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Production of high-spin isomers in proton induced reactions at 100-500 MeV of'Ta
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Cross sections for production of a broad variety of high-spin isomers{&if™(37/2), 17Hf™(25/2),
77.uM(23/2), 18Hf™(87), and178Ta™(77) from 18'Ta targets irradiated with 100, 145, 200, 350, and 500 MeV
protons have been measured by off-lipspectroscopy. A radiochemical procedure was used to achieve high
sensitivity. Isomer ratios in products ranging down to3l@ere based on experimentally measured and
theoretically calculated cross sections. It was demonstrated that the isomer ratio does not depend essentially on
proton energy in the given range. Regularities in formation of isomeric states in different nuclear reactions are
discussed.
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I. INTRODUCTION tions. Irradiation time was varied from several minutes to

The phenomenon of high-spin isomer formation is an im_se\./eral hpurs for long-lived isqtopes. Targets were removed
portant problem associated with the transfer of a IargequICkIy with the help of a rabbit system forspectroscopy

amount of angular momentum in nuclear reactions. There ardeasurement and/or radiochemical processing began a few
numerous experimental data investigating this process witflinutes after the irradiation when necessary. _
heavy ions. There are also results reported for the reactions 10 Measure the total charge of protons, monitor foils of
induced bys [1-4]. A theoretical interpretation of the ex- @luminum, copper, tungsten and gold were inserted into the
perimental results and nuclear mechanism has been SUBIH stack. The cross sections for monitor reactions Al
gested[5-7]. Till date, only a few separate results of iso- —-Na, Cu—%Zn, W—*Re, and Au-'%Hg were taken
meric state formation by protons have been publisteeg., oM a handbooK9]. _ _ _

the production oft”7Lu™ at 100 and 500 MeV measured at  Since a wide range of isotopes of various chemical ele-
LAMPF [3]). The objective of our experiments was to inves- Ments was produced in these experiments, it was necessary
tigate general regularities of this phenomenon for proton inf0 perform chemical separation of the products so that the
duced reactionst®!Ta targets were bombarded over a wide ¥-lines could be analyzed unambiguously and with high sen-
energy rangé100—500 MeV to produce a broad variety of s_|t|V|ty. Rad_|ochem|cal processing was based on the forma-
isomers, including’’Hf"2 with the highest spin value tion of fluoride and sulphate complexes and their separation
37/24. The interpretation of results may be important for theUSing anion exchange resin. The detailed procedure is as fol-

understanding of the mechanism of intermediate-energy palOW?'- ) ) ) )
ticle interaction with nuclei. (i) Metallic tantalum was dissolved in MOHF with a few

drops of HNQ.
(i) The solution was evaporated and transferred to
Il. EXPERIMENT AND RESULTS IM HF.
_ (iii) This solution was passed through an ion exchange
The experiments were performed at the TRIUMF cyclo-qjumn of DOWEX-1x 8 to absorb Hf, Ta, W, and Lu. Other

tron and the LINAC of the Institute for Nuclear Research.|gnihanides were not absorbed and passed through the col-
Targets made of metallic tantaluiffioils ~0.1 mm thick umn (fraction ).

were irradiated by protons with energies of 100, 145, 200, (v) Lu was eluted by the solution OVMLH,SO,
350, and 500 MeV. Proton energy loss due to degrading Mag 41,0, (fraction ).
terials before the targetalculated from data given in Ref. (v) Hf was eluted by the solution OMH,SO,
[8]) was always less then 15 MeV. The foil stack was thin+2%H202 (fraction III).

enough, so that activation from secondary pions and neutrons (vi) Ta and W were eluted by the solutiotM2H,S0,
could be neglected. The uncertainty in the reported protor_LZ%HZO2 (fraction IV).

energies due to the use of the stack foil technique and target (vii) The remaining tungsten was eluted by the solution
holder design was estimated as +2 MeV or less. The averagf\y HC|+3M HF (fraction V).
proton current varied from 0.5 to 10A in different irradia- Each eluate fraction was evaporated to make the final
sample fory-spectroscopy measurements. The effectiveness
of chemical separation is demonstrated by Table I.
*Electronic address: bz@inr.troitsk.ru The time period from the end of bombardment up to the
"Electronic address: mebel@cpc.inr.ac.ru beginning of the chemical processing was few minutes or
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TABLE I. Distribution of chemical elements in various fractions (23/2°), and the 453.7-keVy-line for identification of

of the radiochemical processirigpo).

Chemical Eluate fraction
element | 1l Il v \%
Lanthanides 98 2
Lu 15 85
Hf 0.3 99.7
Ta 6 93 1
w 1 86 13

1794fm2 (25/27). The production cross sections for isomers
1804fm (87) and178Ta™ (77) were also measured.

It was not possible to determine the cross sections for
ground states of the same nuclides experimentally in the
most cases. For instance, all the Hf isotopes are stable while
178Ta is too short lived. We were able to measure only the
ground state cross section fdf’Lu at 100 MeV. Large
amounts of other radionuclides made the measurements of
Y7L u at higher proton energies not reliable. However a num-
ber of other radionuclides have been measuyfetle IIl) to
validate the use of our reaction calculations.

more, and about 2.5 h to the beginning of measurements of

Hf fraction. Measurements of the shortest-lived nuclides

were performed without radiochemical separation.

The y-spectroscopy measurements used Ge detectors wi

energy resolution of 0.8 keV for 122-keMline of >’Co. The
spectra contained several hundredines even after the
chemical separation. Nuclear data talj&8] were used for
identification of y-lines. A computer code GXL11] was
used to analyze the data. It effectively resolyelines with
comparable intensity and energy difference of 0.2 keV.

Ill. DISCUSSION

The formation of high-spin isomeric states in nuclear re-
Ytions with protons was discussed earlier in the framework
of the standard cascade nucleon emission mechaf$m
According to this consideration the incident proton generates
a cascade of sequential nucleon-nucleon collisions, and high-
energy particles escape from the nucleus. There may also be
a contribution of the competitive process of precompound
cluster emissior{16]. The angular momentum of the final

Each cross section was evaluated using the isotope yield,cleus is a result of the transfer of orbital angular momen-
from the sample containing the most abundant chemical fraym from the incident proton plus its coupling with the spin
tion as shown in Table I. This fraction produced the mosiyf the target nucleus. Additional angular momentum may be
intense and unambiguoyslines for statistical analysis. Cal- imparted by the outgoing proton or by ancluster impacted
culation of the cross section took into account the followingzt the nuclear periphery. The existence of a preformed cluster
factors: yields from less abundant chemical fractions, decay, ine nucleus is suggested by the small value of binding

during irradiation and chemical processing, detector effi—energly for this cluster of nucleoris1.5 MeV for ana par-
ciency, and beam monitoring. Statistical uncertainties injcje in the case of8iTa).

chemical yield andy ray counts were added in quadrature to
the systematic errors noted above to arrive at the cross sec-

tion uncertainty(1o criterig) given in Tables Il and Il

Identification of isomers with the highest spin was the

most difficult problem. To identify’"Hf™ (37/2), only the

A. Cross sections

Systematics for isomeric state production behavior are
given in Fig. 2. The dependence of the cross section on pro-

most intensey-line with energy of 277.3 keV provided a ton energy in the case of formation ¥fTa™ (7°) in (p, p3n)
reliable detection of the radionuclid€ig. 1). Other lines of  reaction is quite typical for a reaction with neutron evapora-
this isomer(although the computer code found them in thetion. The cross section decreases slowly with increasing en-
spectrum were uncertain because of interference from con-ergy because of competition with the evaporation process for
taminanty-lines. The 208.4-ke\w-line, as well as those at more neutrons. The general magnitude of the cross section is
418.5 and 413.7 keV, was used for identification of"Lu relatively high in this cas€Fig. 2). Evidently this process of

TABLE II. Production cross sections™ (mb) for high-spin isomers from measurements with 100, 145,
200, 350, and 500 MeV proton bombardment'&iTa target.

Isomer(spin™) Reaction Proton energiveV)

Tis 100 145 200 350 500
1781gM (7) 181Ta(p, p3n) 342425 25+2 21.7+2.0 17.4+1.2 13.1#1.5
25h
1804fm (87) 181Ta(p, 2p) 0.44+0.13 1.17+0.09 1.60+0.11 1.71+0.2
55h
T ym(23/2)  '®Ta(p,3p2n)  0.022+0.002 0.040+0.013  0.068+0.008 0.11+0.03
160 d
1794fm2 (25/27)  181Tg(p, 2pn) 0.42+0.04 0.44%0.04 0.39+0.03  0.41+0.03
25h
774fm2 (37/27)  '81Ta(p,2p3n)  0.038+0.010 <0.085 0.036+0.004 0.05+0.01
51m
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TABLE Ill. Experimental and calculated cross sectignmg) values in proton interaction witfTa. CEF
[12-14, ALICE-HMS-ALICE code[15].

Nuclide Reaction Proton energiieV) Average
Tip Code 100 145 200 350 500  Oiheol Texpt
I%f (cum)  8Ta(p,2p5n)  175#30  130+30 10110 50+3 34+6
70d CEF 2235 136.2 106.4 78.6 60.6  1.35%0.32
ALICE  198.8 146.5 119.1 79.8 64.8  1.39+0.35
724f (cum)  18'Ta(p, 2p8n) 3215 107+60 96+8 40+3 19+2
1.9 yr CEF 271 104.4 78.8 57.5 465  1.31£0.69
ALICE 1798 132.3 103.5 70.9 55.4  2.52+1.87
704f (cum)  '®'Ta(p,2pi0n)  13.6+2 58+7 64.6+7 59+6 43+5
16 h CEF 54 30.9 45.6 35.5 30.0 0.59+0.13
ALICE  13.4 128.8 80.9 56.1 451  1.29+0.53
T u(cum)  ®ITa(p, 3p8n) 24+2 65+5 56+5 68+7 4414
8.2d CEF 575 88.6 84.4 65.5 56.6  1.50+0.54
ALICE 9.2 122.9 89.3 64.2 53.5  1.21+0.58
189 u (cum)  8Ta(p,3pl0n)  1.1x0.2  44%15 47+7 374 3715
30h CEF 1.1 39.9 57.3 46.9 444  1.12+0.16
ALICE 2.8 74.1 67.8 52.5 439  1.66%0.53
167Hf (cum)  '®'Ta(p, 3p12n) 0.1 14+3 402 3745
52 m CEF 0.0 11.5 26.3 29.0 29.0 1.13+0.65
ALICE 0.0 12.8 50.2 37.6 333  1.81+1.54
7" (indep) 181T3(p, p5n) 62+6 34+5 12+3 7.5+1.4 7.3%2
23h CEF 575 33.3 24.5 15.7 9.9 1.48+0.56
ALICE 718 44.6 31.0 14.7 8.5 1.64+0.62

excitation at a relatively low angular momentum is possibleand the struck nucleon is captured, a heated residual nucleus
for a large fraction of nuclear matter. In our experiments,remains(6 denotes emission angleThis excited nucleus

after the

_outgoing

particle

transfers

aboutVl

subsequently evaporates three neutrons with little effect on

=1.54 sin(6)+ E, units of angular momentum to the Ta nuclei the angular momentum distribution.
The process of*™Hf™ (87) formation by(p, 2p) reaction is

different. The(p, 2p) reaction occurs when the proton partner

escapes without further interaction. The cross section is one
to two orders of magnitude lower than in the previous case,
though the excited spin is almost the same. This may be
explained as the first incident proton generating from a sec-
ond proton only at the periphery of the nucleus. Otherwise,
in the deep-inelastic process the second proton will be in-
volved in an intranuclear cascade interaction through differ-

_ '"Hf™ 277.3 keV, T1p=51m
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FIG. 1. y-spectrum of analytical line of”"Hf™ (spin 37/2)
after chemical separation. Data for different decay periods after the FIG. 2. The experimental results of this work for isomer pro-
duction cross section.

end of bombardmenEOB) by 100-MeV protons are shown.
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1000 The formation oft’’Lu™ (23/2") may be interpreted as the
170 (p, 3p2n) reaction or(p, ap) reaction. Similarly the cross sec-
tion increase with proton energy, as in tfyg 2p) reaction
(Fig. 2), indicates, indirectly, that the emission of arpar-
g ticle is more likely. The much lowe(p, « p) cross section
than in the(p, 2p) case is understandable. It is less probable
for the incident proton to find a preformedcluster than a
nucleus at the nuclear periphery and to consequently excite
the nucleus to such a high spin as 23/2.
In the case of thép, 2pn) reaction[formation of 7°Hf™
1 ‘ ‘ o (25/2°)] one of the outgoing protons excites the nucleus with
100 1000 successive neutron evaporation. In tipg2p) reaction, on
the contrary, both protons escape from the nucleus without
interaction. The neutron evaporation rate depends on the ex-
citation energy rather than on the incident proton energy.
189y This explains the experimental results for production of
1794fm2 (25/2°) where the measured cross sections have a
similar magnitude for all incident proton energi@able II).
The general magnitude of the cross section for (fhe2pn)
reaction is higher than for th@, 2p) reaction since a larger
fraction of nuclear matter may be involved in this process.
The (p, a n) reaction in formation of the highest spin iso-
mer 7'Hf™ (37/2") demonstrates a similar energy depen-
dence to thdp, 2pn) reactions. This experimental result sup-
1000 ports the suggestion that this process may more likely be
Proton energy (MeV) interpreted bya particle emission rather than standard cas-
cade(p, 2p3n) mechanism. An additional argument is that it
FIG. 3. Excitation function for thé8iTa(p, 2p10n) 17Hf (top ~ would be less probable to reach such a high-spin value by
pane) and 18T a(p, 3p10n) %9 u (bottom panelreactions. The ex- Mmultiproton emission. The general magnitude of the cross
perimental result of this workO) is compared with two theoretical section for knockout of am particle is very low since it is
predictions: CER(solid curve and ALICE (dashed curvecodes; difficult to find a preformedx cluster at the nuclear surface.
() Asanoet al. [17], (A) Neidhartet al. [18].

=
Q
o

=
o

Cross section (mb)

ent reaction channels. The energy dependence also differs B. Isomer ratios

from the (p, p3n) reaction: the cross section increases by a Isomer ratiog¢™¢9% may be considered a measure of the
factor of 4-5 with the energy increase from 100 to 500 MeVprobability for the formed nuclei to achieve the given high
(Fig. 2). This may be explained by a decrease of the nucleonspin value. In order to calculate these values we used experi-
nucleon interaction when the energy of the second strucknentale™ and theoretically calculateg® values. To validate
proton correlates with the initial proton energy. Nucleon-this approach and to check theoretical calculations, ground
nucleon interaction and involvement of the second proton irstate cross sections for a broad variety of other isotopes have
different reaction channels should decrease with increasingeen experimentally measured.

energy. The isomer ratigsee below is much lower for In Table Il some of the reliably determined experimental
(p, 2p) than for (p, p3n), resulting in almost the same spin. cross sectionémostly cumulative for several isotopes of Lu,
The emission of the second outgoing proton compensatddf, and W at 100, 145, 200, 350, and 500 MeV protons on
partly for the angular momentum otherwise transferred bythe '8'Ta target are listed along with the corresponding cal-
the first proton emission. culated values. In Fig. 3 typical plots for calculated and mea-

TABLE V. Isomer ratiosa™(expb/c?(theon are given fora9(theon calculated in the CEF model. The errors include experimental and
theoretical uncertainties.

Isomer(spin™) Reaction Proton energivieV)

100 145 200 350 500
1781gM (77) 181T4(p, p3n) 0.37+0.19 0.37+0.19 0.38+0.19 0.40+0.20 0.37+0.19
1804fm (8") 181T4(p, 2p) 0.011+0.006 0.024+0.012 0.030+0.015 0.033+0.017
77 ym (23/2) 18IT4(p, ap) 0.023+0.012 0.012+0.007 0.016+0.008 0.025+0.014
1794fm2 (25/27) 181T4(p, 2pN) 0.020+0.010 0.019+0.010 0.016+0.008 0.018+0.009
17ygm2 (37/2) 18IT4(p, an) 0.0015+0.0008 <0.0034 0.0016+0.0008 0.0024+0.0013

a7 u is the only case when the ground state yield was measured experimentally; theVaupt/o%(expt=0.061+0.021. In the case of
ALICE calculationo™(expt/o9(theop=0.14+0.07.
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higher-spin value should be lower. Howevég, 2p) reaction
0 100 200 300 400 500 600 (formation of the nuclei with spin value)8s out of this
Proton energy (MeV) trend: the isomer ratio is about 10-30 times lower than for
) o spin value 7 induced irip, p3n) reaction. This may be be-

. FIS. 4. Is?smermr-atlo d?5)7encrin(-ance on |ncr|rg.ent pr?;?n gge@l; cause two emitted protons compensate each other partly re-
BTal™, (), FEHT™ (), YU, (A), THITE (), TTHETE, sulting in a lower probability for residual nuclei with a high
sured Y%Hf and %9u excitation functions for an incident Szlcr:tgill:;sliln tzﬁlgzag::gg’fz&rg 2r:Iigt]tgzr-sgpo\r/\?lf:siglislsen-

proton of 100-580 MeV are also given. Cascade and hybrl(grgy to excit)e/ the core nucleus in the szscade process
models have been used for the calculations. . ) L o ) :

The nut\:llear reagtion codes CE(El:Jas::ade Evaporation In this consideration it would be difficult to excite 37/2
Fission model and HMS-ALICE were used in cascade and spin vaI.ue_in the giverip, 2p3n) reaction. So, the lower iso—_
hybrid models correspondingf2—15. Both CEF and AL- mer ratio in this case seems reasonable. It is also possible

ICE are in good agreement with the experimental results, bleat such a high-spin value is excited via emission olan

CEF provides a little better fit to the data for the given ra_Particle in the(p, a n) reaction. Therefore, it would be inter-

. ; : esting to investigate the formation of the same isomer
dionuclides in the most case3able Ill). Therefore, CEF megz (37/2) inga reaction with one-proton emission on
calculated cross section values were used for determination . . o . .
of the isomer ratio. The real error bars for the isomer ratio nrlqhed Hf targetsa-particle emission will be not possible
may exceed 50% due to uncertainties in calculatisese In this case.

Table 1V) and experimental errors in isomer yield measure-

ments. This however does not undermine our main interpre- IV. CONCLUSION

tations and conclusions discussed below. , o A number of cross section and isomer ratio values are
First, the general value of isomer ratios for high-spin iS0-getermined. The resulting angular momentum of the residual
meric states generated by intermediate-energy protons ifyclej varies over a wide range. Based on experimental re-
these experiments were found to be sni@ible IV). This g5 5 qualitative explanation of the observed regularities is
differs considerably from the data given in Ref&=4 for g ggested. The proposed reaction mechanism may include
interaction with pions. _ the emission of clusters. A quantitative approdtB] with
Second, as one can see from Table IV and Fig. 4 th@somer yield calculation is desirable for a more rigorous ex-

isomer ratio does not strongly depend on proton energy fro”&lanation of the observed experimental data.
100 to 500 MeV. This clearly indicates that 100-MeV inci-
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