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PREFACE 

The present thesis describes experimental studies on beta-delayed pro

ton emission, performed at the ISOLDE facility at CERN. The main findings 

presented here have been reported in the articles given below. They will 

in the following be referred to by capital letters. References to litera

ture quoted, referred to by numbers, are listed at the end of each chapter. 

[A] P. Hornsh^j, K. Wilsky, P.G. Hansen, B. Jonson, M. Alpsten, 
G. Andersson, A. Appelqvist, B. Bengtsson, and O.B. Nielsen, 

Beta-delayed proton emission from 1 1 5> 1 1 7Xe, and 1  7 9  ,  1  8  1  ,  1  8  3 i l g ,  

Phys. Letters 34 B, 591 (1971). 

[B] P. Hornsh^j, K. Wilsky, P.G. Hansen, B. Jonson and O.B. Nielsen, 

Beta-delayed proton emission from heavy nuclei (I): The observa
tion of coincidences between protons and gamma rays, Nuclear Phys. 

A 187, 599 (1972). 

[JC] P. Hornsh^j, K. Wilsky, P.G. Hansen, B. Jonson and O.B. Nielsen, 
Beta-delayed proton emission from heavy nuclei (II) : The calcula

tion of spectral shapes and intensities in a compound-nucleus model, 

Nuclear Phys. A 187,609 (197 2). 

[D] P. Hornsh{$j , K. Wilsky, P.G. Hansen and B. Jonson, Beta-delayed proton 
emitter 73Kr, Nuclear Phys. A 187, 637 (1972). 

Qê ] P.G. Hansen, B. Jonson, B.G.G. Ĵ rgensen, E. Kugler, T. Mowinkel and 

E. Hagberg, Beta-delayed proton emitter 113Xe, to be published in 

Nuclear Physics. 

P. Hornsh^j, P.G. Hansen and B. Jonson, Beta-delayed proton emission 

from Cs isotopes, to be published. 
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CHAPTER I 

NUCLEI FAR FROM STABILITY AND 

BETA-DELAYED PARTICLE EMISSION 

1. INTRODUCTION 

Nuclei far from the region of beta-stability in many respects ex

hibit properties that are not found in the immediate neighbourhood of 

stability. Some obvious, but important, differences are: 

i) the proton-to-neutron ratio, 

ii) the relation between Coulomb and nuclear forces, 

iii) the asymmetry in the binding energy of the nucléons of the two 

types, 

iv) the large beta decay energy. 

It is therefore to be expected that a systematic study of such nuclei 

will provide new insight into nuclear structure: high-energy beta decay 

(with the associated process of delayed-particle emission) is one example. 

In addition, the systematic study of nuclear properties away from stability 

offers an interesting opportunity to extrapolate and check existing theories 

of nuclear structure. 

During the past decade, a number of specialized techniques have been 

brought to bear on nuclei far from stability. Experimental difficulties, 

as,for instance, short half-lives and small formation cross-sections for 

the products of interest, have been largely overcome. Several facilities, 

based on the in-beam spectroscopic technique1) and on-line mass separation2), 

have sucessfully been put into operation, and made exotic nuclei in different 

mass regions available. A thorough comparison of the advantages of the 

different methods is outside the scope of this work, but it could be worth 

mentioning that the in-beam technique is most powerful if the formation 

cross-section for the nuclide of interest is a substantial fraction of the 

compound nucleus cross-section, while on-line mass separation also gives 

favourable conditions for observing products formed in low yields. 



DECAY PROPERTIES OF NUCLEI FAR FROM THE 

REGION OF BETA-STABILITY 

Away from stability the energy available for the beta decay in

creases, while for neutron-rich/neutron-deficient nuclei the neutron/proton 

separation energy decreases which may give rise to decay processes in

volving the emission of nucléons or groups of nucléons. Three new*-' decay 

modes then become possible: nucléon emission from the nuclear ground 

state (or from an isomeric state), two-nucleon radioactivity, and beta-

delayed particle emission. 

2.1 Nucléon decay 

Very far from stability the least bound nucléon becomes unbound. 

The chart of the nuclides (Fig. 1.1) shows the two curves B ~ 0 and 
P 

Bn ~ 0 (valid for an odd number of protons and neutrons, respectively), 

where the separation energy changes sign according to the mass formula 

by Myers and Swiatecki3). The nuclides outside these curves may decay 

via nucléon emission which is governed by the strong nuclear force and, 

consequently, in general much faster than the weak beta-decay process. 

On the neutron-deficient side, however, the effect of the Coulomb barrier 

may delay the proton emission to give a measurable half-life. Such 

a phenomenon is called Coulomb-delayed (or self-delayed) proton emis

sion. 

So far only tentative indications of Coulomb-delayed proton emission 

from the nuclear ground state have been found*4). With the present experi

mental possibilities it seems very hard to make proton-radioactive nuclides 

available for study. 

Recently5^ an isomeric state in 53Co (I = 19/2 , T, = 247 ms) has 
"5 

been shown to lie above the proton separation energy. A proton branch 

(1.5% of the decays) to the ground state of 52Fe has been observed together 

*) The well-known process of alpha-decay of the nuclear ground state is 

deliberately omitted in this discussion. 
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•  observed delayed 

proton precursor 

•  stable nucl ide 
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N 
Fig. 1.1 Chart of the nuclides. The black squares indicate the nuclides 

stable against beta decay. The curve Bp * 0 (Bn * 0) shows the 

approximate limit of proton (neutron) stability in nuclides with 
an odd number of protons (neutrons). The corresponding curve for 

even Z (N) lies a few mass units further out from stability. 

The dashed curves indicate the limits of the regions, where one 

can expect delayed-proton emission (Q - Bp - EpQ 55 0 ) and delayed-

neutron emission (Q - Bn - 0). 
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with the B branch to "'Fe. According to calculations by Peker et al.6^, 

there should exist several similar cases of high-spin isomeric states above 

the nucléon separation energy. 

2.2 Two-proton and two-neutron radioactivity 

Close to the lines B « 0 and B « 0 in Fig. 1.1, a nucleus, stable 
p n 

against nucléon emission, can be unstable against the emission of a 

nucléon pair. Two-neutron radioactivity has been discussed by Berlovich7^, 

and Goldanskii8) has suggested that two-proton radioactivity may be found 

amongst the neutron-deficient even-Z nuclides. 

An attempt to observe two-proton decay of 16Ne was performed by 

Karnaukhov and Si-tin Lu9\ but no events of the expected kind were observed. 

2.3 Beta-delayed particle emission 

If the beta-decay energy is high enough, daughter nuclides in excited 

states above the nucléon separation energy are produced and the de-excitatior 

can proceed either via nucléon emission or via gamma emission. The charactei 

istic life-times for such states are of the order 10_1h s. The particle 

emission will therefore be prompt compared to the beta-decay half-life, 

and a measurement, based on counting of the emitted nucléons, will reflect 

the half-life of the mother nuclide (the precursor for the particle 

emission). This process is called beta-delayed nucléon emission. The 

maximum energy available for the decay (see the model decay scheme in 

Fig. 1.2) is the difference between the energy available for beta decay 

(in the following denoted Q) and the nucléon separation energy of the 

daughter nuclide. A great number of states above the proton separation 

energy in the intermediate nucleus may be fed in the beta decay, and a 

typical energy spectrum of the nucléons will therefore show a wide distri

bution. 

Precursors for delayed nucléon emission may be found in the regions 

outside the dashed curves in Fig. 1.1, for which the energy require

ment Q - B^ > 0 for delayed neutron emission was estimated from the 

Myers-Swiatecki tables'^, while in accordance with Ref. (10) the con

d i t i o n  f o r  d e l a y e d  p r o t o n  e m i s s i o n  w a s  c h o s e n  t o  b e  Q  -  B  - E  > 0 .  
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ENERGY 

Q  - -

B  • •  

O - -

nuc ieon 
em i  ss ion 

H 

nuc ieon 

gamma 
em i  ss ion 

Fig. 1.2 Model decay scheme illustrating the process of delayed 

particle emission. Q is the energy available lor beta decay 

and B the separation energy of the least bound nucieon. For 

beta delayed-proton emission Z' = Z-l and Z" = Z - 2, and fo 

delayed-neutron emission Z' = Z" = Z + 1. 

The parameter E is a function of the proton number and is included, 
P°  

since the Coulomb barrier strongly influences the transmission coefficients 

and makes the proton widths considerably smaller than the gamma widths 

at lower excitation energies. 

Excited states fed in the beta decay may also be unstable against the 

emission of alpha particles (delayed-alpha emission) and in some cases 

beta-delayed fission should be a possibility. 
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The first observation of delayed-particle emission took place already 

at the beginning of this century. In the decay of the elements belonging 

to the thorium and uranium series, some particles, with considerably higher 

energies than the majority of the alpha particles, were observed. Initially 

the origin of these "long-range" particles was not fully understood, but 

it could be shown that they were alpha particles and emitted from 212'21l4Po 

following the beta decay of 212'21ltBi !1^. Later it was found that the 

alpha particles were emitted from excited states in the Po isotooes. 

An interesting detail is that the first experimental information about 

gamma-ray life-times was extracted from the delayed-alpha data12-*. Delayed-

alpha emitters have been observed among the light elements13 »1k^ , and 

there are indications15^ of a weak delayed-alpha branch from 181Hg. 

Beta-delayed neutrons were first observed more than 30 years ago, 

and since then several cases have been found £a review is given in Ref. (16)J 

Evidence for the occurrence of beta-delayed fission has also been reported17) 

A short review of the beta-delayed proton emitters known at present 

will be given in the next section. 

3. BETA-DELAYED PROTON EMITTERS  

3.1 Light elements 

The first attempt to find beta-delayed protons was made by Alvarez13^. 

The experiment was designed in order to search for delayed protons from 

9C, 130, and 17Ne. No proton events could, however, be observed in that 

experiment. Goldanskii8^ discussed the possibility of delayed-proton 

emission, and proposed18-' that, among others, 17Ne could be a precursor 

for delayed-proton emission. The arguments were based on an analogy with 

the mirror nuclide of 17Ne, 17N which has been shown to be a delayed-

neutron emitter. The first successful experimental results, reported bv 

Barton et al.19-* and Karnaukhov et al.2c' M\ were obtained for light 

elements (in all cases nuclides with isospin projection T = -3/2). 

Several delayed-proton precursors with T = -3/2, from 9C 22) to 49Fe 23), 

have been found since then (see Table 1.1). 
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An analysis of the intensity fluctuations in particle spectra, based on 

different assumptions, will be given in Chapter V. 

A summary of the presently known delayed-proton precursors with 

references is given in Table 1.1 

Table 1.1  

Beta-delayes proton precursors 

Precursor 
Half-life 

(s) 
References 

9C 0.127 22 

1 3 0 (8.95 i 0.2) x 10~3 19,26 

1 7 Ne 0.109 ± 0.001 19,24,25,39,40,41,42 

2 xMg 0.118 ± 0.004 19,40,43 

23A1 0.48 ± 0.06 27,44 

25Si 0.225 ± 0.006 19,40,43,45 

2 9 s  0.195 46 

32C1 0.3 28 

33 Ar 0.173 ± 0.002 24,25,47,48,49 

3 7Ca 0.170 ± 0.005 47,49,50 

4 0 Sc 0.178 ± 0.008 29 

4 1 Ti 0.091 ± 0.002 47,49 

4 9Fe 0.075 ± 0.010 23 

73Kra) 34 ± 6 D 

10 9 Te 4.2 ± 0.2 31,32,33,51,52,53,54,55 

111 Te 19.0 ± 0.7 31,34,35,36,38,51,52,53,54 

113Xea) 2.8 ± 0.2 E,56 



- 7 -

The study of delayed protons from light elements has been used to 

determine the half-lives of the precursors, and attempts have been made 

to construct level schemes of the intermediate (the proton emitting) 

nuclides. Typically, the spectra show a strong peak due to the collective 

Fermi beta-transition to the isobaric analogue state together with several 

other strong peaks believed to reflect the (fractionated) Gamow-Teller 

strength211^. Hardy et al.25) determined absolute ft values for the beta 

decay branches of 17Ne and 33Ar, and their results indicate isospin im

purities in the Fermi branch of £5% and ̂ 10%, respectively. Comparison 

of the decay rates of the mirror nuclides 130 and 13B has indicated a 

15% deviation25^ from mirror symmetry. 

Three cases of odd Z proton precursors have been observed among the 

light elements: 2 3Al 27\ 32C1 28), and 1,0 Sc 29). 

3.2 Medium- and heavy-weight elements 

The present work mainly describes proton emission from medium- and 

heavy weight elements — regions where only a few cases were known. 

Flerov et al.30) observed delayed protons from an unidentified nuclide 

in the neighbourhood of krypton, and suggested that the delayed proton 

precursor might be 70Br. The half-life determined from proton counting 

was 23 ± 4 s. It cannot be excluded that the nuclide 73Kr with a 

half-life of 34 + 4 s contributes to this result. 

Karnaukhov et al.31), Siivola32), and Macfarlane33) reported on de

layed protons from isotopes of tellurium. The mass assignments were 

initially contradictory, but it was later proved3*4) that the observed 

delayed protons had 109Te and llxTe as precursors. This is also expected 

from the Q - B^ systematics. Bacso et al.35) studied coincidences between 

delayed protons and positrons. The quantity Q - B for 11JTe could be 
P 

determined from their data. A theoretical model for the gross shape of 

the delayed proton spectrum was suggested by Karnaukhov36). Calculations, 

under the assumption of a constant beta strength function37), agreed well 

with the experimental shape. The energy distribution of delayed protons 

following 111 Te shows an unresolved spectrum with fluctuations around 

the average intensity. Karnaukhov38) made the first steps towards an 

interpretation of these fluctuations in terms of a statistical model. 
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Table 1.1 continued 

Precursor 
Half-life 

(sec) 
References 

11 5Xea) 18 ± 4 A,B ,C ,56 ,57 

117Xea) 65 ± 6 A,B ,C ,56,57 

ii6Csa,b) c) F 

! 

«i
) o
 

G
O
 

15 ± 2 F 

i20Cba,b) 58 ± 2 F 

11 9Ba 5.0 58 

179Hga) 1.09 ± 0.04 A,C,56,57 

1 81Hga> 3.6 ± 0.3 A,B,C,56,57 

i8 3 H ga) 11.3 ± 0.5 A,C,56 ,57 

a) This work. 

b) Assignment tentative. 

c) Not measured. 

In the following chapters results on delayed-proton emission with 

73Kr, 113,115,117xe, 11 6 >11 8 >12 °Cs , 1 7 9 , 1 8 1 , 1 8 3Hg as precursors will be 

reported. 
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CHAPTER II 

MEASUREMENTS OF SINGLES SPECTRA AND 

PROTON BRANCHING RATIOS 

1. PRODUCTION OF THE ACTIVITY 

All the experiments descri bed in this work were performed at the 

ISOLDE facility1^ at CERN. The activity was produced in spallation 

reactions with 600 MeV protons from the CERN synchro-cyclotron. The 

radioactive products were evaporated from the target directly into the 

ion source of an electromagnetic isotope separator (ISOL = _Isotope Separator 

On Line). Some features of the target systems, used for the production of 

the nuclides studied here, are summarized in Table II.1 

Table II.1 

Target systems used for the production of 

delayed-proton precursors 

Produced 

activity 

Target 

material 

Target 

temp. °C 

Nuclear 

reaction 

Type of 

ion source 
Ref. 

Kr Zr02(H20)x 25-50 Zr(p,5pxn)Kr Plasma 2 

Xe Ce02(H20)X 25-50 Ce (p ,5pxn)Xe Plasma 2 

Cs La(metal) 1200-1400 La(p,3pxn)Cs 
Surface 

ionisation 
3 

Hg Pb(metal) 800 Pb(p,3pxn)Hg Plasma 2 

The separator, equipped with a fringe-field focusing 55° magnet, has a 

dispersion of approximately 1500/M^ mm (where M^ is the mass of the central 

beam) and delivers isotopically pure ion beams within a mass range of ±15% 

from the central mas s*4^. Measuring positions were available both in the 
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collector chamber of the isotope separator [a detector holder movable in 

its focal plane and at the end of an ion optical transfer line5^. To 

eliminate unnecessary decay losses during transport of the collected 

activity, the detector system was placed directly behind a thin collector 

foil which intercepted the ion beam under study. In some of the early 

measurements, nickel foils, with a thickness of 440 ug/cm2 , were used. 

In most cases, however, the experiments have been performed with 80 yg/cm2 

carbon foils as collectors. 

2. DETECTOR SYSTEMS 

Only a small fraction of the beta decays to states above the proton 

separation energy of the daughter nucleus leads to the emission of delayed 

protons. For the heaviest nuclides the proton intensity is further reduced 

by the competition between alpha and beta decay of the mother nucleus. 

Therefore, a detector system for measurements of energy spectra of delayed 

protons must be able to distinguish the protons, in the presence of a 

strong background from other types of radiation. The conventional technique 

is to use a counter telescope consisting of a totally depleted surface 

barrier dE/dx detector in front of a thick E detector of the same type. 

The different kinds of particles are identified by their typical energy 

losses in the dE/dx detector, and the energy signal is obtained as the 

summed output from the two detectors. Some values of the energy loss in 

Si for protons and alpha particles, with energies typical of these experi

ments are given in Table II.2. 

*) A modified version of the system described in Ref. (1), page 39. 
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Table II.2 

Energy losses3^ for protons and 

alpha particles in Si 

E Energy loss in Si(MeV) 

MeV 20 y 30 y 40 y 

2.0 0.58 0.91 1.26 

Protons 5.0 0.28 0.42 0.57 

8.0 0.19 0.29 0.39 

5.5 3.26 5.50 5.50 

Alphas 6.0 3.10 5.22 6.00 

8.0 2.36 3.82 5.64 

a) Ref. (6) 

A block diagram of the electronics used is shown in Fig. II.1. 

The signals from the two detectors were amplified, stretched, and fed 

into a particle identifier (model ORTEC 423) . This unit gives two output 

pulses: (i) one proportional to the particle energy (sum of the outputs 

from the two detectors); and (ii) one (the particle identifier signal) 

formed according to the expression 

T/a = (E + AE)1-73 - E1>73 (II.1) 

which gives different and distinct amplitude of the output pulse within 

a wide range of energies for each particle type . E and AE represent 

the signals from the two detectors, T the thickness of the dE/dx detector, 

and a the constant appearing in the empirical relation between the range R 

of an incident particle and its energy E^ 

R = a Ej. *73 . (II.2) 

*) With a 30 y dE/dx detector Eq. (II.1) gives a value for T/a of 2.3 
(with E and AE in MeV), while the value for alpha particles (above 

6 MeV) is about 22. 
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Fig. II.1 Block diagram of electronics used for the measurement 

of energy spectra of delayed protons (PA: preamplifier; 

A: amplifier; SCA: single channel analyser; D: delay; 

TPHC: time to pulse height converter; C: coincidence 

unit; GS: gate and stretcher; PI: particle identifier; 
MCA: multichannel analyser). 

The output signals from the particle identifier, both gated with require

ments as to time (coincident pulses from the two detectors) and energy 

(proper energy loss in the front detector), are fed into the memory of a 

multichannel analyser operated in a two-dimensional mode. Such a 

registering gives a very safe identification of the protons. 

Due to the coincidence demand the energy of a proton after having 

passed the thin detector must be above the threshold in the second 

detector to give an output pulse. This means that the detecting efficiency 

for protons drops to zero below a certain energy. The "cut-off" energy 

depends on the thickness of the dE/dx detector and the threshold energy 

in the E channel. In the following, the cut-off energy is defined as 

the energy where the detection efficiency has dropped to 50%. Figure II.2 

gives an illustration to the cut-off in delayed-proton spectra from 115Xe. 
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Fig. II.2 Delayed-proton spectra for 115Xe. The spectrum in the 

upper part of the figure was measured with a 40 y/150 mm2  

400 y /450 mm2 telescope detector. The threshold in the 

E detector was 1 MeV and the solid angle 15% of 4^. The 
other spectrum was measured with a 20 y/50 mm2, 

700 y/150 mm2 telescope. The threshold was 600 keV in 
the E channel and the solid angle 5% of 4t. 

The dashed curves represent the detector efficiences 
calculated from the data given in Ref. (6). 

The calculated efficiencies indicate that the spectrum measured with the 

20 y front detector gives no distortion of the spectral shape at the low 

energy end. The calibration of the detector telescopes was performed 

with an alpha source (228Th, E= 5.34-8.78 MeV) together with a pulse 

generator. The line width (FWHM) for the alpha particles was typically 

50-65 keV. The energy resolution for protons has not been measured, but 

may be assumed to be somewhat better than for alpha particles, since the 

line width measured with a pulse generator was about 30 keV. The energy 

spread for protons, due to different angles of penetration through the 

I 
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collector foil, is small compared to this line width. With a solid angle 

of 15% for 3 MeV protons, the spread is about 1.5 keV (for the nickel foil 

the value is about 15 keV) . 

In cases where the proton branch is comparatively strong, and where 

no alpha activities are present, the proton spectrum can be measured with 

a single detector. A proton line width of 15 keV at best has been ob

tained in test experiments performed with protons from a Van de Graaff 

generator. 

A fraction of the delayed protons are in prompt coincidence with 

positrons (Chapter III) which means that there is a chance that a proton 

and a positron signal will be summed in the detector. The fraction of 

summed proton-positron events, Ç, can be found from 

Ç(E ) = fl . n(E ) , (II.3) 
P P 

where ß is the solid angle for a positron to be detected, and where ri(E ) 
P 

is the positron fraction per proton. The contribution is of importance 

only at very low proton energies, and in the experiments described here, 

the distortion of the spectrum from proton-positron summing is negligible. 

One experiment has been performed with a nuclear emulsion as the 

detecting element. The technique, which is most favourable in cases with 

low counting rates, will be described in section 3.3 (113Xe). 

3. RESULTS 

Some details from the measurements of singles delayed-proton spectra 

and proton branching ratios (protons/disintegration) are given in the 

following. The delayed proton precursor has been assumed to be the first 

member of the chain. This assumption is supported by energy relations 

calculated from mass formulas. For the lightes isotopes the energetic 

requirement for delayed-proton emission (Q - B > 0) is fulfilled also 
P 

for some of the daughter products after alpha or beta decay. The decrease 

in the Q - B^ values indicates, however, that such contributions to the 
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proton spectra are quite small. For some of the delayed-proton precursors, 

the assignment was confirmed experimentally by determining a half-life 

from counting of protons. The observation of coincidences between delayed 

protons and gamma rays de-exciting known levels in the final nucleus 

after proton emission also supports the assignments (Chapter III). 

3.1 Mercury isotopes 

18 3« , . 
Hg is so far the heaviest nuclide which has been observed to be 

a delayed-proton precursor. The measurement of the energy spectrum of 

the delayed protons, shown in Fig. II.3, was carried out with a 40 y, 

150 mm2 dE/dx detector and a 400 y, 450 mm2 E detector. With a threshold 

in the E detector at about 1 MeV, the cut-off energy for the telescope 

was about 2.3 MeV. The proton intensity decreases rapidly below 3 MeV 

for mercury because of the high Coulomb barrier. The shape of the low 

energy part of the spectrum was therefore not affected by the detector 

cut-off in this measurement. 

1 

5 * Q 5 

PROTON ENERGY (MeV) 

Fig. il.3 Delayed-proton spectrum from 183Hg. Telescope detector; 

dE/dx: 40 y/150 mm2; E: 400 y/450 mm2. Solid angle: 
14.5% of 4tt. Collector foil 440 yg/cm2 nickel. Cut-off 

energy: 2.3 MeV. Line width (for alpha particles): 65 keV. 
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Since the intensity of the 18 3Hg alpha branch is known to be 12% 7\ 

the intensity of the proton branch can be obtained from simultaneous 

counting of protons and alpha particles. The alpha particles from 183Hg, 

with energies 5.905 and 5.830 MeV 7^, were completely stopped in the front 

detector (see Table II.2), and a singles alpha spectrum from this detector 

was registered during the measurement. The number of alpha particles per 

proton was found to be 63500. The solid angle was 21% of for alpha 

particles (only the dE/dx detector) and 14.5% of 4TT for protons (determined 

by the back detector) which give (2.3 ±0.3) x 10-5 p/alpha and a proton 

branching ratio of (2.7 ± 0.6) x 10-6 p/dis. 

The assignment of 18 3Hg as the precursor of the delayed protons is 

based upon the Q - values taken from the tables by Myers and Swiatecki8^. 

Their estimate of this quantity is 4.55 MeV for 183Hg and 1.00 MeV for 183Au . 

The daughter from alpha decay, 179Pt, has however a Q - value, estimated 

to be 3.57 MeV, which fulfills the energetic requirement for beta delayed-

proton emission. The spectrum can therefore be a superposition of delayed-

proton spectra from different precursors. The 12% alpha branch and a 

Q - Bp value which is almost 1 MeV lower for 179Pt indicate, however, that 

the contribution to the proton spectrum from this precursor should be 

comparatively small. The theoretical values of the proton-branching ratios 

(Chapter IV, Tables IV:2,3) can be used to give an estimate of the contri

bution to the observed spectra from delayed protons emitted after the 

decay of the gold and platinum daughters. The results given in Table II.3 

indicate that such "contaminations" have no important influence, neither 

on the experimentally determined proton branching ratios, nor on the 

gross shapes of the spectra. 

182Hg. A brief search for delayed protons from this nuclide was 

made. During a measuring period of 1.5 hours, three proton events were 

registered, together with 3.3 x 106 alpha particles. With an alpha branch 

of 9% for 182Hg 7\ a proton intensity of the order of 10-7 is obtained. 

This number is considered as an upper limit, since it cannot be excluded 

that some cross contamination from neighbouring delayed-proton emitters 

was the source of these events. 



- 23 -

Table II.3 

Estimated contribution of delayed protons from gold 

and platinum to the delayed-proton spectra from mercury 

Mother 
nuclide 

Q - B p  

(MeV) 

Alpha 
branch 

(%) 

Daughter 
nuclide Q - B p  

(MeV) 

. , 

Estimated contribution 

to the Hg delayed-proton 

spectrum 
(%) 

.183Hg 4.55 - 1 8 3 Au 1.00 a-0 

12 179pt 3.57 <1 

1 8 1 Hg 5.99 - 1 81 Au 2.43 'i/O 

36 1 ? 7pt 5.03 <5 

179Hg 7.44 - 1 79 Au 3.87 %o 

53 175Pt 6.52 <10 

18 1 
h8• An energy spectrum of delayed protons with 181Hg as the 

precursor is shown in Fig. II.4. The experimental conditions were the same 

as for 183Hg. The proton/alpha ratio was found to be (3.6 ± 0.6) x 10-1+. 

The intensity of the alpha branch was not known for this nuclide, and, 

therefore,the determination of the proton branch had to be based on abso— 

lute counting of gamma rays from long-lived daughter products which had 

accumulated on the collector foil during the measurement. The best suited 

daughter activity for such an investigation is 181Re which has a half-

life of 18 hours ^. Figure II.5 shows a part of the gamma spectrum, measured 

from the activity on the collector foil. The intensities of the two peaks 

at 360.7 keV and 365.5 keV were used to determine the total number of atoms 

collected during the measurement. The calculation yielded a proton branch 

of (1.25 ± 0.30) x 10 k and an intensity of the 181Hg alpha branch of 

(36 ± 6)%. The strong alpha branch of 181Hg and a Q - B value of 5.03 
p 

r 1 7 7 8 ̂ • .. 
for Pt > indicate that a contribution of delayed protons from this 

nuclide could be of the order of 5%. Compared to other error sources*^ 

in the determination of the proton branch, such a contribution is negligible. 

*) Such as: the uncertainty in the determination of the solid angle, in 

the intensity of the gamma lines, in the efficiency of the Ge(Li) de
tector and the uncertainty from the counting statistics. 
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Fig. II.4 Delayed-proton spectrum from 181Hg. The experimental 

conditions were the same as in the 183Hg case (see Fig. II.3) 
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Fig. II.5 Part of a gamma spectrum measured from 

the collector foil used in a delayed proton 

experiment on 181Hg. The two lines from 
18^e at 365.5 keV and 360.7 keV have the 

intensities 57% and 12%, respectively. The 

spectrum was measured with a 25 cm3 Ge(Li) 

detector. 



179Hg is the next lightest isotope of mercury that has been found 10 ̂  . 

The production yield is of the order of 12 atoms/s with the best running 

conditions. In a 7.5 hour simultaneous proton- and alpha-counting experi

ment (with a 20 y/50 mm2, 400 y/450 mm2 telescope), 44 proton events 

were recorded. These were spread in an energ y interval ranging from 3 to 

7 MeV. The number of alpha particles from 179Hg [^6.27 MeV, Refs. (7) and 

(10)] recorded during the same countin g period was 15800. As the solid 

angle of 5% for this telescope was determined by the front detector, the 

proton/alpha ratio is (2.8 *°l!) x 10~3. intensity of the 179Hg alpha 

branch is not known, but an extrapolation of t he beta strength-function 

systematics11^for the neutron-deficient mercury isotopes yields a partial 

beta decay half-life of 2.3 s, corresponding to a 53% alpha branch. Con-

2 
sequently, the proton branching ratio is approxima tely 1.5 x 10 . The 

contribution from the alpha daughter, 175Pt, is estimated to be less than 

10% (see Table II.3). 

3.2 Cesium isotopes 

120Cs. A search for delayed protons from this nuclide was performed 

with a telescope equipped with a 30 y, 100 mm2 dE/dx detector and a 500 y/ 

450 mm2 E detector. During a counting period of 1.5 hours, 10 proton events 

were registered. The energies of these were all below 2.5 MeV which is 

in fairly good agreeme nt with the expected Q - value8) which is 3.3 MeV 

(Table II.4). The total number of atoms collected during the measurement 

was obtained from absolute counting of gamma rays from the d ecay of the 

daughter product 1201. The assumption of an 100% intensity12-* of the 

562 keV line gives a total number of about 1.5 x 109 atoms collected 

during the measurement. The approximate value of the proton branch is 

then 5 x 10-8 which is considered as an upper limit. 

118Cs. The energy spectrum of delayed protons from 118Cs is shown 

in Fig. II.6. The detector telescope, with the same detectors as was used 

for 120Cs, had a solid angle of 13.9% of 4T. The cut-off energy was 1.6 MeV 

and the line width for alpha p articles (228Th) was about 60 keV. The 

measured energy spectrum has a comparatively smooth shape and only small 

fluctuations around the averag e intensity can be observed. 



- 26 -

nc<30an 

2 3 4 

P R O T O N  E N E R G Y  ( M e V )  

Fig. II.6 Delayed-proton spectrum from 118Cs. Telescope detector, 
dE/dx: 30 y/100 mm2; E: 500 u/450 mm2. Solid angle: 

13.9% of 4tt. Collector foil: 80 yg/cm2 carbon. Cut-off 
energy: 1.6 MeV. Line width (alpha): 60 keV. 

As will be shown in Chapter V, the fluctuations in the spectrum are 

of physical significance. They can be more clearly observed with a 

detector having higher resolution. As no alpha activities are present 

for the elements in this region, the most favourable technique would be 

to measure the delayed-proton spectrum with a high-resolution single 

detector. The background from beta activities will then give a contri

bution to the spectrum, but choosing a thin detector limits such a contri

bution to the low energy part. A measurement with a surface barrier sili

con detector, 300 y/300 mm2, gave as a result the spectrum shown in 

Fig. II.7. The curve in the low energy end of the spectrum shows the shape 

of a pure beta spectrum measured with the same detector. The fast de

cline towards higher energies indicates that the contribution to the 

delayed-proton spectrum from the beta background is completely negligible 

above 3 MeV. The line width for alpha particles was measured to be 

22 keV. The corresponding line width for protons1is then less than 

20 keV. 
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Fig. II.7 Delayed-proton spectrum from 118Cs. Single detector: 

300 y/300 mm2. Solid angle: 25.4% of 4tt. Collector 

foil: 80 yg/cm2 carbon. Line width: about 20 keV for 

protons. The curve in the lower part of the spectrum 

shows a pure beta spectrum measured with the same experi

mental conditions as during the delayed-proton counting. 

The total number of protons in the spectrum shown in Fig. II.7 is 

about 50000. The determination of the proton branching ratio was based 

on a measurement of annihilation radiation from positrons in the decay 

of 118Sb . The counting of the 511 keV gamma rays was performed with a 

Nal(Tl) crystal in a low background lead container. With a value of 75.5% 

for the intensity of the positron branch1 ̂  , the total number of atoms 

collected during the measurement was found to be about 5 x 108. The 

value of the proton branching ratio is then (4.2 ± 0.6) x 10 4. 
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Table II.4 

Q - B values for cesium 

delayea-proton precursors 

and their xenon daughters 

Isotope 

Q ) 

Estimated Q - B 

MeV P 

120Cs 3.26 

120Xe -1.23 

118Cs 5.40 

118Xe 0.83 

116Cs 7.61 

116Xe 3.00 
' 

a) From Ref. (8). 

Table II.4 gives a summary of the Q - B values for the cesium 
P 

and xenon isotopes of interest for the assignments. These relations 

strongly support 118Cs as the precursor of the delayed protons. 

A direct experimental test of the assignment to 118Cs can be per

formed by measuring a half-life from counting of delayed protons, which 

should reflect the half-life of the delayed—proton precursor. The decay 

curve shown in Fig. II.8 is an example. The experiment was performed 

in the following way: after collection, the ion-beam was cut off by a 

screen and the proton events were counted in four successive groups in a 

multi-scaling mode. The measuring cycle was repeated several times. The 

half-life, 15 ± 2 s, is in good agreement with the value 16.4 ± 1.2 s 

obtained from beta counting. 

116Cs. An attempt to identify this nuclide from beta counting failed 

because of a very unfavourable signal-to-background ratio3 \ An extra

polation of the beta strength function systematics gives an expected beta 

half-life of 5 s, and the proton branch is estimated to be 2% (Chapter IV). 
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Fig. II.8 Decay curve of 118Cs from counting of 

delayed protons. The collection time 

was 20 s and each of the subgroups was 

counted for 20 s (with 2 s waiting 

time in between). This gives a half-

life of 15 ± 2 s. 

These values indicate that if this nuclide is produced, it should be 

possible to identify it from counting the protons. In general, delayed 

protons seem to be the most sensitive way of identifying very neutron-

deficient (non alpha-emitting) nuclides, since they can easily be 

distinguished in a strong background from other types of radiation. 

An 1 hour search for delayed protons at the position of mass 116 

was performed. During this time, 10 proton events with energies up to 

5.5 MeV were recorded. Cross contamination from 118Cs may give some 

events at the 116 mass position, but measurements15^ for higher mass 
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numbers indicate that such a contribution should be less than 2 events. 

With the assumption of a 2% proton branch, these data give an upper limit 

for the 116Cs yield of 1 atom/s 3. For a characterisation of 116Cs, 

including a half-life determination, a technique, similar to the one used 

for the identification of 113Xe, could be applied (Section 3.3). 

3.3 Xenon isotopes 

117Xe. The energy spectrum of delayed protons from 117Xe is shown 

in Fig. II.9. A 440 yg/cm2 nickel foil was used as a collector. The deter

mination of the branching ratio was based on absolute counting of the 

7 2 0  k e V  g a m m a  r a y s  f r o m  t h e  d e c a y  p r o d u c t  1 1 7 T e  ( I  =  1 0 0 % ) w h i c h  

yielded the value (2.9 ± 0.6) x 10~5 p/dis. 

• 150 

Q O o » o Q i 

2 3 
PROTON ENERGY (MeV) 

117 Fig. II.9 Delayed-proton spectrum from Xe. 

Detector telescope, dE/dx: 20 y/50 mm2; 

E: 700 y/150 mm2. Solid angle: 5% of 4^. 

Collector foil: 440 yg/cm2 nickel. Cut

off energy: 1.4 MeV. Line width (alpha): 
60 keV. 
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The Q - B systematics8 for the xenon and iodine isotopes are given 
P 

in Table II.5. The assignment of 117Xe as the precursor for the delayed 

protons is based on these values. Another experiment that supports the 

assignment to 117Xe will be described in Chapter III: in a delayed-

proton gamma ray coincidence experiment it was found that 14% of the 

delayed protons are in coincidence with the gamma rays from the 2 ->-0 

transition in the final nucleus 116Te^117Xe -—11 7j*11 6Te^ . 

l,5Xe. The singles energy spectrum from this nuclide is shown in 

ig. II.2. The spectrum in the lower part of the figure was obtained 

during a 7 hour counting period. The calculation of the proton branching 

ratio was based on counting of gamma rays from the daughter products on the 

collector foil. In this case where the longest lived daughter 115Sb 

has a half-life of only 31 minutes one has to be especially careful. The 

correction for variations in the intensity of the ion beam becomes im

portant, and a careful monitoring of the beam intensity had to be performed. 

The gamma spectrum from the collector foil was measured with a 25 cm3 Ge(Li) 

detector. With the assumption of a 99% intensity114) of the 499 keV tran

sition in 115Sn the proton br*anch was found to be (3.4 ± 0.6) x 10 3. 

Table II. 5 

Q - B values for the xenon 
dellyed-proton precursors 

and their iodine daughters 

Isotope 
Estimated 0 - B 

P 
MeV 

11 7Xe 

117I 

3.94 

-0.53 

115Xe 

1 1 Sj 

6.17 

1.65 

113Xe 

1 1 3 j 

8.55 

4.01 

a) From Ref. (8). 
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Due to the rather strong proton branch and the high production yield 

115Xe is an ideal case for measuring the delayed-proton spectrum with a 

high resolving single detector. The spectrum shown in Fig. 11.10 was 

measured with a 300 y/300 mm2 surface barrier detector. The line width 

obtained with alpha particles was 18 keV which corresponds to a line width 

for protons of 15 keV according to a test13) carried out with 2-8 MeV 

protons from a Van de Graaf generator. 

4 0 0 -
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PROTON ENERGY, MeV 

Fig. 11.10 Delayed-proton spectrum from 115Xe. 

Single detector: 300 y/300 mm2. 
Solid angle: 25% of 4"t. Collector 

foil: 80 yg/cm2 carbon. Line width 

(protons): 15 keV. 
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A half-life measurement using the same technique as for 118Cs was 

also performed. The resulting decay curve is shown in Fig. 11.11 

100-

CO 

10-

10 50 30 
TIME .SECONDS 

Fig. 11.11 Decay curve of 115Xe from counting of delayed 

protons. The collection time was 20 s and 

each of the six subgroups was counted 

for 10 s (with 1 s waiting time in 

between). This gives a half-life of 

18 ± 4 s. 
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The corresponding half-life is 18 ± 4 s. This value is in agreement with 

that obtained from beta counting,which is 19 ± 5 s 16\ 

113Xe. At the very neutron-deficient wing of the production yield 

curve, the saturation activity drops by orders of magnitude per mass number. 

For the target producing xenon the most neutron-deficient nuclide identified 

by beta and gamma counting is 115Xe. Further out, the possible weak beta 

activities are completely buried in detector background and contamination 

from the neighbouring masses. A search for delayed protons was performed 

with counters at the mass positions 114 and 113. The 114 result was 

negative, but at the 113 mass position a few proton events were registered. 

The energy distribution of these is shown in Fig. 11.12. No value for the 

proton branching ratio could be obtained from this measurement. 

To obtain further information about 113Xe greatly improved techniques 

were necessary, especially in order to obtain the half-life of 113Xe. 

B 
PROTON ENERGY,  MeV 

Fig. 11.12 Energy distribution of proton events 

observed at the 113Xe mass position. 

The experimental conditions were the 

same as for 183Hg (see Fig. II.3). 
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As has been pointed out already, the delayed protons are the most easily 

distinguishable radiation available in this region, and a half-life 

measurement could best be based on proton detection. The conventional 

counter technique (see 118Cs and 115Xe) would, however, be far too time-

consuming with the actual data rate for 113Xe (about 15 protons/hour). 

A much more efficient and sensitive method is to use the apparatus 

shown in Fig. 11.13. The detection is performed with a nuclear emulsion 

as the detecting device. The set-up, shielded by 2 cm of lead, is placed 

inside the collector chamber of the isotope separator. Several ion beams 

can enter the apparatus at the same time through a slit in the lead shield. 

The activity is collected on a rotating disc which carries it in front of 

the emulsion. 

ION 
BEAMS 

Fig. 11.13 Rotating-disc apparatus used when searching 

for low intensity delayed-proton emitters. 

The separated isotopes enter the apparatus 

through a slit (4) and are stopped on a ro
tating disc (2). Proton events are detected 

in Ilford K2 nuclear emulsions (3) facing the 
disc. The set-up is placed inside the col

lector chamber of the isotope separator and 

shielded by lead (1). 
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Tests were performed with different emulsions by first exposing them 

to protons (4 - 10 MeV) at the Ris^ tandem, and later placing them ins ide 

the ISOLDE collector tank under normal running conditions. From these in

vestigations it was found that the emulsion best suited for the purpose 

was Ilford K2. For this, the gamma background had only given a very weak 

fogging of the emulsion, and the entrance part of the proton tracks could 

clearly be seen. The identification of a proton is easy due to its typical 

range (50-400 y) and ionization density. 

For xenon the total exposure time was 11 hours and the mass range 

covered was 115-111. The mapping of the density of proton tracks was 

performed with a microscope. The field of view was 250 x 250 y2. Only 

proton tracks originating at the surface and stopping in the emulsion were 

counted. A general background of about 0.5 proton tracks/mm2 was found 

over the whole emulsion plate. 

The investigated area (about 6000 mm2) covered all the masses of 

interest (111-114). The only region where the density of proton tracks 

was clearly above the background was at the mass position 113. Since 

the speed of rotation of the disc had been kept constant duri ng the 

measurement, the half-life of the delayed-proton precursor could be 

obtained. The positions of the proton tracks were converted to polar 

coordinates, and were then sorted according to radius and angle. By 

summing the number of tracks for 6 mm broad arcs, corresponding to time 

intervals of 1.15 s ("T/12 radians), the decay curve shown in Fig. 11.14 

was obtained. From these data the half-life of 113Xe is found to be 

2.8 ± 0.2 s. 

In general, the emulsion technique could become a valuable tool for 

the identification of low yield proton emitters and also for the identifi 

cation of very weak proton branches. In a strong background of alpha 

activities a thin absorber could be used to eliminate them. The method 

should also be applicable to the detection of fission fragments and delayed 

alpha particles. 
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Fig. 11.14 Decay curve of 113Xe. The number of protons in the 

strip corresponding to mass 113 is plotted versus 

angle (the speed of rotation for the wheel was 

27.5 s/r). 

The half-life of this nuclide measured from beta counting is 34 ± 4 s 

The delayed-proton spectrum shown in Fig. II.15a was measured with a 

30 y/100 mm2 dE/dx detector and a 500 y/450 mm2 E detector. The total 

number of atoms collected during the experiment was found, from counting 

on the 359 keV ganma ray from the decay of 73Se (1^ « 100%)1k \ to be 

1.5 x 106. A fraction of the protons was lost in this experiment, because 

of the detector cut-off at 2 MeV. A correction for the loss was found 
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Fig. 11.15 a) Delayed-proton spectrum for 73Kr. Telescope detector: 
dE/dx: 30 y/100 mm*; E: 500 y/450 mm2. Solid angle: 13.9% 
of 4tt. Collector foil: 80 yg/cm2 carbon. Cut-off: 2.0 MeV. 

Line width (alpha): 60 keV. 
b) Delayed-proton spectrum for Kr. Single detector: 
300 y/300 mm2. Solid angle: 24% of 4tt. Collector foil: 
80 yg/cm2 carbon. Line width (alpha): 25 keV. 
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from an experiment, where the delayed-proton spectrum was measured with 

a single, surface barrier detector (Fig. II.15b). A comparison of the 

number of protons above 2.5 MeV gave the correction factor and the resulting 

proton branching ratio was (7.2 ± 1.5) x 10 3. A determination of the 

proton branch from the experiment with the single detector gave 

(6.4 ± 1.4) x 10"3 p/dis. 

According to Ref. (8), the Q - B value for 73Kr is 4.75 MeV, and for 
P 

73Br delayed-proton emission is energetically forbidden (Q - B = -1.65 MeV). 

These relations, and the results reported in Chapter III (a 35% proton 

branch to the first excited state in 72Se) , support the assignement. 

4. SUMMARY 

The delayed-proton spectra observed in these experiments have all 

similar shapes: they show a broad bell-shaped hump with no pronounced fine 

structure. Even in the cases, where the detector line width was 15-20 keV, 

only relatively small fluctuations around the average intensity could be 

observed. The explanation to the comparatively smooth shapes of the 

spectra may be found from the following considerations: the proton-

emitting states in the intermediate nucleus are at excitations, where the 

average level spacing for the medium- and heavy-weight elements is expected 

to be much smaller than the line width of the detectors used here (see 

Table V.l). Many levels may therefore contribute within the experimental 

resolution. Furthermore, all experimental evidence seems to indicate 

that the configurations giving rise to the beta strength11>18) are distri

buted over many levels (with the same spin and parity) , and over an energy 

region that is large compared with the detector resolution. 

A direct practical application of beta-delayed proton counting has 

been demonstrated: extremely neutron-deficient nuclides, not detectable 

from other types of radiations may be identified via beta-delayed protons. 

(In later sections it will be discussed how delayed-proton emitters contri

bute to nuclear structure studies.) 

A summary of the main results from the measurements of singles proton 

spectra and proton branching ratios is given in Table II.6. 
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CHAPTER III 

MEASUREMENTS OF COINCIDENCES BETWEEN 

DELAYED PROTONS AND GAMMA RAYS 

1. INTRODUCTION 

The daughter nucleus, after the emission of a delayed proton, is 

left in its ground state or in an excited state. Experimental information 

on the relative feeding of these states can be obtained from counting of 

coincidences between the protons and the gamma rays de-exciting the final 

states. Such data provide a direct test of the calculations described 

in the next chapter, and may give an indication of the spin of the mother 

nuclide. Besides that, coincidences between protons and annihilation 

radiation from positrons, feeding the proton-emitting states, can be 

used to determine the energy available for delayed-proton emission. This 

energy (Q - B ) is an important parameter for the comparison of theoretical 
P 

and experimental spectral shapes, and provides also a check of the semi-

empirical mass formulas. 

2. EXPERIMENTAL TECHNIQUES 

The experimental set-up used in the proton-gamma coincidence experi

ments is shown in Fig. III.l. This arrangement was placed at the end of an 

ion-optical transfer line1^. The ion beam was intercepted on a 80 y/cm2 

carbon foil, and the proton and gamma counters were placed directly behind 

the foil. The whole set-up was shielded with lead. The main background 

in these experiments was, however, due to daughter activities accumulated 

on the collector foil. 

Four different detector combinations were used: 

A: A surface barrier silicon detector (400 y/450 mm2) for the protons 

and a 7.6 cm x 7.6 cm Nal(Tl) crystal for the gamma rays. 
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CARBON FOIL 80 pg/cm 

ION BEAM 

AE-DETECTOR 

E-DETECTOR 

Na I  DETECTOR 

Fig. III.l Set-up for the determination of proton-ganma coincidences. 
The ion beam is intercepted by an 80 y/cm2 carbon foil 

placed in front of a proton detector. Immediately behind 

this the gamma detector is placed. 

B: A surface barrier silicon detector (300 y/300 mm2) for the protons 

and a 7.6 cm x 7.6 cm Nal(Tl) crystal for the gamma rays. 

C: A surface barrier silicon detector (300 u/300 mm2) for the protons 

and a 25 cm3 Ge(Li) detector for the gamma rays. 

D: A proton telescope (dE/dx: 40 y/150 mm2; E: 400 y/450 mm2) and 

a 7.6 cm x 7.6 cm Nal(Tl) crystal for the gamma rays. 

The block diagram in Fig. III.2 shows the main principles of the coupling 

used in these experiments. The coincidence system was calibrated with 

a 2l,1Am source (5.486 MeV alpha particles and 59.54 keV gairma rays). 

The absolute efficiences of the ganma counters were determined by counting 

calibrated standard sources placed at the position of the collector foil. 

Two kinds of spectra were recorded: (i) singles proton spectra; 

and (ii) two-dimensional spectra of coincidence events between protons 

and gamma rays. With such data the proton branch p(E^), to a level of 

energy E^, is calculated from the expression 
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I  
MC A 
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MCA 

2 

Fig. III.2 Block diagram of the electronics used for 

counting of proton gamma coincidences. 
(PA = preamplifier; A = amplifier; SCA = 

= single channel analyzer; TPHC = time-to-

pulse height converter; D = delay; 
C = coincidence unit; G = gate; 

MCA1 = multi-channel analyzer for registering 

of the two dimensional spectrum of coinci
dence events between protons and gattma rays ; 

MCA2 = multi-channel analyzer for registering 

of the singles proton spectrum). 

N (1 + a ) 
p(EJ = — (III.1) t>  NT .  £Y( EF - EO) 

where N is the number of coincidence events between protons and gamma 
c 

rays of energy (E - E ), N is the total number of protons in the singles 
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spectrum, £^(Ef - Eq) is the detector efficiency for a gamma ray from E 

to Eo, and aT is the total internal conversion coefficient of the transition. 

3. RESULTS 

In the following a summary of the experimental results for 181Hg, 

118- 117,115y i 7 3TT • • 
, Xe, and Kr is given. 

3.1 181Hg 

The decay scheme in Fig. III.3 illustrates the delayed-proton emis

sion with 181Hg as the p recursor. The final nucleus after proton emis

sion 180Pt, has its first excited state2) at 159 keV (2+). Furthermore, 

the level systematics of the even Pt isotopes3^ indicates that the 

181 

7.3 EC. p. EC 

0.47; 

0.16; 

0.0; 

Bp = 1.3 

Fig. III.3 Delayed-proton emission in the decay of 181Hg. Q and 

Bp values are taken from Ref. (11). Energies in MeV. 
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lowest 4+-level has an excitation energy of about 470 keV. The beta decay 

to highly excited states in 181Au is dominated by electron capture, 

giving rise to proton-K-X coincidences in addition to the same type of 

•  •  •  * 1 8  0  
coincidences from internal conversion of the transitions in Pt 

(mainly 2+ -> 0+). The experiment was carried out with a telescope de

tector (set-up D). The two-dimensional spectrum was recorded in a 4096 

channel analyzer, operated in the 32 x 128 channel mode. The energy 

range for protons was 2-7 MeV (32 ch), and gamma energies up to 500 keV 

were covered (128 ch). The total time used in this experiment was 

10 hours, and during this time 988 protons were recorded in the singles 

spectrum. The spectrum of gamma rays, in coincidence with protons re

corded during the same counting period, is shown in Fig. III.4. The 

lines in this spectrum correspond to coincidences with K-X-rays (from 

180Pt and 181 Au), a line at 150 ± 15 keV (2+ + 0+ in 180Pt), and a line 

at 235 ± 25 keV (sum peak of 2+ •+ 0+ and K-X-rays from 181Au). The 

feeding of the 2 level is 50 ± 10%. The 4+ -+ 2+ transition in 180Pt is 

expected to have an energy of approximately 310 keV. In this energy re

gion of the coincidence spectrum only a few events can be seen. The cor

responding upper limit to the feeding to the 4 level is 6%. 

3.2 118Cs 

This nuclide is the only odd-Z delayed-proton emitter for which 

proton-gamma counting has been performed. The final nucleus after proton 

emission is 117I. A complete level scheme for 117I is not yet known, 

but data'1'' from counting of gamma rays from the decay of 117Xe indicate 

that several low energy levels exist. The energies and intensities of 

the strongest lines in the gamma spectrum are given in Table III.l. 

The proton-gamma experiment was performed with set-up B. The total 

counting period was 10 hours, and the singles proton spectrum recorded 

during that time is shown in Fig. II.7. The spectrum of gamma rays, 

in coincidence with protons registered during the same counting period, 

is shown in Fig. III.5. As expected, several lines with relatively low 

energies (42 ± 10 keV, 114 ± 20 keV, 159 ± 20 ke", 218 ± 25 keV, 

305 ± 30 keV, and 511 ± 20 keV) are found in the spectrum. 
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Fig. III.4 

200 300 

GAMMA ENERGY, keV 

400 500 

Spectrum of gamma rays in coincidence with delayed 

protons from 181Hg. Coincidences are observed 

between delayed protons and K-X-rays (from 181Au 

and 180Pt) and a gamma line at 150 ± 15 keV (corre
sponding to the 2+ -*• 0+ transition in 180Pt at 

159 keV). The sum line consists of K-X-rays from 
181Au and gamma rays from the 2+ 

-*• 0* transition 

in 180Pt. No pronounced peak is observed at 
310 keV (corresponding to the 4+ -*• 2+ transition 

in 18 0 Pt) . 

The corresponding coincidence intensities given in Table III.2 have not 

been corrected for internal conversion (Eq. III.l). The last column 

in the table gives the energies of those lines in the 117Xe gamma spectrum 

which are probably identical with the observed coincidence lines. 
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Fig. III.5 Spectrum of gamma rays in coincidence with delayed 

protons from I18Cs. The four gamma lines at 114, 
159, 218, and 305 keV can be identified as the 

116, 161 (155), 220, and 295 keV gamma rays from the 
decay of 117Xe. The line at A2 keV lies just at 

the cut-off in the spectrum and the energy is 

therefore uncertain. The line at 510 keV is 

proton coincidences with annihilation radiation 
from positrons feeding the excited states in 

the intermediate nucleus, 118Xe. The additional 

counts above 510 keV can be explained as chance 

coincidences between delayed protons and gamma 

rays from the background. 
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Table III.l 

Energies and intensities3^ 
of the main gamma lines 
in the decay of 117Xe 

E Relation intensity 
(keV) (%) 

28 100 

32 40 

44 5 

57 5 

59 9 

94 4 

116 10 

155 4 

161 6 

221 15 

295 10 

438 6 

518 8 

a) Ref. (4) . 
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Table III.2 

Results of the delayed proton-gamma 
• • • 118 coincidence experiment for Cs 

Energy 

(keV) 

Coincidence 

intensity 

(%) 

E in 117I a)  
Y 
(keV) 

42 ± 10b) %40 44 

114 ± 20 14 116 

159 ± 20 8 161c) 

218 ± 25 13 221 

305 ± 30 3 295 

511 ± 20 (2.1 ± 0.5) 511d> 

a) Gamma ray energy observed in the decay 

of 117Xe which is probably identical 

with the observed line. 

b) The energy is uncertain, since the 
line lies just at the cut-off of the 

detector system. 

c) Could as well be the line at 155 keV 

or both 155 keV and 161 keV. 

d) Annihilation radiation from positrons 

feeding the proton emitting states. 

The proton spectra in coincidence with the gamma rays at 114, 159, 

218, and 305 keV are shown in Fig. III.6. The endpoints of these spectra 

should in principle give information that could be used to determine 

the excitation energy of the final levels, but the statistics are too 

low here. The increased intensity at lower energies is mainly due to 

positron-gamma coincidences from the decay of 118Cs and its daughters. 

A background of coincidence events is spread over the whole spectrum, 

shown in Fig. III.5. An analysis of these events indicates that they have 

to be explained partly as "chance" proton-gamma coincidences and partly 
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Fig. III.6 Delayed-proton spectra from 118Cs in coincidence 

with gamma rays at 114, 159, 218, and 305 keV. 
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as positron-gamma coincidences. The total number of such proton-gamma 

coincidences is found to be about 1% of the total number of protons 

registered in the singles spectrum. The gamma background during the 

experiment was of the order of 25000 counts/s and the window in the time 

channel was about 350 ns. The expected chance coincidence rate is then 

about 0.9% which indicates that the additional counts in the spectrum can 

be explained as chance coincidences. 

3.3 117Xe 

The final nucleus after delayed-proton emission from 117Xe, 116Te, 

has excited levels5^ at 679 keV (2 ) and at 1359 keV (4 ). The proton 

branch of 117Xe is relatively weak (Table II.6) which means that the 

number of non-coincident positrons per proton is high. The proton-gamma 

coincidence experiment therefore had to be performed with a telescope 

detector, for the protons to eliminate the high beta background (set-up D). 

The spectrum of coincident events between gamma rays and delayed 

protons collected during a 7 hour counting period is shown in Fig. III.7. 

During the same time 3300 protons were registered in the singles proton 

spectrum. The peak in the coincidence spectrum, at about 650 keV, corre

sponds to the 2 + -+ 0 transition in 116Te. At 500 keV, corresponding 

to the expected minimum in the Compton distribution of the 650 keV transition, 

10 counts are observed, while the 650 keV contribution should be about 

3 counts. The excess seems to be statistically significant, and the peak 

at about 500 keV is interpreted as annihilation radiation. The solid 

curve in the spectrum, based on the measured detector response for 511 

and 662 keV gamma lines (from 22Na and 137Cs), indicates that the coin

cidences at lower energies can be explained as caused by the sum of the 

two Compton distributions from the gamma rays. Based on these data, the 

feeding of the 2+ level is 14 ± 3 %, and the percentage of protons pre

ceded by positron decay is 3.0 ± 1.5 %. In order to reduce the gamma 

background from the accumulated daughter activities, the collector foil 

was changed several times during the experiment. Still, the mean rate 

in the gamma detector was of the order of 50000 counts/s. The window in 

the time channel was 200 ns. The additional counts above the 650 keV peak 

may therefore be interpreted as chance coincidences. 
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510^20 keV 

0 500 1000 

GAMMA ENERGY (keV) 

Fig. III. 7 Spectrum of gamma rays in coincidence with delayed 

protons from 117Xe. Coincidences with the 2+ -*• 0+ 

gamma rav in 115Te are observed (679 keV). The 

peak at 510 keV is interpreted as proton coinci

dences with annihilation radiation. The solid 

curve is based on the measured detector response 

for 511 and 662 keV gamma rays. 

3.4 115Xe 

The final nucleus after delayed-proton emission from 115Xe is 114Te 

which has excited levels5^ at 709 keV (2 ) and 1484 keV (4 ). The coinci

dence experiment was performed with set-up A. During a counting period 

of 20 hours, a total number of about 70000 protons were registered in 

the singles spectrum. The corresponding proton-gamma coincidence spectrum 

is shown in Fig. III.8. The gamma projection of this spectrum has two 
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Fig. III.8 The two-dimensional spectrum of coincidence events 

between delayed protons and gamma rays from 115Xe. 

The lines at 510 ± 20 keV and 710 ± 20 keV corre

spond to annihilation radiation from positrons 
in the beta decay of 115Xe and gamma ravs from 

the 2+ -*• 0+ transition in 11 **Te (709 keV), respectively. 

prominent lines: a 710 ± 20 keV line corresponding to the 2 0 

transition in 11''Te and a line at 510 ± 20 keV representing coincidences 

with annihilation radiation from positrons feeding the excited levels 

in 115I. Gamma energies up to 2 MeV were covered, and a weak tail of 

counts was observed up to the end of the spectrum. This can be explained 

as due to chance coincidences (less than 1%), and besides that the large 

fraction of positrons per proton will cause some 511-709 keV summing. 

The intensity data are given in Table III.4, and Fig. III.9 shows a 

comparison between the singles proton spectrum and the spectra in coin

cidence with 709 keV and 511 keV gamma rays. The coincidence spectra in 

the figure have been corrected for the efficiency of the Nal(Tl) crystal. 

The coincidence rate, as a function of the proton energy, is also listed 

in Table III. 3. 
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Fig. III.9 a) 115Xe singles proton spectrum and spectrum in 

coincidence with the 709 keV transition in 11''Te. 

The coincidence spectrum has been corrected for 

the efficiency of the Nal(Tl) crystal. The decay 

scheme of the process is also shown. 
b) 115Xe singles spectrum and spectrum in coincidence 

with annihilation radiation. 

The population of the 4 level at 1484 keV in 114Te should be 

detectable, either via the 4 2 gamma ray (775 keV) , or via the 1484 keV 

sum line in the Nal(Tl) counter. As the proton decay to the 4 level is 

energetically unfavoured, the 775 keV 4+ -> 2 transition is expected to 

have a low intensity compared to that of the 709 keV line, and, therefore, 

cannot be resolved from this with the Nal(Tl) spectrometer. At the 

position of the sum peak of 709 keV and 775 keV gamma rays, no significant 

increase of the coincidence rate could be observed. An upper limit of the 

4 feed of 4% was obtained. 

It was obvious that a more sensitive experiment had to be carried 

out to get further information on the feed of the 4 level. With a 

25 cm3 Ge(Li) counter the two interesting gamma lines (709 keV and 775 keV) 

singles spectrum 

^coincidences 
L, with 511 keV 

singles spectrum 

.coincidences 
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115 

709. 
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Table III.3 

Percentage of coincidences with 511 keV 

and 709 keV gamma rays for 115Xe. 
Data taken with detector system A. 

Proton energy 

(MeV) 

Positrons per 

proton 
(%) 

709 keV ganina rays 

per proton 

(%) 

2.35 67 ± 6 84 ± 7 

2.65 52 ± 3 73 ± 3 

2.95 39 ± 2 63 ± 2 

3.30 36 ± 2 63 ± 2 

3.60 2 1  +  2  51 ± 3 

3.90 17 ± 2 52 ± 3 

4.20 9 ± 2 43 ± 5 

4.55 0 27 ± 5 

4.85 0 22 ± 6 

5.15 0 3 ± 3 

should easily be resolved. An experiment was therefore performed with 

the detector combination C. The time used for data collection was about 

15 hours, and the singles proton spectrum contained about 36000 proton events 

(Fig. 11.10). The resulting spectrum of gamma rays in coincidence with 

protons is shown in Fig. III. 10. The expected coincidences with annihi

lation radiation and with the 709 keV gamma rays are seen in the spectrum. 

No coincidences with a 775 keV gamma ray can be found, and an assumed 

upper limit of two counts corresponds to a limit on the 4 feed of 2%. 

The results from the two coincidence experiments with 115Xe are sum

marized in Table III.4. 
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Fig. III.10 Spectrum of gamma rays in coincidence with beta-delayed 
protons from 115Xe. A 300 y/300 iim2 surface barrier sili
con detector was used as the proton detector and a 25 cm3 

Ge(Li) detector for the gamma rays. Coincidences with anni
hilation radiation and the 2 + 0+ transition in 114Te are 
observed. No events coincident with a 775 keV gamma ray 
(corresponding to the 4+ -»• 0+ transition in 11 Te) can be seen. 

Table III.4 

Results from the delayed proton-gamma 
coincidence experiment for 115Xe 

+ + 
2 + 0  

709 keV 
(%) 

4+ + 2+  

775 keV 

(%) 

Annihilation radiation 
511 keV 
(%) 

Detector system 

57 ± 10 <4 32 ± 6 A 

59 ± 9 <2 25 ± 6 C 

58 ± 7 <2 28 ± 4 Best value 

511 keV 
2+— 0* 

709 keV 

Expec ted  

775 keV 

P°SaQQcf>CPOQQ 

Gamma energy , keV 
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3. 5 7 3Kr 

• • • • • 7 2 
The final nucleus after proton emission in this case, Se, has 

excited levels6^ at 862 keV (2 ), 1317 keV (2 ), and 1637 keV (4 ). The 

proton-gamma coincidence experiment was performed with set-up B. The 

spectrum of gamma rays in coincidence with delayed protons recorded during 

a 7 hour counting period is shown in Fig. III.11. The strong line at 

100 

510t15 

50 • 
</> t-
z 

675-15 

• A 866*15 

_L_ 

AÀ. . . 
' NW/Xwvyi 

500 1000 

GAMMA ENERGY ,keV 

Fig. III.11 Projection of a two-dimensional spectrum from the 
73Kr proton-gamma coincidence experiment. The line 

line at 866 ± 15 keV corresponds to coincidences 

between protons and gamma rays from the 2+ -* 0+ 

transition in 72Se. The lines at 510 ± 15 keV and 

675 ± 15 keV correspond to proton coincidences 

with annihilation radiation and with the sum of 
a 511 keV and backscatter from the other 511 keV 

gamma ray of the pair. 
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510 ± 15 keV is mainly due to coincidences between positrons and their 

annihilation quanta, and the line at 675 ± 15 keV due to summing of one 

511 keV gamma ray with a back-scatter quantum from the other 511 keV 

gamma ray of the pair. Coincidences with the gamma rays from the 862 keV 

• f  +  • • • 7 2  •  
2 ->• 0 transition in Se are also seen in the spectrum. The feeding 

of the 2 level is found to be 35 ± 9 %. An analysis of annihilation 

radiation in coincidence with protons with E > 1.75 MeV (Fig. II.15b) 
P 

yields a value of 45 ± 10 % for the fraction of protons perceded by 

positron decay. 

4. THE DETERMINATION OF Q - Bp FROM 

THE POSITRON COINCIDENCE FRACTIONS 

Bacso et al.7^ determined the Q - B value for lxlTe by counting the 
P 

rate of proton-positron coincidences as a function of proton energy. 

They made the assumption that the feeding of the 2+ level of 110Sn could 

be neglected. This assumption is probably correct in view of the high 

energy (1213 keV)8^ of this level. 

The information about the number of positrons per proton (in the 

following referred to as the positron fraction), given in this chapter, 

can be used for a determination of the Q - B value with a method similar 
P 

to the one used by Bacso et al. The rather strong branches to the first 

excited states have made it necessary, however, to take this feed into 

account. 

In the general case, protons with energy E will populate various 
P 

final states with excitation energy E^ (see the model decay scheme 

in Fig. IV.1). If X (E ) is the fraction of protons of energy E going 
f p p 

to the level denoted f, and 0)(E ) is the positron/total ratio for the 
P 

beta decay with the (electron capture) energy E one can express the 
p 

positron fraction n(E ) as 
P 

n(E ) = Y, ME )w[Q - B - E. - E A/(A - 1)] , (III.2) 
P  f  f  P  u  p f p  J  

where Q is the total beta-decay energy of the initial nucleus and B^ the 

proton separation energy of the intermediate nucleus. 
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In the expression 

**V * V2, E6 " 2l"c2)Af6»(Z' EB * 2™c!) + fEC(Z-

(III.3) 

the statistical rate function for positron decay was calculated with the 

use of formulas given in Ref. (9). f^ç was calculated from 

/ Q - E - B \2 / Q - E - B \2 

fEC(Z' V  = 2 gK(Z) \ m"^ ) + 1 - 3 2 gL1(Z)( ^ / 

(III .4) 

where ("r/2)g5(Z) and (tt/2) g? (Z) are the average values of the K- and 
K w v 

Lj-electron radial wave functions at the mother nucleus1 , and B^ and 

are the respective binding energies of the captured electrons (in the 

daughter nucleus). The factor 1.3 is included to correct for the contri

bution from higher shells. E is the excitation energy of the intermediate 

nucleus. 

In the case where the experiment gives the average of the positron 

fraction for protons in the energy interval Ei to E2 one has 

E2 . , E2 

n(E,, E2) - f Ip(Ep)n(Ep) dEp f Ip(Ep) dEp , (III.5) 

Ej / Ej 

where I (E ) is the total proton intensity per unit energy. 
P P 

If I (E ) and the branching Xr(E ) are known from experiment, one 
P P * P _ 

may use the expressions (III.2) and (III.5) to calculate n as a function 

of Q - B . Comparison with the experimental value for r| then determines 
P 

a value for Q - B . 
P 

The results from the Nal(Tl) experiment on 115Xe are shown in 

Fig. III.12 for several proton energy intervals. The values of Q - B^ 

are consistent and give an average of 6.3 ± 0.2 MeV, where the experimental 

error stems mainly from the calibration of the gamma detector. 
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W 

Proton energy , MeV 

Fig. III.12 Q - Bp value for 115Xe determined from the Nal(Tl) 

coincidence data (Table III.3). The mean value of 

Q - Bp is 6.3 ± 0.2 MeV. 

For the total spectrum, the proton fraction was found to be 28 ± 4 % 

(average over the two experiments performed with set-up A and C, Table III.4) 

A graphical representation of the function (Eq. III.5) integrated over 

the whole energy interval of the protons is shown in Fig. III.13. The 

determination of Q - B^ from this diagram gives 6.20 ± 0.13 MeV. 

7 3 

Similarly, for Xe, Q - B is found to be 4.1 ± 0.2 MeV and for 
P 

Kr 4.85 ± 0.30 MeV (Figs. III.14 and III.15). 
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Fig. III.13 0 - B value for 115Xe including both NaT(TI) and 

Ge(Li*) data. The solid curve is the number of 

positrons/proton (in %) as a function of the 
Q - B value calculated by integrating Eq. TTI.5 

from zero to (Q - Bp)(A - 1)/A. The adopted best 

value 28 ± 4 % (Table ITT.4) vields a 0 - Bp 
value of 6.20 ± 0.13 MeV. 

The method for Q - B determination given above cannot be used for 
P 

118Cs as long as the level scheme of 117I is unknown. A good estimate 

may, however, be given if a reasonable assumption is made for the exci

tation energies of the final states. The coincidence data indicate that 

only a few levels at low excitation energies are fed in the proton decay. 

Fig. III.16 shows Eq. (III.5) as a function of Q - B^ calculated under 

the assumption of excited levels at 0.12, 0.16, 0.22 and 0.31 MeV. The 

result isQ-B = 4.7 ± 0.1 MeV. The assumption that all the feed to 
P 

excited states goes to a level at 0.3 MeV gave the same result. 
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ASSUMED Q-Bp, MeV 

Fig. III.14 Q - Bp value for 117Xe. with the experimental value 
of 3.0 ± 1.5% for the positron/proton fraction the 
value is 4.1 ± 0.2 MeV. 

ASSUMED Q - Bp , MeV 

Fig. III.15 Q - Bp value for 73Kr. The experimental value for 

the positron/proton ratio was 45 ± 10 % which yields 
a value of 4.85 ± 0.30 MeV. 

to 50 
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Fig. III.16 Q-B value for 118Cs. The curve was calculated 
P 

from proton branches to final states at 0.00, 0.12, 

0.16, 0.22, and 0.31 MeV. The experimental value 

for the positron/proton ratio was 2.1 ± 0.5 % 

which yields a value of 4.7 ± 0.1 MeV. 
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Table III.5 

Comparison of the experimental Q - Bp value 

with values taken from different mass formulas 

11 8Cs 117Xe 11 5Xe 7 3Kr 

Myers and Swiatecki11^ 5.40 3.94 6.17 4.75 

Zeldes et al.12^ 4.65 3.47 5.43 4.08 

Garvey et al.1 4.83 3.85 5.70 3.73 

Truran et al.14^ 5.78 3.91 5.94 3.27 

Seeger and Perisho15^ 4.96 3.86 6.19 3.42 

EXPERIMENT 4.7 ± 0.3a) 4.1 ± 0.2 6.20 ± 0.13 4.85 ± 0.30 

a) Error estimated to be somewhat higher than the value from Fig. III.16, 
due to the assumption made about the final levels. 

Table III.5 gives a comparison between the measured Q - B values 
P s 

and those taken from some mass formulas. The tables by Myers and Swiatecki11' 

give estimates that lie within the experimental errors in three cases. 

These tables have also been shown to well reproduce the Q-values of neutron-

deficient nuclides in the mercury region16^. In the following, when 

estimates of Q or B^ are needed, they will therefore be taken from Ref. (11). 

5. SUMMARY 

The proton-gamma-ray coincidence experiments demonstrate that only 

one or a few of the lowest excited states in the final nucleus are popu

lated appreciably in the proton decay. The relative feedings may, as 

will be shown in the next chapter, be understood from a statistical model 

calculation. The calculated feedings are strongly dependent on the assump

tion made about the spins involved, and may therefore, in combination with 

the experimental results, be used to determine the spin of the initial 

or the final state (provided that one of them is known). One could even 
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imagine, in a case where both the initial and final spins are known, 

that information on the relative beta feedings of the intermediate states 

(the spin weight factors) could be extracted from the data. 

The experimental Q - B values obtained from the positron coincidence 

fractions provide a check of the semi-empirical mass formulas in regions 

where neither of the two parameters involved can be measured directly 

with the present techniques. The experimental 0 - values are also of 

importance in the analysis of the spectral shapes given in the next chaDter. 



• 
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CHAPTER IV 

CALCULATIONS OF PROTON BRANCHING RATIOS AND 

SPECTRAL SHAPES IN A COMPOUND NUCLEUS MODEL 

INTRODUCTION 

Previously, the two nuclides 109,1 MTe ̂  were the only known beta-

delayed proton emitters among the elements in the medium- and heavy-weight 
2 ) 

regions. The shapes of the energy spectra and a determination of the 

quantity Q - B^ for 11!Te were the most important experimental results. 

Attempts3^ at calculating the spectral shape for !11Te in a statistical 

model were performed. It was found that a good fit to the experimental 

data could be obtained under the assumption of a constant beta strength 

function. For delayed neutrons, where much more experimental information 

is available, similar calculations have been performed. All these cal

culations have incorporated the same main ingredients: some assumption 

about the beta strength and a statistical treatment of the competition be

tween particle emission and gamma-ray emission. 

In this chapter a model for beta-delayed proton emission, based on 

similar assumptions as mentioned above, will be examined. 

OUTLINE OF THE CALCULATION 

Calculations on beta-delayed proton emission involve a treatment of 

two processes: 

i) the beta decay; 

ii) the proton gamma-ray competition in the decay of levels fed in the 

beta decay. 

The proton emitting states have excitation energies of 4-10 MeV. At 

such excitations the average level distance is expected to be small for 

nuclei in the medium- and heavy-weight regions, but it is still large com

pared to the proton and gamma widths (see Table V.l). 

In the treatment presented in the following it is assumed that there 

are no correlations between the beta matrix elements for the individual 
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* ) 
states and the proton widths and that there are no correlations between 

partial proton widths contributing for a given state. For the nuclei con

sidered here it is also permissible to leave out processes where two pro

tons are emitted and processes where a gamma-ray precedes the proton 

emission (Section 5) . 

A description of the decay process may be formulated on the basis 

of the compound nucleus model: the intermediate states have excitation 

energies that are generally high enough for this model to apply and have 

lifetimes long enough to make their decay independent of the way of for

mation. 

The model decay scheme shown in Fig. IV.1 illustrates some of the 
A 

symbols used in the following. The initial nucleus Z (with spin and 
71 

parity I ) beta decays with a total electron capture energy Q to levels 
TT * 

(with spin and parity I^1) in the intermediate nucleus. The levels at 

the energy E are characterized by their level density p^(E), and their 

total gamma width, T^(E). The competing process of proton emission oc-
. A-1 

curs to levels in the final nucleus (Z-2) with energy E^ (spin and 

TTf, 
parity If£). 

7T • 
The average beta intensity per unit energy interval to levels I^1 

at energy E can be expressed as a product of the total beta intensity 

Ig(E), and a weight factor ü)(I,I^), denoting the fraction of beta decays 
7T-Î 

leading to levels with spin and parity The proton intensity from 

the transition i f can then be obtained from the compound nucleus ex

pression 
. rlf(E ) 

I* (E ) = a>(I,I.) • Ir(E) P P , (IV.1) 
p p IP pi 

where the total width is 

r1 = r1 + V rlf'(E' ) , (iv.2) 
Y l—i P ' 

f' 

and where one has the relation (see Fig. IV.1) 

*) The absence of correlations is a convenient assumption, but it is 
easy to imagine a situation where it fails. One would then speak 
of a doorway state for delayed proton emission. 
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A(Z-1) 

Fig. IV.1 Model decay scheme illustrating the 

process of delayed proton emission. 

A Ep<; 

A-1 

E - B • E. , <IV'3> 
p f A - 1 p 

B being the proton separation energy of the intermediate nucleus. The 

proton intensity is obtained by summing Eq. (IV.1) over all intermediate 

spins and parities an d over all final states. The total intensity of 

protons with energy E^ is then 

V V <V 
w ' L L u( I , Ii ) Is (E)  ^ • ( IV-4)  
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The total proton intensity per beta decay is 

E 
p ,max 

P = f I (E ) dE , (IV.5) 
P J P P P 

with 

Ep,max * « - V«' 1)/A • <IV-6> 

The expressions and constants necessary for the numerical evaluation 

of Eqs. (IV.4) and (IV.5) are considered in the following. 

2.1 Masses, spins, and parities 

In the calculations, the two parameters Q and B have to be known. No 
P 

experimental information on their individual values is available but their 

difference, Q - B^, has been determined experimentally in a few cases (see 

Ref. (2) and Table III.5). The numerical values of Q and B were taken 
P 

from the tables by Myers and Swiatecki. These tables are generally in good 

agreement with the measured Q - B values (Table III.5) and also give good 
^ 9 ) 

estimates of the total beta-decay energies in the mercury region . 

18 3* • 
Hg is the only one of the heavy delayed-proton precursors for which 

the spin has been measured. A value of \ has been obtained10^ by optical 

pumping techniques. In the preliminary calculations for the odd mass nu

clei the values on the spin and parity has been chosen according to likely 

shell-model states (Table IV.1). For the even Cs isotopes, calculations 

under the assumption of 171 = 1+ and I^ = 3+ were performed. 

Table IV.1 

Likely shell model states for the odd neutron 
in mercury, xenon, and krypton 

Hg 
V P'V r' V; ' l'% 

Xe 
s72' dV 

à'h 

Kr v%- <V P'/2 
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2.2 The beta strength function and the beta-decay intensity 

The beta decay of neutron deficient, heavy nuclides proceeds to ex

cited states in regions where the level density is very high. It thus 

becomes necessary, both for theoretical and experimental reasons, to treat 

the beta decay in terms of a beta strength function. For the beta decay 

to an excitation energy E in the daughter nucleus, the strength is propor

tional to the product of the average squared matrix element and the level 

density. An experimental definition is given by Duke et al. as 

S3(E) = IG(E) {f(Z, Q - E) • T^r1 MeV_1 s~1 , (IV.7) 

where I^(E) is the beta decay intensity per MeV to levels at the energy E, 

f(Z, Q - E) the usual statistical rate function, Q the total energy avail

able (here = Q _) and T, the half-life. 
EC "2 

An approximate picture of the origin of the beta strength can be ob

tained from the shell-model states shown in Figs. IV.2a,b,c. The single 

particle transitions indicated in the diagrams suggest that the beta 

strength for Cs, Xe, and Kr isotopes predominantly comes from allowed 

Gamow-Teller transitions. Isospin conservation makes any contribution of 

Fermi-type very weak. For the mercury isotopes (Fig. IV.2c) there are in

dications11'* that the allowed GT transition (hi v ) (hg,) plays a role 
7 ; p /2 n 

at lower energies while first forbidden transitions dominate at high ener-
1 2 

gies. The forbidden transitions are assumed to obey the ^-approximation 

so that the transition probability has the same energy dependence as for 

allowed transitions. 

With the strength-function picture of the beta decay the total beta 

intensity per MeV of final states at energy E can be written 

Q 
IQ(E) = S0(E)f(Z, Q - E) / / S (E)f(Z, Q - E) dE , (IV.8) 

P P o P 

where the f function is the sum of the statistical rate functions for 

13, i O  
electron capture and positron decay 

A series of measurements on beta strength functions for short-lived 

mercury and xenon isotopes has recently been performed ^. Data are avail 

able for the two delayed proton precursors 117Xe and 183Hg. These results 
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b 

C 

Fig. IV.2 Possible beta transitions in a) the krypton region; b) the 
xenon region; c) the mercury region. Allowed (GT) transi
tions are shown as solid arrows and first forbidden transi

tions as dashed arrows. 
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will be discussed in Section 4.5 . As a first approximation of the beta-

strength function, a schematic model has been used in the calculations. 

The model is the one suggested in Ref.(11), where the strength is assumed 

to be constant above and zero below a cut-off energy C. This energy is 

chosen in the following way: 

i) zero for odd-odd daughter nuclide 

ii) 0.6 x 2A for odd-mass daughter nuclide } (IV.9) 

iii) 0.6 x 4A for even-even daughter nuclide 

A good approximation of the gap parameter A is A = 12//K MeV 12^\ 

With this treatment one takes into account that most of the transition 

probability will come from nucléons that initially are in the paired sys

tem of the nucleus. This means that the beta strength should have the 

(approximate) selection rule Av = +2 for the seniority v. The filling 

diagrams in Fig. IV.3, taken from Hansen16\ give a further illustration 

of this model. The numerical factor 0.6 in Eq. (IV.9) has been included 

to correct (in a very rough way) for contributions to the strength from 

transitions with Av = 0 and Av = -2. 

The statistical weight factor u)(I,I.) gives the fraction of inter-

7T * 
mediate states with spin I^L. This factor poses a greater problem from 

the experimental point of view as it is hardly within present experimen

tal possibilities to determine the beta branching ratios to different 

daughter spins and parities. The following standard approximation was 

used : 

/ T  T  ï  =  2 I i  * 1 (IV.10) 
W( ' i) 3(21 + 1) » 

with 1^ taking the values I, I ± 1. This relation holds if the beta decay 

proceeds only via excitations of the paired system and only via transi

tions of tensor rank one. The assumption of tensor rank one is well jus

tified for the allowed transitions (Gamow-Teller type). For the case of 

mercury isotopes the beta strength has been assumed only to involve for

bidden transitions. A measurement ^ for 197Hg shows the 0 contribution 

to the pj. -* sj. transition to be small. This is also the result of a 
. '2 '2 . 1 2 c) 

theoretical analysis quoted by Bohr and Mottelson 
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Fig. IV.3 Schematic filling diagrams and model strength functions. 
The main part of the beta strength originates from Av = 2 
transitions that create a proton hole and a neutron. 
These transitions,indicated only in the left diagram, are 
labelled 1. The odd-mass and odd-odd nuclei in addition 
have smaller contributions from Av = 0 transitions (la
belled 2) involving the unpaired nucléon and the odd-odd 
nuclei, finally, also from a Av = -2 transition (labelled 
3). This figure is taken from Hansen16). 

2.3 The partial proton width 

The partial proton width Tp^(E^) []Eqs. (IV. 1), (IV.2) and (IV.4)] 

was calculated from the expression18) 

rpf(Ep'-[ E WIM(E)' 
j,Vf 

where T .(E ) are transmission coefficients obtained in an optical model 
P 

calculation and where the sum extends over the partial waves permitted 

by the selection rules in spin and parity. The function P^(E) is the 
TT * 

density of levels (Section 2.5) with spin and parity The excita

tion energy of the proton emitting state is E. 
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The calculation of the values was performed on the basis of an 

optical model calculation12^'19), including a surface absorption term and 

an isospin dependent term 

V = -52f(r) + i40 d^(r) + T • t + — • d^(r) £ • s MeV, (IV.12) 
opt v dr A ~ ~ r dr 

with the Woods-Saxon shape of the radial function 

f(r) = 1/(1 + exp Q(r - R) / a J )  (IV.13) 

1/ 
and with R = 1.25 A 3 fm, a = 0.65 fm. For the cases of interest, the 

numerical calculations did not give sufficient precision at low energies 

(below 5 MeV in the mercury region and below 3.5 MeV in the xenon region). 

Values on T«•, valid at low proton energies, have been obtained by an 

extrapolation method. The WKB-penetrability P.(E ), as given by 
2 0 ) . ^ , 

Morrison , was used for extrapolating the slowly varying coefficient 

Y„.(E ) in the equation 
*0 P 

V V  •  W W  •  < i v - u )  

The calculations in the krypton region were performed with T.. 
2 1 ) 

values taken from the tables by Mani et al. . It has been found that 

these values have only a slight deviation from the values by Bondorf in 

the xenon and mercury regions (Section 4.1). 

2.4 The total gamma width 

2 2} . • 
Cameron has given an expression for the total gamma width which 

is normalized to experimental data. He essentially assumes that the 

transition density is a product of the density of levels and the energy-

dependent factor E3. This assumption is equivalent to that of pure di-
^  . 2 3 )  

pole radiation and a constant gamma-strength function . The expression 

for the total gamma width, obtained with the use of Newton's level den-
- ,  2 4 )  

sity formula was then 

2/ r- J-i 
T ~ 5.2 A 3 b 4 [l + 2b/U2J * 
Y (IV.15) 

["2 -f 
bU /2 + 5b2U - b3U^ + |y b" meV 
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The constant A is the mass number, and b is defined as 

b = 5.97/(1^ + 3 "̂ + 1)1/2 A1/3 . (IV. 16) 

The effective j-values and j^, which represent appropriate aver

ages of the total angular momenta of the single-particle states lying 

near the Fermi level of the nucléon gas, are tabulated in Ref. (22). 

Expression (IV.15) is valid for U > 2 MeV, where U is the effective 

excitation energy related to the actual value E, as 

U = E - 6 (IV.17) 

with 

6 (A > 40) = -

0 for odd-odd compound nuclei 

1.68-0.0042 A for odd mass compound nuclei 

3.36-0.0042 A for even-even compound nuclei 

(IV.18) 

2.5 The level density 

The level density p.(E,I.) is calculated from the formulas accord-
^  2  5 ) 1  

ing to Gilbert and Cameron . They have given the expression for the 

level density (for the spin 1^ and one parity) at the excitation energy 

E in the form 

/if gxp (2/Sj) 6XP E~(Ii + 1/2)2/2°2J -, 
P,.(E) = Çr C (21, + 1) MeV 1 , 
11 24 aV" • U5/" 1 2/2ÏT o3 

(IV.19) 
where 

and 

1/ 2/ 

a2 = 0.0888 (aU) 12 A (IV.20) 

a = A[0.139 + 0.0102 (S - 0.33D)^] • (IV.21) 

The parameter D is the distance (the number of neutrons or protons) to 

the nearest closed nucléon shell and S = S(Z) + S(N) the total shell 
2 6 )  

energy 

The effective excitation U is expressed in terms of the pairing 
2 s ) 

corrections P(Z) and P(N) as 
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U = E - P(Z) - P(N) . ( I V . 2 2 )  

The relation (IV.19) is valid above excitation energies 

Ex = 2.5 + 150/A + P(Z) + P(N) . (IV.23) 

Below this energy the level density was assumed to follow an expo

nential behaviour 

where the constants T and E Q are determined by smoothly fitting pi and 

p 2  a t  th e  e x c it a t i o n  e n e r g y  E  =  E ^ .  

3. COMPARISON WITH EXPERIMENT 

The results of the calculations performed with the assumption of a 

constant strength function, using Q - B^ values from experiments or from 

Ref. (8) and a reasonable value on the spin and parity of the proton pre

cursor are given Table IV.2 for Hg, Cs, Xe, and Kr. The experimental 

proton branching ratio (protons/beta decay) is also given in the table. 

The deviations between calculated and measured values are in most cases 

small (less than a factor of 10, except in the 120Cs case). 

An investigation of the sensitivity to changes in the parameters and 

to different assumptions about the beta strength function and the level 

density will be performed in the following sections. 

The energy requirement of beta-delayed proton emission is fulfilled 

for some of the daughter products of the observed proton emitters and 

also for some neighbouring activities. Table IV.3 gives the calculated 

proton branches for some of these nuclides. The results for the gold and 

platinum isotopes, produced after the alpha or beta decay of 
1 7 9  1 8 1  1 8 3  
' ' Hg, have been used to obtain the estimates given in Table II.3. 

MeV 1 (IV.24) 

Search for delayed protons has been performed both for 116Xe (tele

scope detector) and 11''Xe (emulsion) but no events were observed in either 

cases, which gave upper limits of 10 6 p/dis and 10 ** p/dis, respectively. 
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The spectral shape is determined by the shape of the beta strength 

function as well as by the energy dependence of the proton widths. 

Figures IV.4-6 show some examples of the calculated spectral shape under 

the assumption of a constant beta strength function. This assumption, 

which seems to work well in these cases, is not a good approximation 

for the xenon isotopes as will be shown in Section 4.5. Figure IV.7 

shows a calculation for 73Kr. The high beta-background distorts the 

spectrum heavily at the low-energy end and the figure has only been in

cluded here to show the expected low-energy shape of this spectrum. 

The feeding of the final states after proton decay is dependent on 

the spin and parity of the delayed proton precursor. The populations of 

levels in platinum, tellurium, and selenium isotopes for different as-
TT 

sumptions on I are given in Tables IV.4-7. 

183, 

50-

1/5 

PROTON ENERGY, MeV 

18 3 
Fig. IV.4 The measured delayed proton spectrum from Hg (exp. 

points) compared with calculations assuming I71 = 
and a constant beta strength function. Calculations 
with two sets of mass parameters are shown (i) Q = 
6.40 MeV, Bp = 1.85 MeV (dashed curve), and (ii) Q = 
6.85 MeV, Bp = 1.85 MeV (solid curve). An arbitrary 
scale is used for the calculated intensity. 
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181 

50-

3 4 5 6 
PROTON ENERGY , MeV 

Fig. IV. 5 The measured delayed proton spectrum from 181Hg (exp. points) 

compared with calculations assuming Iu = and a constant beta 

strength function. Calculations with two sets of mass para

meters are shown (i) Q = 7.30 MeV, Bp = 1.31 MeV (dashed curve), 

and (ii) Q = 7.46 MeV, B_ = 1.31 MeV (solid curve). An arbitrary 

scale is used for the calculated intensity. 

= 3' 

200 

100 

3 4 2 

PROTON ENERGY (MeV) 

Fig. IV.6 The measured delayed proton spectrum from 118Cs (exp. points) 

compared with a calculation assuming a constant beta strength 

function and I71 = 3+. The Bp value was taken from Ref. (8) 

and Q was adjusted to fit the experimental Q - Bp value. An 

arbitrary scale is used for the calculated intensity. 
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The spin values suggested from these calculations are % or \ for 

181Hg, for 115Xe, and V2 > or 5li for 117Xe. The best fit for 73Kr 

is obtained with the value 7/z+ as the initial spin and parity. This as

signment is not in agreement with the likely shell model states 
3 1 \ 

(Table IV.1) and could indicate that the nucleus 73Kr is deformed 

73 I*= 3/2" 

100-

cO 

50-

PROTON ENERGY, MeV 

Fig. IV.7 The calculated shape of the 73Kr delayed proton spectrum 
(with a constant beta strength function and I77 = 3/2~) to
gether with the measured spectrum (Fig. II.15b). 
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CHANGES IN THE PARAMETERS 

The calculations in Section 3 were performed with a "resonable" 

set of parameters. The results are sufficiently promising to justify 

the question of the sensitivity with respect to the choice of the para

meters . 

4.1 The spin and parity 

T T  . . .  
The spin and parity I assumed for the initial state do not only 

affect the relative feeding of final states but also the proton branch

ing ratios P . The last columns in Tables IV.3-7 show that a variation 
P 

in the spin from - 1/i~ (9/z~) may change P^ by one or two orders of 

magnitude. This is due to the effect of the centrifugal barrier on the 

transmission coefficients. The intermediate and final spins and parities 

I^i and I^f determine which partial waves are allowed by the selection 

rules. Consider 115Xe as an example: A calculation performed with the 

assumption of I11 = si and allowed decay (I^ = 3/2+, % , 7h ) gives the 

partial waves to the ground state of 111(Te (0+) as d3< , ds, , and g i, , of 
T T  ^  n  #  ^  ^  ̂ ^  
I = 3/i and allowed transitions (l̂ 1 = k > V2 > V2 ) gives the waves 

Si/ , d3, , and ds, to the ground state. The transmission coefficients 
h h h 

calculated for s and d waves are shown in Fig. IV.8, which illustrates 

that these are about a factor of 10 higher for s waves than for d waves. 

The partial proton width for decay to the ground state is, therefore, 

higher in the second case with an increased proton branching ratio as the 

result. 

The feedings of the final states are also dependent on their excita

tion energy E^. The energy available for proton decay to a final state 

(E^) is Q - Bp - E^, which gives a decreasing proton branch to a state 

with increasing excitation energy E^. An investigation of how fast the 

decrease of the feed is as a function of energy has been performed for 

two sets of final levels. In order to get the same partial waves parti

cipating in the feeding, spin and parity have been chosen as 0 for all 

the states. The results with 11 ̂ e as the proton precursor (Q = 8.14 MeV 

and Bp = 1.94 MeV) are given in Table IV.8 
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Bondorf 

- 4  

PROTON ENE RG Y, MeV 

Fig. IV.8 The transmission coefficients for protons on tellurium. 
The values have been calculated with the target mass 
114 ̂ Bondorf (19)D and 120 CMani et al. (21)D. The 
proton energy is given in the laboratory system. 

The sensitivity to the choice of w(I,I^) on is examined in 

Table IV.9. Calculations, under the assumption that only one spin in the 

intermediate nucleus is populated, have been performed. The dominating 

contributions come from the low spin states which, in analogy with the 

discussion given earlier, may be understood as an effect of the centri

fugal barrier on the transmission coefficients. 
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Table IV.8 

The relative feeding of assumed final states 

(with = 0+) from 115Xe 

Ef 
Feeding Ef 

Feeding 

MeV (%) MeV (%) 

0.00 87.0 0.00 65.1 

0.50 11.4 0.25 23.0 

1.00 1.5 0.50 8.1 

1.50 0.1 0.75 2.8 

2.00 0.0 1.00 1.0 

Table IV.9 

Calculated intensities of the proton branches from xenon isotopes 
in assumed cases where only one intermediate spin is populated 

Nuclide 1* 

Proton branching ratio Pp (p/beta decay) 

Nuclide 1* 

co(I,%) W(I,3/2) oo(I,5/2) W(I,7/2) 

i17Xe a) 

117Xe a) 

117Xe a) 

H5Xe b) 

i13Xe C) 

5/2~ 

5i + 

'h + 

5/z + 

% + 

9.1 x 10"' 

2.0 x lo-" 

5.1 x 10"5 

5.1 x 10"5 

5.2 x 10~3 

9.9 x 10"2 

1.0 x 10~5 

3.7 x 10-5 

3.7 x io"5 

4.3 x io~3 

9.0 x io"2 

4.7 x io~6 

1.0 x 10~6 

5.8 x io-" 

2.0 x 10~2 

a) Q - B = 4.10 MeV. b) Q - B = 6.20 MeV. c) Q - B = 8.55 MeV. 
P P P 
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4.2 Q and Bp 

The different mass formulas examined in Table III.5 revealed only 

relatively small differences in the predicted Q - B^ values. The import

ance of changes in Q and B^ to the calculated intensity is, with 115Xe as 

the example, examined in Fig. IV.9. The proton branching ratio is very 

sensitive to the value chosen for the proton separation energy (for fixed 

Q) but not so much to Q for fixed B . 

Bn= 1.94 MeV 

Q = 8 .14 MeV 

10 -

Q - B p , MeV 

Fig. IV.9 Calculated intensity of delayed protons from 115Xe 
assuming I71 = 5/2+ and a constant beta strength func
tion. The two curves show how the calculated inten
sity varies as a function of Q - Bp when Q and B , 
respectively, are kept fixed. 

The sensitivity to changes in Q and B^ is much more dominating in 

cases where the Q - B^ value is expected to be low. This is seen in 

Fig. IV.9, where the decrease in the calculated proton intensity is 

steeper towards lower energies. A further illustration is given in 

Fig. IV.10, where the sensitivity to the choice of Q and B^ is examined 

for 120Cs. The rate of change in is very high both for fixed Q and 

for fixed B^. An explanation of this may be found from Fig. IV.11 (next 

section). The proton width at low energies is much smaller than the 
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Bn= 5.05 MeV 

Q =8.31 MeV 

3.5 
Q - Bp , MeV 

Fig. IV.10 Calculated intensity of delayed protons from 120Cs 
assuming I = 3+ and a constant beta strength func
tion. The two curves show how the calculated inten
sity varies as a function of Q - Bp when Q and 
respectively, are kept fixed. 

corresponding gamma width. With , expression (IV.1) can be 

written 
,if 

Ilf(E ) ~ w(I,I.) I (E) 
p p i p r 

(IV.25) 

Y 

The total gamma width T is a slowly varying function of the energy while 
Y ,if 

the partial proton width T has a steep decrease towards lower energies, 
P  i f .  

due to the Coulomb barrier. The strong energy dependence of will 

therefore be reflected in the calculated intensity. The discrepancy be

tween the calculated and measured values of the 120Cs proton branch could 

then, at least partly, be due to a too high Q - B^ value chosen in the 

calculation. The estimate from Ref. (8) was also found to be too high for 

118Cs (Table III.5). Another explanation can be found in the approximation 

of the beta strength function: The beta decay of 120Cs could proceed via 

•  •  1 2  0  strong branches to the ground state and first excited states of Xe. 

This would be analogous to the decays of 128Cs and 126Cs ^ if the ground 

-rTT -, + 
state has I = 1 . 
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4.3 The transmission coefficients 

The transmission coefficients T„., as calculated by Bondorf , were 
.  ^  2  1 )  

compared to those calculated by Mani et al. in Fig. IV.8. There is a 

slight numerical discrepancy between their results but the main behaviour 

is the same in both cases. (It should be noted that the calculations were 

performed for different masses.) A comparison between the calculated 

proton branching ratios for xenon isotopes with these two choices of T- . 
Jo j 

is given in Table IV.10. The last column in the table gives the results ob

tained with the WKB penetrability P^(E^) and Y^j = constant. 

The sensitivity to changes in the transmission coefficients is low 

according to these calculations. An explanation of this can be found in 

Fig. IV.11, where the total proton and gamma widths for 115I are plotted 

as functions of the proton energy. The proton width increases steeply 

with energy and begins to dominate over the gamma width already at low 
v if 

proton energies. With 2,f Fp » in Eq. (IV.1) it is found that a 

change in the function Y.. is of minor importance to the calculated in-

tensity. For heavier elements the proton width decreases compared to the 

gamma width, owing to the increase in the Coulomb barrier and the increased 

level density [jïq. (IV.11)]. Figure IV.12 shows the total proton and 

gamma widths for 10iAu, and in this case the gamma width dominates over 

the whole energy range of interest. 

An important consequence of this is that in the cases where the 

proton decay is the dominating decay mode of the intermediate states (as 

for xenon) the spectral shape is determined mainly by the shape of the 

beta strength function. A study of the beta-delayed proton spectra may 

therefore be a valuable tool for determining the shape of beta strength 

functions for extremely neutron deficient nuclides. The analysis of 

115Xe given in Section 4.5 is an example of this. 

In regions where ^ ̂p^' t^e sPectral shape is determined by 

both the shape of the beta strength function and the energy dependence 

of the proton widths. Methods for experimental determination of the 

energy dependence of the beta strength11'15^ and the density of levels 

(Chapter V) are available. Information about the transmission coefficients 

for sub-barrier protons may, therefore, be obtained in some cases. Such 

data will be of importance in the study of the optical potential at low 

proton energies. 
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100 

> 
(1) 
E 

X 

10-

5 4 2 3 
PROTON ENERGY, MeV 

Fig. IV.11 The calculated total proton and gamma widths of ex

cited states in 15I. The solid curve shows the 

values for protons feeding the ground state of 11^Te 

(0 )  [^ corresponding to excitation energies in 1 1 5i 

of Bp + Ep A/(A - 1) MeV] and the dashed curve shows 
the values for feeding of the first excited state at 

709 keV (2+) [.corresponding to excitation energies 

Bp + Ep A/(A - 1 ") + O.70Q MeV^. The calculations 

were performed with I = 5/2+ and with B =1.94 MeV. 
P 
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Table IV.10 

Calculated delayed proton branching ratios for 
xenon with different choices of T„ . 

Nuclide 
As sumed 

TT 
I 

p 

^Bondorf 19) ̂ 

P 
r • p  21  ) '  
|_Mani et al. 

P 
P a) 

Y^j = constant 

11 7Xe b) 
5/ + 
'2 2.4 x io~5 2.6 x IQ"5  3.1 x io"5 

11 7Xe b) y2+ 
1.9 x io- 2.1 x io""4  2.0 x i o-" 

1 1 5 v c) Xe 
54+ 

2.8 x i o~3  3.0 x l(f3  3.1 x i o"3  

113Xe d) 
• 

y2
+ 

6.1 x i o"2  6.3 x 10~2 5.6 x io "2  

a) in Eq. (IV.14) was chosen cons 

Yn• (E ), as calculated from Ref. 
P 

b) Q = 6.87 MeV, B =2.77 MeV 
P 

c) Q = 8.14 MeV, B =1.94 MeV 
P 

d) Q = 9.58 MeV, B =1.03 MeV 

Fig. IV.12 

The calculated total proton and gamma 
• • • 1 8 1 widths of excited states in Au. The 

calculations are valid for protons feed
ing the ground state of 180Pt (0+) Cor
responding to excitation energies in 
ieiAu of B + E A/(A - 1) MeVD. The 
calculatioRs we?e performed with I11 = 

and with B =1.31 MeV. 

tant and equal to 

(19), at 3 MeV 

4 5 6 
PROTON ENERGY,MeV 
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4.4 Choice of the level density formula 

The proton width, calculated from Eq. (IV.11), is dependent on the 

transmission coefficients T.. and the level density p.(E). In this sec-
x,j i 

tion two level density formulas, besides the one by Gilbert and 
2 S ) .  

Cameron , will be examined. 

With a Fermi gas treatment of the nucleus 

level density (valid for spin 1^ and one parity) is 

1 2e) 
the expression for the 

2Ii + 1 A2 / R2 \/2 f" R2 
>i<E> =-V-hrg0) (2T-) u"^~ I i ( I i  

\ / \ rig/ l_ rig 

+ 1) 

exp 
X *°(u - if- + ") 

\ rig / 

-2 

(IV.26) 

• MeV 
-1 

U — 1 
where -7- go = A/8 MeV 

D 

= 0.015 MeV, 
2J . 
ng 

and where the effective excitation was chosen according to Eq. (IV.17). 
24) 

Newton has given the level density as 

p.(E) = (21. + 1) A 5/3 (2jN + 1) ̂  (2jz + 1) 

(IV.27) 

(U + bU1) 2 exp [ßU^/b - 10.258] eV 

The parameters in this formula are the same as were used in Eq. (IV.15). 

Figure IV.13 shows the predictions of p.(E) in the different treatments. 
2 4 ) 1 

The formula by Newton differs from the other two by a factor of 10 in 

the case of gold. Owing to the dominating gamma widths for mercury 

(Fig. IV.12) the discrepancy in the prediction of the level density is 

strongly reflected in the calculated proton branching ratios (Table IV. 11) 
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I. NEWTON 
H Gl LBERT& CAMERON 

ffl FERMI GAS 

EXCITATION ENERGY, MeV 

Fig. IV.13 Level densities (in MeV *) for spin "zero" in 115I 

and 181AU according to various semi-empirical formulas 

[Refs. (24),(25),(26) and (12e)]. 

Table IV.11 

Proton branching ratios Pp calculated with 
different level density formulasa). 

Nuclide I* 
2 5 26) 

Gilbert and Cameron ' Newton2 ** ̂  
1 OP) 

Fermi gas 

11 7Xe V 2.4 x 10"5 2.8 x io"5 5.0 x io~5 

11 5Xe 5/2 2.8 x io"3 
2.3 x 10"3 3.5 x io~3 

1 8 3Hg Va" 1.5 x 10~6 3.8 x 10"5 9.1 x 10"7 

181Hg v; 3.4 x io"5 
8.7 x IO"" 2.3 x io-5 

179Hg v; 3.3 x io"4 
7.8 x io"3 

2.8 x io_,t 

a) Mass parameters as in Table IV.2 
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4.5 The beta strength function 

The model strength function11'' used up to this point clearly repre

sents an over-simplification. However, it brings out two important 

features of the experimental distribution: 

i) the main part of the strength is associated with transitions that 

excite protons which are initially in paired orbits; consequently 

the schematic model has no strength below a certain energy for odd 

mass and odd-odd-nuclei ig. IV.3 and Eq. (IV.9)]; 

ii) the beta strength varies slowly with energy; this feature is rep

resented by the u se of a constant value Sg. 

, . . , . 11,15) 
The experimental beta strength functions m the mercury region 

show only relatively small fluctuations around the average value. The 

assumption of a constant beta strength function is therefore a suffi

ciently good approximation in these cases. 

In the xenon region the beta strength function determines the high-

energy shape of the proton spectrum according to the analysis given in 

Section 4.3. The experimental spectra may consequently give information 

about the energy distribution of the strength. The dashed curve in 

Fig. IV.14 shows the spectral shape of 115Xe calculated under the assump

tion of a constant beta strength function. An improved fit to the ex

perimental points can be obtained if the strength is assumed to have a 

broad peak at 5 MeV excitation energy in 115i (the solid curve). 

The beta strength function for 117Xe has been determined experi

mentally15^. The result is shown in Fig. IV.15. This strength function 

was obtained after an unfolding ^ of a g amma spectrum from ll7Xe mea

sured with a total absorption spectrometer11^. The unfolded spectrum, 

which represents the beta intensity as a function of energy, was then 

divided by f(Z, Q - E) • T, [Eq. (IV.17)] to give S (E). The result 
i P 

indicates a broad peak in the strength at about 4 MeV excitation energy 

in 117I. According to the estimated proton separation energy for 117I 
e)-i 

I 2.77 MeV J the proton emission will take place from levels above 

4.5 MeV. The peak in the strength will, therefore, be of no importance 

for the spectral shape in this case. A calculation with the experiment

al strength function, and the assumption that the strength is constant 
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150 

\ 

to 
t- 100 

PROTON E NERGY, MeV 

5 6 7 4 

" 51 EXCITATION ENERGY, Me V 

Fig. IV.14 The measured delayed proton spectrum (upper graph) 
from 115Xe (exp. points) compared with two calcu
lations, both assuming I71 = /z+• In one calcula
tion the beta strength function is assumed to be 
constant (I), and in the other it has been assumed 
to have the shape shown by the solid curve in the 
lower graph (II). An arbitrary scale is used for 
the calculated intensity. 

above 5.5 MeV, was performed. The result is shown in Fig. IV.16. The de

cline of the spectrum calculated under this assumption is identical to the 

one obtained from a constant strength function. A somewhat improved fit 

to the experimental points was obtained in Ref. (C), where the strength 

was assumed to decrease towards higher energies. However, no detailed 

conclusions can be drawn with the present statistics of the 117Xe delayed 

proton spectrum. 
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o 

T T 

3 4 5 6 
, , 7 I  EXCITATION ENERGY, MeV 

Fig. IV.15 The beta strength function for 117Xe measured ^ 
with a total absorption spectrometer. 

117, 
X e  

200-

<-> 100-

2 3 
P R O T O N  E N E R G Y , M e V  

4 

Fig. IV.16 The measured delayed proton spectrum from 117Xe 

(exp. points) compared with a calculation assum

ing I71 = 3/2+ and with the beta strength function 

shown in Fig. IV.15. The Bp value was taken from 

Ref.(8) and Q was chosen to fit the experimental 
value on Q - B . 
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The possible peak in the beta strength functions for the light xenon 
3 3 \ 

isotopes may be explained from shell model calculations (for 115Xe see 

Fig. IV. 17) which suggest that it originates in a (g9/2)pI (g7/ )n hole par

ticle excitation. In analogy with the interpretation of the humps found 
. 23 3 ~ 3 7 ) 

in gamma spectra by various methods ' the peak can be character

ized as a pygmy resonance arising from the beta decay of the 10 protons 

in the gg^ shell to the g7y neutron shell. 

8 

6 

A 

2 

Fig. IV.17 Reduced beta transition probabilities for 115Xe calculated 

by Martinsen and Randrup33) from the simple shell model 

with pairing (An = Ap = 1.1 MeV) included. The full lines 

assume a set of single-particle levels where the ds^ neu

tron level fills before the g7/2 neutron level. If these 

two levels are inverted, one obtains the distribution 

shown in thin lines, which predict a spin of ^2 in agree
ment with the feedings to the final states (Table IV.6). 

4 5 6 

EXCITATION ENERGY IN ,lsI,MeV 
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OTHER MECHANISMS THAT COULD CONTRIBUTE 
TO THE DELAYED PROTON SPECTRA 

Three processes that in principle could give contributions to the 

delayed proton spectra should be mentioned: 

i) the emission of two successive protons after beta decay; 

ii) the emission of a proton pair after beta decay; 

iii) the 3YP process. 

The two first mentioned processes are energetically forbidden in the 

cases of interest. 

Proton emission from states fed by gamma decay of states populated 

in beta decay (Byp) should, in principle, be possible. An analogous nya 
3  8 ) .  

process has been observed experimentally in alpha spectra following 

thermal neutron capture. A theoretical estimate of the contribution from 

the Byp mechanism to the proton spectra from the xenon delayed proton 

emitters has been made. The calcualtion was carried out under the assump

tion of a constant gamma strength function and pure dipole radiation. 

An integration over all intermediate levels was performed. The contri

bution from this process is 1-3% of the Bp intensity for the odd xenon 

isotopes, according to such an estimate. 

SUMMARY 

The statistical model for beta-delayed proton emission, from elements 

in the medium- and heavy-weight regions, is seen to work well. The proton 

branching ratios, the feeding of final states, and the gross shapes of the 

spectra could be reproduced satisfactorily in almost all cases. The model 

is, however, based on very simple assumptions and has therefore to be 

considered only as a convenient starting point for further studies of 

beta-delayed proton emission. The present calculations have mainly served 

to get a better understanding of the decay process under study; which 

quantities that are involved and their importance in different energy 

regions and mass regions. It has also been shown that the calculations 

in combination with the experimental data may give information about 

some parameters of interest to nuclear physics: 
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i) The beta strength function. The energy dependence of the beta 

strength may be extracted from the delayed proton spectra if proton 

emission is the dominating decay mode of the intermediate states. 

Beta strength functions for nuclides so far from the region of 

beta stability are only in a few cases obtainable with the conven-
, . 11,15) 

tional technique 

ii) The energy dependence of the partial proton widths. From the 

partial widths the transmission coefficients for sub-barrier pro

tons may be determined. Such data would give a valuable contribu

tion to the study of the optical model parameters at low kinetic 

energies, and for cases where the protons have extremely low binding 

energies. 

iii) The spins involved in the process. Spin determinations from atomic 

beam experiments, optical pumping experiments, and decay scheme 

work will, in the extremely neutron deficient regions, meet severe 

intensity problems. The study of proton branches to final states 

may therefore become a valuable complementary method. The possibi

lity of determining the spin weight factors is, however, more in

teresting since it is hardly within present experimental possibi

lities to determine the beta branching ratios to states with 

different spins and parities in the daughter nucleus. 

This treatment of beta-delayed proton emission has dealt only with 

the average properties of the nuclear levels. A gross structure in the 

beta strength ("pygmy resonance") as well as the gross structure asso

ciated with the optical model have been incorporated. The observable 

fine structure which shall be interpreted as fluctuations around the 

average intensity will be discussed in the next chapter. 
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CHAPTER V 

FLUCTUATIONS IN DELAYED-PROTON SPECTRA 

INTRODUCTION 

The statistical model for beta delayed proton emission (examined in 

the previous chapter) reproduces the gross shape of the spectra well, 

under the assumption that the main structure varies slowly with energy. 

The quantities involved in the calculations, as for example, the beta-decay 

intensity to the intermediate levels and the partial widths of the levels 

for proton decay to the final states, were taken to represent average 
TT * 

values over a great number of states with the same For a finite 

sample one will clearly have fluctuations around the average. These can 

be taken into account in a statistical theory. It has been found ^ t hat 

the statistical distributions that may describe the average properties of 

the quantities involved are broad. For an experiment the finite number of 

levels participating within the experimental resolution will then give 

rise to fluctuations in the intensity. Such fluctuations, which have been 

observed in the cases where the measurements were performed with good re

solution and good statistics (see Figs. II.7 and 11.10), are a joint ef

fect of the different processes participating. They originate in nuclear 

structure effects and are experimentally reproduceable. The phenomenon 

is analogous to the fluctuations in slow-neutron average cross-sections 
2 ) . -

discussed by Egelstaff . A theoretical expression of Var (I^/l^) can 

be derived by considerations akin to those given in Ref. (2). 

GENERAL CONSIDERATIONS 

The emission of delayed protons takes place from levels at 4-10 MeV 

excitation energy in the intermediate nucleus. In a heavy nuclide the 

mean level spacing at such excitation energies is expected to be small 

but still much greater than the total width T1. Table V.l gives some 

estimated values of D. and T1 in the case of 115I. 
i 

The delayed proton spectra reported here were measured with detectors 

having a full width at half maximum AE of typically 15-60 keV. The rela

tion 
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Table V.l 

Mean level spacings and total radiation widths 

for 115I (iji = 3/2+) 

Proton energy fi b) 

MeV keV eV 

3.0 3.35 0.04 

4.0 0.75 0.14 

5.0 0.20 0.45 

a) The values were calculated from Gilbert and 
Cameron3) and are valid at an excitation 
energy Bp + Ep (A/A - 1) in the intermediate 
nucleus. 

b) Calculated from the formulas given in Chap
ter IV; the values are valid at the excita
tion energy Bp + Ep (A/A - 1) in the inter
mediate nucleus. 

AE » D. » T1 (V.l) 

is then valid over the whole energy range of interest. 

These estimates indicate that a delayed proton spectrum from 115Xe 

consists of proton lines from a great number of individual, closely spaced 

levels which remain experimentally unresolved. The number of levels par

ticipating within the experimental resolution is great but, as mentioned, 

the broad distributions of the quantities involved will still give observ

able fluctuations. This is illustrated in Fig. V.l: A number of proton 

groups from equally spaced levels is assumed to be measured with a de

tector for which the expression (V.l) is fulfilled. The magnitudes of 

the intensities were chosen to follow a Porter-Thomas distribution (see 

next section) and the detector-response function is assumed to have a 

Gaussian shape. The solid curve in the lower part of the figure shows 

the expected result from the measurement (with infinite statistics). In 
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shape ne 
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ENERGY 

Fig. V.1 The lines in the upper part of the figure represent proton 
emission from a number of equally spaced resonances. The 
intensites of the lines have been chosen proportional to 
random Porter-Thomas distributed numbers for one spin and 
one parity. A smoothing of the line spectrum with the re
sponse function indicated in the figure (Gaussian shape) 
gives the solid curve. 
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the realistic case the experimental points would scatter around this 

curve with the Poisson distribution arising from counting statistics. 

In the following sections an approximate expression for the variance 

in Ip will be derived and the estimate from this will be compared to the 

observed fluctuations in the delayed proton spectra from 115Xe and 118Cs. 

Here the discussion aims at delayed-proton spectra, although the argu

ments hold equally well for other kinds of particles. 

THEORETICAL ESTIMATE OF Var(I /I ) v_p—pZ. 

Assume that a delayed proton spectrum is measured with a detector 

having a Gaussian response function (FWHM = AE). Assume further that 

expression (V.l) is valid. This relation implies that many levels con

tribute within the experimental resolution (AE >> D^) which means that 

the fluctuations in I will have a normal distribution. The second part 
. - p -i 

of the inequality D. >> T shows that there will be no interference ef-
] .  4 ) * )  

fects which could give rise to Ericson fluctuations 

•  •  #  # <  The observed intensity fluctuations ' may be ascribed to variations 

in the magnitudes of the quantities involved for each single state. Con-
TT * 

sider a single level labelled V with spin and parity I.1. The intensity 

of the beta feed to this level is RßV, the partial proton width r1^V and 
. iv . ^ 

the gamma width r . In the calculation of the proton intensity 

[Eq. (IV.1)] the corresponding quantities were taken to represent average 

values over many states. One then has the relations 

"«•V • h • Rs ' jf 
i 

r l f  = r l f  (v.2) 
p p 

rL  = r1  

Y Y 

*) Both criteria were clearly chosen to make the calculations easy. 
They could be relaxed without changing the physical content of the 
arguments given in this chapter. 

**) Apart from fluctuations due to counting statistics. 
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The quantities of interest are consequently the beta-decay inten

sity, the partial proton widths, the total gamma widths, and the level 
s a) 

spacing. The fluctuations in the gamma widths are known to be very 

small and the contribution from them will therefore be omitted. The 

spacing between neighbouring levels have fluctuations that may be de-
*)5b) 

scribed by a Wigner distribution but as long as AE/D. >> 1 the ex-
5c) . ^ 

istence of long-range correlations in the spacings will make the con

tribution from fluctuations in the level spacings negligible. The main 

source of fluctuations comes from the beta decay intensity and the par

tial proton widths, which are both assumed to follow the Porter-Thomas 
•  6 ) * * )  

distribution 

If the proton intensity from the state V is U one has 

Rlf = D. Ilf. (V.3) 
P i P 

Postulate that there are no correlations either between the beta and 

proton channels or between different proton channels. A rough estimate 

of the variance in R^ can be obtained using the expression7^ 
P 

N / ,2 

Var [f (x !, x2 , ..., xn)] = £ (^-) Var \ • <v-4) 
i=i \ i/ 

Applying this with 

Var Rlf = Var (D. • Ilf) (V.5) 
P i P 

one gets 

*) For a Wigner distributed variable x with mean 1 the probabability 
density is 

p(x) = exp [-(nx2/4)1  .  

**) For a Porter-Thomas distributed variable x with mean 1 the proba
bility density is 

p(x) = 1 exp [-(X/2)3 . 
/ 2TTX 
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Var R 
if 

Var I. + 

Var T 1 + I D. . —K-n- I Var T 

P ' Var T . (V.6) 

Following the discussion given above the variance in the gamma width and 

the level spacing are equal to zero. The assumed Porter-Thomas distri

butions for rjf and Ig gives (in terms of the mean values) the variance 2 

for these quantities. The result then becomes 

R") 

- 2  

Var Rlf = aLf = 2 + 2 
P 

2T 
if 

1 -

(V. 7 ) 

The limiting values of Eq. (V.7) are 4 if T1 » T1 and 2 if the proton 
9)Y P 

channel i -* f dominates. It can be shown that this expression gives 

an underestimate in the limit T1 >> since the product of two Porter-
Y . P 

Thomas distributions have the variance 8 instead of the value 4, implied 

by Eq. (V.7). This is, however, of little consequence here since, for 

the two cases where fluctuations have been observed (115Xe and 118Cs), 

the proton channel begins to dominate at low energies. 

The variance of the total proton intensity can be obtained by 

weighting the individual contributions (V.7) according to the response 

function of the detector and by summing over all intermediate spins and 

all final states 

Var I = (2 In 2)^ it ^ AE 1 Y Y (Ilf)2 D. alf . (V.8) 
p t—i L—i p i 

f i 

Var (I /I ) = (I ) Var I as calculated from these expressions will, in 
P P P P 

the next section, be compared to those obtained experimentally. 
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EXPERIMENTAL RESULTS 

In an experimental spectrum the fluctuations discussed until now are 

encountered with those from counting statistics. A simple method to sepa

rate the two sources of fluctuations from the experimental data is given 

in the Appendix. 

The results of calculations based upon the 115Xe (Fig. 11.10) and 

118Cs (Fig. II.7) spectra are shown in Figs. V.2, and V.3, respectively. 

The theoretical curves were calculated from Eqs. (V.7) and (V.8). The 

formulas and parameters were chosen as in Chapter IV. The experimental 

spectra were divided into sub-intervals and Var (I /I ) was calculated 
P P 

for each interval. An estimate of the errors in the experimentally ob

tained variance may be found from the following considerations: The 

experimental points are obtained from finite samples of size n (the 

number of experimental points in the interval of energy range E^). 

The theoretical sampling distribution of the variance of random sam-
*)  8  )  

pies from normal populations is related to the gamma distribution 

(with a = n/2 - 1 and 3=2) which gives a relative sampling error of 

/2/n if n >> 2. The relevant sample size is, however, not identical to 
9 ) 

the actual number of points in the interval E^ but may be shown to 

equal an effective number of points neff which is defined as 

"eff * E • k • (V'9) 

where the constant is determined from the response function of the de

tector (a Gaussian shape gives k = /"8 ln2/n). Following these arguments 

the experimental error can be estimated as Var N • /2/n^^. This is 

valid provided that the fluctuations are normally distributed and that 

no additional uncertainty comes from the method of separating Var (I^/l^) 

from the experimental data. In Figs. V.2 and V.3 the errors have been 

increased by a factor of two over this rough estimate. 

*) For a gamma distributed variable x with mean 1 the probability density 

is 

/ \ 1 a -x/3 
p(x> = x e 

ß r(a + 1 ) 
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PROTON ENERGY, MeV 

Fig. V.2 The variance of the delayed proton intensity from 115Xe. 
The curve shows the theoretically predicted energy de
pendence calculated with Q = 8.14 MeV, Bp = 1.94 MeV, and 
jt\ = 5/z+. The experimental points were obtained with 
the method given in the Appendix. 

The only parameter of importance in the theoretical expression for 

Var (I /I ) as given in Eq. (V.8) is the level spacing, D.. The results 
P P ^ 

shown in Figs. V.2 and V.3 therefore indicate that the level spacing cal

culated from the formulas in Ref. (3) gives an over-estimate for 115l and 

an underestimate for 118Cs. 

i. SUMMARY 

It has been shown that a study of the fluctuations in a beta-delayed 

proton spectrum provides a method for determining the level density of 
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a. 
10 -

10 -

PROTON EN E RGY, MeV 

Fig. V.3 The variance of the delayed proton intensity from 118Cs. 
The curves represent the theoretically predicted vari
ances, calculated with Q = 8.99 MeV, Bp = 4.29 MeV, and 
I"T = 3+. Tfie final states were chosen as: I) 0.0 MeV 

(5/2 + ), 0.12 MeV (V"), 0.16 MeV (7/2 + ) , 0.22 MeV (3/2 + ), 
and 0.31 MeV ( 3/ 2  

+  ) . II) 0.0 MeV ( 5 / 2  +  ) , 0.16 MeV ( V )  ,  

0.22 MeV (7/2 + ), and 0.31 MeV (3/2+). Ill) 0.0 MeV (5/2 + ) , 
0.22 MeV (̂ +) , and 0.31 MeV (7/2+) . The experimental 
points were obtained with the method given in the Ap

pendix. 

the intermediate nucleus. The two cases analysed were especially fav

ourable since the conditions AE/D^ >> 1 and <<c If ^ are fulfill^. 

In regions where either or both of these conditions are not valid one 

has to resort to other methods to find a suitable function to describe 

the statistical distribution. An example on this (in the case where 

F 1  »  y r l f )  is given in Ref. ( 9 ) .  The physical content of the ideas 
Y  L £ p  
remain, however, the same. 
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APPENDIX 

Var (I /Z ) FROM THE EXPERIMENTAL DATA  
P P  

Assume that the outcome of an experiment is Ni,N2, N^, ... 

counts in the channels 1,2, n, ... (from a great number of contri

buting resonances). Further assume that there are two sources of fluctua

tions : 

i) a contribution from the counting statistics which has a Poisson 

distribution and the variance 

Var N = N ; (A.l) 
c 

ii) a contribution from fluctuations with the variance 

Var Nfl = kN2 . (A.2) 

If the spectrum is smoothed by a Gaussian function one obtains for 

the number of counts in channel i 

» •  -  I  » i  
/2tt a 2  

exp f (i - i': 
L 20̂  

(A. 3) 

where the sum extends over all channels. Let the experimental data be 

smoothed with two different widths 0 of the smoothing function 0i and 

a2 where O2 » öi. The difference between the counts in corresponding 

channels in the smoothed spectra is then 

AN. = NSl  
1 1 

<S2 = Z »•' 
1 !—> 1 

/ 2TTÜ? 
exp 

(l 1 } ] -
L  2 a ?  J  

; i\ 2 
exp 

2tto. 

(i - i') 

2 a| 

(A.4) 



-  1 2 6  -

The variance of AN is given by 

2  
Var AN = £ [ . .. ] Var N (A.5) 

If one assumes that the number of channels is large and that 1 « CJi « 

one may use the approximation 

£  [ • • • ]  ~  J  [• • • ] 2  d i '  =  f ( t f i > t f 2 )  . . .  (A.6) 

which gives 

f(CTi 
r \  i r (i - i')21 i r (i - i*)2i 

'°2) = / ) Ö 2 eXP 5 + 7 eXP " i " 
J l 2-noî L o\ J 2TTO\ L O\ j 

(te1)]!«-TTCJ i O 2 
(A.7) 

if i » 1 the integration may be extended from - » to + 00 which gives 

f(0l,02) , -L (A.8) 
2/if Val a2 /of + o\) 

With the parameter y = OilO\, and B^j2 1 = 2/2 ln2 ai one may write 

f(a i ,a 2 )  =  •2 ln2 

Bl/2,1 * ^ 

1 + I - 2/1 

y A  + y2 (A.9) 

Under the assumption that there are no correlations between the two" types 

of fluctuations one gets 

Var AN 

N2 V »/ 

/2 ln2 

B . • /tT 
1 / 2 , 1  

1 + - -
2/2 

y 7TT 
. (A.10) 

In this expression k/2 ln2 tt ? B, . , 1 corresponds to Var (I /I ) as 
1 / 2 ,1  p  p  

given in Eq. V.8 and one has to solve 

Var (i /I \ = Var (l + - - , 1^ \ 1 - - /2 ln2 (A. 11) 
\ P P /  \ N / \  y  / l +  y 2 /  N  •  B j  / 2  !  

to extract the experimental estimate on the variance. 
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