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Firat ’results. of the experiments on the study of delaved proton
emitters among tellurium isotopes were presented in papers 1'2/ . Furhter
on it was shown/ 3/ that the situation with proton emitters ir the tellurium
region is a little more complicated than it had been described ln] 1.2/ .In
the bombardment of ser.;arated *2 Mo ard “Mo isctopes with?® Ne and %2 Ne
ions proton activities with half-lives of (4.2 + 0.2), (19.0 + 0.7),(13 +2)
and (60-80) sed ¥ were observed. The analysis of the excitation func-
Hons drove to @ conclusion that the first two emitters are isctopes 109 o
ard 'Te

The present work was done with a view of detailed study of the
secord proton emitter, In our experiments a target .of separsated xode
was bombarded with- ¢ ions. The experiments were performed . with
the external beam of the JINR 150 cm He#vy Jon Cyclotron.

II. Experimental Details

A block-diagram of the experimental arrangenient is shown in Fg. 1.
1t was based on the gas collection method developed by Macfarlane and
Grifﬂoen/ 4/. .The targét+/ was placed before the entrance to a small cy-

*lhe tardet of '9%Pd (1.6 mg/cmz) was prepared by means of elecf-
roplating of a metallic layer or ‘the 3pu thick copper backin%. The isoto-
plc composition was as follows: 102py _39,5%; '°%Pd -19.0%; '°°Pd -20,1%;
106 pg _12.3%; '°° Pd -6.4%; '!°Pd - 2.2%. ‘



lindrical chémber (stopping chamber) in which helium was applied under
pressure of 1 atmoéphere. This chamber was connected by means of
an orifice (0.35 mm in diam) with a large chamber (detection chamber)
which was continucusly evacuated. The pressure in the detection chamber
was about 1 mm Hg . Because of the large pressure difference a nar—
row jet of hellum poured out of the stoppirng chamber. Nuclear reacfion
products were emitied from the target due to the momentum transferred
by a projectile, slowed down in heliltm and taken away by & gas flow.
The gas stream was directed to an aluminium catcher. The nuclear reac-
tion products taken away by the gas stream were adsorbed on the sur-
face of the catcher ont a spot of about 40 mm= (~ 90 per cent of the
whole activity adsorbed). The slze of the spot was mainly determined
by the distance between the catcher and the orifice of the stopping
chamber, i

The catcher was a disk, 190 mm in diam, }t was pericdically turned
by 45° away transporting the accumulated activity to & charged particle
spectrometer, It took about 0.15 sec fto turn the disk, When orie sector
of the disk was at the spectrometer the neighbouring orie gathered acti-

vity. The same sector faced the stream every eighth cycle (one compléte
turn of the disk). This decreased the intensity of the betd-gamma-back-
ground, sirice the long-lived beta activity was uniformly distiributed bet-
ween eight positions., .

’ Helium evacuated from the detection chamber was let through cotton
wool filtérs ard theri passed back 1o the stopping chamber. This conti-
nuous circulation significantly reduced gas cornsumption and prevernted
the danger of radicactive contanination of the air.

In general, the collection efficiency was strongly dependent upon
the purity of the gas used. Formerly liquid-nitrogen-cocled traps with
activized coal were used for purification of the clrculating gas. However,
later on it was found that efficient and ‘stable collection can be achieved
even without additional purification If the surface of the collector Is
covered with a thin layer of a high~vacuum silicon oil. In our experimehts
.the collection efficiency was about 50-70%. This @ue was determiried
by means of alpha-active dysprosium isctopes which were produced by



the bombardment of Nd with '2C lons. The total, activity and its part
absorbed on the swface of the catcher from the gas stream were mea-
sured slmultaneou.sly. For this purpose a grid with known transparency
was placed lmmedlately behind the target in the way of the recolils. The
total yield was determined by measuring its activity.

The back wall of the stopplng chamber was vacuum-sealed with
20  thick aluminium foil. The '*¢ ion beam passed through this foll
into a Faraday cup placed in the detection chamber. v

In the first experimehts aytelescope conslsting of a thin proportional
counter (for measuring -—i——- ) and a gold-surface-barrier-silicon detector
(for measuring E ) was used. In these experiments the intensity of alpha |
ef‘n.ission was very lows Ny / N_< 0.004. Therefore later on only a silicon
surface-barrier detector was used. The energy resolution of the detector

measured by alpha-particles of ThC’ was 25-30 keV,

‘Between the catcher ard the spectrometer another disk was placed

which could be remotely put In six fixed positions. This disk was used
‘for installation of **py and ThC’ callbrating alpha-sources ard aluminium
absorbers. A250 ¢ . thick absorber (sufﬂclent to absorb all the protans)
was used to determine the background due to Intense beta- and gamma-
emission and electroinduction.
‘ A spectrometric system designed in the Laboratory of Nuclear Re-
actions JINR, consisting of a vacuum fube pre-amplifier, semi-conductor
amplifier and expander was used In the experiments, Amplitude and time—
amplitude analyses were performed by means -of Al-256 ard AI-4096
analysers. The time of the collection on the cather of the activity was
. determined by the timer of the analyser. After this pericd the amalyser
was blocked and an electromotor was automatically put on to make one
turn of the collecting disk. As the activity spot on the catcher appro-
ached the spectrometer a photodiod was. put In operatiori. A pulse of
the photodiod put off the electromotor and started the analyser. ‘The
electronic circult- was also blocked during a high-frequency pulse of
the cyclotroru | :



Results and Discussion

A proton decay curve obtained in the bombardment ‘of **pg with
C ions is shown in Fig. 2. A distinct exponential shape is due fo

a (19.5 + 0.5) sec activity.
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The proton energy spectra are shown.in Figs. 3 and 4. A genefal
behaviour of the proton spectrum s shown in Fig, 3.> A sharp rise at
iower energy region is due to beta~ and gamma-background. A spectrum
‘measured by means of a 0.5 cm2 surface-barrier detector with a guard
ring is shown in Fig. 4. In this case each channel cost about 8 keV.

2, The results of the exberiments on medasuring, the excitation
function of the proton emitter are presented in Fig. 5. The>uC ion Inci-
dent energy was varied by means of absorbers of dlfferent thickness,
'l‘he absorbers were remotely changed durlng the lrradlatlon. In order
to prevent errors due to a possible non-uniformity of the target thickness
and the instabllity of the beam position long-continued bombardments
were performed, the Incident energy‘ was changed every three minutes:
and all the points of the curve were consecutively taker. Multiple re—
petition of these cycles provided for obtaining necessarily averaged

data,
’ The Inaccuracy in energy measurements due to a finite thickness
of the target and non-monochromacy of the beam was equal to + 1L.5MeV.
The errors In the value of the relative vield are onl;y statistical,
The position of the excitation function maximum for the reaction

followed by emission of x neutrons iIs determined by the following
expression:

(Emax)cm =R, +e€, €,= 2 ,ET1+E;'- !
where Q, Is the reactioni threshold, T, Is &n average temperature in
i —evaporation cascade, E Is the energy taken away by gamma-rays;
) - b
In order to calculate the wvalue of ——xi—— the experimental cross
sections were normalized over the total cross section calculated ac-

cording tél 5/ (the left curve In Fig. 5). The value of Q_ was fourd



from the mass tables[ 19/ (the mass tca.bleJ7 '8[ give approximately the
same values of Q ) For reacﬁons followed by eniission of three arnd
four neutrons the values of -—;—- are equal,’ respectively, to:

L]

£2 - (6.1 x 0.5 MeV  and “i= (22 2 09 MeV.

The first value is close to the expected one, the second one seems too -
smaulgl . Thus, ‘a 19.5 sec act.lvity can be most probably ascribed to
“lTe This concluslon was later confirmed by the experiments on the
study of radloacﬂve properties of Hipe decay products/ 21]

3, The spectrum shown in Figs. 3 and 4 has a complicated struc-
ture, Within an energy range of 2-3.5 MeV there are at l_east 18 peaks
correspbndlng, to transitions between certain levels.

The illustrative scheme of l”Te decay is shown in Fig. 6. The
spin - parity of ''Te is probably 5/2* (the spin-parity of the known
everrZ nuclei with 59 neutrons is 5/2%). Isotope M. undergoes beta-
transttlons to different states of l“ :

ing to allowed transitions, Le. 3/2%, 5/2*, 7/2 will be popu]ated with
greatest probability. The protort binding energy (B,) in''5 is caleu-
lated to be about 17 MeV®®, That means that'''s " levels with ex-
citationn energy E“;>:L7 MeV are proton-unstable. However, for small
values of ( E* - B_ ) the radiation widths of the levels ex’ceec{ the™
. proton one due to the effect of the Coulomb barrier. As a result, the

yield of protons with energ,iesv below 2 MeV is supressed. The rela-—

Sb. However, the levels correspond-—

tion of the proton width to the radiatiori one increases with excitation
energy. This is the reason of the (average) increase in the intensity
of the proton lines within 2-3 MeV energy range. Then the envelope
of the proton spectrum gdes downt due to the’ reduced level population
in beta~transition.

The averaged shape 'of the ' proton spectrum can be described by

)

the following expression:

(1
I‘pl

p )= 3 T f CE* 1) )W (0 B
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Here p(E*,J) is the density of the levels with momentum § for a pro-
ton-emitting nucleus; . E* = E+ B + E;,  .is the excitation energy of
this nucleus equal to the sum of the proton kinetic energy, the proton
binding energy and the excitation energy of the residual nucleus; I‘p‘: }
is the width of the level with momentum § with respect to the proton
emission followed by the formation of a residual nucleus in state § ;
" is the total width: T -r‘“’ S 3 S Wigten,( Qo= E* ) Is the
summarized probability of beta- plus—dé'cay and - electron capture in the

state with energy E* ; Q, is the total electron capture energy.
One can suppose that the spin and energy of the first excited state

112118

1%, are 2% and «~1.2 Mev (similarly to other even isotopes Sn).

of
Then the greatest contribution to the proton energy spectrum is made by
decays in the ground state of “‘DSn' the contribution of transitions to ex-
cited states is verv small (onlv several per cenfl. The transitions from
the level 7/2 to the ground state of e Sn are sigmﬁcanﬂy suppressed
due to the protorn centrifugal barrier ( fp = 4) Therefore the proton
spectrum is mainly determined by the transitions from the levels 3/2
and 5/2*,

The proton level widths in the formula (1) were calculated from the
known statistical formulﬁl 10/:

)

L (2s+1D(21+1)(2041) pm(E ;.
> 2”P(E*.j) (@

Here s is the proton spin,' 4 is the proton orbital momentum. i is
the spin of the final state ( ''°S1). The penetration factors P‘l’(r-: ) were
taken from papexj 11/x/ The radiation widths were calculated from ‘a semi-
empirica.l formula for the dependence of 1"(” upon the excitation energy,
mass number and level densit;le/. The level density p(E*,j) for ”!Sb
was calculated from the data of Gilbert and Cameron/ 13/. The calculated
.values, of —‘i_"-’- of the levels 5/2+'for di[ferent‘ Bp values are shown in
Fig. 7.

The probability of beta-plus—transitlon w

" can be writteri as' follows:

B*i-ng =E% in formula &)

x'/’I‘he authors are grateful to BIPustylrﬂk for some calculations of
the penetration factors.



w‘B++H(co_E*)=F(QU_E*)M’(E*),‘ (3

where- F(Q n-—E*) is the known function of energy determined by the no-
mograms for the tranSLtions of beta—plus—decav and electron caoture/ /
M (E¥)  is the aVeraged squared matrix element of beta-plus-transition.
Its exact dependence upon excitation. energy is unknown. The analvsls.
of data on the probability of delaved neutron emission (for example.
/ 15/) is usua].ly performed on the assumption that M? = const, l.e.is
msensihve to the excitation energy of the daughter nucleus. At the same
time there are indications that the matrix element of- beta—translt.lon is
probablv mclined to decrease with increasing level densxties of the daugh-

ter nucleus/ 16/ .

The proton spectra calculated from formula (1) on the assumption that
M? = const is shown in Fig. 8 together with the averaged experimental
spectrum, One can state that the calculated results do not agree with fhe
experimental ones for any permissible values of B, and Q‘; . The
change of values B, ard (Q, as compared with those given in F‘lg.IB
lead to even greater disagreement. This dlsag.reement cannot be exnlamed
by errors in calculating valges of —r—p -+ One can only admit that the
matrix element of beta-transition sharply reduces with increasing excita-
tion energy of Moy .

The theoretical curve satisfactorily describes the averaged shape
of the proton spectrum on the assumpti'on that sz= const. The results
of the calculations are given in Fig. 9. The shape of the speétrum to
the right of the maximum permits to determine the meximum proton energy

F,nax=Qo-B, ) the position of the maximum is sensitive to the values
of B_ , Fp , Fy . The best agreement is achieved for Qq -,B';‘SMeV.
The accuracy of the determination of the \alue B is not high .due to
possible errors .in calculations of the absolute va.lues of l"p and l"y
P e 0
and E_max = Q, B_ obtained by the comparison between the experi- -

(especiaily at proton energies below‘ 3 MeV). The values of Bp

mental and the calculated spectra are given in Table I,: The correspond-

ing values obtained from different semi-empirical mass formulae’ [6-8; 17-1Y/

are  also shown.



. It is noteworthy that our results; agree with‘calculatio‘ns from the
120/

Garvey-Kelson relation and are close to predictions from the semi-

[19]

Further study of delaved proton spectra seems interesting since

empirical formula of Zeldes et. al.

it can give information on M(E*) F

energy of beta-plus-decay of certain nuclei.

proton binding energy and the

The authors are grateful to Professor G.N.Fierov, Corresponding
Member USSR Academy , of Sciences, ‘for permanent and ericouraging
mterest and useful discussions. The authors thank VF‘Kushniruk and
Yu,P.Kharitonov for preparing high—resolution silicon surface—barrler
detectors and to V.G.Subbotin and B,V.Fefilov for deéighlng spécfromet—
ric devices. :

Table I

T

Expe- Cames Seeger Swia=z Wing WMHill- Zel- Garvey

rimen- ron I/ tecki ard man des, arnd-
tal e/ and Varley /18/ Gronau Kelson
: Myers  [17] and [20/
_ /8 Lev/19/
"re  6,36.9 8.3 7,57 7.89 5.73 5,86  6.96 6.7
Q°‘1¥ixe v ‘ -
sy, L3-1.9 .1.59 1.59 1.75 3.24 2.8 213 17
By MeV
Eppar= 49<E _ <7.22 6.49 6.65 3.0 4.1 5.34 5.0
=Q,~B, <53
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Fig. 1, The layout of the experimental arrangement, 1 - 2C ion beam, ) 2
2 - target, 3 - recoils, 4 - stopping chamber, 5 - Faraday cup, : {0 .
6 - orifice, 7 - recoil catcher, 8 - gas counter (AE/Ax ), , . 10 . e 30 . 40 50 60 m»'f,ec

9 - surface-barrier detector, 10 - disk for mounting absorbers
and calibrating alpha-sources. ’

. ; Kig. 2. The decay curve of p -activity from the reaction 102 Pd+“C.
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Fig. 3. The spectrum of a 19,5 sec
tion of 50-60 keV,
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The spectrum of a 19,5 sec proton emitter taken with resolu-

tion of 25~30 keV.
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Fig. 8. The comparison of the calculated proton erlergy spectrum with
the ayveraged experimental one on the assumption that ) '
M® = const o : ’
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