in each bin are drawn from a Poisson
distribution, the maximum likelihood method gives the best parameter
estimate as that which maximizes the function :

N
ML = H[ # (§)Yi exp(-fi)] 53)
i=1

or, equivalently, maximizes the logarithm of ML :

N
mML= Y [ yiln(§)-£] 5.4)

i=1

where the constant term -In( y;! ) has been dropped from the sum.

Here, N is the number of histogram bins,
Yi is the experimental number of entries in bin i and
f; is the "theoretical” number of entries in bin i, given by

the Monte Carlo calculation.
The function 5.4 was used in one part of the analysis of the combined
uranium data sample. The directions of the recoiling, heavy hypernuclei
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were in this case restricted to a cone in the forward direction in the Monte
Carlo simulation. The analysis of the prompt fission events, described in the
next section, indicates that, due to the large energy losses experienced by the
fragments when passing through the target, such a model would be realistic.

Rejecting all recoils making an angle of less than 15° to the target surface
resulted in a In(ML) surface in the t/pg- parameter space with a maximum
att=0.12 ns, pg = 400 MeV/c. Fig. 5.18 shows a plot of In (ML) - In (ML)nax as
a function of the lifetime parameter for a fixed pg = 400 MeV/c. The
statistical errors can be extracted from this plot by intersecting the In(ML)

curve at levels of 0.5 and 1.96 below the maximum for the 16 error and
95 % CL, respectively.

N(p) = p - exp(-p/ 400 [MeV /c])
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Fig.5.18 : Log likelihood curve for the shadowed region as a function of the Monte
Carlo lifetime parameter, T, and for a fixed po = 400 [MeV/c]. The recoils were
required to make an angle of at least 15° to the target plane. The dashed lines
indicate how the approximate 1o and 95% confidence limits are determined. The
combined uranium data sample from 1985 and 1986 was used.
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The result thus obtained is:

7 (38U) (Max.likelihood) = ( 0.120 +8822é) ns : 16 error interval
T (238U) (Max.likelihood) = (0.12+0.04 ) ns : 95 % CL interval,

These results are in good agreement with what was obtained with the
least-squares method, presented in sub-section 5.2.4. At the same time, this
shows that, at the present state of accuracy, the final results are not sensitive

to such a restriction in the directions of the outgoing recoils.
5254 Variations of Monte Carlo input parameters.

a) The mass of the fissioning, heavy hypernucleus was varied over
several tens of amu. In general, a weak rise in the minimum sthad - value
was observed for lower masses, but no significant change in the parameter
estimates occurred.

b) To explain the shape of the Ax-distribution, discussed in sub-section
5.2.3, an extra momentum was added to the recoiling hypernucleus at the
instant of decay. It was found that a fixed additional momentum of 300 -
400 MeV/c was needed to fit the Ax-distributions, Fig. 5.7, but that this had
only a marginal effect on the levels of the X2 -surfaces and no effect on the
final parameter estimate.

c) A few other choices for the power, i, in the recoil momentum
distribution, eq. 5.1, were tested in connection with the bismuth 1986 data. It
turned out that the choices i=1, 2 and 3 all gave the same estimate for the
lifetime parameter. For the momentum distribution it was observed that the
higher the choice for i, the lower the estimate for pp turned out, as expected.
This question is studied further in the analysis of the prompt fission data,
where it is concluded that it is not possible to select one best i/pg-
combination. Rather, for every i there exists a pg that gives a reasonable fit to
the data. This statement seems to hold also for the analysis of the delayed
fission data, where, however, the choice i=2 gives a slightly better fit to the
data.

d) All heavy hypernuclei, making a recoil angle of less than 6° and 15° to
the target plane, were rejected in two separate tests on the combined
uranium 2.5 mm target backing data. No indication of any significant change
in the parameter estimates was observed, as has already been presented for
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the 15° case in the previous paragraph. One should be aware, however, that
to a certain extent this effect is taken care of by the phenomenological recoil
momentum distribution.

5.2.6 Delayed fission yield.

The yield of delayed fission events per antiproton can be calculated with
the following formula:

Pdel fiss = Ndel.fise (5.5
N]'j * Estop * €det * €escape
where Ndel.fiss. is the number of delayed fission events,
Np is the number of antiprotons on the target,
Estop is the target antiproton stopping efficiency,
€det is the geometrical detection efficiency
and €escape is the heavy recoil escape efficiency.

Collecting the information from Tables 3.1, 5.1 and 5.3 and from Fig. 5.2
gives the necessary input for evaluating eq. 5.5, except for the recoil escape
efficiency. This latter quantity was in sub-section 5.2.1 estimated to be about
0.6 for both targets used here. Due to the fact that the range of low-energy,
heavy ions in heavy materials is very poorly known, the error in €escape is
large, here put to 25%. The relative errors in Estop and €get are estimated to be
10%, respectively.

Run Np Ndgel Estop €det Pdelfiss. APdelfiss.

(backing) [+109] [%] [%] [+104] [+104] [+104]

U85(10mm)  0.96 7 1.1 0.14 79 +3.7
U85(25mm) 2.10 46 1.1 0.58 57 +18
U86(2.5mm)  5.62 163 11 0.58 7.6 +23
Bi86(2.5 mm) 11.75 156 1.2 0.85 22 +0.7

Table 5.5 : Calculation of the delayed fission yield per stopped antiproton. The
Eescape WAs in all cases put to 60%, since the €jet contains the assumption about a
uniform, 4, distribution of the recoils.
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The results of this calculation for the different runs and targets are
presented in Table 5.5. The £4et was taken from the simulation program
with a lifetime of 0.12 ns for uranium and 0.225 ns for bismuth. In both cases
a po of 375 MeV/c was used. Note that the lower probability for producing
delayed fission events in the September 1985 run is consistent with the
already observed lower total fission yield in this run, explained by a larger
size of the beam spot in this period.

53 Prompt fission analysis.

The PS177 experiment was primarily designed to measure the lifetimes of
heavy hypernuclei by means of the recoil-distance technique. In addition,
the data contain a large sample of antiproton induced prompt fission events.
The analysis of these data is described in this section. Two new results were
extracted : i) the final momentum distribution of the residual nuclei

produced in the annihilation and ii) the probability for antiproton induced
prompt fission.

5.3.1 Acceptance.

Prompt fission events can only be recorded in the open area of the PPAC
detectors. The solid angle covered by this region with respect to the centre of
the target is easily evaluated using the Monte Carlo simulation program. It
is found to be 5.1 % for the two chambers together, and the solid angle for
5.1 mm bins along the beam axis, x, is shown in Fig. 5.19a.

Comparing the solid angle dependence, Fig. 5.19a, with the experimental
position distribution for single fission fragments, Fig. 5.19b, it is clear that a
large fraction of the fragments are never recorded in the detectors. To study
this effect in more detail, one can define an overall detection efficiency as

. Nl
Edet = ﬁf (5.6),
where Ne,i(p is the experimentally registered number of single

fission fragments for bin i,
Ngi) is the solid angle for bin i.
This detection efficiency, normalized to 100 % at the bin x = 53.55 mm, is

shown in Fig 5.20. Three regions of different efficiency behaviour have been
indicated in the figure :
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Region I, from the target plane projection to 25 mm, where there is a

sharp rise in efficiency from 0 % up to almost 100 %.

Region II, from 25 to 75 mm, where the efficiency is approximately flat.
Region III, from 75 mm to the chamber edge, with a slowly decreasing
detection efficiency.
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Fig. 5.19: a) The solid angle of the PPAC detectors with respect to the centre of the
target, as calculated with the simulation program for 5.1 mm bins. Note that the
vertical scale starts at 0.2 %. b) Experimental position distribution of single fission
fragments for 5.1 mm bins. Both chambers summed.

The loss of fragments in region I can be understood in terms of multiple

scattering of the fission fragments when passing through the target. As was

shown in section 4.1, fission fragments are in general energetic enough to
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pass through the whole depth of the target, even when travelling almost
parallel to the target plane. Fragments lost due to insufficient range could
explain a poor efficiency up to at most a few mm from the target plane
projection, x = 0. Multiple scattering, on the other hand, can be expected to be
most harmful to those fragments moving parallel to the target plane,
directing some of these fragments towards the target backing where they will
be lost. The size of this effect can be estimated by using the formula 5.7
(Agu 86).

14.1 [MeV/d] } L 1 L
Qy=—"""—13 —(1+3] — 5.7
0 Pinc Binc Zine Lr ( * g 10810 (LR)) 6.7)

where inc denotes the moving particle,
P is the momentum,
B is the velocity,
z is the charge (in units of e),
L is the path length traversed  and
Lr  is the radiation length of the medium, 6 g/cm? for U.
This ©9, given in radians, is the projected standard deviation of a
Gaussian distribution of deflection angles. It is accurate to within 5 % for
103<L/Lr < 10.
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Fig. 5.20: The detection efficiency is the combined effect of target escape efficiency
and the counting efficiency in the parallel plate chamber. Values normalized to

100 % at 53.55 mm. Three regions, with different efficiency behaviour, are indicated
in the figure.
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A typical fission fragment, moving inside the target, in a direction only a
few tenths of a degree with respect to the target plane, might have to
traverse several mg/cm? of the target material before escaping. Eq. 5.7 then
gives a @ of a few degrees, enough to direct some fragments towards the
target backing, where they are lost. For those fragments which reach the
detectors, the same effect will tend to smear out the position distribution
close to the target plane projection.

One explanation of the decreasing detection efficiency in region III could
be the greater inclination of these tracks with respect to the detector planes.
The maximum angle of a fragment trajectory with respect to the normal of
the detector plane is 33°. The path length in the various detector foils for
such a fragment is 20 % longer than for perpendicular tracks. Hence, these
fragments lose a larger fraction of their energy in these foils, and will thus
have a lower energy when passing through the gas-volumes. A lower
kinetic energy gives a smaller amount of energy deposited in the gas-
volume, as shown in Fig. 4.2. Due to the larger inclination the signal will
also be spread over more wires, and the combined effect of a low energy
deposited over a longer track could in some cases give an induced charge
below the discriminator threshold.
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Figure 5.21 : Total detection efficiency for coincidences for different widths, pg, of .the
momentum transfer function N(p) = p3/2 . exp(-p | po), as given by the simulation
program. The singles detection efficiency described in sub-section 5.4.1 has been
used. All other fission process parameters are given in Table 5.2.
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In the analysis of the prompt fission events it was sometimes useful to
reproduce the efficiency behaviour of the chambers. Instead of introducing
complicated and time-consuming relations for multiple scattering and
energy straggling of heavy ions moving in heavy materials - relations that
are quite uncertain in the low energy region - a simpler method was
adopted: The probability for detection of each fragment was estimated from
its impact position in the chambers.

The three regions identified in Fig. 5.20 were represented in the following
way in the simulation program : RegionI by a third-order polynomial,

Region II by a constant efficiency of 100 % and RegionIII by a linearly
decreasing efficiency function. The total effect of introducing these
efficiencies into the Monte Carlo was that 82 % of the prompt, single fission
fragments emitted towards the PPACs will actually be detected. For
coincident events the detection efficiency depends on the assumptions about
the momentum transfer. Fig.5.21 shows this efficiency, as calculated with
the simulation program, for one special case, where the momentum transfer
function N(p) = p3/2 - exp(-p/pg ) has been used.

5.3.2 Experimental distributions.

In this sub-section the main experimental distributions are collected as
they emerge after all cuts described in sub-section 5.1.1 have been applied.
Only data from the two runs in July 1986 are presented.
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Fig5.22 : Scatter plot of the correlation between velocities of coincident fission
fragments for antiproton induced fission in bismuth and uranium.
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Fig.5.23 : Experimental distributions for antiproton induced prompt fission events
in uranium. Each distribution contains 138 500 events. The statistical errors are
indicated. a) shows opening angles binned by 2°. The mean angle is 164.5 ° and the
rms deviation is 5.5 °. b) shows the position distribution in the open area in 5.1 mm
bins.
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Fig. 5.24 : Experimental distributions for antiproton induced prompt fission events
in bismuth. Each plot contains 39 400 events. The statistical errors are indicated. a)
shows the opening angles binned by 2°. The mean opening angle is 163.4 ° and the
rms deviation is 5.8 °. b) shows the position distribution in the open area in 5.1 mm

bins.
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One straightforward physics result is immediately obtained by correlating
the velocity of one fragment with that of the other, as shown in Fig. 5.22. 1t is
clear from this figure that the symmetric fission mode predominates, even
though the distributions exhibit large wings of asymmetric fission. This
observation lends support to the assumption of symmetric fission made in
the simulation program, sub-section 5.1.2.

The experimental distributions for opening angle and position in the
open area for antiproton induced prompt fission events in the uranium
target are shown in Fig.5.23. The corresponding distributions for the
bismuth target are shown in Fig. 5.24. Note the logarithmic scales. The

uranium data sample contains 138 500 events and the bismuth sample
39 400 events, as shown in Table 5.1.

5.3.3 Momentum transfer.

In the antiproton annihilation process linear momentum, as well as
excitation energy, is transferred to the residual nucleus. The subsequent
emission of nucleons in the early stages of the de-excitation can be expected
to be more or less isotropic. The initial momentum transfer will therefore
essentially be conserved and result in an opening angle between the two
fission fragments that deviates from 180°. This angle, ® in Fig. 5.25, can thus
be regarded as an analyzer of the momentum transfer to the residual
nucleus in antiproton annihilations. Additionally, in the analysis presented
here the position distribution of the prompt fission events in the open area
of the detectors has been used as a consistency check.

The same method as has been described in the analysis of delayed fission
events could be applied to the prompt fission data, using the simulation
program adapted to prompt fission as the "theoretical" prediction. Since the
delayed and the prompt fission events are sub-sets of the same large data
sample the geometrical conditions determined in the delayed event analysis
also hold for the prompt fission events. In this analysis only the
momentum transfer width, po in eq. 5.1, was treated as a free parameter.

Two different approaches were used in the least-squares tests of the
prompt fission data. The first made use of the full data sample, and
consequently had to rely on the weighting of each simulation event
according to the detection efficiency function described in sub-section 5.3.1.
The second method tried to circumvent the problem of detection efficiency
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altogether, by rejecting all events where the impact positions were in the
Region I area of the detectors, shaded in Fig. 5.25.

CHAMBER

|
Open region

Shadowed region

CHAMBER

Fig. 5.25 : Schematic top view of the experimental set-up with the main components
of a typical prompt fission event indicated. The drawing is not to scale.

The first approach has the benefit of a large event sample and many
degrees of freedom in the least-squares formula (Appendix A, eq. A.1) but
suffers from the uncertainty in treating the energy loss and angular
straggling in the target correctly. The second method avoids the problems
caused by the target to a large extent but to the expense of fewer events and a
smaller number of degrees of freedom. One also has to be aware that the
small-angle events selected by the second method, events with ® £ 164°,
correspond to the high momentum transfer part of the spectrum, thereby
limiting the sensitivity of the analysis.

A limiting factor in the prompt fission event analysis was the speed of the
computer used. The low detection efficiency for coincidence events in
combination with the large sample of experimental prompt fission events
made it practically impossible to generate enough simulation events to
perform a full scale least-squares test. In the parameter search presented here
the simulation histograms contain 50 - 100 % of the number of events found
experimentally. The method still selects the best parameter values but no
reliable goodness-of-fit and parameter error estimates can be obtained.
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Fig.5.26 : Reduced chi-square as a function of the momentum transfer width, po.
The least-squares test was performed according to the method 1 where the full,
weighted Monte Carlo opening-angle distributions were compared to the
experimental ones, Figs 5.23a and 5.24a. A momentum transfer function given by
eq.5.1, with i=2, 3 and 4, has been used as indicated in the figure.
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Fig. 5.27 : Reduced chi-square as a function of the momentum transfer width, po.
The least-squares test was performed on the 140°-164° part of the opening-angle
distributions, Figs 5.23a and 5.24a, according to the method 1I discussed in the text.
A momentum transfer function given by eq.5.1, with i=2, 3 and 4, was used, as
indicated in the figure.
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The least-squares tests for the best parameter according to the two
methods are presented in Figs 5.26 and 5.27. In these figures the reduced chi-
square for the opening-angle distribution as a function of the width, pg, of
the momentum transfer function is plotted. Three different shapes of the
momentum transfer function are shown, corresponding to the choices i =2,
3 and 4 in eq. 5.1. The dashed lines only connect the points to guide the eye.

Full weighted opening-angle distribution (method I) :

i po [MeV/d "Apg" [MeV/c] X2/v (min)
Uranium

2 330 +45 158/18

3 300 +25 121/22

4 265 +20 82/19
Bismuth

2 350 +50 258/25

3 300 +30 194/24

4 265 +20 154/24

140° - 164° part of opening-angle distribution (method II) :

i po [MeV/c] "Apo" [MeV/c] X2/v (min)

Uranium
340 +19 13/10

3 310 +12 9.1/10

4 285 +9 19/10
Bismuth

2 320 +49 31/10

3 - -

4 275 +20 50/10

Table 5.6 : Numerical results from the least-squares search for the best width-
parameter, po, in the momentum transfer function of the form given in eq.5.1. The
width, "Apo", is given by the intersection of the chi-square curve at a level of twice
the minimum value.
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The relatively low statistics of the simulation runs compared to the
experimental number of events made it hard to determine the error, oj in
eq. A.1, in the least-squares formula. For this reason, the curves in Figs 5.26
and 5.27 in some cases have rather high minimum values. This fact is also
displayed in the X2/v(min)-column of Table 5.6. Nevertheless, the sharpness
of the minima clearly gives a best choice for the py - parameter for each
choice of i. The "Apg" column of Table 5.6 gives the width of the X2 -curves
at a level of twice the minimum. This quantity is only displayed to give a
rough indication of the widths of the individual X2 - curves; it is not a
strictly statistical error.

For both methods, the corresponding curves for the position distribution
in the open area give the same results as those for the opening-angle
distribution, shown in the figures. This consistency increases the confidence
in the final results. The level of the reduced chi-square, however, is slightly
higher when using the position distribution.

o
10 _ i —— i=2, py =340 MeV/c
Np)=p"exp (-p/Po) ___ i_4 py-285Mev/c
14
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A Y
001 v T ™
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Momentum transfer [ MeV/c]

Fig. 5.28 : The momentum transfer function of eq.5.1 with two specific choices for
the i, po - values, as given by the analysis of the uranium prompt fission data. The
curves are normalized to an integral of 100%.

The numerical results are collected in Table 5.6. The two methods give
quite consistent results and the difference between the uranium and the
bismuth results is also small. As expected, the analysis of the 140° - 164° part
gives slightly higher pg - values but in view of the large uncertainties
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involved the differences between the two methods are not considered to be
significant.

It should be pointed out that, at this level of the analysis, there is no
contradiction between the different i,pg- combinations presented in
Table 5.6. They all have very similar shapes, as is exemplified in Fig. 5.28,
where the momentum transfer distributions with the best-choice pgas given
by the uranium 140° - 164° analysis are presented. For clarity only the curves
corresponding to the i-choices 2 and 4 are shown in this figure. The curve
for i =3 falls in between these two.

Hence, it is not possible to select one best i,pg - combination; rather, the
method gives a best pg for each i. The combination i =3, pp = 310 MeV/c,
giving a lower minimum than the others in Fig. 5.27a, is used in the next
sub-section to calculate the fission probabilities and later to compare this
result with some intra-nuclear cascade calculations.

5.3.4 Fission probabilities.

Collecting information from different parts of this thesis now makes it

possible to deduce the probability for fission induced by stopped antiprotons,
given by the expression

Nfiss - Nchance

Pisa = Np * Estop - E€det 68
where Nfiss is the number of prompt fission coincidences,
Nchance is the estimated number of chance coincidences,
Np is the number of antiprotons striking the target,
Estop is the efficiency for stopping antiprotons in the
target,
€det is the total detection efficiency in the chambers.

All the values needed to evaluate eq. 5.8 have already been given : Nfjsg
and Np are found in Table 5.1, N¢chance Was discussed in section 4.4, Estop is
given in Table 3.1 and edet is shown in Fig. 5.21. The total detection efficiency
for coincident fission fragments, €det, is calculated by means of the
simulation program and depends slightly on the assumptions therein. In
particular, the effect of different choices for the momentum transfer width
parameter, po, is shown in Fig. 5.21 for the two targets. The functional form
used for the momentum transfer to the residual nucleus in this figure
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corresponds to the best choice given by the analysis described in the previous
sub-section.

Using estop values for an antiproton momentum of 105 MeV/c the
resulting antiproton induced fission probabilities are :

138 500 - 200 138 300
U = = TR = +
Pliss = 562.109 - 2.00-103 - 1.07-102 ~ 120300 - 112%0.17
- 39400 - 150 39250
P

fiss = T175- 109 - 250- 103 - 1.16. 102 ~ 339700 ~ O-116%007

The 15 % relative error in the fission probabilities is based on an
estimated relative error of 10 % in both Estop and edet- The statistical errors in
Ncoinc and Np are negligible in comparison.

The ratio of the two fission probabilities is thus found to be

9]

P
Ry/pi = =8 = 1042

fiss

which agrees well with what was found in the earlier 45° target test, briefly
described in sub-section 3.3.2.
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Chapter 6 : SUMMARY AND CONCLUSIONS

In the PS177 experiment, low-energy antiprotons were brought to rest in
thin targets of 209Bi and 238U. A detector system, designed according to the
principles of the recoil-distance technique, recorded the positions of single
and coincident heavy fragments emitted in the annihilation reactions. By a
careful selection procedure, clean samples of fission events were extracted.
Using the least-squares method made it possible -to extract physics
information about both delayed and prompt, antiproton induced fission.

The results obtained in this thesis are summarized and compared with
previously obtained experimental and theoretical results. Prompt fission is
discussed first. Even though these results are more or less a by-product of the
main, delayed-fission experiment, they can nevertheless contribute to our
understanding of antiproton-nucleus interactions.

6.1 Prompt fission summary and conclusions.

6.1.1 Summary

Two main results were extracted from the analysis of the prompt fission
data. Firstly, the least-squares method was used to make an estimate of the
parameters pertaining to the recoil-momentum distribution of the residual
nuclei, following antiproton annihilation. Secondly, the numbers of
registered fission events for the two targets, 209Bi and 238U, were used to
deduce the fission probabilities in antiproton annihilation.

Target  # events Recoil momentum Fission probability
distribution: (per stopped P )
i polMeV/c]
. 40
209Bi 39 400 2 320k, 0.116 +0.017
B8y 138 500 3 310%12 115  +0.17

Table 6.1 : Summary of the results for antiproton-induced prompt fission. The form
of the recoil-momentum distribution function is N(p) = pil2 - exp(-p [ po ). See
Table 5.6 for the complete set of momentum distribution parameter values and
comments on the error determination.
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The final numerical results are collected in Table 6.1. The detailed analysis
is described in section 5.3.

The velocity correlation scatter plot (Fig. 5.22) should also be considered as
an experimental result, since it can be compared, at least qualitatively, with
previous experimental data from high-energy proton induced fission.

6.1.2 Discussion and conclusions.

It was already pointed out in section 5.3 that the results for the recoil
momenta of residual nuclei in the two targets are consistent with each
other, within the quoted errors. Furthermore, in spite of the apparent
difference in the parameters describing the momentum distribution, the
actual curves are quite similar in shape, as shown in Fig. 5.28. Therefore, the

best uranium result can be taken as the recoil momentum distribution for
both targets :

N(p) = p3/2-exp(-p/ {31012 [MeV/cl}) (6.1).

Fig. 6.1 : Comparison between the
recoil momentum distribution for
antiproton annihilation in heavy
targets obtained in the present
experiment (solid line) and in an
T —T —T T intranuclear-cascade calculation
0 500 1000 1500 2000 (dashed histogram), performed by
Recoil momentum [ MeV/c] Ljinov et al. (1lj 82).
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In Fig. 6.1 the recoil-momentum distribution of eq. 6.1 is compared with
the result of an intranuclear-cascade (INC) calculation, performed by Iljinov
et al. (Ilj 82) for antiprotons stopped in 208Pb. In their paper, Iljinov et al.
only present the recoil momentum distribution up to 1120 MeV/c, resulting
in the sharp cut-off in the INC calculation histogram. Note also that the first
6 bins of 40 MeV/c in the histogram have been recombined into 3 bins of
80 MeV/c in Fig. 6.1. The function of eq. 6.1 is normalized to the histogram
in the interval 240 - 1120 MeV/c. It should be added that Cugnon et al. in a
recent paper (Cug 88) have obtained results that are highly consistent with
those of Iljinov et al.

Clearly, the agreement between the INC calculation and our result is quite
good for recoil momenta higher than about 300 MeV/c. For small recoil
momenta, however, the discrepancy is large. The reasons for this are
twofold. Firstly, the INC result takes into account all recoiling nuclei, not
only those which undergo fission. Then, the difference for slow recoils
might be due to the fact that these do not acquire enough excitation energy
for fission to occur. This conclusion is further corroborated by correlation
studies, also made by Iljinov et al. These concern the dependence of
excitation energy and recoil momentum on the number of pions interacting
with the residual nucleus. Secondly, the sharp decrease in the experimental
detection efficiency for fragments moving parallel to the target plane, shown
in Fig. 5.19, limits the sensitivity of the present analysis in the slow-recoil
region. To give an indication of the size of the effect, the 50% efficiency
level, reached about 15 mm from the target plane projection (Fig.5.19b),
corresponds roughly to a recoil momentum of 350 MeV/c.

In conclusion, the difference between eq. 6.1 and the INC calculation for
slow recoils is readily understood. The good agreement between experiment
and calculation for recoil momenta larger than about 300 MeV/c shows that
the intranuclear-cascade approach is well suited to give the gross features of
low-energy antiproton annihilation on complex nuclei.

The present results on the fission probability in antiproton annihilation
can be compared both to previously reported, relative fission yields from
stopped-antiproton interactions (Ber 85) and to measurements using high-
energy protons and other projectiles (And 87, Bec83 and Bat 76).
Qualitatively, it is also interesting to note that no trace of nuclides close to
the mass of A=238 was found in a radio-chemical analysis of the residual
nuclei after antiproton annihilation in uranium (Egi88). Only radio-
nuclides corresponding to fission fragments were found, and it was
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concluded that fission is dominant in stopped antiproton annihilation on
uranium.

A number of different results on fission probabilities, including the
present study, are shown in Fig. 6.2. Th2 central value of 115% fission
probability in uranium, obtained in this thesis, is clearly unphysical even
though the lower error bound includes 100%. An underestimate of the
antiproton stop rate would give rise to such an effect and, considering the
large uncertainties involved, cannot be ruled out.
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Fig. 6.2 : Deduced fission probabilities from a number of different experiments. Note
the logarithmic scale. For the measurements with energetic protons the probability
is given by the ratio of the fission cross-section to the total geometrical reaction
cross-section. The values for 150 and 600 MeV protons are extracted from Fig. 2.18
and those for stopped n from the figure in the original paper (Bat 76). The two

straight lines are exponential fits to the 1 GeV proton data (solid line) and the
stopped antiproton data of Ber 85 (dashed line).

An earlier measurement of antiproton induced prompt fission, made by
the PS177 group, was already presented in Fig. 3.6. Both measurements with
stopped antiprotons make use of the nuclides 209Bi and 238U. The results



100 Chapter b

show a fair agreement, although one has to bear in mind that the fission
probabilities in the work shown in Fig. 3.6 are normalized to a presumed
100% fission probability in 238U, while those obtained here are absolute
values. The ratio between the fission probabilities in bismuth and uranium
is in both studies about 0.1. Comparing the antiproton induced fission
probability with what is obtained with high-energy protons gives an
indication of the excitation energy involved. The stopped antiproton data
clearly exhibit close similarities with the 0.6 and 1 GeV proton data, and one
can use the latter as a qualitative guide. In the analysis of the data from
proton-nucleus interactions at 1GeV it was concluded that an excitation
energy of 200-350 MeV (And 87) was transferred to the residual nucleus.
Cugnon and co-workers use their INC model to deduce a somewhat higher
excitation energy, about 400 MeV, for both 1 GeV proton (Cug 87a) and
stopped antiproton (Cug 87b) interactions with heavy nuclei. Our finding,
that the excitation energy of the residual nucleus after antiproton
annihilations is of the same order as that from 1GeV protons, lends
qualitative support to the results of their calculation.
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Fig. 6.3 : Comparison of the velocity correlations of coincident fragments from
fission induced in 209Bi. The left figure shows the result for stopped antiprotons
(this work) and the right figure is obtained with 1 GeV protons (And 87).

This conclusion is further strengthened by studying the velocity
correlations of coincident fission fragments in stopped antiproton and
1 GeV proton (And 87) induced reactions. The antiproton and proton results
give very similar, symmetric distributions (Fig. 6.3). It is pointed out by
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Andranenko et al. that the velocity distributions should reflect the structure
of the more fundamental fragment-mass distributions very closely. Thus,
the concentration of velocity ratios in the symmetric region is quantitative
evidence for a symmetric distribution of fission fragment masses. The
slightly broader distribution, obtained in the present study, can be explained
by a wider range of masses for the fissioning residual nuclei in antiproton
annihilations.

To summarize, our results on prompt fission of heavy nuclei, induced by
stopped antiprotons, are in good agreement with what is obtained from
modern intranuclear-cascade calculations for these reactions.

Following antiproton annihilation at rest on 209Bi and 238U, the

distribution of recoil momenta of the residual nuclei is described by the
function :

N(p) = p3/2-exp(-p/ {310+ 12 [MeV/c]}) 6.1).

Fission probabilities and mass distributions, obtained in stopped
antiproton annihilation on heavy nuclei, follow closely what is observed in
fission reactions induced by high-energy protons. This points to an
excitation energy of around 400 MeV for the residual nuclei in both of these
processes.

6.2 Delayed fission summary and conclusions.

6.2.1 Summary

The main effort in the analysis of the antiproton-induced, delayed-fission
events was devoted to a determination of the lifetime of the process. The
least-squares method for parameter estimation was used, where the model
predictions, with which the experimental distributions had to be compared,
were supplied by a Monte Carlo simulation program. The model is based on
the assumption that the observed fission activity originates from the decay
of heavy nuclei, slowly recoiling out of the target. The only free parameters
in the estimation procedure were those pertaining to the lifetime and the
momentum of the recoiling nuclei. It might seem surprising that the
momentum-distribution parameters deduced in the prompt-fission analysis
are not used here. However, there is no a priori reason to believe that the
processes leading to delayed and prompt fission are similar in this respect. In
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all other respects, the Monte Carlo model reflected well-known physical
processes.

As an additional piece of information, the numbers of events for each
target give the probability for producing delayed fission in stopped-
antiproton annihilation on heavy nuclei.

The results from the analysis of the delayed fission events are collected in
Table 6.2.

Target # events Lifetime Po X2/v Y

[ns] [MeV/c] (shadowed) [-104]
2098; 156 024 T00e +0.02 350 65/5 2207
238y 200 0120 oo s0020 375 29/4  66+13°

Table 6.2 : Summary of the results for delayed fission, induced by stopped
antiprotons. See the text for details about the error in the lifetime determination.
The parameter po determines the width of the recoil momentum distribution of the
residual nuclei, given by the function N(p)=p -exp(-p/po). Column five, X2/|v,
gives the residual sum of squares and the number of degrees of freedom for the
shadowed region fit. Column six, Y, contains the yields of delayed fission events per
stopped antiproton.

* This entry is calculated using all uranium data, i.., including also the
10 mm target backing run. For all the other uranium results, only the two 2.5 mm
runs were used.

There are two contributions to the errors quoted for the lifetimes in
Table 6.2. The first is the statistical uncertainty, as given by the intersection
method described in Appendix A. The second contribution is an estimate of
the systematical error based on the findings in sub-section 5.2.5. There it was
shown that in particular two effects seem to influence the parameter
estimate: the assumption about the beam spot distribution over the target
surface and the exclusion of events from a region close to the target plane
projection. Tests on both effects shifted the parameter estimate by
approximately 0.02 ns, although in opposite directions. For this reason,
+0.02 ns is taken as a guide for the systematical error in the lifetime
determination.

For uranium, the result for the delayed fission yield, Y in Table 6.2, is a
weighted average of the values obtained in all three runs, i.e.,, including the
10 mm backing data.
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6.2.2 Interpretation of the delayed-fission activity.

In practice, there are only two presently known physical processes which
could give rise to a delayed-fission activity with a lifetime in the 0.1 ns
region. One possibility is that fission isomers are observed. The physics of
these objects is briefly discussed in sub-section 2.3.2. The other candidate is
the formation and decay of hypernuclei, the basic physics of which is given
in section 2.2.

The hypothesis of fission-isomer production has several drawbacks.

Firstly, a delayed-fission activity is in the present experiment observed
both when using a uranium and a bismuth target. Until now, no fission
isomers have been observed in the mass region around bismuth; neither are
they theoretically predicted.

Secondly, the only fission isomer which could conceivably be produced in
this experiment is that of 235U. This isomeric state has a lifetime of 167 ns
(Fig. 2.21) which is more than a thousand times longer than the lifetime
extracted from the present analysis of the uranium target data. Moreover,
from Fig. 2.21 it is also clear that no presently known fission isomer has a
lifetime that would fit those reported here.

Thirdly, the production rates of fission isomers are, even under the most
favourable conditions, a few orders-of-magnitude below the yields presented
in Table 6.2. Additionally, the velocity correlation plot for delayed-fission
events in the present experiment points to a symmetric split of the
fissioning nucleus, indicating a rather high excitation energy. Fission
isomers, on the other hand, give rise to asymmetric mass distributions,
typical of low-energy fission.

Based on these arguments, it does not seem likely that fission isomers are
responsible for the observations made here. A much more plausible
explanation is given by the production and decay of hypernuclei. Precisely
those arguments which were used against fission isomers can now be turned
in favour of hypernuclei. .

Firstly, similar yields of delayed-fission events for bismuth and uranium
are expected in this case. There is no reason to believe that the probability of
forming hypernuclei should be very different for these two nuclei ; only
their inclination to decay through the fission channel will differ.

Secondly, the lifetimes observed here, 0.12 ns and 0.24 ns for the uranium
and the bismuth targets, respectively, are very close to the free A lifetime,
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being 0.263 ns, and also to the lifetimes of previously studied light
hypernuclei, found to be in the range 0.09 - 0.28 ns (see Fig. 2.10).

Thirdly, as was discussed in sub-section 2.2.2, A-particles are quite
frequently produced in low-energy antiproton annihilation. The order-of-
magnitude estimate for hypernuclear formation in stopped-antiproton
annihilation, presented in eq. 2.10, agrees surprisingly well with the yields
presented in Table 6.2. Furthermore, the indication of a symmetric mode of
fission for the delayed activity fits into the scheme of hypernuclei. The large
energy released, about 160 MeV, in the non-mesonic decay of the A is taken
up by two nucleons deeply embedded in the nucleus. These decay nucleons
may transfer some of their energy to the residual, heavy nucleus, leaving it
in a highly excited state, the fission decay of which gives a symmetric mass
distribution.

Finally, theoretical calculations for the decay of heavy hypernudlei predict
lifetime values in the range 0.3 - 2 times that of the free A-particle (Fig. 2.16).
Our results fit nicely into this interval. The theoretical implications of the
results presented here are further discussed below.

In conclusion, it seems safe to assume that the delayed-fission activity
observed in the present experiment has its origin in the decay of heavy
hypernuclei.

6.2.3 Discussion and conclusions.

Accepting the hypothesis that the formation and decay of heavy
hypernuclei are responsible for the delayed-fission activity, the results of
Table 6.2 can be discussed in more detail.

The uranium target run gives a three times higher yield than for
bismuth. This is not unexpected, considering that these values only reflect
the probability for the heavy hypernuclei to decay through fission. The
substantially higher fission barrier for bismuth, somewhat balanced by the
larger probability for prompt fission decay in uranium, can probably account
for the observed difference.

The two po-parameter estimates are practically the same, and they also
agree with what was obtained from the prompt fission analysis (see Table 5.6
for the full compilation). Our data do not suggest any difference in the
momentum transferred to the residual nucleus in hypernuclear-production
and prompt-fission reactions, induced by stopped antiprotons.
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In Fig. 6.4, the delayed-fission lifetimes obtained here, both for the
uranium and the bismuth target, are compared to previous experimental
results. Both lifetime estimates from the present experiment fall in the
region of previous measurements.
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Fig. 6.4 : Comparison between the present result for heavy hypernuclei and earlier
measurements on light and medium-heavy hypernuclei. See sub-section 2.2.4 for a
review of the previous experiments. The error bars for the two data-points from
this experiment include the systematical error, added in quadrature.

The value obtained in the analysis of the bismuth data is close to the free
A lifetime, and hence similar to the lifetimes of the lightest hypernuclei, up
to mass A =5. However, the large error interval associated with this
measurement also includes the recent data on 1A1B and 11\2 C (Gra 85, Szy 87).
Scaling our result to the decay rate of the free A gives :

Tom(a =200 = (110702 ) .1 ©62).

The lifetime extracted from the analysis of the uranium target data is only
one half of what is observed for the lightest hypernuclei and for the free A
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decay. On the other hand, it is quite close to the result for the second-
heaviest hypernucleus studied, i.e., 1\60. There is no overlap between the 1o
error intervals of the present uranium result and those for lAlB and 1A2C. In
terms of the free A decay rate the uranium measurement gives

Tom(a =230 = (219 727 ) ., ©63).

A comparison between the experimental decay rates obtained here and
the theoretical calculations for A decay in nuclear matter, discussed in sub-
section 2.2.5, is shown in Fig. 6.5. The error bars associated with our
measurements are quite large and they incorporate more or less the full
range of theoretical predictions. Thus, it is very hard to differentiate between
the various models.

Studying Fig. 6.5 in more detail, one observes that the only full-model
result which agrees with our bismuth target measurement is the Dubach
(Dub 86) calculation, including the full set of meson-exchange contributions.
It should be mentioned, however, that in a recent critical review, McKellar
(McK 86) has raised some questions about details in this calculation.
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Fig. 6.5 : The results from the present experiment are compared to the theoretical
calculations presented in sub-section 2.2.5. The calculations are performed by
1) Dalitz, 2) Heddle et al., 3) McKellar and Gibson, 4) Oset and Salcedo, 5) Dubach.
The target used is given for the experimental points. The experimental 1o error
limits are indicated by dotted (uranium) and dashed (bismuth) parallel lines.
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In the uranium case, both Dalitz (Dal 64) and McKellar-Gibson (McK 84),
the latter in their calculation using a constructive, n+p-interference, find
non-mesonic decay rates which fit the experimental result nicely. The Oset
and Salcedo (Ose 85) result also fits well, although one has to bear in mind
that this calculation takes into account pion-exchange only. The authors
themselves use the Dubach result to infer a 25% reduction in the decay rate
when the full set of meson-exchange contributions is added.

The results of the hybrid quark-hadron model (Hed 86) fall outside the
range of our 1g-error limits both for the pion-only contribution and for the

complete calculation, including the quark-contribution.

In view of the large error bars for the present experimental data it is
hardly meaningful to try to select one best model. Furthermore, the lifetime
estimates from the uranium and the bismuth analyses differ by a factor two,
a fact which needs to be understood. The 1o errors assigned to the two data
points, where the systematical error has been added in quadrature, do not
overlap. Furthermore, due to the sharp uranium X2-minimum and the
rapid rise of the bismuth X2-values towards the low-lifetime side, the error
intervals start to overlap only at the 90% confidence level. Thus, the
difference in the two results has a very small probability of being a statistical
fluctuation. On the other hand, no significant difference in the lifetimes of
hypernuclei in the mass regions of uranium and bismuth is expected.

However, the result presented by Noga et al. (Nog 86), discussed in sub-
section 2.2.4, suggests that there exists a second system with mass A=209,
which also decays through delayed fission, but with a longer lifetime. In
their experiment the long lifetime component was determined to be about
2.5 ns. It should be noted that there is no contradiction between the Kharkov
result and ours : their measurement was not sensitive to lifetimes of the
order of 0.2 ns. In our case, an activity of the order of 2 ns and with about the
present yield would give very few registered events. Furthermore, our
finding agrees qualitatively with theirs in so much as both groups measure
lifetimes that are longer than expected in the mass region near bismuth.

In view of this complication, the result obtained with the uranium target
can be taken as the estimate of the heavy-hypernuclear lifetime from this
experiment. Three separate analyses, performed on the uranium data-sets
presented here, all give the same result, within errors. Additionally, the
same estimate was obtained in an earlier analysis, where data from a
measurement with a slightly different experimental geometry was included
(Appendix B). Moreover, the lifetime result has proven to be very stable



110 Cnapter o

under the variation of several analysis parameters, as discussed in sub-
section 5.2.5.

The scenario discussed above also offers a quantitative explanation of the
longer lifetime extracted for delayed fission in bismuth. If low-energy
antiproton annihilation on bismuth is able to produce both "normal" heavy
hypernuclei, characterized by a lifetime close to that found for uranium, and
the long-lived objects, observed by Noga et al., then the extracted lifetime
could be the best estimate based on the Monte Carlo model used here, where
only one lifetime component is taken into account. At present it is not
known in which proportion the two effects have to be detected to reproduce
the present experimental result ; neither is it known if such a two-
component approach would at all give a satisfactory explanation to the
longer lifetime observed for delayed fission in bismuth.

In conclusion, we interpret the delayed-fission activity observed in the
present experiment as due to the decay of heavy hypernuclei. The measured
production rate, of the order 10-3 - 104, is consistent with earlier findings of
an enhanced A production in low-energy antiproton annihilation. The
momentum distribution of the recoiling heavy hypernuclei is the same as
that found for promptly-fissioning heavy nuclei, and it is given by :

N(p) = p-exp(-p/ {375 [MeV/c]}) (6.4).

In view of the recent observations of delayed-fission activity with two
lifetime components in the mass region of bismuth, we take our uranium
target result as a guide for the non-mesonic decay rate of heavy hypernuclei :

Tom(xA =230 = (2197967 ) . 1y ©3).

The large error bars associated with the measurement makes a conclusive
comparison with existing theoretical calculations difficult. However, some
modern meson-exchange calculations do predict a value of this order, while

others result in smaller rates. A hybrid quark-hadron model gives a higher
decay rate value. It is interesting to note that already more than 20 years ago,
Dalitz, in a simple calculation, obtained a value very close to that given in
eq. 6.3.

The difference between the uranium and bismuth target results found in
the present experiment should, and will, be subject to further studies.
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Chapter 7 : APPENDIXES.

A.  The least-squares method.

In this appendix the basics of the least-squares method will be treated.
Most of the information has been collected from the books "Probability and
statistics in particle physics" (Fro79) and "Statistical methods in
experimental physics" (Ead 71).

The aim of the work presented in this thesis is to estimate a set of
parameters from a certain set of experimental data. Several methods exist to
make such an estimation, such as the maximum likelihood method, the
least-squares method and the moments method. The choice of the least-
squares method in this work is to a certain extent arbitrary. However, it is
clear that this method possesses some very attractive qualities : it is easy to
use and to understand, it gives under certain conditions estimates that are
consistent and of minimum variance and it also has the unique possibility
to give a goodness-of-fit test. Furthermore, the least-squares method doeas

not require any a priori knowledge about the distributional properties of the
observations.

A.1  The basic principle.

The least-squares principle states that the best estimate of a set of
unknown parameters 8 =01, 2, ... O is that which minimizes the quantity

N
X2 =2 [L "(6?""" )]2 (A1)
i=1

where xj is an observational point,
yi is the experimentally measured value at point x;,

f; is the theoretically calculated value at point x; for a certain
set of 6,

oj is the estimated error in the i:th measurement.

As an example, take the case when the measurement yj is the number of
entries in a histogram bin. The calculated f; ( 8; x; ) is then given by

fil8;xi)=n*p;(0;x) (A.2)
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where n is the total number of entries in the histogram,
xj is the i:th class, i.e., bin,
pi is the probability to get an observation in class i.
Under the condition of independent, Poisson distributed observations,
the quantity to minimize is in this case

N
a2
X2 = Z [ﬂ——&r"_‘ ] (A3)
i=1 P

where N is the total number of bins used in the calculation.

Asymptotically, for large number of entries, the Poisson distribution
converges to the normal distribution. If the observations y; are normally
distributed about f; (8 ; xj ), uncorrelated and with variance 0'i2, then there is
a direct connection between the least-squares method and the theoretically
better founded maximum likelihood method.

The likelihood function to maximize is then

N
I I 1 vi-fi(8;xi)
L(y,8)= exp[-( )Z] (A.4).
2 ,'2 20;
- 5 \2ro, v

Taking the logarithm of this gives

N
N
nL(y,0)=-2Y m(2ncd) -1y (Lcfillix) (A5).
¥ 2 4 - 1) -3 e
i=

i=1

The first term in this expression is a constant, and hence the whole
InL (y, 0) finds it maximum when the second term,

N
0. Y (el o
i=1 '

is minimum.

Thus, under the specified conditions, the least-squares method is
equivalent to the maximum likelihood method.

The set of parameters that minimizes X2 is in what follows denoted by 8o.
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A.2 Confidence intervals and errors - the intersection method.

The question of errors in the parameter estimate, 8y, can only be given an
exact answer in the case of a theoretical model linear in the parameters. In

such a case the calculated values at each observational point can be written
as

L
fi = 296 or in matrix notation f=A ¢ (A7)
i

where A is called the design matrix.

The function to minimize is then
X2(@Q=[y-A0TV(I[y-A8] (A.8)
where V(y)-! is the inverse of the symmetric covariance matrix. Each
element in the matrix V(y) is defined as Vjj = pjj 0j oj, where pjj is the

correlation coefficient. For uncorrelated variables only the diagonal
elements are non-zero: Vj; = 6i2.

Differentiating X2 with respect to the parameters gives the condition for
the minimum as

VexX 9 =-2ATV(y![y-AB]=0 (A.9)
Go=[ATV(I1 A1 AT V(-1 y (A.10)
i.e., the estimate 6 is a linear function of the observations y.

The general formula for error propagation now gives the uncertainty in
the linear least-squares estimate 8¢ as a function of the errors in the
observations

V(8p) =S V(y ST where 8=Sy (A.11)
S=[AT V(w1 AJ! AT V(y-! (A.12).

Some straightforward matrix algebra then gives

V(8 =[ AT V(-1 A (A.13)
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which already has been calulated when determining 6g. Note, however, that
V(p has to be completely known in order to determine V(8p) .

In the linear case there is a direct connection between the shape of the x?2
function and the error in the parameter estimate. Rewriting 8 = 8¢ +(8 - 99)
and inserting this in the least-squares expression A.8 gives

XAO=[y-A(8 +O8-00))IT V(YT [y-A(8 +8-6p)]=
=ly-A6p-AB-80))ITV(yIly-Aby-AB-8p))] (A.14).
Carrying out the multiplication, the "quadratic” terms give
[y-AGITV(YIly-Apl= X (A.15)
[A8-60) IT V()1 [ A(6- 80) 1= (8- 60)T V(80)1 (8- 80) (A.16)
The cross-terms disappear due to the condition from the differentiation,
expression A.9, and the symmetry property of the covariance matrix.

Collecting the remaining terms gives

X209 =X 2n+ (8- 80)T V(81 (8- 8p) (A.17).

X.Znin+ 14

Xmin

6p-10 69 fpt+1lo

Fig. A.1 : Principle of the intersection method.
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It can be shown under quite general conditions (Ead 71) that for a large
number of observations the parameter estimate, 8y, will asymptotically be
normally distributed around the true value. Consequently, when the
observations are independent, multinormally distributed variables (Fro 79,
pg 316) all terms in expression A.17 are chi-square distributed. It is
immediately clear that the residual sum of squares at the minimum, Xm2in ,
and the error in the parameters, V(8p), are independent of each other. Thus,
the szin value can be used in a goodness-of-fit test, as explained in the next
section, while the shape of the x? function, as given by the - 0T V(gg)!
(6 - 60) term, is directly connected to the error in 8.

The expression A.17 suggests a graphically very illustrative way to
evaluate the error in the parameter estimate. By intersecting the Xm2in curve
with straight lines at certain levels, a, above the minimum, the
corresponding confidence regions can be determined. This can be seen by the
following identities (assuming only one parameter for simplicity) :

- 2
X% (0) =X,,,2,~,,+ a where a= % (A.18)
6-6 =Va o6 since a(8p)2 = V(6p) (A.19).

Hence, intersecting the X2 curve at a level a = 12 above the minimum
gives the 1o region, at a level a = 22 gives the 20 region and so on. The
procedure is schematically shown in Fig. A.1. The confidence levels ( CL )
corresponding to the different choices of a are extracted from the ordinary

normal distribution according to Table Al. The confidence level is defined
as shown in Fig. A.2.

| \
1 \

P-30 p-20 p-0 p . p+0  p+20  p+30
X

Fig. A.2 : Definition of confidence interval for the normal distribution. The integral
over the shaded area gives the 1o confidence level ( CL ). From ref. Fro79.
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For the linear model, the identities in expressions A.18 and A.19 are exact
under the conditions of a constant covariance matrix V(8g) and unbiassed,
uncorrelated and multinormally distributed observations (Fro 79, pg 316).

CL(%) a CL(%) a

68.3 1 (1o) 90.0 2.69 (1.640)
95.4 4 (20) 95.0 3.84 (1.960)
99.7 9 (30) 99.0 6.66 (2.580)

Table Al : Confidence intervals for the normal distribution certain choices of a.

For the non-linear case, or when the covariance matrix is not
independent of 8, the distributional properties of the terms in expression
A.17 are not known. Nevertheless, it is still customary to use the
intersection method to give approximate confidence intervals also in this
case. Making a Taylor expansion around the minimum gives

XZ
X2 (6) = Xpin + ;-[%2—]9:00 (0-6p)2 + ... (A.20).

Since the expansion is made around the minimum the second derivative
is clearly positive. If the higher order terms in expression A.20 are small,
corresponding to an approximately parabolic shape of the X2 curve, one can
make the identification

& x?

V(_Go) =2 l:—a—ez— (A.21).

-1
] (6="060)

Thus, under these conditions the intersection method gives a good
approximation of the error also in the case of a non-linear model. How good
this approximation is, will in general depend on the magnitude of the
higher-order terms in expression A.20 as well as on the validity of the
assumption of normally distributed observations.

The intersection method to deduce the errors in the estimated parameters
has been adopted in this thesis.
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A.3 Goodness-of-fit test.

To evaluate the fj's in, e.g., the X2 expression A.6 one has to invent a
model which is believed to reproduce the experimental conditions. If the
assumptions made in this model are correct then, in the limit of large
numbers of events, the XZ(Q) in expression A.6 is a sum of squared standard
normal variables. Such a sum is distributed as a chi-square variable with v
degrees of freedom, %2(v). When the least-squares method is applied to
binned data, v = N - 1 with N equal to the number of bins. In this case one
degree of freedom has been lost due to the normalization of the model
calculation to the experimental number of events.

More specifically, the residual sum of squares at the minimum, Xm%n, is
distributed as a x%(v=N-1-L) variable, where L is the number of independent
parameters. The 2 function is shown in Fig. A.3 for v=1 to v=20. The mean
of the x2(v) distribution is v and the variance is 2v.

On the other hand , if the assumptions in the model are not correct, the
szin will, on average, tend to become larger than if they were true. This then
offers a possibility to use the appropriate cumulative %2(v) distribution to test
the hypothesis made.
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Fig. A.3 : The chi-square distribution for n = 1 - 20. From ref. Fro 79.
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Define the quantity o as

o= [Pu;vidu=1-Fu=Xk ;v) (A22)
Xonin

where F is the cumulative integral of the xz(v) distribution from 0 to Xm2in
(see Fig.A4). The quantity o then expresses the probability to get a higher
value of sz-m in a new measurement. If this probability is smaller than a
certain fixed o then there is a good reason to be sceptical about the
underlying model.

Since the mean of the chi-square distribution is equal to the number of
degrees of freedom, v, this is also the Xm2h-, value one expects to find. This is
the basis for the popular "rule-of-thumb" saying that the reduced chi-square,
x2(v)/v, should be approximately unity. For a large number of degrees of
freedom, v 25, x2(v)/v =1 corresponds to an o of close to 50%.
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Fig. A4 : The probability contents of the chi-square distribution for different number

of degrees of freedom. F and « are defined in the text, expression A.22.
From ref. Fro79.
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Delayed fission following the annihilation of antiprotons at rest in 2**U nuclei has been observed with a yield of approximately
103, By means of the recoil-distance technique a lifetime of about 10~ 19 5 has been determined for the delayed fission; this is
interpreted as due to the non-mesonic decay of heavy hypernuclei.

Present values for the lifetimes of lambda hyper-
nuclei were mainly measured in experiments with
kaon beams. The most accurate results have been
obtained for 2C and }'B [1], for which the lifetime
was found to be somewhat shorter than that of the
free A hyperon. It was also shown that for *C the
mesonic channel of decay AN+ is strongly sup-
pressed in comparison with the non-mesonic chan-
nel A+N-n+N. One can expect that for heavier
hypernuclei the non-mesonic decay mode will dom-
inate even more.

In the decay of heavy A-nuclei the de-excitation of
the residual nucleus can proceed through the fission
channel. Accordingly, the decay can be recognized by
the observation of delayed fission: measuring the
lifetime of heavy hypernuclei in the region of U can
be done by measuring the lifetime for delayed fission.

However, the well-established electronic methods

! Present address: Institut Laue-Langevin, F-38041 Grenoble,
France.

2 Present address: CERN, CH-1211 Geneva 23, Switzerland.

3 Present address: CEBAF, 12070 Jefferson Ave., Newport News,
VA 23606, USA.

of hypernuclear spectroscopy and lifetime measure-
ments do not seem promising in this particular case.
The formation of a heavy hypernucleus would be dif-
ficult to tag by the strangeness-exchange reaction
K~ +A-,A+n~ since no well-resolved low excited
states of hypernuclei are expected here. Conse-
quently, the decay of heavy hypernuclei which is to
be observed through delayed fission would be mea-
sured in the presence of a substantial background of
prompt events. In addition, measuring lifetimes of
the order of 10~'° s by means of electronic tech-
niques involves rather complicated procedures (see
for example, ref. [1]).

In the work described here we have searched for
delayed fission following the annihilation of antipro-
tons in a 2**U target. Indeed, the annihilation is in
some cases accompanied by the emission of K*, K~
pairs, and a A hyperon can be produced in a second-
ary interaction of K~ with a nucleon in the residual
nucleus: K~ +N-A+mx. Cugnon and Vandermeulen
[2] investigated the annihilation of antiprotons by
two nucleons inside a nucleus. Their calculations,
which were inspired by an earlier remark by Rafelski

146 0370-2693/86/$ 03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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[3], predict a substantial increase in the production
of A particles and were experimentally confirmed by
Condo et al. [4].

The experimental method used is based on the
recoil-distance technique, which was developed for
the study of short-lived fission isomers [5]. Fig. la
recalls the principle of the recoil-distance method.

Since prompt fission of nuclei, following the anni-
hilation of antiprotons, occurs after about 10~'% s,
the fissioning nucleus remains in the target. As a
result, the fragments are emitted from the target
plane, and those directed towards the upstream
hemisphere will be stopped in the target or its back-
ing and will not be recorded in the detectors (fig. 1a).
On the other hand, hypernuclei with lifetimes of the
order of 10~'° s can leave the target and decay at
some distance from the target plane. Some of the
fragments produced in this decay are emitted towards
the upstream hemisphere, shadowed by the target
backing, and will hit the detector.

The distribution of recoil distances, and therefore
of the positions of events recorded in the shadowed
area of the detector, depends on the lifetime of the
hypernuclei and on their velocity. Hence, on the basis
of the measured position distribution we can evalu-
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ate the lifetime of the hypernuclei. The accuracy of
the result of such an evaluation will depend on the
extent to which the momentum distribution of
hypernuclei is known. In the case where the stopped
antiproton is annihilated, the momentum of the recoil
nucleus, in our case the hypernucleus, results from
adding the momenta of particles emitted in the anni-
hilation of the antiproton. We cannot rely on any cal-
culation of the momentum distribution of
hypernuclei produced in the antiproton annihila-
tion. In our analysis we only made use of that infor-
mation of the momenta of hypernuclei which was
contained in our experimental data.

Our experiment was carried out in an antiproton
beam from the Low Energy Antiproton Ring (LEAR)
at CERN. The beam momentum was 200 and 100
MeV/c, respectively, in two different experimental
periods. A schematic view of our experimental set-
up is shown in fig. 1b. After passing through two thin
windows separating our set-up from the LEAR vac-
uum, and through the hole in the scintillator veto
counter, the antiprotons were slowed down mainly
in the 200 pm thick plastic scintillator on which the
U target was deposited as a spot 2X 5 mm? and 0.1
mg/cm? thick. This scintillator was also used to detect

detectors

upstream ! downstream

[

Fig. 1. (a) Principle of the il-di

method. (b) Sch

ic view of the experimental set-up. 1: Be window (100 pm thick). 2:

Kapton window (25 um thick). 3: Degrader, variable in steps of 5 um mylar foils. 4: I mm thick plastic scintillator with a 6 mm X 3 mm

hole. 5: 200 pm thick plastic scintillator. 6: 0.1 mg/cm? thick U target. 7: parallel-plate avalanch with di

mm.

190 mm X 290
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the antiprotons, thus providing a zero-time signal.
The U targets were deposited on backings of two dif-
ferent widths, 2.5 and 10 mm. They were flat to
within 1 pm over their surfaces. An adjustable
degrader made of Mylar foils was used to optimize
the stopping rate of antiprotons in the target. Fission
fragments were recorded by two parallel-plate ava-
lanche counters which were filled with isobutane at a
pressure of 7 mb and placed symmetrically with
respect to the target at a distance of 250 mm.

A fission event could be identified unambiguously
by the registration of the time of flight of coincident
fragments, as well as by the ionization which these
produce in the counters.

Fig. 2 shows the two position distributions of fis-
sion events along the beam direction. The sharp edges
of measured profiles define a position of the target
plane which is consistent with the position deter-
mined in the setting-up. It is clearly seen from the
figure that the distribution for the 2.5 mm wide
backing contains more events in the shadowed area.
These latter events can only by explained as a result
of delayed fission. A total of 100 delayed-fission
events have been recorded with the 2.5 mm wide tar-
get backing.

The measured positions of events permit one to
determine the distribution of angles between frag-
ment trajectories (opening angles). For binary fis-
sion these angles depend on the initial momenta of
the fissioning nuclei and on the total kinetic energy
release (one can neglect a small effect due to the
emission of neutrons from the fragments). In our
experimental technique the detection efficiency of
delayed-fission fragments is a function of the dis-
tance which hypernuclei travel before they decay.
Consequently, the measured distribution of opening
angles is also dependent on the lifetime of
hypernuclei.

The measured distributions of positions and angles
were compared with the results of Monte Carlo cal-
culations with two parameters pertaining to the fis-
sioning recoil nuclei: their lifetime and one parameter
describing their momentum distribution. We
assumed this distribution to be approximated by the
formula N(p) =exp (—p/p,), with one free parame-
ter po. This is a purely phenomenological approach,
in which we ignore details of the various processes
governing the momentum distribution of hypernu-
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Fig. 2. Distri of the fission-fi positions in the

detectors along the beam direction, obtained from the U targets
with (a) 2.5 mm, and (b) 10 mm wide backing. The two distri-
butions are normalized to the same total number of events.

clei. However, by choosing an exponential we try to
take into account the fact that some of the recoil
nuclei may lose a considerable amount of energy
before leaving the target.

For delayed fission the measured distribution of
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Fig. 3. Distributions of opening angles for the delayed fission
fragments. The calculated distribution (dashed line, reduced
x?=1.23) is normalized to the number of experimental events
with opening angles larger than 160° (89 events).

opening angles is presented in fig. 3 together with the
best fit from the Monte Carlo calculation (dashed
line). We can see a substantial disagreement for
events with an opening angle less than 160°. The for-
mula which was chosen for the momentum distribu-
tion in the Monte Carlo calculations obviously does
not represent these events in an adequate way. These
events correspond to high momenta of the recoil
nuclei, possibly due to fragmentation processes.
Therefore, we have excluded from the fitting proce-
dure angles less than 160°. Fig. 4 gives the position
distribution of the remaining 89 events along the
beam direction, and the dashed line is the best fit to
the experimental distribution. The two calculated
distributions shown in figs. 3 and 4 give the follow-
ing values of the parameters:

t=(0.12845) ns, po(700+*333) MeV/c,

where the errors correspond to 95% confidence level
in x?, and the two parameters were considered as
uncorrelated.

Therefore, our results indicate that some products
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Fig. 4. M d and calculated distrit of the delayed fis-

sion fragment positions along the beam direction. The experi-
mental distribution (solid line) shows the total number of events
obtained with opening angles larger than 160°, using the U target
with 2.5 mm wide backing. It should be noted that each event is
represented by entries in the distributions on either side of the
target plane. The values of the reduced x? for upstream and
downstream ranges are, respectively, 0.82 and 1.36.

of the annihilation of antiprotons in 2**U undergo
delayed fission with a lifetime of about 10~ '° 5. The
yield of these products is about 10~ per stopped
antiproton, and the measurement of fragment veloc-
ities indicates a symmetric mode of fission.

Fission isomers with lifetimes close to 10~'° s have
been observed for a few Pu isotopes. However, even
in the most favourable reactions induced by protons,
deuterons, or alpha particles, their yield is several
orders of magnitude less than in our experiment. In
addition, the decay of fission isomers is character-
ized by asymmetric fission.

The lifetime for delayed fission measured in our
experiment is close to the lifetime measured for light
hypernuclei [ 1,6] and is also within the range of val-
ues predicted by different models [7], for the non-
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mesonic decay which is expected to predominate in
heavy hypernuclei. Therefore, one plausible expla-
nation of our results is that we observe delayed fis-
sion arising from the decay of hypernuclei of isotopes
in the U region which were produced in the annihi-
lation of antiprotons in 2**U nuclei. This conclusion
is consistent with recent observations of the enhanced
emission of A hyperons when antiprotons are anni-
hilated at rest in complex nuclei [4]. It could be
checked experimentally by recording the delayed-fis-
sion events in coincidence with the K* produced
simultaneously with the A hyperon in the annihila-
tion process. This measurement was not possible with
the present intensity of the antiproton beam, but it
will be feasible in the future, after improvements of
the antiproton beams.

We are indebted to the LEAR staff for providing a
low-energy antiproton beam of very high quality.
Special thanks are due to N. Mezin and J. Place from
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the CERN West Workshop who performed the pre-
cision mechanics of the apparatus. We also thank D.
Ledu and R. Meunier from the PARIS implanter at
the CSNSM who prepared the U targets.
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Delayed fission following the annihilation of stopped antiprotons in 2°°Bi has been observed with a yield of approximately
3 10~*. The lifetime for delayed fission as measured by the recoil-distance technique is (2.5*%3)x 10~'°s. The observed delayed
fission is interpreted as resulting from the decay of hypernuclei in the region of masses near 200 produced in the annihilation of

antiprotons in 2°°Bi.

In a previous paper [1] we have reported the
observation of delayed fission following the anni-
hilation of antiprotons at rest in 23¥U. We used the
recoil-distance technique, where the lifetime is
inferred from a distribution of fission, fragment
impacts in a detector placed in such a geometry that
one can distinguish events with different decay points
with respect to the target plane. (See ref. [1] for
details of the experimental technique.)

The value of the lifetime reported in ref. [1],
1=(1.0%§3) x10-'° 5, was determined from com-
paring the experimentally measured position distri-
bution of events with a calculated one using the
Monte Carlo method. The yield of delayed-fission
events was found to be close to 10~ per stopped
antiproton. The interpretation given in ref. [1] is that
the delayed fission results from the decay of hyper-

! Present address: Institut Laue Langevin, F-38041 Grenoble,
France.

% Present address: CERN, EP Division, CH-1211 Geneva 23,
Switzerland.

3 Present address: CEBAF, Newport News, VA 23606, USA.
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nuclei produced in the annihilation of antiprotons in
the 23%U nuclei.

In the present work we report results obtained with
a 2%°Bi target in an experiment carried out at the Low
Energy Antiproton Ring (LEAR) at CERN, with the
same set-up that we used in our previous experiment
[1]. The antiproton beam momentum was 100
MeV/c. With a Bi target, 0.1 mg/¢m? thick and 2 mm
wide, deposited on a 2.5 mm wide backing, 155
delayed-fission events have been collected.

As in our previous work the detection system con-
sisted of two parallel-plate avalanche counters filled
with isobutane at a pressure of 7 mb. For each of
those two fragments recorded in coincidence the fol-
lowing information was obtained: (i) two coordi-
nates determining the position of each fragment in
the detector with an accuracy of the order of 1 mm;
(ii) the time-of-flight value (the zero-time signal
being provided by the scintillation counter recording
antiprotons); and (iii) the ionization produced in
the counter. By calibrating the counters with a Cf
source of spontaneous fission, we were able to deter-
mine the region of ionization and time-of-flight val-

0370-2693/87/$ 03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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Fig. 1. Measured and calculated distributions of the positions of
delayed-fission fragments along the beam direction. The values
of the reduced x* for upstream and downstream ranges are 1.53
and 0.89, respectively. The 1 cm bin width, adopted because of
the low statistics, is much larger than the resolution of the detec-
tor (~1 mm).

ues corresponding to fission fragments. Conse-
quently, the delayed and prompt fission events
recorded in our experiment were unambiguously
separated from the background arising from the low-
ionization particles produced in the annihilation of
antiprotons in nuclei.

Fig. 1 shows the position distribution of fission
fragments registered in the detector area shadowed
by the target (negative values of coordinates), as well
as the position distribution of coincident comple-
mentary fragments (positive values of coordinates).
According to the principle of the recoil-distance
technique, all these fragments correspond to delayed-
fission events. Fig. 2 shows the distribution of the
angles between the delayed-fission fragment trajec-
tories (opening angles). It was determined from the
positions of fragment impacts in the fission chambers.
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Fig. 2. Measured and calculated distributions of the opening angles
of the delayed-fission fragments. In the Monte Carlo calculation,
events with an angle smaller than 158° have been eliminated.
The corresponding reduced x has a value of 0.71.

In the analysis of our present data the main pur-
pose was the determination of the lifetime for delayed
fission, and we followed the same procedure as in
ref. [1]. Remaining within the framework of a phe-
nomenological approach and using, as in ref. [1], a
purely exponential momentum distribution of recoil
nuclei knocked out from the target N(p)=
exp( —p/py), we obtained a lifetime of

T=(2.5%33)x107 05,

where the errors correspond to the 95% confidence
level in x2. It turned out that all three measured dis-
tributions were characterized by a rather flat depen-
dence of x? on p,.

Using a different momentum distribution, of the
form N(p)=p exp(—p/p,), we obtained the same
value of the lifetime (and its uncertainty) but a more
pronounced dependence of x2 on p,. The distribu-
tions calculated with this modified expression for the
momentum distribution are shown in figs. 1 and 2;
they correspond to the overall best fit to the exper-
imental results.
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As an additional check of the consistency of our
procedure, the previously published data for ura-
nium [1] were re-analysed with the modified
momentum distribution N(p) =p exp(—p/p,). The
following values of the parameters were found:

t=(1.078%)x10"'%s, p,=300MeV/c.

The value of the lifetime reproduces the estimate
given in ref. [1]. On the other hand, the value of p,
for uranium is somewhat different from the value of
Do for bismuth, given in figs. 1 and 2.

Slightly different momentum distributions of
hypernuclei undergoing delayed fission can be
expected for uranium and bismuth for the following
reasons:

(i) the probability of survival of an excited heavy
hypernucleus is determined by the branching ratio
for the fission channel which is a function of the
excitation energy, and this dependence is different
for nuclei in the regions of bismuth and uranium;

(ii) as indicated by calculations [2] some corre-
lation may exist between the excitation energy and
the momentum of residual nuclei.

The yield of delayed-fission events for 2*Bi is
about 3 10~* per stopped antiproton, which is lower
by a factor of 3 than observed with 2>*U [1]. Whereas
a difference in yields could be explained by different
fissility of nuclei in the regions of bismuth and ura-
nium, the lifetimes measured for uranium and bis-
muth are still equal within the limits of quoted errors.

As in ref. [1] we cannot suggest any other inter-
pretation of our present results than that we observe
delayed fission arising from the decay of hypernu-
clei, produced in the annihilation of p in bismuth.
Note that in ref. [ 1] we rejected the decay of fission
isomers as an extremely unlikely explanation. Our
present result completely excludes this hypothesis
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since no fission isomers are known to exist in the
region of bismuth.

The present measurement does not show direct
evidence for strangeness production in the investi-
gated process. However, Condo et al. [3] observed
A production in p annihilation on complex nuclei,
with a yield of about 2%. Assuming the probability
of attachment of the A hyperon to a heavy nucleus
to be of the same order of magnitude whether it is
produced in p annihilation or with stopping K~ [4],
the yield of delayed fission observed in our experi-
ment is quite reasonable.

In a recent experiment performed at the Kharkov
linear electron accelerator [5], delayed fission was
observed following the interaction of 1.2 GeV elec-
trons with a 2°°Bi target. It was likewise interpreted
as resulting from hypernuclear decay. The reported
lifetime is (2.7+0.5) ns. The yield of delayed fission
per nuclear reaction is 100 times higher in our exper-
iment than in the experiment with electrons. For that
reason we cannot exclude the possible production of
long-lived hypernuclei at a level two orders of mag-
nitude below our experimental result. On the other
hand, with the set-up used in Kharkov, a 0.5 mm sys-
tematic error is quoted for the recoil ranges which
could prevent the observation of any short lifetime.
Consequently, it seems worthwhile to investigate both
components in the same experiment.
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