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Abstract

Experiments on delayed particle emission are
reviewed, with special emphasis on the recent alpha
and proton data. Interpretations of the results
within the framework of the statistical model are
given, and the fluctuations in the spectra are shown
to provide an experimental tool for measuring level
densities in nuclei far from stability.

1. Introduction

The area of the nuclear chart within reach of
experimental nuclear-structure physics has widened
considerably in recent years -- mainly owing to the
rapid development of in-beam and on-line systems.
These specialized techniques have helped us to over-
come some of the main experimental difficulties such
as, for example, short half-lives and small forma-
tion cross-sections. We may mention that nuclides
with half-lives in the 100 msec region and with for-
mation cross-sections _as low as 1 nb are within
reach in high yields'). The new nuclides far from
stability that now can be studied differ in many
respects from those in regions closer to stability;
for example, the abnormal neutron to proton ratio,
the asymmetry in the binding of the two types of
nucleons, and the increasing isobaric mass differ-
ence which gives a high energy available for the beta
decay. Besides alpha, beta, and gamma radiations,
new modes of radioactive decay become possible as
beta-delayed particle emission, beta-delayed fission,
and Coulomb-delayed proton emission. In this paper
we shall present experimental results and interpre-
tations of delayed particle emission from nuclei with
A > 70. Before starting on this, we shall first dis-
cuss some of the main features of the nuclei under
consideration.

Fig. 1

2. High-energy beta decay

Let us choose !'8Cs as a 'typical" nucleus far
from stability. A schematic decay scheme of this
nucleus is shown in Fig. 1. The energy available
for beta decay is close to 10 MeV, and the first
excited state in the daughter nucleus, !''®Xe, has
an energy of 338 keV 25%), The spacing between
levels becomes progressively smaller and smaller )
with increasing excitation energy. The predicted*’?®
average spacing of, for example, 3* states is about
6 keV at 5 MeV, while it is only 10 eV at the top
of the excitation spectrum. The chamnels open for
the beta decay are spread from the ground state to
the highest energies over all the states permitted
by the selection rules. A rough estimate gives
around 10° possible final states for allowed beta
transitions (with an assumed spin parity of 3* for
the ground state of ''®Cs). The predicted proton
separation energy (Bp) in !'!®Xe is 4.9 MeV, and an
alpha particle is ound with about 1.5 MeV.
High-lying states in '!'®Xe are therefore expected
to show proton and alpha emission in competition
with gamma de-excitation. Both of these decay modes
have been observed experimentally®~®). _

The nature of the dense states in the high ex-
citation regions is very complicated, and a good
starting point for their description is in terms of
averages and statistical nuclear reaction theories!?).
The total widths of the resonances relevant to this
discussion are much smaller than the average level
spacing. We are thus concerned with individual
states of the same type as the resonances observed
in the neutron capture process. The individual
transition probabilities and the level spacings show
pronounced local fluctuations, and the most conveni-
ent approach is then to treat only averages over a
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Decay scheme for !'!®cs.
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large number of states. A very useful quantity is
the strength function defined’ ) as

—_ 2
Sic = M) 2o

where Yi denotes the square of the overlap integral
between two sets of nuclear wave functions, p, the
level density of the states X, and c the possible
exit channels. The overlap integrals are normally
referred to as reduced widths since they are factors
of the observed partial widths Tye = 2Pcyje %)

The factor 2P. is the barrier penetrability in the
exit channel.  For the beta decay a convenient des s
finition of the strength function has been given "’ )
as the energy distribution of the reciprocal ft
value,

Sg(E) = b(E)/[£(Z,Q,-E)*T1] ,

where b(E) is the absolute beta intensity per MeV of
states at excitation E, Qg is the energy available
for beta decay, T: the beta half-life in seconds,
and f(Z,Q-E) is the statistical rate function. Ex-
perimental determinations of beta strength functions,
based on measurements with a total absorption spec-
trometer with large NaI(T1l) crystals, have been per-
formed at ISOLDE for g*, EC decay'?:'*) and at
OSIRIS in Studsvik for g~ emitters'°®™'7). Figure 2
illustrates some results from these measurements.
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Fig. 2 Beta strength functions from '!7’!'!°Xe

(Ref. 14) and '*°?!*'Xe (Ref. 16). The
strength functions were obtained from un-
folding of total absorption gamma spectra
measured with two large NaI(T1l) crystals.
Note the marked difference in the energy
behaviour of the strength on the two sides
of stability: on the neutron-deficient
side the strength is more or less constant,
while the neutron-rich isotopes show a steep
increase in the strength towards higher
energies.

The most successful theory for high-energy beta
decay is the ''gross theory' developed by Yamada and
Takahashi‘8'2°§. In their approach they combine a
simplified single-particle model with a superimposed
giant resonance behaviour and determine the absolute
strength with the use of sum rules. The gross theory
has been shown®°) to be in qualitative agreement
with the experimental data.

There is a great similarity between beta
strength and, for example, proton and alpha strength

functions. In both cases we are concerned with
overlap integrals between initial and final states
with a relatively slow variation in energy. Collec-
tive effects, however, play a significant role in
both beta and gamma strengths!?®»2!), while single-
particle models describe the major features of the
proton, neutron, and alpha strengths. The delayed
particle data provide us with information that is
important for a further understanding of both the
beta strength functions and the particle strength
functions of nuclei far from the region of beta
stability.

The strength functions describe the average be-
haviour of the nucleus over many final levels at a
given excitation energy. The individual transition
probabilities and the spacings between the states
have wide distributions, and the finite number of
resonances contributing to the average will then give
rise to fluctuations in the observed intensity. Such
fluctuations have been observed in the slow-neutron
average cross-sections®”J, and they are also the
origin of the fine structure observed in the delayed
particle spectra. The fluctuations provide us with
an experimental tool for measuring nuclear level den-
sities. The increasing body of high-resolution data
on delayed particle emission will thus make possible
a systematic investigation of level densities in
nuclei far from stability.

3. Experimental studies of
delayed particle emission

The necessary condition for a nuclide to be a
precursor for delayed particle emission is that the
energy available for the beta decay exceeds the par-
ticle separation energy in the daughter nucleus.
This condition already becomes fulfilled throughout
the whole nuclidic chart for nuclides lying several
mass numbers from the nucleon drip lines. On the
neutron-rich side of stability, we may observe beta-
delayed neutron emission, while for neutron-deficient
precursors the corresponding decay mode gives proton
and (or) alpha emission. Effectively there is a
minimum value of the Q value for particle emission
below which the branching ratio becomes too small
for an experimental observation of the delayed par-
ticle phenomenon. This is most pronounced for the
charged particle emission since the Coulomb barrier
reduces the transmission coefficients considerably
at low energies. This results in a complete domina-
tion of the gamma channel. An example is found in
the data from the mercury precursors where protons
with energies below 3 MeV are not observed, while a
typical energy spectrum in the krypton region starts
below 1 MeV. The predicted number of experimentally
observable precursors for delayed particle emission
exceeds 1000. A fair amount of these nuclides are
available or will be available for experimental stu-
dies in the near future.

3.1 Neutron-deficient precursors

The first artificially produced precursors in
the heavy mass region were found in the decay of
light tellurium isotopes®®~?%). The two isotopes
10%,111Te were identified as delayed proton emitters,
and the observed energy spectra showed broad energy
distributions. At the Leysin Conference5 six new
cases in xenon and mercury were reported®’). During
the six years which have passed since then there has
been a rapid increase in the available data, and we
have now information including spectral shapes, ab-
solute intensities, and fine structure, feeding to
excited final states and Qg-Bp values. An up-to-date
summary of the Eresent knowledge is given in
Table 1 67°523753),



Table 1

Beta-delayed proton emitters in nuclei with A > 70

. . final Exp. proton Ex b) Del. protons c)
Nuclide T Exp branchin; p- ——;LJQ—TT—— Refi
1 levels a) ratio g Qa-Bp Del. alphas eterences
(sec) (MeV) (MeV)
73 22 4 0.00(65%) N -3 PP
Kr 25.9+0.6 0.862(353) (6.8+1.2)x10 4.85£0.30 - 28,29,30,31
Los 23,24,25,26,
Te 4.2£0.2 d) d) 7.140.10 - 32033034.35.56
111 23,26,32,35,54
Te 19.020.7 d) d) 5.07+0.07 - 57°38730°10
113%e 2.8:0.2 d) d) d) - 4
0.0(42%)
11%Xe 18 4 0.709(58%) (3.4:0.6)x1073 6.20£0.13 - 27,42,43,44
1.484(<2%)
0.0(86% - S <
117%e 65 6 0.659(11%) (2.9¢0.6)x10°° | 4.1:0.2 - 27,42,43,44
114Cs d) d) d) d) 33+12 9,45
116cg ©) 3.5:0.2 0.055 (2.7+0.4)x1073 6.4£0.3 51#5 6,7,9,45,46,47,
0.107 (3+1)x1073 6.45%0.3 18,49
0.318
0.580
0.590
118¢cs 16.421.2 0.117 (4.2£0.6)x107" 4.7+0.3 17.2%0.3 6,7,8,9,45,46
0.160 :
0.221
120Cs 58.3+1,8 d) (7£3)x107¢ d) 0.36+0.10 6,7,8,9,45,46
1198g 5.4 0.3 d) d) 6.220.2 - 48,49,50
121Bg 29.7+1.5 d). N 2,5 x 107" 4.2%0.3 - 18,49
129Nd 6 *3 d) d) d) - 51
13INd 22 6 d) d) d) - 51
133gp 3.2+0.4 d) d) d) - 51
135gm 10 =2 d) d) d) - 51
17%Hg 1.09+0.04 d) " 2.8 x 1073 d) - 27,42,43,44
181Hg 3.6 £0.3 0.0(50%) (1.8£0.5)x107* d) (1.520.6)x10° 27,42,43,44,52
0.158(50%) s
1831g 8.8 £0.5 d) (3.1£0.7)x107° d) - 27,42,43,44

a) From delayed-proton gamma coincidences.
b) From 511 keV (or positron) delayed proton coincidences.
c) See also Table 2.
d) Not determined.

e) Measurements on high-energy beta-rays have shown that ''®Cs has an isomer

The delayed proton activity shows only one component (3.5 sec).

3

with T,
2

< 1 sec (Ref. 53).




Table 2

Beta~delayed alpha emitters in nuclei with A > 70

Nuclide Ty a/dis. Del.p/Del.a References
(sec)
76Rb 36.8+1.5 | (3.8:1.0)x10° - 9,45
li4cs a) a) 33412 9,45
116cs 3.5:0.2 (6£1)x10~% 515 9,45
118cs 16.4:1.2 | (2.4:0.4)x10"5 | 17.2+0.3 8,9,45
120¢g 58.3%1.8 (2.0£0.4)x10"7 0.36%0.10 8,9,45
181Hg 3.6%0.3 (9£3)x1078 (1.520.6)x10° 52
212pj 3600 1.4 x 107" - 54
2144 1188 3 x 1078 - 54

a) Not determined.

The alpha particle is unbound in the ground
state for most neutron-deficient nuclei with Z > 50,
and ground-state alpha emission is a common decay
mode above N = 84, The energy available for delayed
alpha emission is typically several MeV for the
neutron-deficient nuclei, and this decay mode is thus
expected to occur regularly together with proton
emission. The first cases of this type have been
reported within the last year®:°:%2), A summary of
the present results is given in Table 2 ®,%5%5,52,54),

A few typical experiments will be discussed be-
low as an illustration of the experimental techniques
and the available data.

3.1.1 Measurements of singles spectra. Fig-
ure 3 shows the delayed proton and alpha spectra
from 1!®Cs (Ref, 45) measured with a AE-E counter
telescope. The radioactive beam of !'®Cs ions was
directed into the experimental set-up and intercep-
ted by a 20" ug/cm® carbon foil placed in front of
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Fig. 3 Delayed proton and alpha spectra from ''®Cs. The Cs activity was produced at the ISOLDE facility in
a '*°La(p,3p21n)''°Cs spallation reaction with 600 MeV protons from the CERN Synchro-cyclotron (Ref. 1).
The particle counting was performed with a AE-E detector telescope equipped with surface barrier detec-

tors (AE: 25 um, 100 mmz, E: 500 um, 450 mm?).

The lower part shows the two-dimensional spectrum of

particle energy versus particle identifier signal (PI), and the upper part the integrated delayed pro-

ton and delayed alpha spectra.

The branching ratios are (2.7 * 0.4) x 10™% and (6 + 1) x 10~% for the

delayed proton and alpha activities, respectively.



the detector system. Signals for particle identifi-
cation and energy were stored two-dimensionally so
that both proton and alpha events were recorded.
The total number of atoms collected during the ex-
periment was found from absolute counting of resi-
dual activity of 2.5 h '!®Te (Ref. 55) on the col-
lector foil. The proton and alpha branching ratios
were then determined to be (2.7 + 0.4) x 1072 and

(6 + 1) x 10~%, respectively.

The delayed proton spectrum from !!°Ba shown
in Fig. 4 was measured by Karnaukhov and his colla-
borators*®) at the BEMS-2 isotope separator®) in
Dubna. The proton counting was performed with a
singles detector. The increase in the intensity at
the low-energy part of the s?ectrum is due to beta
particles from the decay of '!°Ba and its daughters.
One distinctive feature, common for the delayed par-

" ticle spectra, is demonstrated in this case; the
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Fig. 4

The energy spectrum of beta-delayed protons from ''®Ba (Ref. 48).

The Ba activity was produced in a

907r(3%s,3n) reaction in a target of 2 mg/cm® Zr bombarded with 158 MeV 3?S°* ions from the JINR heavy

ion accelerator.
40 keV FWHM.
mined from counting of protons.

observed energy distribution shows a broad hump over
a few MeV in energy with almost no developed fine
structure.

3.1.2 Emulsion experiments. The delayed par-
ticle activity offers the easiest distinguishable
radiation for the identification of extremely neu-
tron-deficient nuclei in regions where there is no
ground-state alpha emission. As a more sensitive
alternative to the detection of particles with a
counter telescope, a technique based on nuclear
emulsions as detecting elements has been used“!/.

In these experiments the emulsion is placed in a
lead shielding inside the collector tank of the iso-
tope separator. Several ion beams might enter
through a slit in the lead shielding (Fig. 5) and
are then collected on a rotating disk whose active
side moves close to the emulsion surface. After de-
velopment of the plates, the proton and alpha tracks
can easily be distinguished from the beta- and gamma-
fogging of the emulsion. The half-life of the de-
layed particle precursor is obtained from the track
density as a function of the distance from the col-
lecting positinn. The emlsion arrangement offers

a large solid anglie (close to 2m) and a check on the
background in the regions between the masses. The
method is especially powerful for the identification
of nuclei produced in extremely low yields. The
very high sensitivity of this technique permitted
the first detection of the two delayed proton emit-
ters '!'3Xe (Ref. 41) and ''°®Cs (Ref. 46). As an
example of the emulsion data, Fig. 5 dis?lays the
energy spectrum of delayed protons from '!3Xe deter-
mined from measurements of the proton track lengths
in an Ilford K2 nuclear emulsion. The inset in the
figure shows the half-life curve which gives the
value Ty = 2.8 £ 0.2 sec for ''*Xe. Such informa-
tion from nuclei very far from stability provide us

The protons were detected in a silicium detector, and the experimental resolution was
The inset in the figure shows the result of a half-life measurement for '!°Ba as deter-
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Fig. 5 The delayed proton spectrum from ''3Xe meas-
ured by the emulsion method. The rotating
disk collector was placed inside the col-
lector chamber of the isotope separator.
Mass-separated ion beams of Xe isotopes are
collected on a disk (1) of stainless steel.
The proton eve.ts were detected in 400 um
Il1ford K2 emu.-iou plates (2). The whole
arrangement was shielded by 2 cm of lead.
The inset shows the half-life measured from
the track density as a function of time.

N is the number of proton tracks/0.26 radians
corresponding to a counting time of 1.13 sec
per point.

with an important check of the beta half-lives pre-
dicted from the gross theory®?). The comparison
between the calculations and the experimental data
for Xe isotopes shown in Fig. 6 testifies the use-
fulness of this theory.



! ! i ) v ) v 3.1.3 Coincidence experiments. Several de-
layed particle emitters are produced in intensities
10%F high enough to make more sophisticated experiments
possible, as for example particle-gamma coincidence
experiments. The gamma spectra shown in Fig. 7
were detected in a 40 cc Ge(Li) detector in coinci-
s dence with delayed protons from ''®Cs and !!®Cs.
o 19T The gamma energies observed in these spectra
o correspond to transitions in the delayed proton
- daughters ''°I and ''’1 (Refs. 58 and 59), respec-
a o tively. The relative feeding to excited final
= Ve X X g Lo X
F ot states is predicted in the statistical moSiel calcu-
lations of the delayed particle spectra®®), and the
experimental results are of great importance as a
test of this model. The 511 keV peak, representing
103k 4 coincidences between protons and annihilation radia-
tion from positrons feeding the proton-emitting
states, may be used to calculate the Qg-Bp value**),
. L . %5 55 ' The intensity of the 511 keV peak in the !18Cs
120 A spectrum corresponds to a 40 * 8% g*-branch, and the
Qg-Bp value is then determined to 6.45 + 0.30 MeV.
Fig. 6 Beta decay half-lives of xenon isotopes cal- T}%is result is in excellent agreement with the value
culated from the gross theory®’) (full drawn 6.4 + 0.3 MeV obtained from counting of positron-
and dotted lines). The points indicate the proton C01nc1d§nces“9).‘ The Qg-Bp values measured
experimental half-lives. until now are included in Table 1.
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Fig. 7 Spectra of gamma-rays in coincidence with delayed protons for *'®°!18cs, A 100 um, 100 mm® surface-
9 P g

barrier detector was used as proton detector and a Ge(Li) detector for the
spectrum shows coincidences with annihilation radiation and
The three gamma lines in the ''°®Cs spectrum correspond to the three

107, 318, 580, and 590 keV.

transitions 117, 160, and 221 keV in '!7I (Refs. 58 and 59).
45 and 7) QB - Bp = 6.45 MeV and 4.7 MeV for !''®Cs and

40 + 8% and 2.1 £ 0.5%7, which gives (Refs.
118cs, respectively.

amma-rays. The '!®Cs
158 v

ganma-rays in I with energies 55,

The positron to proton ratios are



A first systematics of the difference of Qg-
has been given by Bos et al.®!) where they predict
this parameter for most elements. The experimental
data have helped in the systematics, and the coinci-
dence results may be combined with values obtained
from fits to the end points of the particle spectra
(see next section) to extract information about the
individual parameters.

An attempt to observe the delayed alpha branch
from ''®Cs to the 2* state [709 keV 52)8 in 1%Te
has been made. In this experiment, 1100 delayed
alpha particles were counted*®), and the number of
coincidences with the 709 keV gamma energy were
found to be less than 5. This gives an upper limit
to the feeding of the 709 keV state of 50%.

3.2 Neutron-rich precursors

On the neutron-rich side of stability, delayed
neutron emission occurs. This process is analogous
to delayed proton emission and may be understood in
the same terms as this process. Many precursors
for delayed neutron emission have been identified

see e.g. the compilation by Tomlinsonsa)], and they
ave been studied extensively because of their im-
portance to nuclear reactors and their role in as-
trophysical theories. The experimental data include
half-life determinations for the precursors and

measurements of neutron branching ratios. Measure-
ments of spectral shapes have been performed in a
number of cases®“~¢7) and the high resolution of
the *He proportional counters has given a possibi-
lity to study the fine structure in the delayed
neutron spectra. An interpretation of some of these
data is given in another contribution®®) to this
conference. As an example of the data, Fig. 8 shows
the energy spectrum of delayed neutrons from °°Rb
(Ref. 67).

Neutron counting has also been shown to offer
a very sensitive method for half-life determina-
tions on the extreme neutron-rich_side of stability.
Recent measurements at Studsvik®?) have given new
and improved half-lives for a number of Zn, Ga, Br,
and Rb isotopes.

The main data on delayed neutron emission come
from measurements on nuclides situated in the
regions close to the two mass peaks of thermal fis-
sion products. Only very limited data from heavier
precursors exist®3), and it might therefore be of
interest to mention that some new targets for high-
energy proton reactions are expected to give acti-
vities also far out on the neutron-rich side. An
example’?) is the heavy thallium isotopes produced
in a target of, for example, uranium. It would be
very interesting to complete the information from
the lighter regions with data from such heavy pre-
cursors.
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Fig. 8 Energy spectrum of beta-delayed neutrons from °3Rb measured with a *He proportional counter at the

OSIRIS facility at Studsvik.
efficiency.

The lower part shows the unfolded spectrum (histogram) corrected for
The curves show the calculated envelopes for different assumed mass data (Ref. 67).



3.3 Beta-delayed fission

For very heavy nuclides the fission barrier be-
comes sufficiently low to give an energetic possi-
bility of beta-delayed fission. This process is ex-
pected to occur on both sides of stability, but un-
til now there are only very limited experimental
results. The only reported cases are the fission
activities observed at JINR in Dubna in the reaction
products following irradiation of 2°°Bi with 22Ne 7!)
and 2°°Th with B-ions’2s73), These activities have
been explained’*) as beta delayed fission of
227,229N.p and 232,2314Aln.

Like the delayed neutron process, beta-delayed

fission plays an 1mgortant role in the r-process
calculations?'»75:7%) , This will be discussed in

the contribution by Wene’’) to this conference.

4, Statistical model calculations of
delayed particle spectra

Calculations of delayed proton spectra in a
statistical approach have been outlined by
Hornshgj et al.®?). The main features of the ex-
perimental results, as spectral shapes, absolute
intensities, and feeding to excited final states,
could be understood from such a model. Correspon-
ding calculations for delayed neutron emission have
been performed by Pappas and Sverdrup78). All of
these calculations contain more or less the same
ingredients, and in the following a summary of the
main underlying ideas is given.

The particle-emitting states have excitation
energies that are so high that one expects the com-
pound nucleus description to be applicable. The
statistical theory of nuclear reactions is then
relevant (see, for example, Ref. 10). The delayed
particle process is depicted as proceeding in two
stages:

i) The primary beta-decay, which populates closely
spaced excited levels, and

ii) the subsequent decay of an excited level where
the evaporation model is used. This model
assumes that the decay of the compound nucleus
is completely independent of the way in which
the excited level was formed.

The calculation of the beta intensity must include
some assumption of the shape of the beta strength
function Sg. From this and the statistical rate
function for beta decay, we obtain the intensity
distribution as a function of the excitation energy
E in the daughter nucleus as

Qg
b(E) = Sy(E)+£(Z,Qg-E)/ [ Sy(E)£(Z,Q,-E) dE, (4.1)
0

where Qg is the energy available for the beta decay.
The weight factor for feeding of intermediate states,
with spin and parity ITi, from an initial state IT,
may be approximated®?)’as

ZIi+1

m . (4.2)

u)(I,Ii) =

The compound nucleus expression for the particle in-
tensity to a final level f is then given as

if
(B

1 ’
Ttot

(4.3)

Iif(Ex) = w(1,1;)b(E)

where.%x is the energy of the emitted particle x,
and T#t(Ey) the partial width for a transition be-
tween the initial state |i) and the final state (f].
The particle energy Ey is related to the excitation
energy E, as

- A
E = Bx + E. +

£ R E (4.4)

where By is the particle separation emergy in the in-
termediate nucleus, Ef the excitation energy of the
final state, and M, the mass of the emitted particle.
The total width I'{ ; is the sum of the total gamma
width and the partial widths of all open particle
channels. The expression for the total width when,
for example, proton and alpha emission is energeti-
cally possible, then becomes

i _ i if! ., if" .
1"tOt - FY * 2; Fp (Ep) + 2; Fu (Ed) ’ (4'5)
f f

where f' and £” denote the final states for proton
and alpha emission, respectively. The total inten-
sity of particles with energy Ex is then obtained by
summing over all intermediate spins and parities and
over all final states

Le) =y Y ife), (4.6)
f i

and the particle branching ratio Py by integration
of this expression

Exmax
P, = f L (E) dE_.

0

(4.7)

The input parameters in calculations of particle
spectra are the initial and final spins and parities,
the excitation energies of the final states, the Qs
value, and the particle separation energies. Most
of these parameters for the nuclei under considera-
tion are not known experimentally and an analysis of
the experimental delayed particle spectra with the
statistical model might give us more information
about them and also about the strength functions in-
volved. The delayed particle data will probably
offer the best possibility to get such information
for nuclides very far from stability.

4.1 Qg values and particle separation energies

From the proton-511 keV gamma coincidence the
%E—Bp value for !!'®Cs was determined as 6.45 MeV*5249),
e result of a calculation based on this value is

shown in Fig. 9. The bell-shaped envelope of the
spectrum is well reproduced. The steep increase of
the intensity at the low-energy part is due to the
strong influence of the Coulomb barrier on the pro-
ton widths while the decline towards higher energies
reflects the beta intensity distribution. It is well
known that the beta strength functions vary slowly
with energy!?7'*); therefore the parameter Qg-

(or Qg-By) may under favourable circumstances be ob-
taineﬁ from a precise fit to the high-energy part of
the spectrum. In cases with good statistics and low
background such an analysis can give good estimates
of the end-point energy, Figure 10 shows the !2°Cs
delayed alpha spectrum®) compared to calculations
with different Qg-B,. The best fit is obtained with
the difference Qg-B, = 9.2 MeV. Figures 11 and 12
display the fits to the !!®Cs data. With the value
By = -1.5 MeV taken from the systematics’®) the Qg
value is obtained from the delayed-alpha end-point
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Fig. 9 The measured delayed-proton spectrum for Fig. 10 The measured delayed-alpha spectrum from

'18cs (histogram) compared with a calcula-
tion assuming I" = 3% and a constant beta
strength function. The experimentalQB - Bp
value was used in this calculation. See
also Table 3.

120cs (Ref. 8) compared with calculations
assuming Qg = By = 8.9 MeV and 9.2 MeV,
respectively. The experimental value
(Ref. 81) on the spin was used (I = 2)
and the parity of '2°Cs was assumed posi-
tive. The best fit is obtained with

Qg - By = 9.2 MeV. See also Table 3.
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Fig. 11 Delayed alpha spectrum from ''®Cs measured with a 100 pm, 150 mm® singles surface barrier detector.
The experimental resolution was 20 keV FWHM. The end-point of the spectrum is fitted to a calcula-
tion assuming constant beta and alpha strength functions. The arrow indicates the normalization

point.
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Fig. 12 Delayed proton spectrum for ''®Cs. The spectrum was counted simultaneously with the alpha spectrum
shown in Fig. 11. The experimental Qg - Bp value was used, and the 18Cs ground state spin-parity
was assumed to be IT = 3%, The arrow indicates the normalization point.

Table 3

Calculations of branching ratios for delayed alpha emitters

Nuclide | Qg B, B, | 1" P_(exp) P(cale) | (/P | B /P e | S,
MeV) | (MeV) | (MeV) (MeV™1)
12005 | 8.3 | 5.6 | -1.0 | 2 | (2.0£0.4)x10"7 | 1.4x10"7 |0.36%0.10 0.26 0.02
1ecs | 9.6 | 4.9 |-1.5 | 3% | (2.420.4)x107° | 3.9x107¢ [17.2:0.3 18.9 0.10
ecs 110.5 | 4.1 [-2.0 | 37| (6£1)x107° 4.6x1075 | 5125 50 0.02
tiscs | 12.0 | 3.3 |-2.8 | 3" a) 1.0x107° | 3312 40 -
76Rb | 9.7 | 7.3 | 4.0 | 1% |(3.8£1.0)x107° | 7.6x10° a) 0.01
181hg | 7,46 | 1.31|-5.76] 17 | (1.2£0.4)x10"7 | 6.0x10~® | (1.5£0.6)x10° | 0.6x10° 0.03

a) Not determined.
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as 9.6 MeV, and the value is given by the experi-
mental difference Qg-Bp (Ref. 7). Both the alpha
and proton separation energies are expected to vary
smoothly with mass number. If we assume that the
trend follows the predictions given by the Myers and
Swiatecki mass formula®’) and normalize to the '!'®Cs
results, we arrive at the values for Qg, Bp, and By
given in Table 3. The calculated proton and alpha
branches and their ratios are well reproduced with
this set of parameters. The table also includes the
results for !'®Hg (Ref. 52) and 7°Rb (Ref. 45).

4.2 Spins and parities

The calculated absolute intensities and relative
feeding to final states are strongly dependent on the
assumptions made about the initial and final spins
and parities. This was discussed by Hornshgj et
al.%%) who showed that the '!°®Xe delayed-proton
gamma-coincidence data could be explained with the
assumption I%1 = 5/2% (Table 4). The rapid develop-
ment of on-line measurements of spins with the ABMR
and the optical pumping methods®!»82) will hopefully

Table 4
Calculation®) of the relative and absolute proton intensities from !'!®Xe for
various values of the initial spin and parity
Relative intensity (%)
Assumed Absolute
1" N R . intensity P
0.0 MeV (07) | 0.71 MeV (27) | 1.48 MeV (47) P
Y, 92.3 7.7 0.0 9.6x10"3
3, 79.7 20.0 0.3 5.6x1073
5, 62.4 36.0 1.6 2.8x1073
"~ 2.1 87.8 9.8 7.0x107%
y,* 83.5 16.4 0.0 9.6x1073
Yt 72.8 27.1 0.1 6.4x1072
5t 41.1 55.7 3.2 2.3x1073
7t 33.2 56.3 10.5 1.1x10"?
Experiment D) ~ 40 5847 <2 (3.6+0.6)x107°

a) Q’3 = 8.11 MeV, Bp = 1.94 MeV.
b) Ref. 44.

provide us with experimental values for this para-
meter in many of the nuclides of interest here. Such
information is of major importance for the interpre-
tation of the particle data.

4.3 The beta strength functions

The high-energy beta decay originates mainly in
the paired system of the nucleus, and a schematic
model of the beta feeding with no strength below the
energy corresponding to a hole-particle state has
therefore been adogted in the calculations®®). The
experimental datal?»'*) further suggest a slow vari-
ation in energy for the neutron-deficient nuclei,
and the model strength function has been taken to be
constant above the cut-off energy. The observed
delayed-proton_intensities are well reproduced with
this model7#%%). The gross theory of beta decay
yields the best results until now for the delayed-
neutron intensities®®), and it has also been shown®*)
to give results in close agreement with previous cal-
culations’»6?) for the delayed-proton intensities.

An analysis of the !!®Xe delayed-proton spec-
trum®®) showed that the best agreement with the ex-
perimental spectral shape was obtained if the beta
strength in the calculations was assumed to have the
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energy distribution according to the solid curve in
Fig. 13. The peak in the strength was interpreted

as a ''pygmy'" resonance originating in a (gI;”,)"gr;,2
hole-particle excitation and should thus be'’a ’
collective effect of the decay of the 10 protons in
the g,,, proton shell to the g /> neutron shell.
Analyses of the '°°Te (Ref. 355 and the '2'2119Ba,
115Cs data“®) have indicated similar resonance struc-
tures, which is also supported by results from shell-
model calculations including pairing correc-
tions®587)

The proton width is a strongly increasing func-
tion of the excitation energy, and at the top of the
excitation spectrum proton emission might become the
dominating decay channel. The proton intensity is
then a direct measure of the intensity of the beta
feeding and the absolute strength might be deter-
mined, as has been shown for !'*Xe (Ref. 14).

4.4 The proton strength functions

An extraction of the beta strength function
from the delayed-proton data involves the assumption
that the proton strength function is known or that
the decay is dominated by one single proton channel.
Neither of these assumptions is generally valid and



PROTON INTENSITY

|81Au

K?
1 53 m
s
1365m
o
34 I‘Bxe
R
2 ®Kr MBE‘
1 NU
1 s
S 2
M Z
1 1 1 1
4 5 6 7 3 3 7 3 R
"1 EXCITATION ENERGY, MeV PROTON ENERGY.MeV
The measured delayed-proton spectrum (upper Fig. 14 The energy dependence of YEj [Eq. (4.9)]

Fig. 13
graph) of '!5Xe (exp. points) compared with
two calculations (Ref. 60), both assuming
I™ = 5/2%, 1In one calculation the beta
strength function is assumed constant, in
the other it has been assumed to have the
shape shown in the lower graph. The experi-
mental (Ref. 44) Qg - Bp value was used in
this calculation.

one has to be careful with the interpretations. Let
us take a look at the proton strength functions used
in the present calculations. The proton width is
obtained from the expression

if =
ey = Y T E) M E) (4.8)

jmime

where T,; is the transmission coefficient calculated
from the optical model potential and pj(E) the den-
sity of final levels with spin-parity I71. The pro-
ton strength function Sp is proportionai to the
quantity
2 =
Yzj = le/Pz H (4’9)

where P, is the WKB penetrability®®). The behaviour
of y}; "as a function of energy, calculated with the
opticgl model parameters given in Ref. 89, is shown
in Fig. 14 for s, proton waves. This figure serves
as an illustration of the smooth energy behaviour of

used in the present calculations. We have, how-
ever, to point out that we have not yet sufficient
experimental knowledge about the proper optical
model parameters at low kinetic energies and low
binding energies to make any precise predictions.
The delayed proton data might here play an essential
role in a further understanding of the sub-barrier
penetrabilities.

4.5 The alpha strength functions

The !8'Hg delayed-alpha intensity®?) was used
to give an estimate of the cluster strength function
(*77Ir + a) in '®!Au at 4-6 MeV excitation energies.
In terms of the Wigner 1imit°°) the '®!Au ground
state width 63 o is 0.006 and the cluster strength
was found to be 0.02 MeV~! at 4-6 MeV. The quantity
So/64,g is thus ~ 3 MeV™'. This value is_of the
same order of magnitude as the estimate®!) of
0.1-1 MeV~! at 5-10 MeV excitation in the rare-earth
region obtained from the data on alpha emission from
resonances populated in slow neutron reactions®?).
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calculated with the optical model para-
meters given in Ref. 89. The parameter
Yij is proportional to the proton strength
function, which according to this calcula-
tion has a smooth dependence with the
energy.

In the present calculations, we have assumed
the alpha strength to correspond to the Wigner limit
(v = 3R%/2Mpa?) divided by the cluster level spacing,
which is twice the distance between the harmonic
oscillator levels:

2
¥
W
=, 4.10
& 2hw ( )
The channel radius a is taken as 1.55 AY® fm, and
My denotes the reduced mass of the alpha particle.
The experimental width can be expressed!®) as
- 2
T ZPRY , (4.11)
and with Sy = y?p we get the expression for the alpha
width as

4.12
o~ g (4.12)

The penetrability Py was calculated with_the diffuse
surface potential®®) used by Rasmussen®*). The re-
sults of calculations, with the assumption of a con-
stant alpha strength function over the excitation
region of interest, given in Table 3, show that

Eq. (4.10) gives a rather good estimate of the alpha
strength function. The last column in the table

gives the alpha strength obtained from a normalization

of the calculated to experimental intensity.

5. Fluctuation phenomena

The structure of the resonances populated in
the high-energy beta decay is complex, and we have
seen that a statistical approach is quite reasonable
as a first approximation. The fine structure obser-
ved in the high resolution measurements of delayed
particle spectra gives us a first indication of the
microscopic structure involved. In the medium-
weight and heavy-mass regions the average level dis-
tances are generally much smaller than the resolu-
tion of the spectrometers available and we cannot



resolve each single state. In such unresolved spec-
tra we observe fluctuations in the intensity due to
the wide distributions of the quantities involved?2).
We may then again adopt the statistical theory which,
besides the average properties, is capable of making
predictions about the expected fluctuations around
the average. The individual parameters (spacings,
widths) are then considered as stochastic variables
and the experimental spectrum represents a ''sample'’
of this variable. Each single state has, of course,
its own specific properties, and a given nucleus
will therefore always represent the same sample.
is not permissible in the statistical approach to
ask whether a certain peak is real. It is! The
question is, however, whether it possesses proper-
ties that cannot be understood from the statistical
model alone, so that it must be assigned quantum
numbers other than spin and parity.

It

Let us first consider some simple distribution
functions that are relevant to the delayed-particle
spectra, and discuss their consequences for the in-
terpretation of the experimental results.

5.1 Fluctuations in the level distances

The average level distances decrease dramati-
cally with energy. The level-to-level distances of
states with a given spin and parity fluctuate around
an average value, and it has been found that the
distribution obeys the Wigner law®’@), The proba-
bility of finding the next level away from a given
one in an interval (D, D + dD) is, according to this

law,
D? J
e - dD
o[- 2],

where (D) denotes the mean spacing. This narrow
distribution, with the normalized variance,

Var (D/(D)) = 0.27, has a vanishing probability of
zero spacing between levels. If the distances in
a given excitation region were statistically inde-
pendent, the nth order spacing would have a norma-
lized variance of 0.27/n; however, long-range
correlations®°P) give an even faster decrease with
n. The fluctuations in the level distance may
therefore be neglected in all cases where the ex-
perimental resolution includes a few resonances on
the average.

mD

2(D (5.1)

p(D) dD =

5.2 Fluctuations in the level widths

A much more important fluctuation effect is
found for the transition widths T'f to a single final
state f. Such fluctuations are described by the
Porter-Thomas law (PT)°%) which is appropriate to

one single channel and non-overlapping levels. The
frequency distribution is*
T -1 T
f ]2 £
rp) = | —— -
p(Tg) [2n<rf>J ex"[ z<rf>]’ 5.2)

where (T¢) is the mean value. The PT distribution

is very skew with Var (T./(Tf)) = 2, which means

that there are many small values (the most probable
one is zero) and a few large ones. The reduced beta
transition probability and the particle decay widths
to a final level are expected to be governed by this
law. In a delayed particle spectrum with only one
dominating outgoing particle channel, the fine struc-
ture in the spectrum is due to PT fluctuations of

*) This function is a chi-square distribution with
one degree of freedom.
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the individual beta transitions. Examples of this
may be found, for example, in some of the delayed
neutron spectra®4-¢7),

The total gamma width may be assumed to be con-
stant because of the many partial gamma widths which
contribute to the total width®5C), In a delayed
particle spectrum where the total width is dominated
by the (non-fluctuating) gamma width, the distribu-
tion is governed by the product of the beta inten-
sity and the partial particle widths, which are both
PT-distributed. If we let x and y denote two PT
distributions (with (x) = (y) = 1), the observed
intensity is v = x-y, which has the probability
density!?,97)

p(v) = Ko(V%)/WV% s (5.3)

where K, denotes the modified Bessel function. To
illustrate the outcome of an experiment where such
a distribution function governs the decay, Fig. 15
shows a simulated set of product-distributed inten-
sities folded with a Gaussian function which repre-
sents the detector response function. Strong fluc-
tuations are observed, bot one notes that the number
of ''peaks'" is much smaller than the actual number of
levels involved. An interpretation of an experimen-
tal spectrum of this type should therefore necessarily

take into account the contribution from the unresolved

(weak) transitions.

The distribution corresponding to the ratio of
two PT-distributed variables, z = x/y, has the fre-
quency function

pz) = (5.4)

mz2(z+1) ’

This function is normalized but has no higher mo-
ments. An example of the consequences of this func-
tion was recently pointed out in the interpretation
of the results from the °“Rb(ngp,p)®“Kr reaction®®).
The relative proton intensity to the 0% and 2%
states in 7*Kr was found to be I'p(0+)/Tp(2*) =

=4.7 + 0.7. A statistical modef calculation pre-
dicted this ratio as 7.9 and 0.36, for the spin 3/2
and 5/27 of the capture state, respectively. The
interpretation has, however, to be made with some
care since the calculation represents the average
over many levels, while the experiment measures the
ratio of two individual widths. With the distribu-
tion function according to Eq. (5.4), we find a 17%
probability for a 5/27 state to give a value greater
than or equal to the one obtained experimentally.
The fluctuation effect obviously rules out the pos-
sibility of making a safe spin assignment in this
case. Another example, where this distribution
might be of importance, is given by the experimental
observation of weak gamma-rays to the ground state
in competition with a strong neutron channel®°-191)
(I'yo « T'p). The individual gamma transition proba-
biIities are assumed to be PT-distributed.

A slightly more complicated function is

X
= 5.5
T (5.5)

in which the constant a denotes the ratio between
the two widths. The frequency function for this
expression is

[

a
m(l - 253 z%[1 + (a - l)z] ’

pi(z) = .(5-6)
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Fig. 15 A sequence of 500 equally spaced random numbers of the product distribution [Eq. (5.3)] sampled by
a Monte-Carlo technique and smoothed with a Gaussian function (half-width 5 channels).

with

(z) = (1 + /a)™! (5.7

and
/a

—_— 5.8
2(1 + v/a)*? (5.8)

Var z =

The most striking property of this distribution is
the strong enhancement of a relatively weaker branch
in a case in which we are concerned with two PT
variables. If, as an example, the intermediate nu-
cleus in a delayed particle process has two outgoing
channels, with one 10* times stronger than the other,
the experiment would still show a 1% branch for the
weaker component.

The theoretical expression of a compound nu-
cleus with competing particle and gamma channels
can be written in a simplified form as

=X
z T ay Db’ (5.9)

in which the constant b represents the total (non-
fluctuating) gamma width. This expression has a
complicated frequency function®’) and the distribu-
tion is best handled, as in the general case, by
numerical methods. A useful quantity in these in-
vefgg%ations is the fluctuation function S, defined
as :
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(£(x,y,...,a,b)) = S(a,b) £(1,1,...,a,b) . (5.10)

This function is in most cases close to one, but in
some cases dramatic deviations occur. The fluctua-
tion function for Eq. (5.9) is displayed in Fig. 16
for different values of a and as a function of b.
For large values of b, S is unity, while as b |
approaches zero, we have S(a) = (1 + a)/(1 + az).

In many practical cases the strongest particle chan-
nel is of the same order as or greater than the
total gamma width over a large part of the spectrum,
and, as shown in Fig. 16, the fluctuation correction
then becomes important for a correct interpretation.
An example would be a delayed alpha spectrum where
the high-energy part becomes enhanced owing to this
effect. [The gamma width, represented by b in

Eq. (5.9) becomes smaller than the strongest par-
ticle channel in the upper part of the spectrum. ]
This will then give a significant spectral distor-
tion compared to the shape expected from the statis-
tical model, as discussed in Section 4.

A function that closely resembles the compound
nucleus expression [Eq. (4.3)] is obtained if
Eq. (5.9) is multiplied with another PT-distributed
variable w. It is trivial to show that the new
function, u = wev, has the same fluctuation function
as the one displayed in Fig. 16.

Let us finally investigate how the fluctuations
in the level widths may influence lifetime measure-
ments of excited states in the compound nucleus
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Fig. 16 The fluctuation function for the expres—

sion %x/(x + ay +b) for different values of
the parameter a and as a function of b.
With b = 0 the fluctuation function becomes

S(a) = (1 + a)/(1 + Va).

region. If we neglect the way in which the reson-
ances were formed and observe their decay through

the weak channel x (with the width I'y) with a com-
peting decay channel y (Ty) we get the probability
for the decay of one single state as

T
P (1) = 2 o Lrxy)tl/n | (5.11)

The average decay of the channel x would then in-
tuitively follow an exponential decay law. If, how-
ever, the two variables x and y are PT-distributed,
we find a different relation for the decay law®’),

namely
)
. %)

which gives a t™2 behaviour for large values of t.
An example, where these corrections may be of impor-
tance, is found in the lifetime measurements of
highly excited itates from the delayed proton-KX-ray
measurements® %),

FX l

, (5.12)
4h [( rX)t +_1_J3/2[( FX )t
h 2 h

P (t)

A summary of some of the properties of a number
of simplified distribution functions is given in
Table 5 103,10%),

5.3 The analysis of unresolved
delayed-particle spectra

The experimental line width in the delayed-par-
ticle spectra discussed in this paper is of the same
order as or greater than the average level spacing.
The fine structure observed then represents gross
fluctuations of the type first discussed by
Egelstaff??), The simulated spectrum in Fig. 15
illustrates this effect. It would be interesting if
one could get information on the intermediate struc-
ture, but in most cases the experimental resolution
does not allow this. The fluctuations provide us,
however, with an experimental tool for measuring
level densities of nuclei far from beta stability.
An outline of such an analysis is given in the fol-
lowing®7).
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5.3.1 Theoretical estimate of Var (Ix/(Iy)). A
theoretical expression for the variance in a delayed
particle spectrum, where the detector half-width W}
is much greater than the average level spacing, has
been given by Hansen!°¢), The intensity of one in-
dividual line (which in the experimental case is un-
resolved) in the particle spectrum is

if . Fif\)
1IvV _ p1V X
RX = RB v (5.13)
tot

in which Rév is the beta feed to the vth resonance
with spin and parity I]*. The normalized variance
for this quantity

if _
= Q

ifi-2 if
(Ry)™% Var R (5.14)
is relatively complicated!®®»1°7) and we shall only
consider the two limiting cases here. If F%fV = iy
the variance is only due to the fluctuations in the
beta intensity (which is PT-distributed) and we get

f =2, 1In a case where the total width ri¥y is
dominated by the gamma width, the value become€s in-
stead o1t = 8 [the_distribution function is the pro-
duct law Eq. (5.3)].

oif =

The variance in the total particle intensity
Eq. (4.4)] can then be obtained by weighting the in-
ividual contributions [Eq. (5.14)] according to the
detector response function (here represented by a
Gaussian) and by summing over all intermediate spins
and all final states

_ 3 31 if]2 if

Var Ix = (2 1n 2)%17%W z: }: [IX Dia .

f i (5.15)
The variance, Var (Ix/(Iy)) = (Ix)~? Var Ix, calcu-
lated from this expression may then be compared with
the experimental variance. Since the detector reso-
lution is known, such a comparison gives a measure
of the average level spacing, Di, at the actual ex-
citation energies.

5.3.2 The variance from the measured spectra.
The experimental spectra from 115Xe and 111Te have
been analysed’»'%7) and the variance was calculated
for different parts of the spectrum. The main trend
of the variance followed the predictions from
Eq. (5.15).

Let us here outline a more convenient method of
analysis based on the autocorrelation functions for
the spectra. Consider first the case of one inter-
mediate spin only, an assumed constant level spa-
cing D, and a detector characterized by a Gaussian
resolution parameter o(» D). Let the spectrum have
unit average intensity (g(x)) = 1 with the norma-
lized variance o for the individual line. One then
finds for the autocorrelation function

2
vy (1) = (g()glern)) = 1 + z%l'); e (- 1)
(5.16)

Note that this expression in principle permits the
determination not only of the combination aD/c but
also of the experimental resolution. A corollary
is that one may use the method of Rice!’®) to pre-
dict the number of maxima my per unit energy

(5.17)

g (2]



where Wi is the FWHM of the resolution function.

The simfilated spectrum given in Fig. 15 provides one
example of this relationship;
is 41/500 = 0.080 channel™!, where the predicted
value according to Eq. (5.17) is 0.456/5 = 0.091

the density of maxima

The theory refers to a ''true average'" of the
spectrum. _As this is unknown, a method was deve-
loped”21°¢) where one analysed a new spectrum ob-
tained from the difference between the measured one
and one smoothes with a Gaussian function giving
the effective resolution os. The variance calculated

channel™!,
Table 5 &)
Mean values and fluctuation functions for some simplified distributions
f (f) S(a,b) Comments, references
PT distribution, Var (f/(f)) = 2.
X 1 1 Fluctuations in delayed particle
spectra, weak gamma channel.
Product distribution [Eq. (5.3)],
Xy 1 1 Var (f/(f)) = 8. Fluctuations 1in
b b delayed particle spectra, strong
gamma channel.
Proton emission from resonances
X Not defined _ populated in thermal neutron reac-
ay tions, high-energy gamma-rays in
competition with delayed neutrons.
b\? b/2 B b2 F1 in (n,y)
_ (Tb _ b _ (m Fluctuations in (n,y) cross-
_bx b{l [z J € x[l ¢(\/2H} (1+b) 11 [2] x sections, Ref. QSdf
x+b
BRI WE]”
- 2]
Corrections to the observed in-
x 1 1+a tensity of the weaker component
= when the decay is a competition
xay 1+va 1+/a between two PT-distributed vari-
ables. Var (£/(f)) = 1/2 a*2.
WX 1 1+a Var (f/(f)) =2 + 3/2 /a
x+ay 1+/a 1+/a
X
x+ay+b . . Compare with the compound nucleus
No ?;:p%; )e§§:izlon Fig. 16 expression for delayed particle
WX emission.
x+ay+b
2
x 2/a+1 (1+a) (2/a+1) Ref. 103
x+ay (va+1)? (Va+1)?
Xy 1 l+a Correction varies between 0.5 and
x+ay (Va+1)?2 (1+v3) 2 1. Ref. 104.

a) X,Y,and w are normalized PT variables with (x) = (y) = (w) = 1.
a is a scale factor by which the channel y is faster than channel x.

b denotes the constant gamma width.
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Fig. 17 The spectrum of beta-delayed protons from '!'®Xe determined with a 300 um, 300 mm? singles surface
barrier silicium detector. The energy resolution is around 15 keV for the protons. The curve
shows the same spectrum smoothed with a Gaussian function having a half-width of 20 channels.

with this method is smaller than the real value

by a factor
T
1+l—\/ 8 , : (5.18) b(7) 115Xe
yoVLey 04 -
1. Autocorrelation

where y = o,/0. function

In the present analysis we also perform a 1.03% Contribution from
smoothing of the measured spectrum, as illustrated counting statistics
in Fig. 17 for '!'®Xe. The new quantity

d(x) = g(x)/g,(x) (5.19)

is then formed. The autocorrelatioﬁ function for
d(x), yg(t), takes to a good approximation the

form®’

KR o 1.00 " 10 ' 2 T
R R - E= 3.15 MeV
x| e T, :’y _,/gzﬁle 20%(1+y?) )
+
4 57209 FWHM= 18.6 keV
Figure 18 shows the resulting autocorrelation fl\lnC- Var ( |p / (|p) )=0.021

tion for !!SXe compared to the expression (5.20).
From this one derives the experimental variance

Var (I/(I))exp = 0.021 at 3.15 MeV proton energy,
corresponding to about 5.2 MeV excitation energy in
1157, An analysis of the !!!Te spectrum?®) is shown

in Fig. 19. We may now proceed and compare the ex- Fig. 18 The autocorrelation function for the '!°Xe
perimental values on the variance with those calcu- delayed proton spectrum shown in Fig. 17.
lated from the Eq. (5.15). In this analysis we us% The solid curve shows the theoretical curv:
the Fermi gas expression for the level density!®%2): [Eq. (5.200].
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Fig. 19 Energy spectrum and autocorrelation function for ''!Te (see captions to Figs. 17 and 18).

The

analysis indicates a detector resolution of 38 keV in this experiment, which is in agreement with

the value of 30-40 keV given in Ref. 26.

21;+1 % 2v/al

hZ
/a [ } . (5.21)
24 23pig) U

D(E:Ii) =

with
= Tl 2
U=E - (0/20,0) LT+ 1),

where E’ is the effective excitation!®®P), and with

5
ne/23 = 26.7/A7% MeV .

g

in Eq. (5.21) may now be fitted to
the experimental data. Figure 20 shows the resulting
a values as a function of the neutron number. The
experimental points for !22»'2%Sb and '28,13°T  where
the average level density was taken from slow neutron
data!l?), are included. T?e lines show the A/8 be-
haviour which is known!°®b) to follow the general
trend of the Fermi gas level density parameter. The
two curves show the behaviour of a according to
the expression

The parameter a

a = A[0.139 + 0.0102 (S-0.33D)] (5.22)

used in the level density formula by Gilbert and
Cameron*»5). 1In Eq. (5.22) S denotes the total shell
energy and D the "distance" to the nearest closed
neutron or proton shell., The experimental data give
level densities that are higher than the theoretical
predictions and the shell effects are less pronounced
than expected.
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6. Concluding remarks

At this point it only remains to sum up what we
have learned until now from the study of delayed
particle emission, and to point very briefly to the
prospects for further developments. In addition to
the reassuring knowledge that the phenomenon semi-
quantitatively may be understood in the framework of
a compound-nucleus picture of nuclear beta decay, we
have over the past years gained specific information
on the following points:

1) Extension of the nuclear mass systematics from
measured Qg-B values.

2) Experimental demonstration of the very different
energy dependence of 8* and 8~ strength functions.
This is taken as indirect evidence of the giant-
resonance processes, which dominate the beta-
decay rates.

3) Measurements of nuclear level densities away
from stability via fluctuation analysis of the
fine structure in particle spectra.

4) Fluctuation corrections to the spectral inten-
sities -- in particular for the cases in which
only few exit channels are open.

5) Estimates of the alpha-emission strength func-
tion at intermediate excitation energies.
(From the intensities of beta-delayed alphas.)

To this list should be added the new results
reported at this conference by Hardy:
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Fig. 20 The parameter a
proton spectra. The values for
given in Ref. 110 are also included.
Refs. 4 and 5.

122,12ksb

6) Lifetimes of proton-emitting levels determined
through p-KX coincidences.

Experimentally the basic parameters (spins,
Q-values, beta strength function, optical-model
assumptions, etc.) are, however, in most cases tied
together in a way that makes their extraction dif-
ficult without very complete experimental informa-
tion. As just one example one may imagine combining
the measured proton widths (6) with a measured level
density (3) in order to obtain a direct check on the
proton strength predicted by the optical model for
a very special situation: a low-energy proton with
almost no binding in the nucleus.

The emission of delayed particles is the pro-

cess characteristic of far-unstable nuclei; it is
worth some effort to learn to make full use of it.
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in the Fermi gas level densit
, and
The curves show the predicted behaviour of a
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¥2formula determined from an analysis of delayed

821307 calculated from the average level spacings
according to
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