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изотопов: (7,9+.(ХЗ), (6,2+.0,2) и (4,3 + 0,3) МэВ, соответственно, ( Qo -
энергия К-захвата, В р - энергия связи протона в дочернем ядре). Про
веден анализ формы протонных спектров с помощью статистической моде
ли процесса, который указывает ва наличие локального резонанса в сило
вой функции Р -перехода при энергии возбуждения дичеркего ядра около 
5 МэВ. 
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117 118 121 The delayed proton emitters ' ' 3» have been invest i

gated us ing the on-line BEMS-2 isotope separa tor . Prom measu re 
ments of positron-proton co inc idences the (QQ-B^) va lues for t he se 
i sotopes (where Q 0 i s the К -cap ture energy, and B

p j s the proton 
binding ene rgy of the daughter nucleus) have been obtained to be 
(7.9+0.3), (6.2+0.2) and (4.3+0.Э) MeV^respect ive ly . T h e s h a p e s 
of proton spec t r a have been ana lysed within the framework of 
the statist ical model. T h e ana lys i s Indicates the p r e s e n c e of a local 
r e s o n a n c e in the 0 -s t rength function a t the 5 MeV excitation 
ene rgy of the daughter nuc leus . 
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1. INTRODUCTION 
Delayed proton emission is a typical process 

for isotopes with a considerable neutron deficit. 
Studies of this process permit the extraction of 
information on the properties of nuclei far from the 
line of 0-stability (see , e.g., r e v i e w s / 1 , 8 / ). The 
measurement of positron-proton coincidences enables 
one to determine the energy of the /3* -decay,(Q 0-B_ ), 
where Q 0 is the energy of the electron capture of 
the parent nucleus, and B p is the proton binding 
energy of the daughter o n e ' 3 * ' . This quantity is 
c losely related to the mass difference between the 
initial and final nuclei and, therefore, may be used 
to verify the existing atomic mass formulae. A n ana
lysis of the smoothed shape of proton spectra pro
v ides information about the j8-strength function /ъ,6{ 

The isotopes 117, 119. 181 B a ) r ) a v e f i r s t been iden
tified in r e f s . / 7 , 8 , 9 / ' . A. more detailed analysis of the 
properties of the proton emitters 1 1 9 r 1 B 1 Ba is con
tained in r e f / 2 6 { wherein the /Sp" -decay energies were 
measured and evidence for the presence of a local 
resonance in the /3 +-strength function for these 
isotopes has been obtained at an excitation energy 
of about 5 MeV. In the present paper the results 
of measurements of the (Q 0-B.) value for all the three 
emitters are presented. The performed analysis of 
the proton spectrum shape confirms the presence 
of the local resonance which manifests itself most 
vividly in the proton spectrum of 1 1 7 B a , 

3 



2. EXPERIMENTAL TECHNIQUE 
T h e experiments were car r ied out us ing a n e x 

ternal beam of the U-300 heavy ion cyclotron of 
the JINR Laboratory of Nuclear React ions. A metal
lic target prepared of enr iched (90%) 9 Mo, about 
2 mg/cm 2 thick, was bombarded with S ions 
(E - 190 MeV). The isotopes investigated were 
formed in the following r e a c t i o n s : 9 2 Mof2 S,2p5n) 1 1 7 Ba 

9 2 Mo( 3 2 S .2 P 3n) 1 1 9 Ba a n d 9 2 Mo? 2S,2 Pn) 1 2 1Ba. The tar-
get was placed in the vicinity of the high-tempera
ture surface-ionization ion sou rce of the BEMS-2 
isotope separa tor , which provided the continuous 
separa t ion of i so topes . The recoil nuclei knocked 
out by the beam from the target penetrated inside 
the ion s o u r c e through a thin tantalum foil. 

A detailed descript ion of the BEMS-2 isotope 
sepa ra to r i s given in r e f / 1 0 / A measuring dev ice 
was located in the focal p lace of the isotope s e p a 
rator. A n activity due to the isobar with a se lec ted 
mass number was collected on a d isk ca tcher 
(1.5-5 д m ) and placed between the Si(Au) proton 
detector and scintillation 0 -counter . The small 
th ickness ( l mm) of the scintillator provided a low 
sensitivity of the counter to the у - r ay background 
and the amplitude standardizat ion of pu lses a s a r e 
sult of the weak energy dependence of the specific 
energy l o s s of e lec t rons . The /3 -channe l efficiency 
measured us ing a ThC ion s o u r c e w a s 42+_2%. 
Signals from the /3- and proton de tec tors were am
plified and then fed to differential discriminators with 
a timing mark for the a p p e a r a n c e of a pulse . The 
select ion of true and random coinc idences was per
formed using the combination of a time-to-pulse height 
conver ter and two conventional differential discrimi
nators . T h e total resolving time of the experiments 
was 0.3 fis, which furnished a 100% detection of true 
co inc idences . T o r educe the background the e lect 
ronic equipment was blocked during the p a s s a g e of 
the beam. In the experiment the simultaneous record
ing of three proton spec t ra was performed, namely, 
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without coincidence, in true and random coincidence 
with posi t rons. 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
a) The /3 P - d e c a y energy 

,119 Figure 1 shows the proton spec t ra of Ba in 
coincidence (histogram l) and without coincidence 
(histogram 2). One c a n eas i ly s e e that the inclusion 
of co inc idences l eads to the suppress ion of the 
h igh-energy part of the spectrum, b e c a u s e the in
c r e a s e in the delayed proton energy co r r e sponds 
to a d e c r e a s e in the partial energy of the t rans i 
tion. In this c a s e the relative probability of electron 
capture making no contribution to the coincidence 
spectrum i n c r e a s e s . The ratios of integral inten
sit ies of protons measured in coincidence 

Ep(MeV) 
.не Fig. 1. Delayed proton spectrum of Ba in coinci

d e n c e (l) and without coincidence (2) with posit
rons. 



to all measured protons a r e equal to (28+_1.б), 
(12.1+0.5) and (2.1+0.4)% f o r 1 1 7 Ba , 1 1 9 B a and 1 2 1 Ba , 
respect ively. 

Although the total sensitivity of the employed 
plastic scintillator to y - rays is a s low a s (0.65+_ 
+_0.15)% in the energy range 0 .6>E>0.15 MeV, the 
ratios obtained contain a contribution from the Py 
coinc idences assoc ia ted with the population of 
the low-lying s ta tes of the daughter nucleus during 
the proton decay . Neglecting this contribution will 
lead to the overestimation of the value of the a v e r a g e 
probability of positron emission before delayed proton 
emission ,R, determined from these ratios and, c o n s e 
quently, to the overestimation of the (QQ-B )value, 
this overestimation being the more substantial the 
smaller the value of the ratio. 

To take the contribution from p у -co inc idences 
into account additional experiments were carr ied 
out in which a plastic scintillator 17 mm thick was 
u s e d a s a /8 -counter . The u s e of a "thick" sc in 
tillator resul ts in a factor of 10 incre< :se in the 
partial contribution from Py -co inc idences s ince the 
total efficiency of у - r ay detection i n c r e a s e s to 
(б.5+_0.4)%. The efficiency of detecting fip - co inc idences 
remains unchanged in this c a s e a s the experimental 
geometry and energy thresholds do not change . By 
comparing the relative yields of protons in coinci
d e n c e for two scintillators one can der ive data on 
the a v e r a g e number of у - r a y s per one emitted pro
ton (y/p) and estimate the contribution from py coinci
d e n c e s . T h e y / р va lues measured for the 119,121 rj a 

emitters a r e equal to 0.6+_0.2 and 1.0+_0.15, respec t i 
vely, and the total contributions from py -co inc idences 
taking the у -transition convers ion into account a r e 
equal to (l.5+_0.3) and (2.0+_0.13)%, respect ively. After 
making this correct ion and taking the /3-channel 
efficiency into account , the experimental va lues 
of R a r e equal to (69+5), (25+_2) and (o.2+_1.2)% 
for 1 1 7 Ba , 1 1 9 Ba and ^ Ba, respectively. 
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The ratio of the intensities between protons 
emitted after positron d e c a y and all emitted protons 
with ene rgy E may be presented in the form 

R ( E p ) - 2 a f (E p ) [ l+W f (Q)/W ( Q ) ] - 1 , ( l ) 

where a f (E ) i s the fraction of protons with ene rgy 
E „ , corresponding to the d e c a y to the final s ta te 
of the daughter nucleus with a n excitation ene rgy 
EflW /Wo+ is the ratio between the probabilities of 
electron cap ture and positron decay . It i s known 
that for allowed transit ions Wf /W£+ is independent 
of nuclear matrix elements and, at a given value 
of Z, determined only by the transition energy, 
Q - Q 0 - B p ~ E f -E pA/(A+l). T o determine (Q 0-B p) the 
experimental va lue of R w a s compared with the ca l 
culated one obtained by averag ing over the proton 
spectrum. In the a b s e n c e of d e c a y s to the excited 
s t a t e s of the daughter nuc leus the R va lue i s only 
a function of (Q0—Bp ) and the value of the latter may 
be found with a n a c c u r a c y not poorer than +_100keV. 
In the c a s e s where d e c a y s to excited s t a tes cannot 
be neglected the a c c u r a c y of the determination of 
(Qfl— В ) from t h e / 3 + P - c o i n c i d e n c e s becomes lower due 
to the necess i ty of using the theoretical va lues of 
the a f coefficients. T h e calculation of a j (E p ) 
was carr ied out on the b a s i s of the statistical mo
del of delayed proton emission /1.2,5,6/ us ing the 
va lue s of ene rg i e s and sp ins of final s t a t e s from 
r e f s . / n - 1 2 / * a n d the va lues of Wt №p+_ from re{./1^{ 
Pigure 2 shows the dependei ice of R on (Q0 -B ) 
for 1 1 7Ba, which was calculated for the most probable 
sp in va lues of the initial nuc leus . Prom this figure 

* The first excited s t a tes of m X e a r e : 2 + 

(0.39 MeV), 4+(0.92 MeV) and 6 + ( l . 5 1 MeV), of il8Ke 
a r e : 2+(.0.34 MeV), 4 + (0 .81 MeV) and б1" (1.40 MeV), 
and of 1 2 0 Xe a r e : 2 + (0.32 MeV), 4 + (o .79 MeV) and 
6 + ( l , 3 9 MeV). 
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R l ' ' г 

Qo-Bp (MeV) 

Fig. 2. Relative probability of positron emission per 
one emitted proton for Ba a s a function of the 
Q - B value . T h e ' c a l c u l a t e d c u r v e s a r e given for 
th° e l l7^ a S p i n va lues of l/2~ and 3/2 ± The a r rows 
show the region of possible Q - B p va lues , a s s o 
ciated with the nuclear spin uncertainly, and the 
da shed l ines indicate the er ror due to the statistical 
a c c u r a c y of the measurements . 

it follows that the uncertainty due to the spir; value 
l e a d s to a n additional ambiguity in the value of 
(Qn—В „) obtained from the comparison with experiment. 
This ambiguity however is not ve ry great (about 
150 keV). 

The net resu l t s on the (Q„—В ) va lues for the 
i s o t o p e s 1 1 7 , 1 1 9 , Ba, obtained from the comparison 
of the experimental R value with calculation, a r e 
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Table 
г. х • «.. r !> -. i t - ^ 1 1 7 . 1 1 9 , 1 2 1 _ 
Some charac te r i s t i cs of the delayed proton emitters Ba: 
Ti^ is a half-life, (Q 0

_ B p ) i s t n e e n e r g y o i the # + P-decay , p/j8 + is the proton 
branching (the theoretical branching va lues a r e calculated using the 
statistical model of delayed proton emission; the spins of the ground s ta tes 
of barium isotopes used in the calculat ions a r e given in paren theses ) . 
Isotope 

T 
Q 0 - B p (MeV) P//3 + 

W experiment mass formula calculation ca lcu
lation 

e x p e 
(s) 

experiment 

/14/ /15/ /16/ /17/ /18/ 

ca lcu
lation riment 

1 1 7 Ba 1.9+0.2 7.9+0.3 8.1 8.5 9 .1 8.9 9.5 9 x l 0 " 2 (3/2 +) 
4.5xl0" 2(3/2") -

1 1 9 B a 5.4+0.3 6.2+0.2 6 .1 6.5 6.9 6.8 7 .2 4.6x10 " 3(5/2 +) 
1.7xl0' 3 (5/2") 

-

1 2 1 Ba 29.7+1.5 4.2+0.3 4.2 4.4 4 .8 4.6 5.4 1.2x10"* (5/2*) | ( 2 + l ) x l 0 -
З . З х Ю - 5 (5 /2 l 1 

м- .й*вЗ>«»» в " , , к , " № 



s h o w n in t h e T a b l e . In t h e e s t ima t ion of e r r o r s s p i n 
v a l u e s w e r e a s s u m e d to b e l /2~ a n d 3/2 - f o r 1 1 7 B a , 
a n d 3/2± a n d 5/2 * for t h e i s o t o p e s , 1 9 l l 2 1 B a ( i n a d 
di t ion, t h e l o w e r limit of t h e (Q 0 -Bp) v a l u e for 1 2 1 Ba 
w a s e s t i m a t e d from t h e e n d point of t h e p r o t o n 
s p e c t r u m ) . 

A l l t h e s e i s o t o p e s b e l o n g to t h e n e w r e g i o n of 
de fo rmed n u c l e i with 50< Z a n d N<82.The p o s s i b l e 
s p i n v a l u e s i n d i c a t e d follow from t h e l e v e l s c h e m e 
t a k i n g in to a c c o u n t t h e u n c e r t a i n t y of ihe c a l c u l a -
t ional p a r a m e t e r s ( s e e , e .g . , r e f s , / 1 7 > 1 9 / ) . 

T h e c o m p a r i s o n of t h e r e s u l t s with t h e p r e d i c 
t i o n s of d i f ferent m a s s fo rmulae /14-18/ s h o w s tha t , 
a s in t h e Те r e g i o n , t h e m a s s formulae of G a r v e y -
K e l s o n a n d Z e l d e s / ' 1 4 ' 1 5 / t u r n out to b e t h e mos t 
r e a l i s t i c . S o m e c h a r a c t e r i s t i c s of t h e d e l a y e d p r o t o n 
emi t t e r s U 7 , 1 1 9 , 1 2 1 Ba a r e p r e s e n t e d in the T a b l e . 

b) A n a l y s i s of t h e p r o t o n s p e c t r u m s h a p e 

T h e o b t a i n e d v a l u e s of (Q(p^p) w e r e u s e d t o 
a n a l y z e t h e s h a p e s of p r o t o n s p e c t r a in t h e f r a m e 
w o r k of t h e s t a t i s t i c a l mode l of d e l a y e d p r o t o n 
e m i s s i o n . T h i s mode l i n v o l v e s t h e a v e r a g e v a l u e s 
b o t h for t h e p r o b a b i l i t i e s of P t r a n s i t i o n s to p r o t o n -
u n s t a b l e s t a t e s a n d t h e d e c a y p r o b a b i l i t i e s of t h e s e 
s t a t e s . Within t h e f ramework of t h i s mode l t h e d e 
l a y e d p r o t o n s p e c t r u m m a y b e wri t ten in t h e fol
lowing form: j f 

AN(E n) Г р 
В 2 g ( I , I . ) f ( Z . Q - E ) S A , (2) 

A E p if * ° Р Г 1 

w h e r e g (I. I j ) i s t h e s t a t i s t i c a l weight f ac to r for 
t h e /3 - t r a n s i t i o n of t h e n u c l e u s with s p i n I t o 
a s t a t e with s p i n Ij ; '(Z,Q 0—E) i s t h e F e r m i i n t e g r a l 
funct ion t a k i n g in to a c c o u n t bo th p o s i t r o n d e c a y 
a n d e l e c t r o n c a p t u r e ; So i s t h e | 8 - s t r e n g t h 
funct ion e q u a l t o t h e to t a l r e d u c e d t r a n s i t i o n p r o 
babi l i ty p e r uni t i n t e r v a l of t h e d a u g h t e r n u c l e u s 
e x c i t a t i o n e n e r g y , Г р i s t h e a v e r a g e p r o t o n width 
for t h e d e c a y from a s t a t e with s p i n Ij t o t h e final 
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state with spin I, ; г ' - Г ^ + Х Г * ' is the full width 
determined by the radiative and total proton widths. 
It i s a ssumed that the averaging interval ЛЕ р is 
cons iderably larger than the level spacing. 

Por g(I.ii) the express ion g-(2I ( + l)/3(2I + l) 
was used . Por the excitation energy E the following 
relation is valid 

E -В +Е, л'Г, А /А-1 , Г-Л 
p i p \'i 

where A is the mass number of the initial nuc leus . 
The proton widths were calculated using the known 
optical model formula and transmission coefficients 
from ref. and level densi ty parameters from rof. . 
The radiative widths were found using the semiempi-

/OP/ 
r i ca l formula from ret. 

Irj a first approximation it was assumed that the 
ft¥ -s t rength function is constant within the limits 

of excitation energy corresponding to the proton 
spectrum. This assumption a g r e e s with the p resen t -
day theoretical concep t s (see , e.g., ref. ' ) a c c o r d 
ing to which for the allowed ft - d e c a y of nuclei 
with N > Z the region of real transit ions c o v e r s the 
"tail" of the giant Gamovv-Telior r e sonance , wherein 
the strength function c h a n g e s slightly. However, the 
local r e s o n a n c e assoc ia ted with simple configura
tions well populated in /^- t rans i t ions can cover this 
smooth behaviour of So . 

Evidence for s u c h a n unusual behaviour of the 
strength function h a s been obtained in the s tud ies of 
the proton spec t ra of 1 0 9 T e ' 2 4 / a n d 1 , 5 Xe . ' 6 In the 
c a s e of Те the local r e s o n a n c e manifests itself 
most vividly. Por these nuclei r e s o n a n c e s were a s 
sociated with the transition of the proton from the 
c losed shell g 9 / 2 to the neutron 67/2- which led to 
the formation of a three-quasipart ic le state. This 
s ta te appea red to be "spread" over the real s ta tes 
of the nuc leus d u e to the res idual interaction. 

The ana lys i s descr ibed in this sect ion h a s been 
made to obtain information about the ft -s t rength 
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function for ' ' Ba. From estimates _of the 
average values of the strength function So »(fl) - 1 . 
made under the assumption of the Sa constancy at 
excitation energies exceeding the pairine cut-off 2 i 

one can conclude that these isotopes underwent 
the allowed Gamow-Teller fi' -decay. The Ŝ  values 
for 1 1 7 ' 1 1 9 ' 121 B a a r e e q u a l t o 4.5xlO"5 MPV" 1 =" : 

4.1xlO"5 MeV"1 s - 1 and З.ОхЮ'5 MeV"1 s"1 . respective
ly. In these estimates the experimentally obtained 
halt-lives and the calculated values of Q n

1 ; > were 
used. 

The fi -decay of barium isotopes was considered 
in ref.'"' using a microscopic modei taking deforma
tion, pairing and Gamow-Telier forces into account. 
The calculations predict a maximum in the /Г-
strength function for the isotopes 3 1 , • I 1 9 , ' 2 1 Ba at 
the 5-7 "VIeV excitation energies ot the daughter 
isotopes. This maximum should be mainly due to 
the allowed transitions pf 404 ' ]-»ni404*jand pt413 *l-»n|413- !. 

The position ot resonances is only slightly sen
sitive to the spins of the ground states of the nuclei 
involved in the б-decay and one should expect 
that the resonance character of S p will manifest 
itself in the form of delayed proton spectra. 

A. comparison of the experimental proton spectra 
of 1 1 7 , 1 1 9 , Ш Ba with the spectra calculated in 
terms of the statistical model assuming the constant 
So value is presented in fig. 3. The calculation 
was made for spins 3/2 * for 1 1 7 Ba a n d 5/2 ± for 
119, 121 B a 121 It should be noted that for Ba the value of 
y/p - 1.0+_0.15 can be regarded as an argument 
supporting spin 5/2 + as the statistical model calcu
lations yield the values of y/p»0.4 for spin 3/2+ 

and 0.8 for spin 5/2+, which practically do not 
change with wide range variations of Qo and Bp .The 
comparison of the calculated and experimental va
lues of the proton branching also favour spin 5/2 + 

(see table). The proton binding energies in 1 1 7 , 1 1 9 , E 1 Cs 
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Ер (MeV) 

Pig. 3. Comparison of the delayed proton spec t ra 
of 1 1 7 , 1 1 9 , , 2 1 Ba with statistical model calculat ions. 

a r e taken to be equal to 0.85, 1.63 and 2.30 MeV, 
respect ively / 1 5 / . 

One can s e e that the calculation reproduces the 
"gross" s tructure of the proton spec t ra only qualita
tively, quantitative agreement being absen t . 

The ratio of the intensities of the experimental 
and calculated spect ra , which reflects the behaviour 
of the strength function is presented in fig. 4 . In 
the c a s e of the lightest barium isotope, 1 1 7 3 a , the 
r e s o n a n c e in So is the most pronounced. Por both 
of the assumed va lues of I 1 1 «3/2-. the behaviour of 
the dependence remains unchanged and indicates 
the p r e s e n c e of the r e s o n a n c e at a proton energy 
E p - 4 MeV, i.e., a t a n excitation energy E - 5 MeV (з). 
In going to the heavier isotopes 1 1 9 , 1 2 1 Ba the 
i nc rease in the proton binding energy B p in the 
daughter nuclei and the displacement of the r e s o 
nance to the region of the lower excitation energ ies 
lead to that the r e s o n a n c e in the proton spectrum 
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6 7 
Ep(MeV) 

Fig. 4. Ratio (averaged cr.'er a 400 keV interval) 
of the experimental and calculated proton spectra 
Of 1 1 7 . U 9 , 121 B a _ 

should be expected at energies E - 2-3 MeV„ i.e., 
on the boundary of the observed proton spectrum. 
In fact, it is reasonable to interpret the histograms 
shown in figs. 4b and 4c just in this way, although 
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one cannot exclude that in the c a s e of "' Ba 
the deviation of the statistical model spectrum from 
the experimental one may be due to the anomaly 
available in the proton width, a s it is obse rved 
in the region wherein Г <Г у 

The authors a r e grateful to Professor G.N.Fle-
rov for his support of the work, V.G.Subbotin and 
O.K.Nefediev for their a s s i s t a n c e in providing e lect 
ronic equipment, and the cyclotron staff for perform
ing irradiations. 
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