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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. xperimental

measurements of the product-nuclide yields have been in particular described in Refs.

[1-61. The Monte Carlo codes are also developed to simulate the poduct 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. 71 - 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. 68] 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.
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Thus, it would be desirable to get some additional experimental information, in

particular, on the angular momentum, 1, 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 spoliation, 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 together

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 6CO 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 152Eu, 154 Eu and 12'Th.

A number of atoms can be differentially detennined 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-fines of individual isotopes. The calibration

of fluence was perforrned 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
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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. [51, general agreement is clear

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

of a product uclide 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 I that the cumulative yields are typically much

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

P-stability line.

Table 1. Yields of radionuclides and mean cross-sections measured after activation
of the aRe target of a 21g/cm 2thickness 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.

Nuclide TI/2 Ey, keV Type of Mean (7, Yield, Predicted
yield mbam atoms/proton yield

-7'rO-,- 93.6 d 646.1 Indep. 4.4 3.0.104 4.0. 1 0'
W4'gRe 38d 903.3 Indep. 38 2.58. 0'_ 1 3.5. 10-3

_7T 'mRe 165 d 920.9 Indep. I 7.5. 0'
'"Re 70 d 162.5 EC cum. 62 4.22. 10-3 3.3 -I 0_'

-7ugRe 2.67 d 1427.3 Indep. 7 1. 16. 1 0' 2. 1 0-- "
3 03__r7FW 21.7 d 1340.9 EC cum. 36 2.45-10- 3.7.

MrTa I15 d 123 1.0 Indep. 2.3 1.57-10-4 2.3. 1 0-'
_ffrHf 42.6 d 482.0 cum. 0.14 0.95-10-1 2.1-10-5

-T'7n'-'Hf 25. d 453.7 Indep. 0.12 0. 82 IO' 4.2-10-5 
178MHf 31 y 574.2 Indep. 0.13 0.9 I V 7.3. 1 05 "

Hf 70 d 343.4 EC cum. 59 4.01 1 0' 4 I I '
10-3-- MHf 1.87 y 1093.6 EC cum. 55 3.74. 3.9. 1 0'

--=Lu 160.9 d 418.5 Indep. 0.034 2.3. 10-6 & 1 0'
=Irg-LU 3.3 y 1241.8 Indep. 0.50 3.4. 1 0'
-- T72rmLu 142 d 992.0 Indep. 0.59 4. 1 0' 5.2-10
-- T7'rLu 1.37 y 272.2 EC cum. 61 4.15. 1 0' 4.15-10-3

] I Lu 8.22 d 739.8 EC cum. 46 3.13. 10-3 4,0 1 0'
-7'MLu 2 d 985.1 EC cum. 42 2.86. 10-3 3.8.1 '
-T"'Yb 32 d 307.7 EC cum. 57 3.88. 1 0' 3.7. 0'
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Nuclide TI/2 E, keV Type of Mean c, Yield, Predicted
yield mbarn atoms/proton yield

-- rgYb 2.36 d 1374.1 EC cum. 39 2.65. 1 0' 3.6. 10-3

-1"'Tm 93.1 d 720.3 Indep. 0.30 2.0. 10-5 1.5-10-5
-r67Tm 9.24 d 53 1.5 EC cum. 50 3.40. 10-3 3.3,10 -3

6 046Dy 3.4 d 1379.6 cum. -<2 <1.4. -
")"Tb 72.3 d 1271.9 Indep. 0.17 07

15bTb 5.35 d 534.3 Indep. 0.83 5.6-10-1 2. 1(-5

5.32 d 367.4 EC cum. 13.4 0.91 I -' 1.5. 0'
-T57Gd 242 d 103.2 EC cum. 13 8.8. 104 1.1-1 O-I

-- "rGd 120 d 243.2 EC cum. 12 4

149Gd 9.4 d 298.5 EC cum. 7.4 5.0. 104 5.5. 104

146Gd 48.3 d 633.7 EC cum. 4.5 3. I., 04 4.8. 04

13tEu 15.2 d 2097.7 cum. 0.19 1.3. 1 0'
14 1049Eu 93 d 277.0 EC cum. 8.2 5.6. 6.10'
146 Eu. 54.5 d 550.3 Indep. 0.26 1.8. 10-5 7. 1 0'
141 Eu 424.0 d 601.4 EC cum. 4.5 3.1 6.10
143 Eu 5.94 d 893.7 EC cum. 1.9 1.3-10-4 4. 104

141sgpm 5
5.37 d 914.9 Indep. 0.09 0.6-10- -7

4.2-10
1411M Pm 41.3 d 286.6 Indep. 0.05 3.,(-6
144pM 363 d 476.8 Indep. 0.06 4. 10-6 23-10-'
14JPM 265 d 742.0 EC cum. 1.6 I.,_104 2.8. 104

1-9Ce 137.7 d 165.8 EC CUM. 0.87 5.9.1 ' -
'4013a 12.8 d 1596.5 cum. 0.006 0.4. 10-6

--B a 10.5 y 356.0 EC cum. 0.17 1.1-10-1 2.7 1 0'
"'Ba 11.8 d 496.3 EC cum. 0.07 5-10' 1.5.10-'

-77'mTe 154 d 212.3 Indep. 0.15 1.0-10-1 0.8 Io-, 1
10-6'"Sn 115d 391.7 EC cum. 0.11 7.5. 7.10 f

I IUMAg 250 d 884.7 Indep. 0.06 4.1 0-6 3 10-6 ) � 1
8.46 d 1045.8 Indep. 0.1 7. 10-6 4. 1 0")

1u3Ag 41.3 d 443.4 EC cm. 0.13 9. 06 6-10-

1 103Ru 39. d 497.1 cum. 0.14 0.95.10-' 7. 1 0'
.10-5 (.g.10-510"Rh 206 d 7�7 5 Indep. 0.12 0.8

+ .10-6 3.10-6-- OPd 3.6 d 237---9'Nb 35 d , 76 6.1 CUM. 0.01 0.7
5.8 Indep. 0.21 1.4. 1 0' 1.1-10-1

9'mNb 62 d 1204.8 Indep. 0.018 1.2. 1 0' 1.7-10-5.)

93 0.10 0.7.10-' 5 10-6Zr 64 d 756.7 UM.
""Zr 83.4 d 392.9 EC curn. 0.27 1.8-10-' 2.1 0-5

98Y 106.6 d 898.0 Indep. 0.49 3.3. 1 0' 1.7 1 0'
"Sr 64.8 d 514.0 p' cum. 0.87 5.9. 1 0' 2.8. 10-5
84 d 881.6 Indep. 0.48 3.3-10-1 -5

Rb 32.9 1.6-10
8-Rb 86.2 d 520.4 cum. 0.75 5.1. 10-5 3.2. 1 0'
"Se 119d 264.6 cum. 0.55 3.7-10-1 2.6.1 0-5
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Nuclide T1/2 E, keV Type of Mean y, Yield, Predicted
yield rnbarn atoms/proton yield

8.4 d 834.0 + cum. 0.2 1. 3. 1 0' 4- 0'
A's 17.8 d 595.8 Indep. 0.55 3.7. 0 1.8. 1 V

65Zn 244 d 1115.8 P' cum. 0.30 2. 1 V 1.4. 1 0'
78.8 d 1 1771.4 EC cum. 0.03 2. 1 0' 3. 1 0'

5917e 44.5 d 1099.3 0- Cum. 0.24 1.6-10-5 1.2.10-'
-- "Mn 312 d 835.3 Indep. 0.20 1.3.10-' 1.4. 10-5

_7Mn 5.6 d 1434.1 P, cum. 0.022 1. 5. 1 0; 3 I 06

'gV 16 d 983.5 EC cum. 0.026 1. 8. 1 0' 5. 1 0'

' A 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 P� 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 spoliation reactions, to estimate the spin magnitude

for the spoliation residues and to discuss the measured values of a fission-to-spallation

ratio.

3. Isoiper-to-ground state ratios

Resultp on isomer-to-ground state ratios are obtained both for reactions of Ta

and Re spoliation, they are reduced in Table 2 The yields of high-spin isomers of

177mLu, 178m2flf and 179m2Hf were successfully measured, however, the ground-state

yield could not be deduced from the activity measurements because these nuclides are
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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 148mpm and 174mLu, 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 174 Lu y-lines and low absolute cross-section

for the 148pM production.

One can see in Table 2 that lower cm/ag values correspond to higher-spin

isomers. This is a normal regularity, and it is now confirmed for the spoliation reactions

with Ta and Re targets. For the 177mLu, 178M2 Hf and 179m2 Hf isomers the cy./cr, ratios are

significantly increased when Ta is replaced by Re target. At the same time, the ratio

remains constant for 174 Lu and even is decreased for 148 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.

Table 2 Isomer-to-ground state ratios at 660 MeV.

Isomer IIE Type of ratio Ta Re
am/cr, -AA Cr./CrR -AA

179HQHf 25/2- exp/theor 0.038 3 0.19 8

178FaHf 16+ exp/theor 0.021 4 0.12 9

177mLu 23/2- exp/theor 0.093 5 0.28 0

1/4mLu 6- exp/exp') 1.2 8 1.2 3

_WmPm 6- exp/exp') 0.9 34 0.5 39

*) Standard errors ofmeasurements are ofabout 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
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near peripheral collisions. Thus, a significant growth of a,/cy, for 177m Lu, I7'm'Hf and

171,,,2 Hf 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 ower impact

parameter and lower angular momentum values, and the decrease of am/CY9 for 14 PM

can also be explained. 114LU is in a middle and the ratio remains constant. The saturation

of cy,,/cF, magnitude is expected for spin-excess situation, ad this is probably the case

of Lu.

A correlation of y,,/cy. ratio with the residual angular momentum of the reaction

was observed in many studies. For instance, in Ref. 9]. the production cross-section for

118,2 Hf was measured as a function of "He-ion energy in 7Yb (4 He,2n) reaction. and

measured rn,/Cr," ratio was systematized together with other data - as a fnction of the

maximum spin released in the reaction. Regular dependence was established. Later. in

Ref I many reactions for population of other isomer i deformed nuclei near A 1 80

had been studied, and regular dependence of G,,,/cr,, versus spin deficit Al had been

demonstrated. It was shown in 0] tat the type of the reaction akes also ifluence

onto the c,/(Tg dependence, in particular, its slope is not te same for te reactions

induced by photons or 4He ions. This is clearly in correlation with the width of the spin

distribution of the reaction products.

In Fig.], experimentally determined cy./a, values for the ""2Hf isomer

production are systematized versus mean spin <I> at different reactions. Data are taken

from Refs. 9 and I I]. Regular dependence in Fig. I spports the idea to estimate mean

angular momentum of the spallation residue using the isorner-to-ground state ratios

determined now for 178m2 Hf, Table 1. Taking into account spin of the isomer 16, one can

find mean angular omentum of the residue to be 8. ad 15 for Ta and Re targets At

the spoliation of 4 or 9 nucleons, ean spin <1> = 8.5 or 1 5 h is carried in te residue.

The estimation of <1> values for Ta-spallation residue is iustrated in ig I For

Re, <1> = 5 is deduced from Fig.1 and Fig.2. see below. As we mentioned aboxe te

a,,,/(Yg dependence might be saturated at the range of spin excess, that restricts the

application of the systematics type of Fig.]. But we do not reach yet the spin-excess

range, when Al is negative; although rather high GmAy. ratio for Re spallation results in
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<1> value near the isomer spin. Thus, <1> estimations look tustable. Measured for other

high-spin isomers cm/(Y, 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 a /crg systematics is not yet

available for the 177mLu and 179m2 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

i2 growth. On this basis, the systematics of Fig.1 should be rearranged using more

natural variable: (AI)2. Such dependence is shown in Fig.2, and many points confirm the

exponential fall of am/a, as a function of AI)2 . But the latter point taken in the

179Hf(7,n) 178m2 Hf reaction, [11), deviates significantly, and clearly demonstrates the

importance of a spin distribution width, not only the mean value <1>. After the

transition to AI)2 parameter, Fig.2, the c.,,/a, 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 A2 makes

impossible to operate with positive and negative Al values. The AI)2 magnitude is the

same, independent on sign, while cr./a, values are very different.

To summarize, both variants of a./a, systematics, versus <1> or (Al )2

parameters, can be used for our estimation of the spoliation 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 4He,2n) reaction are included into the

systematics with rather wide distribution, from 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
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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 15,161. The heavy-ion induced fission can be described only provided the

angular momentum effect is in account.

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

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

from spin to 25-30 h. 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 took 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 nuclid 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 effors and, in part, due to the incomplete curnulativity

of some yields. The line of most probable charge Z,(A) for fission fragments is located

not far from the P-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
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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 (CT,) and fission qui)

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 A80. The role of multifragmentation was

stressed in Ref. t4]. 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: 2orf 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 Z2/A parameter of the fissile nucleus changing, and it appeared in

the experiment.

The fission-to-spallation ratios, 2cr�cr,, are shown in Fig.5 for Ta and Re as a

function of the proton beam energy and as a function of Z2/A at 660 MeV for Ta and Re

and at 800 MV for Au and P targets. Two latter points are taken from Refs. [I 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. [ 1,81. The systematical

errors due to some assumptions chosen at the data processing are of importance.

Nevertheless some regularities are manifested.
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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. I] 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 spoliation 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 spoliation residue. Significant angular momentum value ay

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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,rEMATH'qECKHE KATErOPHH nY]3JIHKAUHIV

OB'bEA14HEHHoro HHCTHTYTA

HAEPHbIX 4CCnEAOBAHHIA

HHxteKC TemaTHKa

1. 3KcnepHmeHTanEHaR 4)H3HKa BEICOKIIX

.9HeprmA
2. TeopmmeCKasi (bH3HKa BEACOKHX 3HeprHr
I 3KcnepmmeHTanbHaq HerTPOHHam dH3HKa

4. TeopeTHqeCKaq qH3HKa HH3KHX 3HeprHfi

5. MaTemaTHKa
6. AAepHasi CeKTPOCKOnHSI H paAHoxmmmsi
7. (DH3HKa Txejibix HOHOB

8. KpHoreHHKa

9. YCKOPHTenH

10. ABTomaTH3agHq o6pa6OTKH
3KcriepHmeHTanbHbIx AaHHbIX

11. BMqHCJIHTejibHasi maTemaTHKa H TeXHHxa

12. XHmHm
13. TeXHMKa 4H3HqeCKoro 3KcnepHmeHTa
14. 14ccnegoBaHHSI TBepAbiX Ten H KHAKocTefi

qgepHbimH meToAamm
15. 3KcnepHmeHTanEHaq (bH3HKa gepHbIX

peaKUHA IIPH HH3KHX 3HeprHqx

16. )103HmeTP112 H 4)H3HKa 3aMHTbl

17. TeopHSI KOHAeHCHpoi3aHHoro COCTORHHM

18. 14CrIOJlb3oBaHHe pe3yJIbTaTOB H meTOAOB

4)yHgameHTanbHbIX (bH3HqecKHx
HcciieAOBaHHfi B cmeXHbIX o6.nacTqx
HaYKH H TeXHHKH

19. BIIOCDH3HKa



KapamAH C. A., Aaam 14. E6-2002-206
OueHKa yrnOBOF0 momeHTa xA AApa-OCTaTKa

peaKLXHH CKaJ]biBaHHX p + Ta Re

MeTOAOM Mmepe]H[Wil ramma-aKTHBHOCTH onpuenelFIbI BbIX0,Rb H cetieHRA
o6pa3OBaHHA paaHoaKTHBHb[X H30TOHOB IFIPH o6jiyqeHHH mHineHeA H3 Ta H Re
rIpOTOHam C MeprHeii OT 100,ao 660 MaB. MacCOBoe pacnpeaejieHHe rpo'QyKTOB

peaKILIHA coAep)KHT J][Ba WHPOKHX maKcHmyma, COOTBeTCTBYIOLUHX CKanhiBaHHIO
H aeneH1410. Cpeal4 Ha6njoaaembix iiyKniwoB o6HapyxeHbl TaKxe BCOKOCflHHOBble
Momepbi Hf ii Lu. Ha OCHoBe 143mepeHHorO H30mepHoro OTHOweHHA C /09
H C HCn0J]lb3OBaHHem H3BeCTHOfi CHCTemaTHKH G./0 B 3aBHCHMOCTH OT CHHHa
oueHeH cpeRHIiA YFJIOBOfi momeHT I A "pa-OCTaTKa peaKUHH CKajiblBalfflA. He-

HyjieBoe 3HaqeHHe CnHHa I yBenHqHBaeT BepOATHOCTb ejieHHA apa. i3mepeHHoe
OTHoweHHe ceqeHHhaejieHHA H CKaJIbIBaHHAaekCTBHTeJIbHO Ka3anOCb Bbluie, em
6bmo npeaCKa3aHo n KJ](y MOHTe-Kapjio 6e3 yeTa yrjiOBoro momeHTa.

Pa6OTa Bb[HOJ]HeHa B la6opaTOPHH AaepHbIX peaKlIHA Hm. F. H. (DjiepOBa
OHAH.

rIpenPH11T 06-beatiliCHHOF0 HHCTHTyra 511CPHbIX HccneAOBaHKA. 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 I has been esti-

mated basing on the determined isomer-to-ground state ratio orn/crg and using

known systematics of ym/(Yg 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, INR.
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