
Production of high-spin isomers in proton induced reactions at 100–500 MeV on181Ta

B. L. Zhuikov,* M. V. Mebel,† V. M. Kokhanyuk, and A. S. Iljinov
Institute for Nuclear Research of the Russian Academy of Sciences, 117312 Moscow, Russia

A. Yu. Zyuzin and J. S. Vincent
TRIUMF, 4004 Wesbrook Mall, Vancouver, British Columbia, Canada V6T 2A3

(Received 22 September 2002; revised manuscript received 27 March 2003; published 25 November 2003)

Cross sections for production of a broad variety of high-spin isomers, i.e.,177Hfm2s37/2−d, 179Hfm2s25/2−d,
177Lums23/2−d, 180Hfms8−d, and178Tams7−d from 181Ta targets irradiated with 100, 145, 200, 350, and 500 MeV
protons have been measured by off-lineg-spectroscopy. A radiochemical procedure was used to achieve high
sensitivity. Isomer ratios in products ranging down to 10−3 were 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.

DOI: 10.1103/PhysRevC.68.054611 PACS number(s): 13.75.2n, 24.10.2i, 25.60.Dz, 27.70.1q

I. INTRODUCTION

The phenomenon of high-spin isomer formation is an im-
portant problem associated with the transfer of a large
amount of angular momentum in nuclear reactions. There are
numerous experimental data investigating this process with
heavy ions. There are also results reported for the reactions
induced byp− [1–4]. A theoretical interpretation of the ex-
perimental results and nuclear mechanism has been sug-
gested[5–7]. Till date, only a few separate results of iso-
meric state formation by protons have been published(e.g.,
the production of177Lum at 100 and 500 MeV measured at
LAMPF [3]). The objective of our experiments was to inves-
tigate general regularities of this phenomenon for proton in-
duced reactions.181Ta targets were bombarded over a wide
energy ranges100–500 MeVd to produce a broad variety of
isomers, including177Hfm2 with the highest spin value
37/2". The interpretation of results may be important for the
understanding of the mechanism of intermediate-energy par-
ticle interaction with nuclei.

II. EXPERIMENT AND RESULTS

The experiments were performed at the TRIUMF cyclo-
tron and the LINAC of the Institute for Nuclear Research.
Targets made of metallic tantalum(foils ,0.1 mm thick)
were irradiated by protons with energies of 100, 145, 200,
350, and 500 MeV. Proton energy loss due to degrading ma-
terials before the target(calculated from data given in Ref.
[8]) was always less then 15 MeV. The foil stack was thin
enough, so that activation from secondary pions and neutrons
could be neglected. The uncertainty in the reported proton
energies due to the use of the stack foil technique and target
holder design was estimated as ±2 MeV or less. The average
proton current varied from 0.5 to 10mA in different irradia-

tions. Irradiation time was varied from several minutes to
several hours for long-lived isotopes. Targets were removed
quickly with the help of a rabbit system forg-spectroscopy
measurement and/or radiochemical processing began a few
minutes after the irradiation when necessary.

To measure the total charge of protons, monitor foils of
aluminum, copper, tungsten and gold were inserted into the
foil stack. The cross sections for monitor reactions Al
→22Na, Cu→62Zn, W→181Re, and Au→192Hg were taken
from a handbook[9].

Since a wide range of isotopes of various chemical ele-
ments was produced in these experiments, it was necessary
to perform chemical separation of the products so that the
g-lines could be analyzed unambiguously and with high sen-
sitivity. Radiochemical processing was based on the forma-
tion of fluoride and sulphate complexes and their separation
using anion exchange resin. The detailed procedure is as fol-
lows.

(i) Metallic tantalum was dissolved in 10M HF with a few
drops of HNO3.

(ii ) The solution was evaporated and transferred to
1M HF.

(iii ) This solution was passed through an ion exchange
column of DOWEX-138 to absorb Hf, Ta, W, and Lu. Other
lanthanides were not absorbed and passed through the col-
umn (fraction I).

(iv) Lu was eluted by the solution 0.1M H2SO4
+2%H2O2 (fraction II).

(v) Hf was eluted by the solution 0.4M H2SO4
+2%H2O2 (fraction III).

(vi) Ta and W were eluted by the solution 2M H2SO4
+2%H2O2 (fraction IV).

(vii ) The remaining tungsten was eluted by the solution
9M HCl+3M HF (fraction V).

Each eluate fraction was evaporated to make the final
sample forg-spectroscopy measurements. The effectiveness
of chemical separation is demonstrated by Table I.

The time period from the end of bombardment up to the
beginning of the chemical processing was few minutes or
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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.

Theg-spectroscopy measurements used Ge detectors with
energy resolution of 0.8 keV for 122-keVg-line of 57Co. The
spectra contained several hundredg-lines even after the
chemical separation. Nuclear data tables[10] were used for
identification of g-lines. A computer code GXL[11] was
used to analyze the data. It effectively resolvesg-lines with
comparable intensity and energy difference of 0.2 keV.

Each cross section was evaluated using the isotope yield
from the sample containing the most abundant chemical frac-
tion as shown in Table I. This fraction produced the most
intense and unambiguousg-lines for statistical analysis. Cal-
culation of the cross section took into account the following
factors: yields from less abundant chemical fractions, decay
during irradiation and chemical processing, detector effi-
ciency, and beam monitoring. Statistical uncertainties in
chemical yield andg ray counts were added in quadrature to
the systematic errors noted above to arrive at the cross sec-
tion uncertainty(1s criteria) given in Tables II and III.

Identification of isomers with the highest spin was the
most difficult problem. To identify177Hfm2 s37/2−d, only the
most intenseg-line with energy of 277.3 keV provided a
reliable detection of the radionuclide(Fig. 1). Other lines of
this isomer(although the computer code found them in the
spectrum) were uncertain because of interference from con-
taminantg-lines. The 208.4-keVg-line, as well as those at
418.5 and 413.7 keV, was used for identification of Lum

s23/2−d, and the 453.7-keVg-line for identification of
179Hfm2 s25/2−d. The production cross sections for isomers
180Hfm s8−d and 178Tam s7−d 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 for177Lu at 100 MeV. Large
amounts of other radionuclides made the measurements of
177Lu at higher proton energies not reliable. However a num-
ber of other radionuclides have been measured(Table III) to
validate the use of our reaction calculations.

III. DISCUSSION

The formation of high-spin isomeric states in nuclear re-
actions with protons was discussed earlier in the framework
of the standard cascade nucleon emission mechanism[5].
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 emission[16]. The angular momentum of the final
nucleus is a result of the transfer of orbital angular momen-
tum from the incident proton plus its coupling with the spin
of the target nucleus. Additional angular momentum may be
imparted by the outgoing proton or by ana cluster impacted
at the nuclear periphery. The existence of a preformed cluster
in the nucleus is suggested by the small value of binding
energy for this cluster of nucleons(−1.5 MeV for ana par-
ticle in the case of181Ta).

A. Cross sections

Systematics for isomeric state production behavior are
given in Fig. 2. The dependence of the cross section on pro-
ton energy in the case of formation of178Tam s7−d in sp, p3nd
reaction is quite typical for a reaction with neutron evapora-
tion. The cross section decreases slowly with increasing en-
ergy because of competition with the evaporation process for
more neutrons. The general magnitude of the cross section is
relatively high in this case(Fig. 2). Evidently this process of

TABLE I. Distribution of chemical elements in various fractions
of the radiochemical processing(%).

Chemical Eluate fraction
element I II III IV V

Lanthanides 98 2
Lu 15 85
Hf 0.3 99.7
Ta 6 93 1
W 1 86 13

TABLE II. Production cross sectionssm (mb) for high-spin isomers from measurements with 100, 145,
200, 350, and 500 MeV proton bombardment of181Ta target.

Isomersspinpd Reaction Proton energy(MeV)
T1/2 100 145 200 350 500

178Tam s7−d 181Tasp, p3nd 34.2±2.5 25±2 21.7±2.0 17.4±1.2 13.1±1.5
2.5 h

180Hfm s8−d 181Tasp, 2pd 0.44±0.13 1.17±0.09 1.60±0.11 1.71±0.2
5.5 h

177Lum s23/2−d 181Tasp, 3p2nd 0.022±0.002 0.040±0.013 0.068±0.008 0.11±0.03
160 d

179Hfm2 s25/2−d 181Tasp, 2pnd 0.42±0.04 0.44±0.04 0.39±0.03 0.41±0.03
25 h

177Hfm2 s37/2−d 181Tasp, 2p3nd 0.038±0.010 ,0.085 0.036±0.004 0.05±0.01
51 m
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excitation at a relatively low angular momentum is possible
for a large fraction of nuclear matter. In our experiments,
after the outgoing particle transfers aboutM
=1.5" sinsudÎ Ep units of angular momentum to the Ta nuclei

and the struck nucleon is captured, a heated residual nucleus
remains (u denotes emission angle). This excited nucleus
subsequently evaporates three neutrons with little effect on
the angular momentum distribution.

The process of180Hfm s8−d formation bysp, 2pd reaction is
different. Thesp, 2pd 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-

TABLE III. Experimental and calculated cross sections(mb) values in proton interaction with181Ta. CEF
[12–14], ALICE–HMS-ALICE code[15].

Nuclide Reaction Proton energy(MeV) Average
T1/2 Code 100 145 200 350 500 stheor/sexpt

175Hf scum.d 181Tasp, 2p5nd 175±30 130±30 101±10 50±3 34±6
70 d CEF 223.5 136.2 106.4 78.6 60.6 1.35±0.32

ALICE 198.8 146.5 119.1 79.8 64.8 1.39±0.35
172Hf scum.d 181Tasp, 2p8nd 32±5 107±60 96±8 40±3 19±2

1.9 yr CEF 27.1 104.4 78.8 57.5 46.5 1.31±0.69
ALICE 179.8 132.3 103.5 70.9 55.4 2.52±1.87

170Hf scum.d 181Tasp, 2p10nd 13.6±2 58±7 64.6±7 59±6 43±5
16 h CEF 5.4 30.9 45.6 35.5 30.0 0.59±0.13

ALICE 13.4 128.8 80.9 56.1 45.1 1.29±0.53
171Lu scum.d 181Tasp, 3p8nd 24±2 65±5 56±5 68±7 44±4

8.2 d CEF 57.5 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

169Lu scum.d 181Tasp, 3p10nd 1.1±0.2 44±15 47±7 37±4 37±5
30 h CEF 1.1 39.9 57.3 46.9 44.4 1.12±0.16

ALICE 2.8 74.1 67.8 52.5 43.9 1.66±0.53
167Hf scum.d 181Tasp, 3p12nd 0.1 14±3 40±2 37±5

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 33.3 1.81±1.54

177Wsindep.d 181Tasp, p5nd 62±6 34±5 12±3 7.5±1.4 7.3±2
23 h CEF 57.5 33.3 24.5 15.7 9.9 1.48±0.56

ALICE 71.8 44.6 31.0 14.7 8.5 1.64±0.62

FIG. 1. g-spectrum of analytical line of177Hfm2 (spin 37/2−)
after chemical separation. Data for different decay periods after the
end of bombardment(EOB) by 100-MeV protons are shown.
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FIG. 2. The experimental results of this work for isomer pro-
duction cross section.
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ent reaction channels. The energy dependence also differs
from the sp, p3nd reaction: the cross section increases by a
factor of 4–5 with the energy increase from 100 to 500 MeV
(Fig. 2). This may be explained by a decrease of the nucleon-
nucleon interaction when the energy of the second struck
proton correlates with the initial proton energy. Nucleon-
nucleon interaction and involvement of the second proton in
different reaction channels should decrease with increasing
energy. The isomer ratio(see below) is much lower for
sp, 2pd than for sp, p3nd, resulting in almost the same spin.
The emission of the second outgoing proton compensates
partly for the angular momentum otherwise transferred by
the first proton emission.

The formation of177Lum s23/2−d may be interpreted as the
sp, 3p2nd reaction orsp, apd reaction. Similarly the cross sec-
tion increase with proton energy, as in thesp, 2pd reaction
(Fig. 2), indicates, indirectly, that the emission of ana par-
ticle is more likely. The much lowersp, a pd cross section
than in thesp, 2pd case is understandable. It is less probable
for the incident proton to find a preformeda cluster 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 thesp, 2pnd reaction[formation of 179Hfm2

s25/2−d] one of the outgoing protons excites the nucleus with
successive neutron evaporation. In thesp, 2pd 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.
This explains the experimental results for production of
179Hfm2 s25/2−d where the measured cross sections have a
similar magnitude for all incident proton energies(Table II).
The general magnitude of the cross section for thesp, 2pnd
reaction is higher than for thesp, 2pd reaction since a larger
fraction of nuclear matter may be involved in this process.

The sp, a nd reaction in formation of the highest spin iso-
mer 177Hfm2 s37/2−d demonstrates a similar energy depen-
dence to thesp, 2pnd reactions. This experimental result sup-
ports the suggestion that this process may more likely be
interpreted bya particle emission rather than standard cas-
cadesp, 2p3nd mechanism. An additional argument is that it
would be less probable to reach such a high-spin value by
multiproton emission. The general magnitude of the cross
section for knockout of ana particle is very low since it is
difficult to find a preformeda cluster at the nuclear surface.

B. Isomer ratios

Isomer ratiosssm/sgd may be considered a measure of the
probability for the formed nuclei to achieve the given high
spin value. In order to calculate these values we used experi-
mentalsm and theoretically calculatedsg values. To validate
this approach and to check theoretical calculations, ground
state cross sections for a broad variety of other isotopes have
been experimentally measured.

In Table III some of the reliably determined experimental
cross sections(mostly cumulative) for several isotopes of Lu,
Hf, and W at 100, 145, 200, 350, and 500 MeV protons on
the 181Ta target are listed along with the corresponding cal-
culated values. In Fig. 3 typical plots for calculated and mea-

TABLE IV. Isomer ratiossmsexptd/sgstheord are given forsgstheord calculated in the CEF model. The errors include experimental and
theoretical uncertainties.

Isomersspinpd Reaction Proton energy(MeV)
100 145 200 350 500

178Tam s7−d 181Tasp, p3nd 0.37±0.19 0.37±0.19 0.38±0.19 0.40±0.20 0.37±0.19
180Hfm s8−d 181Tasp, 2pd 0.011±0.006 0.024±0.012 0.030±0.015 0.033±0.017
177Lum s23/2−d 181Tasp, apd 0.023±0.012a 0.012±0.007 0.016±0.008 0.025±0.014
179Hfm2 s25/2−d 181Tasp, 2pnd 0.020±0.010 0.019±0.010 0.016±0.008 0.018±0.009
177Hfm2 s37/2−d 181Tasp, and 0.0015±0.0008 ,0.0034 0.0016±0.0008 0.0024±0.0013

a177Lu is the only case when the ground state yield was measured experimentally; the valuesmsexptd/sgsexptd=0.061±0.021. In the case of
ALICE calculationsmsexptd/sgstheord=0.14±0.07.
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sured 170Hf and 169Lu excitation functions for an incident
proton of 100–580 MeV are also given. Cascade and hybrid
models have been used for the calculations.

The nuclear reaction codes CEF(Cascade Evaporation
Fission model) and HMS-ALICE were used in cascade and
hybrid models correspondingly[12–15]. Both CEF and AL-
ICE are in good agreement with the experimental results, but
CEF provides a little better fit to the data for the given ra-
dionuclides in the most cases(Table III). Therefore, CEF
calculated cross section values were used for determination
of the isomer ratio. The real error bars for the isomer ratios
may exceed 50% due to uncertainties in calculations(see
Table IV) and experimental errors in isomer yield measure-
ments. This however does not undermine our main interpre-
tations and conclusions discussed below.

First, the general value of isomer ratios for high-spin iso-
meric states generated by intermediate-energy protons in
these experiments were found to be small(Table IV). This
differs considerably from the data given in Refs.[1–4] for
interaction with pions.

Second, as one can see from Table IV and Fig. 4 the
isomer ratio does not strongly depend on proton energy from
100 to 500 MeV. This clearly indicates that 100-MeV inci-
dent protons saturate the population of spin states for various
isomers in our experiments(spins 7–37/2). The competition
with the process of ground state formation does not depend
strongly on the incident proton energy. But there is a com-
petition with different reaction channels. This probably re-
sults in the cross section energy dependence in some cases
discussed above.

Third, a clear tendency of isomer ratio decrease with the
increase of the spin value(see Fig. 5) is observed. This is
understandable since the probability of nuclear rotation to a

higher-spin value should be lower. However,sp, 2pd reaction
(formation of the nuclei with spin value 8) is out of this
trend: the isomer ratio is about 10–30 times lower than for
spin value 7 induced insp, p3nd reaction. This may be be-
cause two emitted protons compensate each other partly re-
sulting in a lower probability for residual nuclei with a high
spin value. In the reactionsp, 2pnd a higher-spin value 25/2 is
excited easily since one of two emitted protons loses its en-
ergy to excite the core nucleus in the cascade process.

In this consideration it would be difficult to excite 37/2
spin value in the givensp, 2p3nd reaction. So, the lower iso-
mer ratio in this case seems reasonable. It is also possible
that such a high-spin value is excited via emission of ana
particle in thesp, a nd reaction. Therefore, it would be inter-
esting to investigate the formation of the same isomer
177Hfm2 s37/2−d in a reaction with one-proton emission on
enriched Hf targets.a-particle emission will be not possible
in this case.

IV. CONCLUSION

A number of cross section and isomer ratio values are
determined. The resulting angular momentum of the residual
nuclei varies over a wide range. Based on experimental re-
sults, a qualitative explanation of the observed regularities is
suggested. The proposed reaction mechanism may include
the emission of clusters. A quantitative approach[19] with
isomer yield calculation is desirable for a more rigorous ex-
planation of the observed experimental data.
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