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1. Introduction

The fragments mass-charge distribution at intermediate energy of protons is of
interest during the decade, the interest has been especially increased since a few recent
years because of a problem of long-lived radionuclides transmutation. The
electronuclear method of the energy production within the scheme of a subcrytical
reactor stimulated by an external beam is another practical problem that requires the
studies of proton-induced fragmentation of heavy nuclei in detail. Experimental
measurements of the product-nuclide yields have been in particular described in Refs.
[1-6]. The Monte Carlo codes are also developed to simulate the product yields at thin
or thick targets taking into account primary and secondary reactions and different
reaction mechanisms. One of the most developed codes ~ LAHET, Ref. [7] — is used at
the present paper as a reference for the comparison of our experimental results with
theory predictions. Other codes are also known, see, for instance, Refs. [6,8] and
citations within.

The proton-nucleus interaction at intermediate energy, (0.1-1.0) GeV, is
described within multi-step model involving the mechanism of intranuclear cascade,
INC, pre-equilibrium emission and the decay of excited residue after equilibration.
Fission takes. place only at third stage, being in competition with nucleon evaporation,
because first and second stages are very fast and there is no time for collective
deformation to the saddle point. The total probability of fission, mass distribution and
other properties depend on Z, A, E” and I of the fissile nucleus. In prevailing theory,
mean <Z>, <A> and <E"> of the residue are calculated within developed INC +
percolation models. Then, using those encounters, the fission distributions are simulated
in the statistical model of the compound-nucleus decay. The semiempirical approach is
also used to reproduce the properties of fission. The angular momentum coordinate is
normally not in account, despite it is important for fission. Another simplification is due
to the operation with mean values of the fissile-nuclei parameters. In reality, wide
distributions in Z, A, and E* coordinates after fast steps of the reaction and the
correlated variation of parameters take place. The Monte Carlo approach allows the

simulation of all properties, but more and more complicated codes should be created.



Thus, it would be desirable to get some additional experimental information, in
particular, on the angular momentum, I, for the spallation residue. I-value is linked to
the impact parameter of the collision and might be useful both for simulation of the
spallation and fission stages. For spallation, this would serve as a test useful to verify
the residual parameter magnitudes and for fission, to specify the initial parameters of the
fissile nucleus.

2. Cross-section measurements

Irradiations of the Ta and Re targets of natural isotopic composition with
protons were performed at the internal and external beams of the Dubna
synchrocyclotron at energies of 660, 200 and 100 MeV for Ta targets and 660, 450, 300
and 150 MeV for Re targets, Ref. [5]. A geometry of sandwich targets at external beam
was applied to get an absolute calibration of the yields. Al foils were exposed togéther
with Ta or Re, and the cross-section of the reactions with Al were used for calibration.
Irradiated targets after some “cooling” time have been transferred to gamma
spectroscopic measurements either directly without chemical processing or past
chemical separation of elemental fractions. The Ge spectrometers are characterized by
energy resolution of about 1.8 keV for ®Co lines, and the standard resolution is
conserved up to high count rate, like 20000 counts/s, when 20% dead time already
arises. The count rate for each sample was optimized by varying the source-detector
distance and/or inserting absorbers made of Pb, Cd and Cu. The efficiency of the
detector as a function of y-ray energy was measured at individual experimental
conditions by using the standard sources of '3*Eu, '**Eu and *Th.

A number of atoms can be differentially determined for any identified
radionuclide as a result of y-ray spectra analysis. The quantities of spectroscopic
parameters significant for the analysis have been taken from Tables of Isotopes and
database available in periodics and via net. The absolute yields and cross-sections were
finally obtained for many products of the spallation and fission reactions using
measured intensities of the characteristic y-lines of individual isotopes. The calibration
of fluence was performed as described above by known cross-sections for some
reactions. The typical accuracy better 15% has been reached for the yield measurements
including the statistical errors and systematical inaccuracy due to the detector efficiency

measurements and inaccuracy of the tabular values. Some additional systematical error



can be inserted also due to the proton fluence calibration by some standard cross-

sections. The latter-error magnitude would not be easy to estimate.

The results of measurements taken at irradiation of Re target with 660 MeV

protons are given for example in Table 1. The measured yield values are compared with

the ones calculated using the LAHET code, see in Ref. [5], general agreement is clear

for the spallation products. Yield and cross-section are decreasing when a mass-number

of a product nuclide is deviating more and more from the target mass, means with the

increase of a number of emitted in reaction nucleons. Such behavior is well described

by calculations. One can see in Table 1 that the cumulative yields are typically much

higher than the independent yields of the screened isotopes located near the

B-stability line.

Table 1.  Yields of radionuclides and mean cross-sections measured after activation

of the "™Re target of a 21g/cm® thickness by 660 MeV protons. The
measurement accuracy is typically better 15% with exception for some
lowest yields. The theoretically predicted yield values are given in the last
column.

. Type of Mean o, Yield, Predicted
Nuclide Tin | EykeV )}frsald r:l‘?:m atoms/proton yield
"0s | 93.6d | 646.1 Indep. 44 3.0.10% 4.0-10
T%Re | 38d | 9033 Indep. 38 2.58.107 3
T84m - }3.510
Re | 165d | 9209 Indep. 11 7.5-10
T®Re 70d | 1625 | EC cum. 62 422102 3.3-10°
B%Re | 2.67d | 14273 Indep. 17 1.16:107 21027
Tw | 21.7d | 13409 | EC cum. 36 2.45-10° 3.7-10°
2Ta 115d | 1231.0 Indep. 2.3 1.57-10* 2.3-107
Hf | 42.6d | 4820 | B cum. 0.14 0.95-10° 2.1-10°
| TPMIE | 25.1d | 453.7 Indep. 0.12 0.82:10° | 4.2.10°7
| TRHE | 31y | 5742 Indep. 0.13 0.9-10° | 7.3-10%7
PHF 70d | 3434 | ECcum. 59 4.01-10° 4.1-107
Ht | 1.87y | 1093.6 | EC cum. 55 3.74-10° 3.9-10°
My | 160.9d | 4185 Indep. 0.034 2.3-10° 8-10%"
Tern | 331y | 1241.8 Indep. 0.50 3.4-107 152107
mpn | 142d | 992.0 Indep. 0.59 4107 '
Bru [ 137y | 2722 | ECcum. 61 415103 4.15-10°
"u | 822d | 7398 | ECcum. | 46 3.13-10° 4.0-107
L u 2d 985.1 EC cum. 42 2.86-107 3.8-10°
Yb 32d | 307.7 | ECcum. 57 3.88-107 3.7-10°




. Type of Mean o, Yield, Predicted
Nuclide Tiz | By keV ;liild mbarn atoms/proton yield
yb | 236d | 1374.1 | EC cum. 39 2.65-10° 3.6-10°
Tm | 93.1d | 7203 Indep. 0.30 2.0-107 1.5-10°
“Tm | 924d | 5315 | ECcum. 50 3.40-107 3.3-10°
Dy | 34d [ 13796 | B cum. <2 <1.4-10°* -
“Te | 723d | 1271.9 Indep. 0.17 1.2:107 42107
P5Tb | 5.35d | 5343 Indep. 0.83 5.6-107 2-10°
Tb | 532d | 3674 | ECcum. 13.4 0.91-10° 1.5-10°
™Gd | 242d | 1032 | EC cum. 13 8.8-10™ 1.1-10°
PIGd | 120d | 2432 | EC cum. 12 8.1:10* 8.5-10"
™Gd 94d | 2985 | ECcum. 7.4 5.0-10" 5.5-10"
"*Gd | 483d | 6337 | ECcum. 4.5 3.1-10" 4.8-10*
Eu_ | 15.2d [2097.7 [ B cum. 0.19 1.3-10” -
™Ey 93d [ 2770 | EC cum. 8.2 5.6:10" 610"
"Eu | 54.5d | 5503 Indep. 0.26 1.810° 7.10°
"Eu | 24.0d | 6014 | EC cum. 4.5 3.1-10% 6-10"
"Eu | 594d | 893.7 | ECcum. 1.9 1.3-10 410"
epm | 5.37d | 914.9 Indep. 0.09 0.6-107 7
Tpm | 413d | 286.6 Indep. 0.05 3.10° }4210
"““Pm | 363d | 4768 Indep. 0.06 410°° 2.3-10°
™pm | 265d | 7420 | ECcum. 1.6 1.1.10°* 2.8-10
PCe [137.7d | 1658 | EC cum. 0.87 5.9-10° -
"Ba | 12.8d [ 1596.5 | B cum. 0.006 0.4-10° -
*Ba | 105y [ 356.0 | ECcum. 0.17 1.1-10° 2.7-10°
BlBa | 11.8d | 4963 | ECcum. 0.07 5.10°° 1.5-10°
TmTe 1 154d | 212.3 Indep. 0.15 1.0-10° 0.8-10° "
™sn | 115d | 391.7 | ECcum. 0.11 7.5:10°° 7-10°
T TOmAg | 250d | 884.7 Indep. 0.06 4.10° 3.10%"
emAg | 8.46d | 1045.8 Indep. 0.1 7-10° 410"
"®Ag | 413d | 4434 | ECcum. 0.13 9.10° 6-10°
Ru | 393d | 497.1 B cum. 0.14 0.95:10° 7-10°
T2Rh | 206d | 475.1 Indep. 0.12 0.8-10° 0.8:10°
pd | 3.6d [ 23761 B cum. 0.01 0.7-10° 3.10°
»Nb 35d | 7658 Indep. 0.21 1.4.10° 1.1-107
" "™Nb | 62d | 12048 | Indep. 0.018 1.2:10° 1.7-10°"
P7r 64d | 756.7 B cum. 0.10 0.7-10° 5-10°
| ®zr | 834d | 3929 | ECcum. 0.27 1.8-10° 2107
T ®y [1066d | 898.0 Indep. 0.49 3.3.10° 1.7-10°
®Sr | 648d | 5140 | B*cum. 0.87 5.9-10° 2.810”
¥Rb | 329d | 8816 Indep. 0.48 33107 1.6-107
“Rb | 862d | 5204 | B*cum. 0.75 5.1-10° 3.2.10°
7Se 119d | 2646 | B*cum. 0.55 3.7.10° 2.6:10°




. Type of Mean o, Yield, Predicted
Nuclide Tz | B, keV gizld mbarn atoms/proton yield
“Se 84d | 8340 | B'cum. 0.2 1.3-10° 4.10°
"As 17.8d | 5958 Indep. 0.55 3.7:10° 1.8-10°
“Zn | 244d [ 11158 | B cum. 0.30 2:10° 14107
*Co | 788d | 17714 | EC cum. 0.03 2:10°° 3-10°
“Fe | 44.5d [ 10993 | B cum. 0.24 1.6:10° 1.2:10°
*Mn | 312d | 8353 Indep. 0.20 1.3-10° 1.4-10°
“Mn | 56d [ 14341 ] B*cum. 0.022 1.5-10° 3-10°
By 16d [ 9835 | ECcum. 0.026 1.8-10° 5107

" 4 sum of independent yields of both isomeric and ground states is given as
predicted.

The primary spallation products are rather neutron deficient and during
“cooling” time the short-lived nuclei after series of EC and B decays are transformed to
the most long-lived member of the isobaric chain. This long-lived isotope serves as a
trap accumulated the total yield of a definite mass A. Such feature provides rather
simple way for the mass distribution measurements applicable at the case of spallation
products. This variant is used in present work, the mass-distribution is defined resulting
the measurements of the cumulative yields of rather long-lived nuclides. The cumulative
yields are reproduced well using the LAHET code simulation. In general, the agreement
is within 20%, at some cases higher deviation takes place. But this is typically for lower
yield products, and can be explained both by statistical errors of the measurements and
by restricted Monte Carlo statistics, while some regular disagreement is also possible.
The experimental details and results of calculations are described systematically in Ref.
[5]. At present, the data are analyzed and following aims are of interest: to specify the
isomer-to-ground state ratios at the spallation reactions, to estimate the spin magnitude
for the spallation residues and to discuss the measured values of a fission-to-spallation

ratio.

3. Isomer-to-ground state ratios

Results on isomer-to-ground state ratios are obtained both for reactions of Ta
and Re spallation, they are reduced in Table 2. The yields of high-spin isomers of
l77"‘Lu, 178m2L1f and ™2HE were successfully measured, however, the ground-state

yield could not be deduced from the activity measurements because these nuclides are




stable. Finally, the experimentally measured cross-section for the isomer is taken in
ratio to the predicted by LAHET code cross-section for the ground state. Determined
this way ratio contains the standard error (£15%) of measurements for the isomer and
not well-defined systematical error due to the calculation for the ground state. At the
case of lower-spin isomers of 148mpry and 174"‘Lu, both isomeric and ground states are
radioactive and their y-lines are identified in the measured spectra. Thus, the ratio is
completely experimental, however, the inaccuracy of measurements is higher for them
because of low spectroscopic yield of the '™Lu y-lines and low absolute cross-section
for the "*Pm production.

One can see in Table 2 that lower on/cg values correspond to higher-spin
isomers. This is a normal regularity, and it is now confirmed for the spallation reactions
with Ta and Re targets. For the '7""Lu, '*™Hf and "™ Hf isomers the Om/Cyg ratios are
significantly increased when Ta is replaced by Re target. At the same time, the ratio
remains constant for "’*Lu and even is decreased for *Pm. As we discuss in detail
below, the isomer-to-ground state ratio depends mostly on the spin deficit in reaction:
the difference Al between the spin of isomer and mean angular momentum of the

reaction residue.

Table2.  Isomer-to-ground state ratios at 660 MeV.

Isome-r I Type of ratio Ta Re
Om/cy | -AA Om/Cyg -AA
mige | 2502 exp/theor | 0.038 3 0.19 8
R 16" exp/theor | 0.021 4 0.12 9
mpy 23/2° exp/theor 0.093 5 0.28 10
im 6 explexp) 1.2 8 12 13
| T®mpy 6 explexp 0.9 34 0.5 39

*) Standard errors of measurements are of about #30%.

Residual angular momentum should be in correlation with the number of emitted
nucleons (-AA). Higher (-AA) number means larger excitation and higher value of the

transfered linear momentum. Respectively, higher angular momentum arises for the



near peripheral collisions. Thus, a significant growth of om/c, for 17mmE, 8MHE and
1PM21f can be understood as a result of increased by a factor of about 2 number of
emitted nucleons. When very many, like 40 nucleons are emitted, such events
correspond to the hard collision. Then, higher (-AA) number means lower impact
parameter and Jower angular momentum values, and the decrease of o/ for “8pm
can also be explained. '™Lu is in a middle and the ratio remains constant. The saturation
of om/c; magnitude is expected for spin-excess situation, and this is probably the case
of "™Lu.

A correlation of /0, ratio with the residual angular momentum of the reaction
was observed in many studies. For instance, in Ref. [9], the production cross-section for
178m2Hf was measured as a function of “He-ion energy in '"®Yb(*He,2n) reaction, and
measured o,/cg ratio was systematized together with other data — as a function of the
maximum spin released in the reaction. Regular dependence was established. Later, in
Ref. [10] many reactions for population of other isomer in deformed nuclei near A=180
had been studied, and regular dependence of on/cy versus spin deficit Al had been
demonstrated. It was shown in [10] that the type of the reaction makes also influence
onto the on/c, dependence, in particular, its slope is not the same for the reactions
induced by photons or “He ions. This is clearly in correlation with the width of the spin
distribution of the reaction products.

In Fig.l, experimentally determined om/c, values for the '"*™Hf isomer
production are systematized versus mean spin <I> at different reactions. Data are taken
from Refs. [9 and 11]. Regular dependence in Fig.1 supports the idea to estimate mean
angular momentum of the spallation residue using the isomer-to-ground state ratios
determined now for '*™Hf, Table 1. Taking into account spin of the isomer 16, one can

find mean angular momentum of the residue to be 8.5 and 15 for Ta and Re targets. At

the spallation of 4 or 9 nucleons, mean spin <I> = 8.5 or 15 # is carried in the residue.

The estimation of <I> values for Ta-spallation residue is illustrated in Fig.1. For
Re, <I> = 15 is deduced from Fig.1 and Fig.2, see below. As we mentioned above, the
om/cg dependence might be saturated at the range of spin excess, that restricts the
application of the systematics type of Fig.1. But we do not reach yet the spin-excess

range, when Al is negative; although rather high /oy ratio for Re spallation results in



<[> value near the isomer spin. Thus, <I> estimations look trustable. Measured for other
high-spin isomers 0y/cg ratios also support the estimations, because higher ratio
corresponds to lower spin of the isomer. This is normal regularity, but quantitative
estimations of Al are difficult at such case because the /o, systematics is not yet
available for the '""™Lu and "°™Hf isomers.

In statistical theory of nuclear reactions, the isomer-population probability must
be defined by the spin dependence of level density, that is exponentially decreased with
I? growth. On this basis, the systematics of Fig.1 should be rearranged using more
natural variable: (AI)>. Such dependence is shown in Fig.2, and many points confirm the
exponential fall of on/c, as a function of (AI2. But the latter point taken in the
1" Hf(y,n)! ®™2Hf reaction, [11], deviates significantly, and clearly demonstrates the
importance of a spin distribution width, not only the mean value <I>. After the
transition to (AI)* parameter, Fig.2, the om/c, systematics look simply as a straight line
in agreement with statistical theory, and it makes more convenience for estimations.
However, such modification does not improve the scattering factor due to the different
widths of spin distribution in different reactions. The saturation in the range of spin
excess also remains without changes. Moreover the application of (A}’ makes
impossible to operate with positive and negative Al values. The (AI)* magnitude is the
same, independent on sign, while 6/, values are very different.

To summarize, both variants of Om/Cg Systematics, versus <[> or (AI)2
parameters, can be used for our estimation of the spallation residue spin and the result
would be identical. The width effect also should not produce a significant error in
present estimations. The points corresponded to (*He,2n) reaction are included into the
systematics with rather wide distribution, from 0 to Ima at the case of compound
nucleus formation. The spallation-residue spin distribution has comparable or even
larger width. So that, mean spin must be estimated correctly when no significant

difference in the width parameters takes place.

4. Fission-to-spallation ratio
As is known, angular momentum modifies significantly the fission barrier
increasing the fission probability. A quantitative description within the rotating liquid

drop model has been formulated as early as a in Ref. [12]. Later, shell corrections



dependent on spin and deformation had been added. Finally, the developed scheme, in
particular [13,14], had been created for calculation of fission barriers dependent on Z,
A, E’ and I of fissile nucleus. The phenomenological material is also abundant, for
instance [15,16]. The heavy-ion induced fission can be described only provided the
angular momentum effect is in account.

Above we estimated mean values of the spallation residue angular momentum to

be about 10-15 A. A wide distribution is expected as well, thus it would be extended

from 0 spin to 25-30 #. So high spins influence significantly a fission probability, and

the fission-to-spallation ratio should be essentially effected. Below the experimental
data are analyzed to look for the presence or absence of such effect.

In Figs. 3 and 4 the mass distributions of products are shown as they have been
measured after Ta and Re targets irradiation by protons at 660 MeV. One can see two
clearly distinguished peaks belonged to the spallation (right) and fission (left) reaction
mechanisms. In section 2 there was given a comment about possibility to find the
spallation mass-yield by the cumulative yield of most long-lived isobaric nuclide of
definite A. The isobaric nuclide chain must have convenient spectroscopic properties, in
fact taking place for some mass numbers. For them mass-yields are determined. This is
clear from Figs.3,4 that cumulative method works well because the points at spallation
peak demonstrate regular A-dependence without noticeable scattering. The independent
yields of screened isobars have been also detected in some cases, and they should be
added to the cumulative ones being still much lower in magnitude. The cumulative
spallation yields are well reproduced by the LAHET code simulations.

Fission mass yields have also been determined by the cumulative products with
addition in some case the independent isobar yields. The curves in Fig.3,4 for fission
peak are drawn by points, averaging the noticeable scattering of points. Larger
scattering than for spallation products is, in part, due to lower yields and
correspondingly higher random errors and, in part, due to the incomplete cumulativity
of some yields. The line of most probable charge Z,(A) for fission fragments is located
not far from the B-stability line, and a coefficient of cumulativity depends on the
individual properties of the isobaric chain. For many mass-numbers, above 90% of the

mass-yield is collected by cumulative product, but in some cases the cumulativity is



clearly incomplete. Such points have been selected and excluded from the presentation
in Figs.; the remained ones are possibly scattered because of not absolutely identical
cumulativity coefficient.

The latter scattering is obviously most important source of the inaccuracy in
estimation of the fission-to-spallation ratio. The spallation and fission peaks have been
integrated over corresponding mass ranges and total spallation (o) and fission (oy)
product cross-sections have been deduced. The curves shown in Figs. are used for
interpolations and extrapolations, and the inaccuracy is partially reduced by such
smoothing procedure. The decomposition of two processes near A=120 makes no
difficulties. The Gaussian fit has not been applied because the spallation peak has
definitely another shape, and fission symmetric maximum also can be distorted by other
processes. The ternary and multifragmentation yields may be superimposed with' the
binary fission yield at the mass range of A<80. The role of multifragmentation was
stressed in Ref. [4]. But yet, the probability of binary fission dominates strongly over
that of more complicated processes, like ternary fission or miltifragmentation.

A sum of individual mass cross-sections for fission peak has been calculated to
determine the double total cross-section of fission: 2oy. A factor of 2 is just because two
fragments are produced at one fission event. Thus, we assume here that the contribution
of multiple processes is negligible, and the fission peak corresponds exclusively to
binary fission. An indirect confirmation of that can be found in the fission peak width.
For Ta, mass-distribution looks a little wider than for Re target. Such variation could be
expected because of Z*/A parameter of the fissile nucleus changing, and it appeared in
the experiment.

The fission-to-spallation ratios, 26¢/cs, are shown in Fig.5 for Ta and Re as a
function of the proton beam energy and as a function of Z%/A at 660 MeV for Ta and Re
and at 800 MeV for Au and Pb targets. Two latter points are taken from Refs. [1 and 8],
they are in correlation with our results demonstrating the regular increase of the fission
probability for heavier targets. As is shown in Fig.5, the accuracy of experimental
results is not very high both in present measurement and in Refs. [1,8]. The systematical
errors due to some assumptions chosen at the data processing are of importance.

Nevertheless some regularities are manifested.



In Fig.5a the experimental points and corresponding guide line for Re target can
be compared with the results of simulation. The Monte Carlo code underestimates the
fission probability at 660 MeV and predicts drastically decreased probability at lower
proton energy. The discrepancy is rather high below 500 MeV. The disagreement with
the LAHET code simulation was also notified in Ref. [1] for fission of Au target by 800
MeV protons. Some definite reason has to be responsible for the discrepancy. There is
the possibility of the parameter variation within the code, but it reproduces well the
cross-sections of spallation, means, the parameters are satisfactory. Exists another
possibility to use semiempirical description of fission process, while spallation is still
simulated by standard code. This way may be applied if no possibilities for the
corrections are found. But in fact, the theoretical model of fission allows many possible
modifications. We may propose the consequent account of the angular momentum
effect. As was estimated in section 3, mean angular momentum of the spallation residue
is not negligible, wide distribution is also expected. The reduction of fission barrier due
to rotation of fissile nucleus leads to increase of the fission probability and decrease of
the slope of the energy dependence. Just these changes are necessary to improve the
agreement between theory and experiment in Fig.5a. It may mean that LAHET code
works well as far as the assumptions are correct. Underestimation of the residual

angular momentum leads to significant discrepancy in the fission probability simulation.

5. Summary

Measured earlier cross-sections for the isotope and isomer production in
irradiation of Ta and Re targets by protons at intermediate energies are analyzed. The
isomer-to-ground state ratios for high-spin isomers are defined and used for estimation
of a mean spin of the spallation residue. Significant angular momentum value may
influence the probability of fission. The fission-to-spallation ratios are evaluated from
analysis of experimental data and this ratio dependence on proton energy confirms the

angular momentum effect. Other properties are also discussed.
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Fission-to-spallation ratio, 2 o¢c;, plotted

a) versus proton beam energy for Ta and Re targets, and

b) versus Z%A of a compound nucleus at 660 MeV for Ta, Re and at 800 MeV
for Au, Pb.

Points correspond to measured values for Ta and Re in present work, and for Au

and Pb in Refs. [1,8]. Curves are guide lines. The results of LAHET code

simulation for Re target, Ref. [5] are also given in part a).
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Kapamsn C. A., Anam H. E6-2002-206
OueHKa yIIOBOIO MOMEHTa Wi s1pa-OCTaTKa
peakuuu ckaibiBanus p +Ta, Re

MeromgoM u3MepeHHsd raMMa-aKTHBHOCTH OINpPEIENeHbl BBIXOAbl M CEYEHMs
06pa3oBaHHs PaaHOAKTHBHBIX H30TOINOB NpH oOayueHud MmuineHedl u3 Ta u Re
npoToHaMH ¢ sHeprueit oT 100 go 660 MaB. MaccoBoe pacnpeieieHHE IIPOIYKTOB
pEeaKiMil CONEPXHUT IBa LIHPOKHX MAaKCHMYMa, COOTBETCTBYIOIIMX CKAILIBAHHIO
H nenenuio, Cpeny HabMogaeMbIX HYKITHAOB OOHApYXEHBI TAKXe BBICOKOCITMHOBBIE
msomepsr Hf u Lu. Ha ocCHOBE M3MEPEHHOr0 H3OMEDHOTO OTHOILIEHHS Oy, /G,
M C MCIO/B30BAHHEM H3BECTHOH CHCTEMATHKM Gp,/G, B 3aBHCHMOCTH OT CIIMHA
OLICHEH CPEHHI YINIOBOH MOMEHT [ [UIS 4Apa-0CTaTKa peaklMH cKanbiBaHus. He-
HyJIEBOE 3HAYEHHE CNMHA | yBeNIMYHBAET BEPOATHOCTD JAeeHus sapa. HiMepenHoe
OTHOLLEHHE CEYEHHH Ne/ICHH U CKAIBIBAHHS JCHCTBUTENBPHO OKa3a/10Ch BHILIE, YEM
6BUTO Tpencka3zaHo no xoxy Monre-Kapro Ge3 yuera yrioBOro MOMEHTA.

PaGora BomonHeHa B JlaGoparopuu sapmepHbix peakuuit um. I'. H. ®neposa
OusN.

Tpenpunt O6beNMHEHHOrO MHCTHTYTA SIEPHBIX HMccrnenoBanuil. ly6Ha, 2002

Karamian S. A., Adam J. E6-2002-206
Estimation of the Spallation-Residue Angular Momentum
in p + Ta, Re Reactions

Yields and cross-sections for the radioactive isotope production have been
determined via gamma-activity measurements after irradiation of the Ta and Re
targets by protons with energies from 100 to 660 MeV. Mass distribution

_of the reaction products contains two wide peaks corresponding to the spallation
and fission product nuclei, respectively. High-spin Hf and Lu isomers are among
the detected nuclides. The spallation-residue angular momentum J has been esti-
mated basing on the determined isomer-to-ground state ratio 6,,/c, and using
known systematics of o, /o, versus I. Nonzero value of spin I should increase
a probability of fission. Measured fission-to-spallation ratio is indeed higher than
that predicted by the Monte Carlo code simulation without angular momenta
in account.

The investigation has been performed at the Flerov Laboratory of Nuclear Re-
actions, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2002
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