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PROTON EMITTER STUDIES IN THE REGION OF Z > 50

V.A. Karnaukhov, D.D. Bogdanov and L.A. Petrov,

Joint Institute for Nuclear Research,
Dubna, USSR.

The present report consists of two parts. In the first
part possibilities of obtaining nuclear information by
means of delayed proton emitters are considered, in the
second one our first results on the search for the proton
decay from the nuclear ground state are presented. The ad-
vantages of nuclei in the region of 2> 50, compared to
lighter ones, are not of principle, however, as will be
seen below, they really exist and make heavy nuclei, in

some respect, more predominant.

T. DELAYED PROTON EMITTERS

I.I. Introduction

Since the time of the first detection of the delayed
proton emissionI more than two dozens of proton emitters
were discovered. The heaviest of them were recently produ-
ced, Delayed proton emitters among the isotopes of rare -
earth elements have been synthesized in nuclear reactions
induced by accelerated 832 and Cl35 ions ( see the second
part of the report ). The heaviest isotopes decaying with

181,

proton emission ( Hg 183 Jhave recently been detected

as a product of spallation of lead by a team at the ISOLDE2

There is no doubt that delayed proton emitters may be found
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for the majority of elements, except for possibly the re -
gion of 2> 83 where the f}* decay is suppressed with the
alpha decay.

Fig. I gives an illustrative scheme of a decay re -
sulting in delayed proton emission. The beta decay of a nuc-
leus with large neutron deficiency leads to proton unstable
levels being populated in the energy interval of a few leV.
The shape of the proton spectrum for relatively heavy nuc -
lei is shown in Fig.L. The averaged spectrum exhibits a
gross peak. If the resolution is high enough the spectrum
reveals a fine structure which is due to the levels of the
daughter nucleus 3’4.

I.2. Gross Treatment of Proton Spectra

The gross structure of the proton spectrum is direc-

ly related to the one of the beta decay. This question has

3,5).

been analysed in detail in refs. The shape of the ave-

raged spectrum of delayed protons can be presented as fol -

lows: d)
——— I
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where .Ppﬁk is the usual statistical rate function, (Qg the

total K—capture energy, & !\A’> the squared matrix element
averaged over the levels in the energy interval ’AE:AEP ’
3) the mean level spacing, réfw the relative proton
width. The latter is essential only for the low-energy part
of the spectrum and can be calculated by statistical model

formulas. Thus, the averaged spectrum analysis may yileld

some information on the beta transition strength function.
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The theoretical importance of the investigation of the ave-
raged beta-—-decay properties has been shown by a number of
authors ( e.g. refs.6’7) and is discussed in detail in the
report by Yamada at this Conference.

In Figs. 2 and 3 examples of averaged proton spectra

i1 and TeIO9 ) are given. Lhe continuous curves are

( Te
calculated under the assumption that the strength function
is constant. The result fits well with experiment. Thus, in
the case of TeIII the deviation of the experimental points
from the calculated curve does not exceed 40 % for a com -
plete change of the intensity in the spectrum by a factor
of I00., The constancy of the strength function does not con-
tradict theoretical predictions. According to the theoreti-
cal consideration6’%)the Gamow-Teller strength function has
giant resonance shape. The peak energy of it is located
near the isobaric analogue state. The excitation energy re-
gion of interest (3-7 MeV) contains only the tail of this
resonance. Therefore the constant value of the strength
function is a good approximation.

Fig . 2a gives also the result of the calculation per-
formed under the assumption <?f7= const. ( exponential in-—
crease of the strength function with energy ) that was ex -
tensively used to date in delayed neutron calculations. The

inconsistency of this assumption is quite obvious.

I.3. Delayed Protons_and Mass Formulas

It seems useful to employ delayed proton spectra for

checking mass formula calculations in the region of nuc -
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lei with large neutron deficiency. At present several me -
thods are known for the calculation of nuclear masses.
For isotopes near thg stability line, the difference be-
tween these approaches is insignificant and does not solve
the problem which of them should be preferred. However, in
extrapolating calculations to a far off stability region,
the results essentially diverge and the experimental check
in this region may be crucial.

The shape of the average proton spectrum depends upon
the two energy parameters : proton binding energy, Rf, of
the intermediate nucleus and total Ft-? decay energy Qo«—Bp
The latter coincides also with the binding energy differ -
rence of the initial and final nuclei. The BP value defines
the low—energy part of the spectrum and the position of the
gross-maximum. The shape of the spectrum to the right from
the gross maximum depends mainly upon the Qo-gehvalue.Both
parameters can be determined by comparing the calculated
and experimental proton spectra.

The quantity QQ-BP can be measured in a separate ex-

periment, as well. In ref.a) it has been found for ‘I‘eIII

with a good accuracy by comparing the proton spectra in co=-
incidences with positons and without coincidences. The in-
tensity ratio is unambiguous determined by the ﬁj%( bran-
ching ratio which depends upon the partial transition ener-—
gy Q=Q,-8a-te « Thus, for pelll Q.- Rowas found
to be 5.07+0.07 MeV. The accuracy of the determination of

Q.- %Q> from the gross spectrum is somewhat worse.
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Table I shows the experimental and calculated decay ener-—

gies for TeIII and Telog.
Table I
Exp.MeV Co Se [Se-dig We=V zoG‘o—K_o_ N.

Ro-Bp
(reTtI_spI) | 5.07+0.07 | 6.76.0|6.15| 2.5 |[4.9(5.07 [5.5
B (sptth) 1.83+0.20 | I.6[I.6|I.75| 3.2 [2.I|1.78 |2.1I

— — -
Q-B
(2elP_sp1%%) | 7.6+0.4 | 8.9|8.2[8.4 | 4.0 |6.9% 6,94 7.8
B,(5v1°%) 1.0+0.3 | 0.7/0.8/0.9 | 2.8 |I.3| I.I4 I.3
C. - Cameron, A.G.W.S) Ge=K.=Garvey,G.,
S. — Seeger, P.IO) Kelson,I.I4)et al.

Se=lM. — Swiatecki, W,., Mgers, We

Zo - Zeldes’ No et 31013

I11)

VI [ -Vo "'Vling, J LY ]

Varley, J.

N.=Nemirovski

I2

15)

Thus, in the region around the double closed shell of

Z=N=50 the calculations performed by Zeldes et a113>, Gar-

vey et a114>, Nemirovskilﬁ)seem to work the Dbest.
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I.4. Fine Structure of the Proton Spectrum

Now let us consider the deviations of the experimen -
tal spectra from the calculated ones. First of all, we
should indicate the intermediate structure which is dis—
played in spectra with poor resolution (A.Ep= 300 KeV )

This structure appears to be due to simple states of the
daughter nucleus favouring the beta decay. Thus, for example
in the Telo9 spectrum there is observed a relative increase
of the proton yield in the range of 3-4 MeV (Fig.3b).This
may be due to the Plgs,)— n(g,lz\transition with the pro -
duction of a three—quasiparticle state [ NG, 99 S;‘gi ]7"‘” d %

Measurements with good resolution allow to explore
the problem of the simple state distribution over the levels
of complicated structure. As an example, let us consider

IIT

the analysis of the fine structure of the Te proton spe-—

ctrum. Measurements with a 30 KeV resolution have revealed

I8 pronounced peaks in the range of 2-3.5 MeV 354)

JFig.d
shows the distribution of the relative intensities of the
fine structure groups after normalization to the averaged
spectrum5>. The experimental curve fits well with the }1—
distribution for the number of degrees of freedom n=9+3.

It is reasonable to assume the number of degrees of free-—
dom to be equal to about the average number of levels rela-
ted to the peak in the spectrum. According to our semi-—-empi-
rical estimate the level density of SbIII for appropriate
spin values (3/27 and 5/2%) is 6.10% Mev Yat the excitation

I

energy E¥ = 4.3 MeV ( Ep= 2,5 MeV) and 2.6.103 Mev ~ for
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E¥ = 5.3 MeV ( E = 3.5 MeV ). Thus, if all these levels
were involved in the beta decay the number n would be ex-
pected to be 60 - 80, But this is not, indeed, the case.
Only about I5 % of the levels with spin values correspon—
ding to the allowed transition takes part in the beta de -
cay. It means that the beta decay strength does not spead
over all the states with given spin and parity. This fact
is likely to indicate that up to excitation energies of,
at least, 5.3 MeV the states are not completely mixed up.

We note that the analysis of the proton spectra of the
tellurium isotopes is facilitated by that the proton decay
goes mainly to the ground state of the final nucleus.

We also indicate another aspect of the study of the
fine structure of the proton spectrum. A comparison of the
spectra in coincidences with positons and without coinciden-
ces may give us useful information on the ﬁjQ.branching ra-—
tio. The ratio of the both spectra is directly defined by

ﬁV&< as a function of the transition energy.s)

II. SEARCH FOR THE PROTON DECAY FROM THE GROUND STATE

2.I. Introduction

The proton decay from the ground state was predicted
long ago and there are no reasons to doubt that it exists,
in principle. The discovery of this effect is of fundamen -
tal importance since the proton decay is the simplest mode
of decay. The energy and half-life measurements will make

it possible to determine the reduced proton width which is



- 464 -

calculated by nuclear models. Up to now the spectroscopic
factors which are related to the reduced width were measu-—
red in nuclear reactions , the former being very sensi -
tive to the reaction model employed. The proton decay studi-
es may yield nuclear information of the same kind, as the
alpha decay but the proton decay mechanism is not complica-
ted with the process of the emitted particle formation. The
proton decay will give very important evidence on the nucle-
ar mass surface since the proton-active isotopes are extre-
mely removed from the stability line in favor of the neut -
ron deficiency.

Where should one look for the proton-unstable iso -
topes ?

The available predictions made by means of various
mass formulas differ strongly from one another. Thus, for
example, the boundary of the region of the proton-active
nuclei ( Bp = 0 ) predicted by different mass tables vari-
es by 6-7 mass units for Z> 50, Fig.5. It is only a check
in the region of considerable neutron deficiencies that
will make it possible to choose formulas for a more cor -
rect prediction of the nuclear decay energies near the pro-
ton stability line. Data on delayed protons in the region
of tellurium are in the be st agreement with the tables by
Garvey et a114), NemirovskiI5> and Zeldes et a1.13>. In the
middle of the rare-earth ele ments the Zeldes' table essen-
tially differ from the calculations of other authors by
that the former contains probably overestimated binding

energies. Our estimates are based on the mass tables of
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Garvey et al. and Nemilrovski.

Fig., 6 gives the calculated energies of the proton de-
cay of the isotopes of odd elements in the range of Z > 50,
For even Z, due to the pairing effect, the_proton instabi-
lity boundary is biased in favor of large neutron deficien-
cy. Also shown are the proton decay energies corresponding

4

to half-lives of I sec, 3.I07 sec and 1070 sec ( the orbi-

tal angular momentum escaped by the proton was chosen to be
24 ). For the half-lives longer than I sec, of importance
may be the /g+ decay competition. The half-life of 107° is
the shortest one which is detectable by the technique used.
Thus, the proton decay can, in principle, be observable if
min$ Qp < E . - The size
of this gap is not large ( about 400 KeV for Z=65) and in-

its energy falls within the gap E

creases with increasing Z. This was one of the reasons to
choose for the search the region of 2 > 50. Another reason
is associated with the reaction cross sections. It should
be expected that the cross sections for the heavy-ion in-
duced reactions resulting in proton-active isotopes are a
small fraction of the total ones,due to the competition be-
tween the neutron and proton evaporation. This competition
is less important for isotopes with large Z, that is the
cross sections with emission of a given number of neutrons
should increase with 4. Next, it should be expected that
the cross section for the reaction (HI; p.xn) is larger
than that for the case of evaporation of x neutrons alone.

On the one hand, this is due to the fact that r%/rgkifor
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nuclei with large neutron deficiency, on the other hand,
the neutron evaporation cascade ends at an energy when a
proton can escape.

According to our estimatel6>, the (HI; p.6n) reac-—
tion cross section for production of proton-unstable iso—

topes in the range of tellurium must be about 2.10"30cm2

According to the Macfarlanzsystematics4), the cross sec-
tion of the (HI; p.6n) reaction for the production of ul-
tra-neutron-deficient isotopes in the rare—earth region 1is
expected to be not smaller than I0-20 ra@ + Thus, experimen-
tally the problem reduces to the search of short-lived

( < I sec ) emitters of soft protons (Qp = 0.5 — I.5) MeV

under the condition of a very intensive B-background.

2.2. Experimental

In our experiments a gas-filled mass separator was

6 sec ) separation of the reac-—

used to ensure a rapid ( IO0”
tion products from the beam. It was first been suggested by
Fulmer and Oo.henl7> and then used in fission fragment stu-
dieslg). A diagram of the apparatus dis shown in Fig.7.4
target is located at the point of the magnetic system sou-
rce and irradiated with a multicharged ion bzam of the
JINR U-300 cyclotron. Recoils are ejected from the target
as ilons in a narrow cone in the beam direction.

Passing through the magnetic system filled with a gas
( for example, helium at p = 2 torr ) recoils undergo col-—

lisions with the gas molecules and change their charge in

a statistical manner. Accordingly, the radius of curvature
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changes, as well., However, the radius of curvature averaged
over all the path will be close to the value corresponding
to a recoil with equilibrium charge @ . The deflection of
the "equilibrium" particle in the magnetic field is prac-
tically independent of the velocity. Owing to multiple
charge exchange collisions, the fluctuations of the average
radius of curvature with respect to the mean value are found
to be significantly smaller than i%% « For example, for
A=I00, the resolution f%?gs is about 3% in the case of he-
lium f£illing ®. s
After passing through the mass separator recoils pene-
trated into a stopping volume throughout a vacuum-tight or-
ganic £ilm about 200 Mifom? tnick. This volume is located
inside a telescope consisting of three coaxial proportional
counters. The first and second counters are separated from
the stopping volume and from each other with an organic
film 50 rg/cmz thick powdered with gold. The third counter
is separated from the second one by an aluminium foil 8f4
thick. The stopping volume radius is 35 mm, the radial thick-
nesses of the counters are I2 mm, I40 mm and 20 mm, respec-—
tively. The telescope is filled with a mixture of argon
and methan (5%) at a presure of I00-I50 torr. The first

counter ( AE —counter ) measures the specific ionization

of particles emitted by decaying recoils , the second one

%) -
A detailed description of a gas—filled mass separator on

a heavy-ion beam is given in refs.19’20>.
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( E-counter ) measures the residual energy for particles
stopped in it. The amplitude analysis is gated by a pulse
corresponding to the coincidences between the first and se-
cond counters and to anticoincidences with the third one,
Thus, the particle stopped in the second counter are ex -
tracted and the background due to delayed protons is essen—
tially eliminated. The electronic devices used make it pos—
sible to measure simultaneously the amplitudes of the pul -
ses from the A E-and E-counters and the time of thelr emexr-
gence after the beam burst. The analyzer input was blocked
for the beam burst time. The detectable half-lives range
from 3.10"4 to I sec.

The total efficiency was measured by means of the well

known alpha emitter, DyI5O

s which was produced by the reac-
tion SnI24(332,6n). It was found to be about I0™>. For the
available beam intensities one should expect I0 events per

=30 cmz. To calibrate

hour for a cross section of about I0
the mass separator use was made of the known radioactive

isotopes produced by heavy ions. Besides, in some cases re-—
coils were detected either directly by mica detectors or by
a compensation chamber19>.

2.3._Results of Experiments

96

In our experiments targets from enriched isotopes Ru”,

PdIOZ’ CdIO6 and SnIIZ +6832

Ru96

were bombarded with

and SnIIZ

ions. The

were also irradiated with +6Cl35

isotopes
ions.

To test the reliability of the techniques used measure-
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ments of delayed protons have been performed. In these expe-
riments the detection of the aA E-and E-spectra was gated by
triple coincldences which suppressed almost completely the
beta background. Fig.8 shows the yield of delayed protons

96 32

which were produced in the reactions Ru + S7, Ru96 + C13§

sn12 4 532 ang satl? &+ c1°’ as a function of the magnetic
rigidity. We have not spent much effort to identify defi -
nitely these delayed proton emitters. However, we can say
that the peaks of the yield curves are located at the Hg
values which are close to the calculated oneslg) for the
rare—earth isotopes produced in the above reactions. These
are @-Nd isotopes with mass number around 123 for the

Ru96 + 832 reaction and Gd-Dy isotopes with mass number

112 S32

arouna 139 for the Sn reaction., With increasing 2
the yield is reduced due to decreasing of %gbranching
ratio.

Fig. 9 gives the two-dimensional spectrum for delayed

96 + 832. The calculated

protons produced in the reaction Ru
line shows the energy loses in the A E-and E-counters for
Protons emitted radially from the axis of the stopping vo-
lume. Protons of an energy higher than I.0 MeV ( at p=

I00 torr ) did not stop in the second counter, therefore

at this point the slop of the curve sharply changes. The
delayed proton pulses are grouped in the region of small
amplitudes since the energy of the main fraction of them
exceeds 2 MeV. The half-life of this activity was found to
be about 2 sec., It is quite possible that this is a mixture

of a few emitters.
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In the experiments on the search for soft-proton emit-

ters we have used a coincidence-anticoincidence circuit for
obtaining the gate-pulse. In this regime there is a consi-

derable beta background in the region of small amplitudes
( the formation cross section for beta-active isotopes 1is
about equal to the total one). The advanatge of this re —
gime consists in that the danger of electromagnetic noise
is essentially reduced and the counting rate for the majorir
ty of delayed protons depressed by about a factor of 20,

Fige. 10 presents the A E-E spectrum from the bombar-

dment of a PdIO2 532

target with 2I0 MeV ions. A large num-
ber of pulses in the region of small amplitudes 1is shown to
be due mainly to the beta activity. There is no pulse in
the region of the amplitudes corresponding to the protons
with Ep < I.5 leV.

Fig. II gives the pE — E spectrum measured when bom-—

96 with 190 Mev 32

barding Ru ions. An intensive beta back-
ground is again seen in the left lower corner of the plane.
In addition, there are a few pulses which may be assigned

to protons of an energy lower than I.2 MeV., A detailed ana-
lysis of all the possible background sources has shown that
the most serious danger may be caused by the delayed protons
the yield of which is I00 times larger than that for soft
protons. The maximum of the delayed proton spectra is ex -
pected to be at an energy of 3.0 - 3.5 MeV, Eowever, for
proton binding energy close to zero this spectrum may

have a tail in the energy region E 5;1;2 MeV. However the

P
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extrapolation of the spectra of delayed protons to the low
energy region shows that the effect observed cannot be com-—
pletely attributed to them. At least, half of this effect

is not due to the delayed proton background. The half-

life of this excess activity is found to be

0.2 sec TI/24§ 2 sec. This conclusion is supported by

the fact that there is a difference in the beam energy de-
pendence of the soft and delayed proton yields. The increase
of the beam energy from I90 to 2I0 MeV results in the de-

crease of the soft proton counting rate by a factor of

2 - 3, while the delayed proton yield grows by a factor of
I.5 ( see Table II).

The results obtained in irradiating various targets

32 35

with S and Cl ions are summarized in Table I1II. The

fifth column contains the counting rate for pulses which
may be attributed to soft protons ( Epg I.2 MeV). The last
column contains the cross section corresponding to this
counting rate. The maximum yield of soft protons was ob-

96 32

served for the reaction Ru + S°“. The counting rate for

other target-projectile combinations is too small for any
test measurements to be performed.
We interprete the data obtained as an indication that

96 g32

in the reaction Ru a nucleus is produced which de-

cays by emission of a 0.7 - I.0 MeV proton. This isotope

I23-122

may be Pr o We are planning additional experiments

which would lead us to more definite conclusions.

The authors are indepted to Prof. G.N.Flerov for his

continuous interest in this work and the support.
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N N._
REACTION ISOTOPE E Mev Sl tUbl B T
BEAM FLOW I0~° I0-7HI 10 “HI "W
ru?6+c1?’ Pml?? 215 2,5 3 230 0,3
126
pal02,532 pul?7 230 6 0 - 40,02
rRu?®+ 832 prl22 530 6 I 500 0,1
peI23 190 22 3 320 0,3
cal06,532 g1l 240 19 0,5 - 0,05
l?? 210 2 2 - 0,2
e’ 190 I 0 - 40,I
snl12,892 mpI36 550 I 0 10  <0,I
mI37 225 8 0,5 25 0,05
™38 200 7 I 50  0,I
sn1124c1%% mol* 230 2,5 2 II0 0,2
Hol%2 210 I I 75 0,1
Hol#? 170 0,6 0 20 (0,2
Table II
Np - the number of pulses which may be caused by pro-
tons with Ep<I.2 MeV,
Ndp — the number of detected delayed protons

The last column is the cross section corresponding to the

counting rate of Np.
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N+4, 2-1

Fig.l

Illustative scheme of the decay reasulting in delayed
proton emission.The averaged proton spectrum has the
shape of a broad peak. For a sufficiently high resolu-
tion the spectrum exhibits the fine structure related to

the daughter nucleus levels.
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Averaged spectrum of delayed protons of Te . The conti-
nuous curve is calculated under the assumption that the
beta decay strengh function is constant. In the calcula-
tion the value Q, - Bp = 5,07 MeV is used, de -

termined by measuring ft-p coincidences. The best agree-
ment with experiment is obtained at Bp = 1.83. The dashed

line is the ocalculation under the assumption (m'dsconst.
3
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Fig. 2b

Comparison of the calculated shape of the averaged spec-

III

trum of the delayed protons of Te with experiment,

e the calculation under the assump-—
tiond¥¥/p — const.

o the calculation under the assumption
of the resonance behaviour of <M>/D

Qo - BP = 5.07 MeV

% The same, but Qo - Bp is 5.0 MeV,
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Pl
20 Nn=60 -

N- -
10 =4 h-8

"

10 20
Np/<Np>

Fige. 4

Distribution of the relative intensities of groups in the
proton spectrum with a 30 KeV resolution after normaliza-—

L 3
tion. The continuous curves are the )¢ distribution with the

indicated number of degrees of freedom.
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Fig, 5
Proton unstability lines calculated by some mass formulas
for odd elements.

The number of neutrons which should be removed from a
light stable isotope for reaching the isotope with BP=0

is reconed on the ordinate axis.
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Fige 7

Diagram of the gas—filled separator with a telescope

consisting of proportional counters.
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Fig. 8

Delayed proton counting rate as a function of the magnetic

96

rigidity. For Ru target the separator is filled with

helium ( p= I.5 torr ). For snti2 target - with a mix-

ture of helium (75%) and air (25%) at p= I.I torr.

The energy of 832 and 0135 ions is about 2I0 NeV,

Full flow of ions for Ru-target is 3.1014; for Sn target

is 1015.
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Fige. 9

AE - E delayed proton spectrum for the case Ru96+ 832
( E= I90 MeV ). The pulse detection was gated by triple
coincidences. The calibration curve is calculated for

protons emitted radially from the stopping volume axis.
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Fig. IO.

AE - E spectrum for particles stopped in the E-counter;

bombardment of PdIO2 with 832 ions

E(s°2) = 210 MeV — 6 hour irradiation.

The ©pulse detection was gated by coincidences of A E
and E-~ counters under the condition of anticoincidence with
the third counter.
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Fig., 1I.

AE - E spectrum for particles stopped in the E-counter.
bombardment of Ru96 with 72 ions;
E(SBZ) = I90 MeV - 7 hour irradiation
The pulse detection was gated by coincidences of AE

and E-counters under the condition of anticoincidence with

the third counter.




