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1. Introduction

Experiments with high-spin, long-lived nuclear isomers, as '**™Ta and '*™Hf, were
recognized during the decade as an innovative test of the structure of quasiparticle nuclear states
and their interaction with external radiation fields. Induced release of the energy stored in such
nuclear isomers was considered as one of the most promising way for the creation of pulsed
gamma-ray sources controlled by soft x-ray devices.

Triggered release of the isomer energy is very attractive for the production of powerful
sources of pulsed gamma-ray radiation. For instance, 1 mg of the long-lived '"*™Hf isomeric nuclei
stores 1 MJ of energy in the form of the excitation energy of the isomeric state. Recent reports [1]
have shown the possibility to ‘stimulate’ the release this energy over very short ranges of time (of
the order of psec) by exposing the material to intense low energy X-ray radiation fields. The release
of this quantity of energy within let’s say 1us would produce a 1-TW flash of gamma-ray radiation
in the range of 100-500 keV. The production and the practical use of such powerful sources of
radiation are conditioned by the availability of the '"*™Hf isomeric nuclides in large quantities.

The 31-years half-life isomeric state of the '"*Hf nucleus has the spin and parity 16" and it is
located at 2.45 MeV excitation energy. This implies that '"*™Hf isomeric nuclides can be produced
with high yields only in nuclear reactions that proceed via intermediate states of high excitation
energy and high angular momentum. The largest quantity of '"*™Hf nuclei (about 10'7) ever
produced around the world resulted from the spallation of a thick "™Ta target with 800 MeV
protons, as described in Ref. [2]. The ™Ta consists practically 100% of *'Ta nuclides and in the
following we will simply call it Ta. The massive Ta beam dumps irradiated with the 0.4 mA proton
beam at the Los Alamos meson factory, LAMPF, were chemically processed and the isolated Hf
fraction contained about 100 ug of '"*™Hf nuclei. The production of *™Hf nuclei at LAMPF
resulted practically as a by-product of the accelerator’s operation and it was never optimized for the
best purity and highest yield of this isomeric material. The LAMPF accelerator is one of the most
powerful facilities in the world that can supply beam currents with intensities up to 1 mA that
corresponds to a total beam power as high as 1 MW. The irradiation of thick samples with such
intense beam resulted in extremely radioactive samples that needed to be cool down for a long
period before they could be handled for chemical separation. An additional disadvantage of the
described spallation method is the production of many Hf isotopes, stable and radioactive, with
yields orders of magnitude higher than for "*™Hf. Two long-lived isotopes: 'Hf (T}, = 70 d) and
"2Hf (Ty, = 1.87 y) generate an intense gamma-radiation background for more than a decade.
Consequently, the accumulated and chemically isolated '"*™Hf could be used only after a cooling
period of 20 years [1]. These contaminants can be eliminated through mass-separation techniques
[3] but this process is rather difficult and results in big lose of material. For many applications, also
the presence of stable '"*Hf material is disturbing and mass separation is not effective for removing
it. The problem of separating the fraction of isomeric nuclei from the ground state nuclei of the
same species is not yet solved. Some possible techniques for the specific case of BHf were
discussed in Refs. [4,5].

Samples of ™ Hf of higher purity were produced at Dubna U-200 cyclotron [6]. The
reaction '7*Yb (*He, 2n) was used with a *He-ion beam of 36 MeV energy and 100 pA intensity.
Mass separation of the chemically isolated Hf fraction was also performed successfully [7] and a
high-purity '*™Hf activity was isolated and used in many experiments. The isomer-to-ground state
ratio was found to be about 4% that is much higher than in the case of the spallation reaction [2].
Thus, the production of ®™Hf through the (‘He, 2n) reaction supplies much better quality
parameters than the proton-induced spallation of Ta. Unfortunately, the (*He, 2n) method has 3
orders of magnitude lower absolute productivity yield compared to the spallation method due to the
much lower thickness of the target layer and beam power removal problems.

The advantage of the irradiations with high-energy protons for a higher yield of 178m2pyf
should be generally conserved while the specific choice of the proton energy values and target
geometry have to be carefully tested in order-to improve the quality parameters of the produced



ImIF activity, namely the purity and isomer-to-ground state ratio. We report in this paper the
results obtained from the irradiation of Ta and "Re targets with protons at several different
energies. The measured mean cross-sections and yields of the produced radionuclides are compared
in order to get the basis for the !"*™Hf isomers production optimization.

Irradiations of the Ta and "Re targets 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. The production cross-sections for many
radionuclides, including isomers, were measured by using the methods of radiochemistry and y-ray
spectroscopy. The absolute cross-section values, their variation with the number of emitted
nucleons and the dependence on the proton energy were extracted and discussed from the point of
view of 8™ Hf isomers production. Many new and interesting conclusions concerning the reaction
mechanism of the spallation with high-energy protons were drawn.

The results are compared quantitatively with the theoretical predictions of the code LAHET,
which is one of the best proton-nucleus interaction codes, applied at intermediate energies.
Generally, good agreement of the calculations with the measured yields was found excepting for the
independent yields of nuclides near the beta-stability line. The calculations were performed
separately for '**Re and "*'Re targets (which are the two components of the "Re with abundances
of 37.4% and 62.6%, respectively) and the results were combined to get the yield values for "Re.
For Ta, the monoisotopic composition (of mTa) was assumed.

2. Properties of nuclear reactions

When using the Ta target SHf nuclides are populated through the '¥'Ta(p, 2p2n) or
"“Ta(p, ) reactions; two protons and two neutrons are emitted from the compound system in the
form of a a-particle or separately. Emission of charged particles becomes competitive with neutrons
at excitation energies, E*, above 60-70 MeV. At higher excitation energies additional neutrons
accompany the emission of o particles. Thus the probability for the (p, @) channel is low since for
E* below ~ 70 MeV a-particle emission is suppressed by the Coulomb barrier while at higher
energies appears in competition with many other (p, xn) channels. Consequently, one expects a
cross-section of the (p, a) reaction to be much lower than the geometrical cross-section (=2 barns).
The yield of the '"*™Hf isomeric nuclei is furthermore reduced by the isomer-to-ground state ratio.

The experimental measurement of cross-sections for reactions induced by protons in the
energy range of 0.1-1.0 GeV is not yet well developed. Data are fragmentary, as reported in Ref.
[8], and the known values were measured mostly in the period 1960-1970 with limited accuracy.
The general behavior of the cross-sections as a function of the incident proton energéy for the (Sp, a)
reaction can be anticipated based on the results published in Ref. [9] for the *°Fe(p, a) **Mn
reaction. A peak cross-section of about 200 mb is reached near 60 MeV; at higher energies the
cross-section decreases and a flat decrease is extended up to the GeV range. The Coulomb barrier
for a-emission, in the case of Ta, is significantly higher than that for the iron target and it could
result in a smoothening of the peak cross-section at low energies. This decrease of the cross-section
is partially compensated by a higher total cross-section of the peripheral collisions for heavy targets
(Ta) than for medium mass targets (Fe). The mechanisms of the preequilibrium emission and direct
knock-out must dominate in the case of the 181Ta(p, ) Hf reaction. An isomer-to-ground state
ratio above 1% could be inferred based on the estimations of the angular momentum released in the

. reaction and taking into account the o/c, values discussed in Ref. [6]. The present work brings
more support that is experimental for the above-mentioned discussion on the isomer-to-ground state
ratio.

Summarizing, cross-sections lower than 1 mb for the production of "*™Hf isomers in
proton irradiation of Ta at energies in the range of (50-1000) MeV were predicted. The excitation
function may have a peak placed between 60 and 110 MeV but its contribution to the integral cross-
section should not be significative.

For the case of "Re spallation with high-energy protons, nuclei with mass A = 178 are
located near the maximum of the mass distribution. Even in this case the independent yield of '"*Hf



is orders of magnitude lower than the total yield of the A = 178 isobars because !"*Hf is located on
the tail of the isobaric charge distribution. Unfortunately, the *™Hf isomers result only as
independent yield, directly from the reaction, while the large cumulative production of '"*Hf ground
state is useless. Practically, the independent-to-cumulative ratio for '"*Hf together with the isomer-
to-ground state ratio defines the obtained yield of '*™Hf. Both ratios are difficult to be predicted
by calculations and our experimental results bring valuable information for the calibration of the
computer code simulations.

3. Experiments

Separate irradiations of the Ta and "Re targets with protons were performed at JINR
Dubna. The proton beam was delivered by the 6 m synchrocyclotron (phasotron) of the LNP. Three
Ta targets of the same thickness, 33.3 g/cm2 (about 2 cm thick), were exposed to the internal beam
at different radii corresponding to incident energies of 660, 200 and 100 MeV, respectively (see Fig.
1). A fourth irradiation was performed using the extracted 660 MeV proton beam on a target
consisting of a stack of two thin foils of Ta (156 mg/cm?) and Al (30.6 mg/cm?). This way the two
foils were exposed to the same beam fluence. In the case of the "*Re irradiation, targets of 21 g/cm?
(about 1 cm thick) thickness were exposed to the internal beam at four different incident energies,
150, 300, 450 and 660 MeV, respectively, while a stack of two foils of "Re and Al of comparable
thickness (0.56 mg/cm?) were irradiated with the 660 MeV extracted beam. The irradiations with
the extracted beam were aimed to perform the absolute calibration of the cross-section values. The
cross-sections for the production of "Be and *Na through the p + Al reaction were measured with
high accuracy in Ref. [10] and they were used to calibrate the cross-section of the products resulted
from the irradiation of the Ta and "Re targets.

The activity of produced Hf isomers could be determined from the thick Ta/Re targets,
which were exposed to the internal beam, after chemical isolation of the Hf fraction. The activity of
the samples was measured by using a coaxial HP Ge detector. The high y-ray activity of the samples
determined a high counting rate on the detector. The counting rate was optimized by varying the
source-detector distance and/or inserting absorbers made of Pb, Cd and Cu such that the total dead
time of the acquisition system was kept below 20% and no degradation of the good detector energy
resolution (about 1.8 keV at E, = 1.17 MeV) was visible.

The total activity of the targets was extremely high and their chemical processing was
possible only after two weeks of “cooling” the short-lived activities. The chemical separation
consisted of the following operations:

1. Dissolution of the Ta/Re sample in concentrated hydrofluoric acid with addition of HNO3;

2. Isolation of the Hf and W fractions from the bulk Ta/Re matter and from major part of other
radionuclides (mostly rare-earth metals);

3. Fine rectification of the Hf fraction from the remaining Ta/Re and W substances.

4. Final purification of the Hf fraction from the Lu accumulated as a daughter of Hf radionuclides
decay.

5. Isolation of the individual fractions of other elements. In the case of ™Re, they were W, Lu, and
groups of heavy and light rare-earth elements.

The differential chromatography of elements in resin-filled columns and other radiochemical
methods were used. Permanent monitoring of the y-ray activity controlled the transmission of
different elements through the chemical separation processes.

The '®W radionuclide (T, = 21.6 d) was produced in large quantities and a fine
rectification of the samples was needed to eliminate it. Its hard y-radiation with E,> 1 MeV creates
a high Compton background in the region of E, = (0.4 — 0.6) MeV, where the y-lines of '"*™Hf are
placed. To measure with good accuracy the y-rays emitted following the decay of !7*™Hf one has to
eliminate as much as possible the hard components from the X-ray spectra.

A strong source of background is represented by the '"*Lu nuclei. They accumulate in the Hf
fraction following the decay of the '"Hf (T, = 1.87 y) radionuclides. The activity of the "’Lu (T}

3



= 6. 7 d) nuclides reaches the equilibrium after only few days, so that y-ray spectra should be
measured immediately after chemical separation before '7*Lu accumulates in the sample. This way
one avoids the large background produced bPI the y-ray lines emitted in the decay of 'Lu and the
limit of sensitivity for the estimation of '"*™Hf yield is significantly improved. Finally, the
statistical accuracy for the intensity of the y-ray lines following the decay of the 7*™Hf isomer was
of the order of 6%.

The strongest y-ray emitted in the decay of the '°Hf nuclides has the energy E, = 343 keV
and produces high counting rate in the Ge detector. This line was suppressed by Pb filters in front of
the detector.

Since for each sample the y-ray background was different as both intensity and composition,
practically each one had its own measurement geometry and combination of absorbers. The signals
from the Ge detector were sent into a high rate amplifier (ORTEC 973) and a multichannel buffer
(ORTEC 921) that allowed us to increase the counting rate on the detector up to 20 kcounts/sec
without a significant deterioration of the energy resolution.

The analysis of the y-ray spectra allowed us to estimate the absolute number of
radionuclides of each type by using the standard equations for radioactive decay and accumulation.
The spectroscopic properties of the radionuclides were taken from the Tables of Isotopes [11,12].
The efficiency of the detector as a function of y-ray energy was measured separately for each
source-detector distance and absorber thickness by using the standard sources of '?Eu, '**Eu and
28Th. The accuracy on the efficiency values was better than 5%. Systematical errors are due to the
use of the tabulated decay properties of radionuclides. Finally, we estimated the random errors for
the majority of detected radionuclides to be about 7%. This value doesn’t include the error on the
proton beam intensity and the calibration of the absolute yield values.

The measured number of radionuclides was transformed in production cross-section. At 660
MeV the absolute cross-section calibration was performed by using the special combined irradiation
of Ta/Re and Al. For the irradiations at 100, 150, 200, 300 and 450 MeV the measured yields for
the radionuclides W, '®0s and '®Re, that provided intense y-rays, could be used for absolute
calibration of the cross-sections. The areas of their y-lines were measured with high statistical
accuracy in the SPectra taken before chemical operations. The cross-section and the excitation
function of the '®!'Ta(p, 4n)'"*W, “'Re(p, 3n)'*Os and 18Re(p, p4n)'®Re reactions were
determined in Refs. [13] and [14]. The absolute calibration accuracy is estimated to be better than
15%.

4. Experimental results

The yield, Y, of a reaction product per one bombarding proton, is defined as:

Y= fo(E) (‘;—5] dE, 0

were Emax and En, define the proton energy range in a target of known thickness, and dE/dx is the
energy dependent stopping power of protons in the target material expressed in MeV/at-cm™ if E is
in MeV and ¢ in cm”. The mean cross-section is connected with the yield through the expression:

5= Y[ f(j—fj dE] . 2)

Equations (1) and (2) were used for the absolute calibration of the yields and for the evaluation

of o in the present experiment. The resulted Y and o values for Ta targets are given in Tables 1
and 2. The yield Y is given as the number of produced atoms per one bombarding proton when a 2
cm thick Ta target is irradiated. At 660 MeV bombarding energy the total range of protons in Ta is
about 20 cm. The integration range for the yield estimate is determined by the 45 MeV energy loss
within 2 cm of target. In the case of 200 MeV initial energy the integration range of energy is much
wider, from 200 to 105 MeV. At 100 MeV, the range of protons is shorter than the thickness of the
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target and only about 30% of the target’s thickness is active for nuclear reactions. Thus, the energy
range to be considered is defined by the individual reaction threshold and the initial energy (100
MeV). The yield and mean cross-section values, as well as the type of yield — independent or
cumulative — are given in Tables 1 and 2. By independent yield we mean the number of nuclides
produced directly from the reaction while the cumulative yield measures the number of nuclides
resulted from the decay of the heavier unstable isobars. Some regularities can be observed from the
study of the values listed in Tables 1 and 2:

1. For Hf, Lu and Tm isotopes the cumulative yields are significantly higher than the
independent ones. This means that they accumulate mostly after the decay of short lived
nuclides with higher Z, like W, Ta, ...

2. The cumulative yields decrease at lower A values (higher number of emitted nucleons)
evolving towards a rather flat behavior. Only in the case of irradiation with 100 MeV
protons, the yields show a drastic decreased for A < 175.

3. The yields of Hf and Lu isomers are typically much lower than the yields of the most
abundant cumulative radionuclides. This is due to the isomer-to-ground state ratio and to the
low independent yield of nuclides near B-stability.

4. The yields of '"Hf and 7?Hf are still very high at 200 MeV while at 100 MeV a decrease is
noticed for '7?Hf.

5. Very high yield should be expected for the ground state of '"*Hf due to the accumulation of
the '*W decay products.

6. Products of two unusual reactions, namely (p,pn’) and (n,y) are successfully detected. The
latter one is a secondary reaction induced by the neutron flux generated in the proton
interaction with the target and with the accelerator construction elements.

The data contained in Tables 1 and 2 supply a reasonable basis to discuss the productivity of
the ls'Ta(p,oc) reaction for accumulation of the '"*™Hf isomeric nuclei. The fragmentary results on
the '™ Hf isomer production reported in Refs. [2] and [15] were not enough for such a discussion.

In Table 3, the radionuclides detected following the irradiations at 660 MeV of Re target are
listed together with their half-lives and characteristic y-line energies. The nuclides with T, <2 d
could not be detected due to the 3 weeks “cooling” of the targets for the reduction of the total
activity. The detection limit of weak activities depends on the individual radioactive properties of a
nuclide. For some cases we could measure activities corresponded to the cross-sections as low as 1
pb. The most abundant products are produced with the cross-section of the order of 100 mb. The
yields and the mean cross-section values are also given in Table 3. They correspond to an average
beam energy of about 645 MeV.

The data in Table 3 show that, in addition to the spallation products, many fission fragments
could be also identified with moderate yields. Nuclides with masses A < 120 correspond to fission
while those with A >135 resulted from spallation processes. In the intermediate mass range 120 < A
< 135 both reaction mechanisms contribute to the yield of the same nuclide. Fission probability in
the case of Re target is definitely higher than in the case of Ta.

Table 3 lists several isomers successfully detected: 184mp e, 17om2pyf, 178m2ygp 177mpy, 1M4mpy,
148mpy,  12Impe 110mAg 106mAo and ¥'™Nb. Their yields are typically low mostly because they are
produced as independent yield directly from the reaction, while other isotopes accumulate the total
yield of the isobaric chain after EC and B decays. All the abundant products result as cumulative
yield.

In Table 4 the mean cross-section values measured at 450, 300 and 150 MeV are compared
with the results of calculations. One can see that the fission probability decreases to lower proton
energy, yet fission products can be detected even at 150 MeV. The mass range of the spallation
products is shortened significantly at lower energies; for instance, at 150 MeV the nuclides lighter
than '®Yb were below the sensitivity limit of our detection system. Generally, the yields of the
products resulting after many nucleons emission show a decreasing trend when the proton energies
are lowered while the cross-section of few-nucleon emission is growing to lower energy. Such
behavior is in good agreement with the theoretical predictions.
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5. Model simulation of the reaction process and comparison with experimental data

Attempts to describe the cross-sections of the products from reactions with intermediate and
high-energy nucleons are known in literature beginning with Ref. [16], where a first semiempirical
equation was proposed and successfully applied. Later such equations were replaced by modeling of
the multistep reaction process based on Monte Carlo and transport approaches (see Ref. [17]) that
give a more accurate description. Many computer codes were created and a review of them can be
found in Refs. [8,10] and references therein.

For the present calculations, we have chosen one the most sophisticated codes — “LAHET”
[18], which appeared as a revolution of the LANL and HETC programs [19].

In the “LAHET” simulations, the reaction is described as a three-step process. The first step
is represented by the intranuclear cascade (INC) when the interactions of the high-energy nucleons
(or light ions) with nuclei are considered as a sequence of two body interactions between the
projectile and the individual nucleons in the nucleus. The interactions of the struck nucleons with
the remaining target nucleons are also treated as a sequence of two-body interactions. The projectile
particle may either escape from the nucleus or it may lose its energy — through the collision with the
target nucleons — and be captured in the target nuclide. Its energy is transformed in excitation
energy of the residual target nucleus. The highly energetic particles promptly emitted from the
nucleus during the INC stage may have enough energy to initiate further reactions with other target
nuclides until their energy decrease below the cut-off energy.

The INC stage is followed by the preequilibrium emission of particles. This is an
intermediate regime between the direct reaction and the statistical decay of the compound nucleus.
The preequilibrium model employs an initial particle-hole configuration and excitation energy
determined by the outcome of the INC cascade. At each stage of the preequilibrium model, the
excited nucleus may emit neutrons, protons, deuterons, tritons, *He particles or alpha particles as the
nucleon configuration evolves towards equilibrium. This process continues until the equilibrium
exciton number is reached.

The evaporation model is the third step and it describes the excited residual nuclide. In this
model, the deexcitation of the residual excited nuclide is described via the evaporation of nucleons
and light nuclei in competition with fission.

In the present “LAHET” simulations we described the INC cascade with the ISABEL model
[20], which is an extension of the VEGAS code [21]. This code accounts for nucleus-nucleus and
particle-nucleus interactions as well as for interactions between particles excited above the Fermi
sea.

The numerical simulations were performed for the p + '*'Ta and p + "™Re reactions at three
values of the incident energy of 100, 200 and 660 MeV for Ta and at four values of the incident
energy of 150, 300, 450 and 660 MeV for Re. In addition, at 660 MeV the yields of products were
calculated separately for '**Re and '*'Re target nuclei.

The “LAHET” code simulation was performed as described above, and for each proton
energy as many as 5x10° reaction events were processed. Such statistics lowers the limit of
reproduced yields to about ~ 3-107, and defines the statistical inaccuracy of the calculated yield
values in the Monte Carlo simulation. The geometry of irradiations was taken to be the same as in
the experiment (see Fig. 1) and the reactions with secondary particles were taken into account. The
latter process had a low probability in this geometry, especially chosen to determine physical cross-
sections at well-defined energy of the bombarding protons.

The comparison of the experimental and theoretical yield values is given in the last column
of Tables 1 - 4. In most of the cases, the experimental and calculated values agree within a factor 2.
The agreement is worse for the case of independent or B~ cumulative yields where the discrepancy
may be as high as one order of magnitude. This can be naturally explained based on the charge
distribution for the spallation products. It is clear that the line of most probable charge, Z,(A), for
spallation products, is located at some distance from the B-stability line, shifted towards regions of
significant neutron deficiency. After series of EC decays the total yield of the isobaric nuclear chain
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is converted to the longer-lived nuclide, typically placed not far from stability line. Experimentally,
we measure the yields of such long-lived isotopes because we need to “cool” the target after
irradiation for weeks. Thus, the cumulative yields include the most probable products of spallation,
and good agreement between experiment and calculation confirms that theory reproduces well the
spallation cross-sections near the maximum of charge distribution and that it describes also the
mass-distribution over a wide range (from A=185 to A=140 at 660 MeV). At lower proton energies,
the total mass range for the spallation products is shortened but the mass distribution is still well
reproduced.

The nuclides near the B-stability line, identified experimentally, can be produced only as
independent or f~ cumulative yield. For them the agreement between theory and experiment is
worse. Nevertheless, one has to be aware that these nuclides are placed on the tail of the charge
distribution of their isobars, far from the most probable charge Z,(A), and they correspond to low
yields, sometimes at the limit of the accuracy of our measuring technique.

Unfortunately, all the isomers of interest, like l78mzHf, 19m211£ and 177mp correspond to
nuclides near the B-stability line and their independent yields could not be predicted well by theory.
Furthermore, the present version of the model simulation does not include the calculation of the
isomer (m) to ground state (g) ratio; only the total yield (g + m) of the nuclides can be estimated
with limited accuracy. Our new experimental data on the isomer production through spallation
reactions are a unique source of data useful for clarifying the problem. From the results listed in
Tables 1-4, one can estimate experimentally some isomer to ground state ratios. For isomers that
have lower s7§ins (6h): "¥*™Re, ™My and "*"Pm, values of om/0g~ 1.0 are typical. For higher spin
isomers as '"™Hf (25/2h), "*™Hf (16h) and '""™Lu (23/2h), the ratio is lower being of the order of
0.01 - 0.1. Such estimations are not very accurate because they make use of the calculated total
yield of the nuclides. In addition, we have to consider the uncertainties on the measured yields of
the isomeric states that are of the order of 20-30%.

The calculated yields and cross-sections for fission fragments are also compared with
experimental results in Tables 1-4. The agreement is in general worse than for the spallation
products. At 660 MeV the simulation is adequate, at least schematically, but at lower proton
energies the discrepancy reaches one order of magnitude. It means that the simulation code
systematically underestimates the probability of fission at E,<400 MeV for Ta and Re targets. At
660 MeV, the yields of '*™Ag and ''®™Ag isomers can be compared with the calculated ones for
these nuclides resulted as fission products. High values of the isomer-to-ground state ratio are
obtained for them as expected from the relations between the isomer spin and mean angular
momentum of fission fragments.

Some regular trends could be deduced from the analysis of the experimental and calculated
yield values. The mass-distribution plot of the reaction products can reveal some of them. The
cumulative yields of long-lived isobars are well defined both in experiment and in theory. Their
yields are plotted in Fig. 2 as a function of the missing mass number (-AA) = A+ 1 — Ap, where A,
and A, are the mass numbers of the target and product nuclides, respectively. Practically, (-AA)
corresponds to the number of nucleons emitted in the reaction and it shows how far the product
nucleus is shifted from the compound nucleus on the A axis. Likewise, one can use (-AZ) =Z;+ 1 —
Z, instead of (-AA) to show how many units of nuclear charge were released in the reaction. The
parametrization in (-AZ) is useful only when the independent yields of radionuclides are discussed,
because after B* and EC decays, the Z number of the products changes and their yields are
integrated in the cumulative yield of the longest-lived nuclide within the isobaric chain of a given A
value. Unfortunately, it is difficult to detect many isobars and consequently the analysis of the
charge-distribution of isobars is based only on the theoretical values. At the same time, the mass-
distribution is not distorted by the decay of the radionuclides and the cumulative yields are plot both
for experimental and theoretical values.

In Fig. 2a the mass-distribution for the p + '*'Ta reaction at 660 MeV is shown. Both the
experimental and the theoretical values show a similar behavior. The systematic deviation, of a
factor about 1.3, is observed near the maximum of the distributions. In Fig. 2b we plotted the mass-
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distribution for the case of "Re target at 660 MeV. The distributions look very similar in Figs.2a
and 2b.

To estimate the yield of '"*™Hf isomer theoretically, one needs to know the independent
yield of this product. In Fig. 3, the calculated isobaric charge-distributions for 8173 and ""Re
targets are shown. The '"®Hf nuclide, being produced in the p + 187Re irradiation, is located on the
tail of the charge-distribution because the maximum of the distribution is shifted towards neutron
deficient isotopes (as '*W in this case). The '"*W nuclide, after EC decay with a half-life of Ty, =
21.6 d, populates ®Ta and then '"Hf but only in the ground state. It results that one needs to
separate the Hf fraction from the samples before the decay of 178 contributes to the degradation of
the isomer-to-ground state ratio. This conclusion is valid both for the Ta and the Re targets.

Satisfactory agreement between theory and experiment was found for cumulative yields but
this does not ensure the description of the individual independent yields of nuclides with the same
success, especially, when they are far from the maximum of the charge-distribution. From Table 1
one can see that the yield of neutron-rich isotopes (e.g. ‘*Dy, 10Tp, 14%pm, and '“Ba) is
significantly underestimated by calculations. The irradiation of 131Tq at 660 MeV produced many
Eu isotopes and their detection may bring additional information on the independent yields. In Fig.
4 the cumulative and independent yields of Eu isotopes are shown. Again, it can be noticed that the
yield of the neutron-rich *®Eu is not reproduced by the calculation, the discrepancy being as high as
one order of magnitude. In the case of the independent yields of lighter isotopes, the agreement is
good for A=148 and 149, but not for A=146. Cumulative yields are better reproduced.

Finally, one concludes that the independent yields of radionuclides are not well described by
the calculations and for nuclides with Z/A ratio that deviates from the line of most probable Z/A the
predictions are unreliable. The same is true also for fission fragments, especially, at proton energies
<400 MeV.

6. Angular momentum distribution and isomer-to-ground state ratios

Isomer-to-ground state ratios in reactions at intermediate energies were measured and
discussed in Refs. [8,10,22-24] and references therein. Qualitatively, it was concluded that high
spins could be populated not only in reactions with protons but also by n-meson capture.

As discussed in the previous section, the independent and cumulative yields of radionuclides
could be simulated with reasonable accuracy using theoretical models and the corresponding
numerical codes. One of them (“LAHET”) was applied for the present calculations. Nevertheless,
such codes do not reproduce the isomer-to-ground state ratios (om/cg) because of the following
reasons: 1) difficulties in calculating the angular momentum (/) distribution for the reaction
residues, and 2) uncertainties in the prediction of the o/, values even for known / distribution.
Some models, aimed to solve the problem “2”, were discussed in literature [25] but the results of
such theoretical calculations are sensitive to the choice of numerical parameters. Problem “1” is
even less investigated, especially, in the case of reactions induced by nucleons in the range of
intermediate energies (100-1000 MeV). Thus, for the moment, the prediction of the o/, ratio
should be based mostly on experimental results and semiempirical arguments. Ref. [26] proposed
such a systematics in the range of low energies and it was shown that the isomer-to-ground state
ratio is determined mostly by the angular momentum of the reaction product.

The results obtained from the p + Ta reaction at proton energies of 100, 200 and 660 MeV
allowed us to determine experimentally the isomer-to-ground state ratios for the "Ly and *Pm
nuclides. Only for these two nuclides the “m” and “g” states were independently populated. For
both nuclides the ground state has spin and parity 1° while the isomeric state has 6". The om/cy
values measured at 660 MeV are given in Table 5. It can be seen that they exceed unity meaning
that the isomeric 6 state is populated with higher yield than the 1™ ground state. A similar situation
is observed also at 200 and 100 MeV irradiation energies (see Table 2) but with a decreasing trend
of the om/c, values to lower bombarding energy. For the other isomers listed in Table 5 only the
independent yield of the isomeric state could be measured experimentally and for the ground states
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we used the values estimated with “LAHET”. The ground state independent yields for these
nuclides could not be measured due to the large cumulative component. Our experimental set-up
was based on y-ray spectroscopy methods that cannot be used for measuring the yields of stable
isotopes that do not decay .

To understand the results given in Table 5, one has to analyze the properties of the angular
momentum distribution for the reaction products. Then, based on empirical systematics one can
evaluate the corresponding o,/cg values. Of course, such an estimate is not very accurate and it
allows only for a qualitative discussion. For the purpose of such a discussion, let us consider
the spallation reaction as a two steps process: 1) the primary momentum transfer at the collision and
2) emission of particles. During the first step, the colliding proton transfers linear and angular
momentum to the target nucleus. In the second step, the excited nucleus emits many nucleons
corresponding to the INC cascade, the preequilibrium and the evaporation stages (see Section 5 for
details). After nucleons are emitted, the angular momentum vector /¢ is defined by the initially
transferred angular momentum /; and by the angular momentum accumulated due to the nucleon
emission. Finally, the cascade of y-quanta and conversion electrons removes the residual angular
momentum and excitation energy populating the ground and isomeric states.

At the impact of 660 MeV protons with a Ta/Re target nucleus a maximum angular
momentum of about 40 % can be released. This value corresponds to the transfer of a total linear
momentum at the maximum impact parameter defined by the radius of nucleus: byax = roA. The
probability of such transfer is low because the momentum Ap transferred in peripheral collisions is
typically much lower than the total momentum of the projectile. The linear momentum of the
projectile can be absorbed completely in head-on collisions but this does not produce large angular
momentum since /; = Ap - b, and b ~ 0 at the head-on impact. Thus, one has to assume low angular
momentum transfer both at the tangential and at the head-on collisions, while at values of the
impact parameter b & byay/2 angular momenta /; ~ (10-20) 7 can be reached with high probability.

The transferred linear momentum Ap should be a decreasing function of the impact
parameter. Since the number of emitted nucleons (-AA) is proportional to the excitation energy E* ~
(Ap)?, one deduces that low (-AA) values correspond to the peripheral collisions and the highest (-
AA) to the head-on collisions. Summarizing, the average angular momentum </;> transferred on the
first step of the reaction depends on the (-AA) parameter like schematically shown in Fig. 5a.

Let consider now the second step of the process. What happens with the angular momentum
distribution on the stage of the nucleon emission? At the nuclear temperature of about 3 MeV each
nucleon carries away an average angular momentum |All » 3 %, when emitted. The random
orientation of the Al vectors of many nucleons leads to a wide angular momentum distribution after

their summation. The width of the distribution is proportional to /(~A4) . When the initial /; is

nearly zero, after the cascade emission stage, the average /s value grows significantly and arrives to
be of the same order of magnitude as the width of the distribution, i.e. of about ~ 10 % after
emission of (10-15) nucleons. However, when /; is as high as (10-20) 7, the center of gravity of the
distribution remains almost stable and only its width increases significantly. If /; > (25-30) #, the
nucleon emission removes angular momentum from the system and </¢> decreases.

This behavior is the result of two different characteristics of the de-excitation process. The
random combination of many individual vectors leads to an increase of the module of the sum
vector because the phase volume in the spin space is proportional to the (2/ + 1) factor. At the same
time, the level density factor has the opposite influence on the resulting spin after summation. These
two effects compensate each other when the initial spin of the heavy nucleus is within the range of
(10-20) % . At low /; values, the phase volume factor is dominant and </> is growing up due to the
combination of many individual vectors of emitted nucleons. On the contrary, at /; > (25-30) % the
level density factor leads to a decrease of the initial spin.

In the case of 660 MeV protons colliding with the Ta nucleus, the initial angular momentum
is typically in the range of /; ~ (5-20) #, depending on the impact parameter or (-AA) value. Thus,
the cascade nucleon emission influences mostly the width of the distribution. Since the number of
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emitted nucleons is about (-AA) = 10, the initially transferred angular momentum should be of
about (10-15) 7, and then the 10 emitted nucleons produce a broadening of the spin distribution, as
it is shown in Figs. 5b and 5c. Finally, the spin distribution covers a range of angular momenta from
0to257.

The final angular momentum distribution shown in Fig. 5¢ should give a realistic estimation
of the on/cg value in the case of 178m2Hf production when irradiating '®’Re with 660 MeV protons

(when (-AA) = 10). In the case of p + Ta irradiations the mean £ value is much lower for the A =

178 products.

When the number of emitted nucleons is small (-AA = 3-5), as in the reactions with Ta, for
isomers as 'P™Hf, ™Hf and ""™Lu, the isomeric-to-ground state ratio is expected to be much
lower than unity, because of the small transferred angular momentum and the high spin of the
isomers, 25/2, 16 and 23/2h, respectively. The on/cy values given in Table 5 are in good
agreement with this prediction. It can be concluded that the estimates of the isomer-to-ground state
ratios using the calculated independent yields look reasonable. We have also to mention that until
now the isomer-to-ground state ratios for these high-spin isomers populated in reactions with 660
MeV protons were unknown. The present work put some light on this important subject. In practice,
for most of the cases the yield of the ground state is much higher (due to the cumulative process)
than the one of the isomeric states resulting in low o,/c, values. As discussed above, the separation
of '"™Hf from '®W is necessary in order to improve the final Om/Cyg ratio.

The expectation in the case of Re targets was that higher angular momenta are produced for
the A = 178 isobars compared with the case of Ta targets. This would have resulted in an increase
of the isomer-to-ground state ratio for nuclides with high-spin isomers. However, the calculations
reported in Tables 3 and 4 show that the total independent yield (m + g) for these nuclides is low.
Finally, measured production of *™Hf through the p + Re reaction is lower than what we obtained
from the p + Ta reaction at similar proton energies.

7. Choice of the optimum variant for the ""*"?Hf production

Table 6 compares the results for *"2Hf production through the spallation of Ta and Re

targets with high-energy protons. It can be noticed that Re targets does not provide any advantage
compared to the use of Ta target, neither in productivity, nor in the reduction of the "2Hf impurity.
This impurity is the most disturbing one due to its long half-life (T1,=1.87 y) and very reach y-ray
spectra of the daughter nuclide '™Lu (6.7 d). At the lowest energy, 150 MeV, the yield of 2Hf in
the p + Re reaction is significantly reduced but the 178m21 jsomer cross-section decreases too. This
comparison shows that the use of Ta targets is more advantageous than the Re targets.

The mean cross-sections measured in the present work are not in complete agreement with
the fragmentary data reported in Refs. [2,8,15]. Some discrepancies can be explained by different
geometry of irradiations. In Ref. [2], the experiment is described schematically, and that does not
allow an accurate comparison. The contribution from the reactions induced by secondary neutrons
and charged particles can be significant, especially in the geometry of thick massive beam dump. It
is reasonable to assume that the total reaction cross-section is of the order of the geometrical cross-
section of the Ta nucleus (=2 barn). Then, the nuclear interaction range should be of about 10 cm in
Ta that is shorter than the total range of 800 MeV protons (25 cm) due to the electronic stopping
power. If we further assume that the average neutron multiplicity per nuclear interaction is v = 2,
one can conclude immediately that the number of neutrons in the target is much larger than the
number of bombarding protons. Consequently, the neutron-induced reactions were very important
in the geometry of the beam dump at LAMPF.

The mean cross-section for the production of "™ Hf isomers has an almost flat dependence
on the proton energy so that the main problem concerning the production is the contaminants
production. At the lowest irradiation energy, 100 MeV in the case of the p + Ta reaction, the
production cross-sections of '7°Hf and '"?Hf decrease but they are still order of magnitude higher
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than "®™Hf. Production of Hf isomers with protons of low energy has many advantages: easier

operation of the accelerator, less isotopes produced in the target and consequently lower

radioactivity level. At the same time, we have to notice that at the higher irradiation energy the
yields of the main contaminants decrease again while the one for the Hf isomer has a slight
increase.

Let us consider the case of the proton irradiation of a Ta target with 100 MeV protons at a
beam current of 150 pA. The target thickness should be taken of about 0.7 ¢cm in order to cover the
active energy range. Assuming the beam diameter of about 2 cm, one can find that the beam
releases about 8 kW thermal power in the Ta targets of 35 g weight. Such thermal power density
can be removed without problems. Based on the results given in Table 2, one deduces a productivity
on the level of 10" atoms of '"*™Hf per second, or 2 pg per week of irradiation. The yield of "?Hf
is 100 times larger and that of '™ Hf is 1400 times larger. The latter isotope completely decays out
after 2 years of cooling. In order to improve the isomer-to-ground state ratio it is recommended to
perform the irradiation for one week only and afterwards to perform the chemical isolation of Hf.
This way one avoids the accumulation of ground state 7*Hf due to the '*W EC decay. Also, the
accumulation of !’Hf stable isotope is reduced by the removal of its precursor, *Ta.

At 100 MeV the absolute productivity of '"*™Hf isomer is 10 times lower than at 660 MeV
but it is by a factor 50 higher then it was possible to reach using the *Yb(*He,2n) reaction [6]. The
quality parameters appear as follows: the presence of '72Hf is lower at 100 MeV than at 660 MeV
and the isomer-to-ground state ratios are comparable at both energies. Based on the results obtained
from our measurements at 100 MeV and the previous ones from the LAMPF facility [2], we can
conclude the following:

1. The use of thin targets results in lower total activity and less variety of produced radioisotopes.
This moderates the safety problems for the processing of the irradiated targets. The cooling time
needed for the '?Hf activity to reduce at the level of the '7*™Hf activity was changed from 20
yrs. in the case of the samples irradiated at LAMPF at about 6 yrs. for the samples irradiated by
us.

2. The use of samples (30-50) times lighter than in the case of LAMPF also offers more
convenience for the chemical separation of the various isotopes.

3. We can divide the contaminants in two main categories: a) isotopes, as ' "“Hf and '"’Hf, that
cannot be chemically separated from '"*Hf and produce high radioactivity of the samples, and b)
isotopes, as '"*W, that degrade the isomer-to-ground state ratio due to their decay to the ground
state of !"*Hf. One has to optimize the production process to minimize the presence of the first
category of contaminants. As shown at the first point this goal was achieved. To eliminate the
second category of contaminants one has to periodically change the targets and to separate the
Hf fraction.

4. The operation costs for small accelerator that can supply protons of 100 MeV are significantly
lower that the ones for high-energy accelerators. Moreover, small sized accelerators are
available in many laboratories around the world.

Our study shows that the production of grams or even milligrams of the 178m2Hf jsomer is
still open to discussion. What we have clearly showed is that the p + Ta reaction is more prolific
than the p + Re one. The relatively low cross-section for HF production at 660 MeV both for Re
and Ta targets is mostly due to the position of this nuclide far from the line of most probable
spallation products, Z,(A). The only way to overcome this difficulty is to use a target nucleus as
rich as possible in neutrons. A survey of the neighboring isotopes available in nature has revealed as
a good candidate the "W nuclide.

8. Summary

The yields of radionuclides produced through proton irradiations of Ta/Re targets were
measured by using the y-ray spectroscopy methods to identify the y-rays emitted from the
chemically isolated fractions. About 65 nuclides were identified from the samples irradiated at 660
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MeV and the mass-distribution of the spallation and fission products was successfully evaluated.
Similar results were obtained at the other proton energies: 450, 300, 200, 150 and 100 MeV,
respectively. Several isomers were populated during the irradiations and allowed us to estimate
isomer-to-ground state ratios that we compared with a semiempirical ansatz. Based on our
experimental results and on previous data, as well, we addressed the problem of optimization of
1M2Hf production and accumulation.
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Table 1. Yields of radionuclides and mean cross-sections measured after activation of a Ta target
of 33.3 g/cm? thickness by 660 MeV protons. The comparison with theory prediction is
given at the last column. The energy range is from 660 to 615 MeV for all reactions.

Nuclide Tin E,, keV | Type of yield Mean o, Yield value ", Y theor
mbarn atoms/proton
1| 115d | 1231.0 Indep. - 0.85-107 -
*) Bige | 424d | 482.0 Indep. 0.14 1.7-10° 2.8-10°
| TP | 25.1d | 453.7 Indep. 0.52 5.8-10” 1.510% "
Tw 21.6d | 13409 Indep. 5.9 6.6-10" 9.3-10*
| TPHE | 31y | 5742 Indep. 031 3.5:10° 1.7.10° ™
mpa | 161d | 4185 Indep. 0.25 28107 3.0-10* ™
"t 70d | 3434 EC cum. 56 6.2:10° 4.9.10°
TRy | 331y | 12418 Indep. 25 2.8-10" } 4810
7y | 142d | 992.0 Indep. 3.0 3.3:10 )
Ly | 137y | 2722 EC cum. 61 6.7-10° 5.5.10°
Hf | 187y | 1093.6 | EC cum. 47 52107 4.6-10°
Lu 6.7d | 1093.6 Indep. 8.1 0.9-10° 0.83-10°
MLy 822d | 7398 EC cum. 65 7.2-10° 5.4.10°
Ly 20d | 985.1 EC cum. 64 7.1.10° 53107
®Yb | 32.0d | 307.7 EC cum. 69 7610 5.5.10°
Tm | 93.1d | 7203 Indep. 13 1.5-10™ 7.0-10°
®Tm | 924d | 5315 EC cum. 66 73107 4.9.10°
%yb | 2.36d | 1374.1 EC cum. 42 46107 5.4.10°
py 3.4d | 1379.6 B cum. 1.8 2.0-10% -
Ty | 7234d | 1271.9 Indep. 0.10 1.2:10° -
BTp 535d | 534.3 Indep. 0.48 53107 4.610°
5Th 532d | 3674 EC cum. 32 35107 3.1.10°
Peu | 1524 | 2097.7 B cum. 0.12 1.3.10° -
G4 242d | 1032 EC cum. 2 2.4.10° 25107
B1Gd 120d | 2432 EC cum. 19 2.1-107 22107
™G4 9.4d | 2985 EC cum. 27 3.0-107 2.0-10°
By 93.1d | 277.0 EC cum. 28 3.1.10° 2.1-10°
™Eu | 543d | 5503 Indep. 0.73 0.8-10" 1.6-10™
"%pm | 537d | 9149 Indep. 0.045 510 11.010°
| ™" pm | 413d | 286.6 Indep. 0.067 7.510° '
“TEu 246d | 601.4 EC cum. 15 1.68-10° 1.5-10°
MGd 483d | 633.7 EC cum. 14 1.54-10° 1.2:10°
gy 46d | 6337 Indep. 0.5 5.4.10° 3.8.10"
"Eu 594d | 893.7 EC cum. 8.5 0.94-107 1.2:10°
™pm | 363d | 476.8 Indep. <1.7 <210 6.9-10”
Wpm | 265d | 742.0 EC cum. 5.8 6.5-10" 8.8.10"
"Ba [ 12.75d | 1596.5 B cum. 0.010 1.2:10° -
Ce [137.7d | 165.8 EC cum. 2.4 2.6:10"
Bocs [ 13.16d | 1048.1 Indep. <0.011 <1.3-10° -
™Ba | 105y | 356.0 EC cum. 0.7 8.10°7 9.6:10°
BTRa 11.8d | 4963 EC cum. 0.94 1.0-10* 7.5107

13



Nuclide Tin | E,keV | Typeofyield | Mean o, Yield value *, Yiheor
mbarn atoms/proton
s 115d | 391.7 EC cum. 0.11 1.2:10° 6-10°
| TMAg [7250d | 8847 Indep. 0.04 43-10° 1510
mAg | 8.46d | 1045.8 Indep. 0.07 0.8-10° 410"
TAg | 413d | 4434 EC cum. 0.27 2.5.10° 1.10°
Rh | 207d | 475.1 Indep. 0.08 7.210° 7-10°
"'Rh 33y | 198.0 B cum. 0.31 2.9.10° -
pq 3.6d | 2376.1 B* cum. 0.028 2.7-10° 610"
PZr 64d | 756.7 B cum. 0.12 1.3.107 2.510°
*Nb 35d | 7658 Indep. 0.22 2.1.10° 6-10°
T"Nb 62d | 12048 | Part. cum. 0.13 1.5-10° 2:10° ™
- ®zr | 834d | 3929 EC cum. 0.14 1.6:10° 2.2:10°
By 106.6d | 1836.0 Indep. 0.33 3.7-10° 1.10°
Ty 335d | 3884 B* cum. 0.35 3.9-10° -
BSr 64.8d | 514.0 B cum. 0.45 5.0-107 2.4:10°
“Rb | 329d | 881.6 Indep. 0.34 3.7-10° 1.2:10°
“Rb 862d | 5204 B cum. 0.47 5.2:10° 3.6-10°
"Se 120d | 264.6 B* cum. 0.42 4.6:10° 2:10°
T As 17.8d | 5958 Indep. 0.32 3.5-10° 1.9-10°
*Se 84d | 8340 B* cum. 0.09 1.0-10” 2.5:10°
®Zn 2444 | 11158 B* cum. 0.3 3.3-10° 1.7-10°
Co 527y | 13325 Indep. 0.014 1.6-10° -
“Fe 44.5d | 1099.5 B cum. 0.18 2.0-10” 1-10°
*5Co 78.8d | 2598.6 | EC cum. 0.027 3.0-10° 2:10°
>*Mn 5.6d | 1434.1 B* cum. 0.018 1.9-10° 110
Ty 16d | 1312.1 EC cum. 0.023 2.5:10° 4-10°

") Random errors are within +7%, and the standard error of the absolute calibration is of
about +15%;

" 18273 and '*'Hf are produced in the reactions (n,y) and (p,prc"), respectively;

"™ A sum of both isomeric and ground states is given as predicted.
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Table 2. Measured yields and mean cross- sectlons
irradiation of the Ta targets of 33.3 g/cm? thickness at 200 and 100 MeV. The absolute
yields (in atoms per proton) are given in comparison with theory.

of the radionuclides formation in proton

Nuclide 200 MeV 100 MeV
O, mbarn Yexp. Yiheor. G, mbarn Yexp‘ Yineor.
82Tq - 4.7-10" - - 2.7-10" -
PMHE 037 4.110° | 09107 7 0.29 1210° | 1.810°
Tw 32 35107 3.7-10° 150 7.1-107 7.2-107
LT 0.30 3.3-107 1.2:10% ™ 0.22 0.94-10° | 2.2.10* ™
T 0.12 13-10° | 5.3.10° ™ 0.06 2510° | 24.10° ™
117745Hf 140 1.5:107 1.2-107 370 1.4107 0.87-10°
&3 -4 5
e B IR L
Ly 116 1.3-107 1.3-107 146 48107 4.0-107
2t 110 1.2:10% 1.2:10% 40 1.0-107 1.2-107
10 52 0.6:107 0.41-10° 2.6 6.6:10° 3.4.10”
"Ly 130 1.4107 1.2-107 45 8.3-10" 2.4-10"
T 120 1.3-107 0.88-10° 21 3.7.10% 1.6:10*
Yb 93 1.0-102 6.510° 5.5 1.0-10* 0.4-10*
T8 Tm 0.30 33.10° 0.76-10°7 0.18 1.7-10° 2.107
" Tm 29 3.2:107 3.1.10° <0.4 <3.8-10° 1.4-10°
Dy 13 1.4-10"* - <0.6 <5.8.10° -
YD 11 1.2:10° 24107 0.5 0.9-10° -
0Th <0.15 <1.7.10° - - - -
55Th 0.7 7.8-10° - - - -
T0bmp 0.013 1.410° 4.107 7 - - -
GAg 0.2 22107 - 0.05 1.9-10° -
TRy 0.046 5.1:10° - 0.014 5.2-107 -
Wpq 0.018 2.10° - 0.004 1.5-107 -
PNb 0.052 5.7.10° 2.4.10° 0.004 1.5:107 -
7 0.054 5.9-10° 1.2:10°° 0.01 3.8:107 -
RN 0.15 1.710° [08.10° ™ 0.05 1.9-10°° -
87y 0.11 1.2:10° - 0.04 1.5-10° -
By 0.15 1.6-10° - 0.07 2.6:10° -
8y 0.29 3.2:107 - 0.13 4.9-10° -
5Sr 0.21 23107 4107 - - -
%Rb 0.12 1.3-107° 1.2:10° 0.012 4.5107 -
5Rb 0.08 8.8-10° 4.107 0.01 3.8.107 -
TAs 0.023 2.5-10° 1.2:10° 0.025 9.5.107 -
3¢ 0.042 4510 - 0.016 6.0-107 -
Fe 0.022 2.4.10°° 4.107 0.004 1.5-107 -
Co 0.015 1.6-10° 4107 0.006 2.3 107 -
Mn 0.007 7.107 4.107 0.002 0.8:107 -
By 0.013 1.4-10°° - 0.0016 6.0-10° -

") In recalculation from measured Y to mean o, it is assumed that effective thickness of the
target is regularly shortened with the growth of a number of emitted nucleons.

) A sum of both isomeric and ground states is given as predicted.
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Table 3. 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 ean G, Yield, Predicted
Nuclide Ti Ey keV }}:}Zld I\fnbam atoms/proton yield
05 93.6d 646.1 Indep. 4.4 3.0-10" 4.010*
""Re 38d 903.3 Indep. 38 2.58-10° 13.5.10°
BimRe 165d 920.9 Indep. 11 7.5.10% '
®Re 70d 162.5 EC cum. 62 422107 3.3-107
BZRe 267d | 14273 Indep. 17 1.16:107 2:10°"
W 21.7d 1340.9 EC cum. 36 2.4510° 3.7-107
B2Ta 115d 1231.0 Indep. 23 1.57.10 2310
THE 42.6d 482.0 B cum. 0.14 0.95-10° 2.1-10”
mIgE | 25.1d 4537 Indep. 0.12 0.82:10° | 4.2.10°9
RS 3ly 5742 Indep. 0.13 0.9.10° 7.3-10°7
Hf 70d 343.4 EC cum. 59 4.01-10° 4.1-10°
2Hf 187y | 1093.6 | EC cum. 55 3.74-107 3.9-10°
"My | 160.9d | 4185 Indep. 0.034 2.3:10° 8:10°7
78y 331y 1241.8 Indep. 0.50 3.4-10° B
My 1424 992.0 Indep. 0.59 410° }5210
Ly 137y 2722 EC cum. 61 415107 4.15-10°
Ly 8.22d 739.8 EC cum. 46 3.13-107 4.0-107
Ly 24 985.1 EC cum. 42 2.86-107 3.8-10°
"¥Yb 32d 307.7 EC cum. 57 3.88-107 3.7-10°
) 2.36d 1374.1 EC cum. 39 2.65-10° 3.6:10°
T Tm 93.1d 7203 Indep. 0.30 2.0-10° 1.5107°
""Tm 924d 531.5 EC cum. 50 3.40-107 3.3:10°
Dy 3.4d 1379.6 B cum. <« <1.4-10* -
"0Tp 72.3d 1271.9 Indep. 0.17 1.2:107 4.2-107
55Th 535d 534.3 Indep. 0.83 5.6-107 2107
5Tp 5.32d 367.4 EC cum. 13.4 0.91-10° 1.5.107
3Gd 242d 103.2 EC cum. 13 8.8.10™ 1.1-107
BIGd 120d 2432 EC cum. 12 8.1-10" 8.5-10™
Gd 9.4d 298.5 EC cum. 7.4 5.0-10" 5510
Gd 483 d 633.7 EC cum. 4.5 3.1-10% 4810
BPEy 152d | 2097.7 B cum. 0.19 1.3-10° -
™Eu 93d 277.0 EC cum. 8.2 5.6:10" 610"
"By 54.5d 550.3 Indep. 0.26 1.8-107 7.10°
Eu 24.0d 601.4 EC cum. 4.5 3.1.10" 610"
"By 5.94d 893.7 EC cum. 1.9 1.3-10* 410"
| epy 5374d 914.9 Indep. 0.09 0.6:107 42107
| ™ pm | 413d 286.6 Indep. 0.03 2.10° 4
"Pm 363d 476.8 Indep. 0.06 4.10° 2.3:10°
5Pm 265d 742.0 EC cum. 1.6 1.1-10" 2.8:10*
Ce 137.74d 165.8 EC cum. 0.87 5.9.107 -
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. Type of ean Yield, Predicted
Nuclide Tin Ey, keV ;?)eld I\fnbarrcly ’ atoms/proton yield
“'Ba 128d | 1596.5 B cum. 0.006 0.4-10° -
'Ba 105y 356.0 EC cum. 0.17 1.1-10° 2.7-107
BIBa 11.8d 496.3 EC cum. 0.07 5.10° 1.5-10°
M 154 d 2123 Indep. 0.15 1.0-10° 0.8.10°"
Sn 115d 391.7 EC cum. 0.11 7.5-10° 7-10°
TmA g 250d 884.7 Indep. 0.06 4.10°° 3.10°7
Temae | 8.46d | 1045.8 Indep. 0.1 7-10° 410"
Ag 413d 443 .4 EC cum. 0.13 9.10° 6-10°
"“Ru 39.3d 497.1 B cum. 0.14 0.95-10° 7-10°
™Rh 206 d 475.1 Indep. 0.12 0.8-10° 0.810”
T0p 3.6d | 2376.1 B* cum. 0.01 0.7-10° 3-10°
PNb 35d 765.8 Indep. 0.21 1.410° 1.1-10”
TN 62d 1204.8 Indep. 0.018 1.2:10° 1.7-10°9
»7r 64d 756.7 B cum. 0.10 0.7-10° 5.10°
2 83.4d 392.9 EC cum. 0.27 1.810° 2:10°
By 106.6d | 898.0 Indep. 0.49 3.3:10° 1.7-10°
®Sr 64.8d 514.0 B* cum. 0.87 5.9:10” 2.8-10°
¥Rb 329d 881.6 Indep. 0.48 3.3:10° 1.6:10”
PRb 86.2 d 520.4 B* cum. 0.75 5.1.10° 3.2:10°
7Se 119d 264.6 B* cum. 0.55 3.7:10° 2.6:10°
7Se 8.4d 834.0 B* cum. 0.2 13107 4-10°
As 17.8d 595.8 Indep. 0.55 3.7-10° 1.8-10°
%Zn 244d | 11158 B* cum. 0.30 2:10” 1.4-10°
*%Co 788d | 17714 | EC cum. 0.03 2:10° 3-10°
*Fe 445d | 10993 B~ cum. 0.24 1.6:10” 1.2107
*Mn 312d 835.3 Indep. 0.20 1.3-10° 14107
*Mn 5.6d 1434.1 B cum. 0.022 1.510° 3-10°
By 16 d 983.5 EC cum. 0.026 1.8.10° 510

Y A sum of independent yields of both isomeric and ground states is given as predicted.




Table 4.

Comparison of the measured and predicted values of mean cross-section (mbarn) for
the radionuclides detected after activation of the "*Re target by protons with an
incident energy of 450, 300 and 150 MeV. The corresponding mean energy values
are found to be: 433, 280 and 116 MeV, respectively.

) 450 MeV 300 MeV 150 MeV
Nuclide
exp. theor. exp. theor. exp. theor.
I‘;SOS 5.5 9.1 9.4 15 23 25
3
e 8 s o] e 2 e
®IRe 82 61 100 81 140 104
7w 55 76 82 102 136 145
ITq 23 23 1.9 1.3 1.1 0.34
BTy 0.14 0.15 0.085 0.071 0.015 0.012
oMy £ 0.13 0.437 0.08 0.147 0.02 0.018"
T 0.1 0.637 0.09 027" 0.03 0.035”
"SHf 93 80 96 91 58 50
2t 64 68 63 66 12 11
‘177:’"Lu 0.03 0.09” 0.024 0.0227 0.004 -
g
174{3 8:23 10.48 8}31; 10.26 %%475 }0.035
By 89 74 91 74 18 18
My 81 66 78 58 5.1 5.7
Oy 68 59 53 48 - 2.6
) 78 54 43 39 0.66 1.14
%yhH 47 45 27 23 - 0.05
¥ Tm 0.21 0.12 0.12 0.07 - -
7T m 56 43 26 25 - 0.14
) 0.24 0.09 - 0.006
5Th 8.0 6.5 - 0.28
BIGd 1.8 2.1 - 0.03
™Gd 1.5 1.3 0.18 0.007
Gd 0.66 0.65 0.04 0.001
6By 0.03 - 0.07 -
By 1.64 1.5 - 0.01
8By 0.053 0.13 0.02 -
"TEu 0.66 0.88 - 0.0007
" Eu 0.4 0.46 - -
T48g - -
R e Rl :
pm 0.011 0.018 - 0.003
™pm 0.26 0.17 - 0.006
B, 0.0024 - - -
TomAg 0.077 0.0217 0.07 0.0207 - 0.0127
omA g 0.17 0.015” 0.05 0.019” - -
BAg 0.24 0.056 - 0.006 0.014 -
TBRu 0.10 0.046 0.12 0.020 0.08 0.006
PNb 0.20 0.075 0.17 0.056 0.058 -
TMNb 0.29 0.093"” 0.25 0.031” - 0.006"




. 450 MeV 300 MeV 150 MeV
Nuclide

exp. theor. exp. theor. exp. theor.
S7r 0.14 0.028 0.12 0.022 0.040 -
®7r 0.40 0.106 0.37 0.025 0.012 -
By 0.34 0.10 0.22 0.022 0.043 0.006
Bgr 0.69 0.162 0.54 0.009 - -
¥Rb 0.45 0.075 0.31 0.034 - -
®Rb 0.87 0.146 0.51 0.047 - -
Se 0.58 0.081 0.38 0.012 0.06 0.012
"Se 0.21 0.013 0.17 - - -
" As 0.45 0.090 0.22 0.016 - -
®Co 0.03 0.009 0.02 0.009 0.01 -
PFe 0.18 0.072 0.2 0.021 0.03 0.006
*Mn 0.016 0.019 - 0.006 - -
By 0.013 0.016 0.012 0.006 0.005 -

*) A sum of cross-section for the isomeric and ground states is given as predicted.




Table 5. Isomeric to ground state ratios for p + '*'Ta reaction at 660 MeV.

Isomer I" Type of ratio Om/Cy -AA
17om2pyp 25/2 exp/theor” 3.8.10 3
178m2pre 16" exp/theor” 2.1.102 4
L Y 23/2° exp/theor” 0.093 5
174mg 6 explexp””) 1.2 8
148mp oy 6 explexp”) 1.5 34

") Standard deviation includes the measurement error of about +15%, while the accuracy of
theory estimation is not clearly specified;
ok
) Standard errors of measurements are of about +30%.

Table 6. Comparison of different variants for !*™2Hf isomer production.
Mean cross-sections for the isomer and for the '"*Hf impurity are given.

Reaction E, (MeV) I\l/ITg%?é;oss—section (‘,’}l’:{fn)
p+Ta 660 031 47
p+Ta 100 0.22 40
P+ Re 660 0.13 55
p+Re 150 0.03 12
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Figure 1.

Synchrocyclotron LNP JINR, Dubna (Phasotron) — facility

for irradiations at external and internal beams.
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""Ta + p(660MeV)

Cumulative yield (107 at/proton)

Figure 2.  Mass-distributions of the cumulative yields for nuclides produced
from (a) p + "Ta and (b) p + "“Re reactions at 660 MeV. Both are
reduced to the target thickness of 33.3 g/cm?. Black squares stand
for experimental results while opened circles for theory
predictions. Curves are given only as guide lines.
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-3

Independent yield (10 "at/proton)

Figure 3.

0 W I | !

"8'rq + p (660 MeV)

a7
. ¥Re+p(660MeV)

Isobaric charge-distributions (a) for A = 169 nuclides
produced in p + '®'Ta reaction and (b) for A =178 in
p + ¥Re reaction at 660 MeV, as predicted by the
numerical simulation code “LAHET”.
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Figure 4.

Yield (at./proton)

-
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&
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ﬁ 1 1 i 1 1 L i} 1 1 1 I} 3
146 148 150 152 156 A
Isoto?ic distributions for Eu nuclides produced in the
p + '81Ta reaction at 660 MeV. Black squares and

triangles correspond to the experimentally measured
values for cumulative and independent yields,
respectively, while opened circles and crosses

®ra+ p (660 MeV)
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correspond to the theoretically predicted ones.
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Figure 5.  Results of angular momentum estimations:

a)
b)

c)

Average angular momentum released on the first stage of the
reaction as a function of (-AA) parameter;

Angular momentum distributions for (-AA) = 10 after the first step
of the reaction;

The same as in b), but after the nucleon-emission stage.
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Kapamsan C. A. u np. E6-2001-249
Tonyyenue snep H3oMepa 178m2hyf g peakuusix CKanblBaHUs
[p¥ POMEXYTOYHOH SHEPrUU NMpOTOHOB Ha MuLIeHAX Ta u Re

DKCepUMEHTATBPHO H3yYeHa NPOXYKTUBHOCTb peaKluii CKaIbIBaH!s IIPU SHEPTUAX MPO-
ToHOB OT 100 10 660 M5B 15 MONyYeHHs paquoaKTHBHBIX H30TOMOB U U30MepoB. C UCIONb-
30BaHHEM METOJOB PAJHOXMMHMHU U raMMa-CIIEKTPOCKOIIMH M3MEpEeHb! CIIeKTphl MumeHel Ta
¥ Re, akTUBHPOBAaHHBIX Ha CHHXpOLMKIIOTpoHe B ly6He. MneHTuduMpoBaHo 6ospiuoe uu-
CJIO paiMOaKTHBHBIX NPONYKTOB PeaKklMil CKanblBaHUS U AEJIEHHS, X BbIXOX CPaBHUBAETCS
¢ pacuetoM 1o nporpamme LAHET. [Ins sinep M30MepoB, B YaCTHOCTH [UI BBICOKOCITMHOBBIX
msomepos 78M2Hf, 179m2yf y 177M2 4 nonyuenst ceveHns oy, ¥ M30MEpHBIE OTHOLICHHS

O / Gg. L1l IOHNMaHKs OTHOIUEHHH Gy, / G IPOBEAEHBI OLEHKH CIIMHOBOIO PACTIPENENCHUs]
Sfpa-OCTaTKa peakUUH CKanbiBaHHsa. OOCYXNAl0TCAd BO3MOXHOCTH ONTHMHU3ALMH METOIOB
HOJIyYEeHHs JOJINOXKUBYILIMX H30MEPOB, IIOCKOJIBKY 3TO ObUIO Obl HEOOXOOUMO WIS HaKOILIe-
HHUS TaKUX 9K30TUYECKUX PAIMOHYKIUIOB B KOJIMYECTBE MULUTUIPAaMMOB IIPH Pa3yMHBIX Orpa-
HUYEHHSAX Ha CTOMMOCTb M PaJHallMOHHYI0 6e301macHOCTh pabor.

Pa6ota BeinonHeHa B Jlaboparopuu snepHbix peakuuii uM. I'. H. @neposa u B Jlaboparo-
puM snepHeix npobiem uM. B. IT. Ixenenosa OUSIH.

Ipenpunt O6beANHEHHOTO HHCTHTYTA SNEPHBIX HccneqoBaHuil. ly6Ha, 2001

Karamian S. A. et al. E6-2001-249
Accumulation of the 78™2Hf Isomeric Nuclei Through Spallation
with Intermediate-Energy Protons of Tantalum and Rhenium Targets

The productivity of the spallation reactions at proton energies of 100-660 MeV for ac-
cumulation of the radioactive isotopes and isomers has been studied experimentally. Spectra
of Ta and Re targets activated at Dubna synchrocyclotron were measured using the methods
of radiochemistry and gamma-spectroscopy. Many radioactive products of the spallation
and fission reactions are identified, and their yields are compared with the LAHET code

simulations. Cross sections, op, and isomer-to-ground state ratios, op, /oy are deduced

for nuclear isomers, in particular, for high-spin isomers, as !78m2Hf, 179m2Hf ang 177m2py,
Spin distributions for the spallation-residue nuclei are estimated to understand the oy, / o, ra-
tios. Possibilities to optimize the methods for the long-lived isomers production are dis-
cussed, and it would be a necessary step on the way to accumulate such exotic radionuclides
in milligram amount under reasonable cost and radiation safety conditions.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions
and at the Dzhelepov Laboratory of Nuclear Problems, JINR.
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