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[Monyyenne n30MepoB B pe KIMsAX 0Op 30B HUS COCT BHOTO SIp
H B pe KIMSX Iepejl Yi HyKJIOHOB ¢ MoH Mu “He

XOpoIo M3BECTHBIA OCTPOB sepHOi n3oMepuu okoiao A = 175-180 06s13 H cBOUM MO-
4BJIGHHEM BBICTPOEHHOCTH OJHOY CTUYHOTO YIJIOBOTO MOMEHT HYKJIOHOB BJIOJIb OCH AedopM -
LY IIPU BBICOKHMX CIIUH X. B HEKOTOPHIX CiIy4 SIX TO MPHBOAUT K OOp 30B HHIO MHOTOY -
CTUYHBIX COCTOSHHH C PEKOPAHBIM CIIMHOM, JONTOXHUBYIHMX On rox pst «K -3 mpeTy», T.e. Ie-
pecrpoiike cumMMeTpuu. MeTosipl OMy4eHHs U CIIEKTPOCKOIIMYECKUe UCCIe0B HUs T KUX U30-
MEpOB OCT IOTCSl KTy JIBHBIMHU CPEIHU 3 1 4 COBPEMEHHOI (PU3NKH SIEPHBIX pe KIMH U U3yde-
HMS CTPYKTYpHI siip . B 1 HHO# p 60Te p JMO KTHUBHbBIE IPOLYKTHI MOJIYYEHBI IPH OOIy4eHUH
MHIIeHel u3 oGor menHoro S°Yb (97,6 %) u ecrectsennoro Lu mon mu ‘He ¢ 9HEepruen
35 MsB H BHyTpenHeM myuke LUKIOTpoH Y200. H BemeHHble KTHBHOCTH NpPO H JIM3U-
POB HBI C IPUMEHEHUEM METOJOB P AMOXMMHMHU M T MM -CIEKTpocKonmuu. M3mepeHsl BBIXOMIbI
pe Kuuii oOp 30B HHS COCT BHOTO SIIp M pe KIMIl Iepen 4M HyKJIOHOB, U OHIpeleNeHbl U30-
MepHble OTHOUIeHUs. s pe Kuuil Tun (o, £n) OPpUMEHEH CT HI PTH $ MPOLEAYpP P CYET
CEeYeHHii, B TO BpeMsl K K I pe KIMil Mepejl UM yCT HOBIEH PEryIsipH g CHCTEM THYeCK 4
3 BUCHMOCTh. [IpW ONMC HHM ®KCHEPUMEHT JIbHBIX PE3yNbT TOB, B U CTHOCTH H30MEPHBIX OT-
HOILIEHHIi B IIPAMBIX pe KLUAX ¢ HOH My *He, 1O/TydeHbl HOBBIE 1 HHBIE O MEX HH3ME Pe KIIHii.
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A well-known island of nuclear isomerism appears near A = 175-180 due to the defor-
mation alignment of single-particle orbits at high angular momentum. This sometimes results
in the formation of multi-quasiparticle states with record spin that are long-lived because of
«K-hindrance», i.e., symmetry rearrangement. Production methods and spectroscopic studies
of these isomers remain a challenge for modern nuclear reaction and nuclear structure physics.
In the present work, activities were produced by irradiation of 176Yb (97.6%) enriched and
"] u targets with 35-MeV “He ions from the internal beam of the U200 cyclotron. Induced
activities were analyzed applying methods of radiochemistry and gamma spectroscopy. Yields
of compound and nucleon-transfer reactions were measured and the isomer-to-ground state
ratios were deduced. Calculated results were obtained using standard procedures to reproduce
the (o, xn) cross sections, and the systematic behavior of the nucleon-transfer yields was es-
tablished. The isomer-to-ground state ratios for direct reactions with “He ions were examined,
resulting in a new characterization of the reaction mechanism.

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions,
JINR.
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INTRODUCTION

Standard neutron irradiations in reactors are not sufficiently productive for
some radionuclides with special properties, so that it is necessary to use beams of
charged particles accelerated in cyclotrons or in larger-scale facilities. High-spin
isomers are among such nuclides, because thermal neutrons cannot transfer high
angular momentum to the reaction products. Perhaps the most extreme example
would be in the accumulation of the four-quasiparticle 16+ 178™2Hf isomer, which
is relevant for exploration of exotic nuclear structure and in a view of possible
applications [1]. This interest is derived from the high excitation energy of the
isomeric state, 2.446 MeV, giving a large specific energy density near 1.3 GJ/g.
The production of "®™2Hf at Los Alamos Laboratory via spallation of Ta by
800-MeV protons was described in [2-4]. There, the beam power could be as
high as 1 MW, but by chance this method appeared as a relatively inexpensive
production mechanism since massive Ta samples were used as beam dumps in the
LAMPF accelerator. The isomer was accumulated as a by-product of unrelated
experiments and with a relatively high absolute yield. However, the great level
of total activity, due to the presence of many radioactive impurities in the Hf
fraction even past chemical isolation, makes this method disadvantageous for use
in some experiments and applications.

The spallation method for isomer production was studied in more detail in a
series of experiments with the Dubna synchrocyclotron [5-7]. Targets of "®Re,
natyy 186wy natTy matgf and '"9Hf were irradiated with protons at energies
varying from 100 to 650 MeV. The conclusion was reached that production of
178m2Hf would be more economic with irradiations by 100 MeV protons at some
medium-class cyclotron facility as compared to 800-MeV protons at a facility
like LAMPF/LANSCE. The lower energy protons allow a less massive target
and, therefore, a much-reduced total activity of the material that must then be
processed chemically. There would also be a reduced yield of nuclides, both
active and stable, which would act as background to extraction of a specific
radioisotope of interest. These effects were confirmed for the high-spin isomers
L7Tmy, 178m2Hf and 79™2Hf [5-7]. In those works, the isomer-to-ground state
ratios were deduced and analyzed to clarify the reaction mechanism.



Another method for production of high-spin isomers was proposed earlier,
studied and developed within the European collaboration exploiting the neutron
evaporation reaction '"6Yb(a, zn) with a *He ion beam [8,9]. The absolute
productivity was lower as compared to the spallation reaction, but the presence
of fewer reaction products meant that a more «pure» material was created for
accumulation of a specific species of interest. As much as of about 1 ug of
178m2Hf was accumulated after extensive irradiations with the Dubna U200 cy-
clotron. It was then possible to arrange in Orsay a mass separation of Hf,
isolating 17®™2:9Hf from other long-lived and stable isotopes [8, 10]. A series of
nuclear spectroscopic experiments were performed using the 1"8™2Hf target and
the results were reviewed in [9, 11].

The present work was performed to develop systematic measurements of
the yields for all activities, including isomers, produced in *He + '7Yb and
4He + "@tLy irradiations. The absolute yields, o,/ o4 ratios and features of the
reaction mechanisms were of interest in the course of this experimental study and
the corresponding theoretical analyses. The observed nuclear reactions could be
split on two classes: fusion-evaporation past compound nucleus formation, and
nucleon-transfer (direct) reactions. The behavior of the cross sections is very
different for these two classes of reactions.

1. EXPERIMENTS

Targets were composed of 97.6% enriched '"°Yb and natural Lu materials
in the form of oxides, and were irradiated by the internal beam of the U200
cyclotron at JINR, Dubna. The isotopic composition of the enriched Yb target is
given in Table 1. The natural Lu material contained 97.4% of 1™Lu and 2.6% of
176 u. Despite its low content, the latter isotope could play a significant role since
it possesses the anomalously high ground-state spin of 7 essential for population
of isomers in reaction products.

Table 1. Isotope composition of the enriched 1"°Yb material

Mass number | 171 172 173 174 176
Content, % 0.07 | 0.22 | 0.18 | 1.93 | 97.6

An aluminum target holder with internal water flow provided effective cooling
of the target layer. The thickness of Al between the Yb or Lu oxide layer and the
water was only 1.5 mm for the best heat removal. Reactor grade (high purity) Al
was used for construction of the holder to insure the minimum production of
additional activities that would serve as impurities, and for the best possible
thermal conductivity. Target layers of YbsOs and LuyO3 were prepared on the
polished and cleaned Al substrate by spreading a nitrate solution of Yb or Lu



in alcohol over the surface, followed by drying and heating to cause conversion
of the nitrate to oxide. The process was repeated, so that the total layer finally
reached a thickness of 7.5 mg/cm? in the metal content.

The holder with the target layer was inserted into the cyclotron chamber at
the final radius of acceleration and was aligned at 5 degrees with-respect-to the
internal beam direction. With this small inclination angle, the effective thickness
of the layer was increased and the beam power was distributed over a large area
of 12 cm? for maximum heat removal. The “He™ ion energy at the extraction
radius was (35 £ 0.5) MeV and corresponded to a beam power of about 500 W
at a beam current restricted to be < 15 pA. The sample construction could
withstand 3x higher beam power, but the current was restricted due to radiation
safety conditions owing to the intense neutron flux generated by the target under
the beam.

The effective target layer thickness of 86 mg/cm? (of the metal) projected to
the beam direction leads to about 10 MeV energy loss for the “He ions, accounting
for stopping in the target oxide material. Therefore, the irradiation conditions
corresponded to a beam energy between 35 and 25 MeV. The semi-thick target
increased the absolute yield of reactions, but in some cases deteriorated the
isomer-to-ground state ratio due to the changed beam energy range.

After irradiation, the target material was washed off the backing with 16 M
HNOs3. Naturally, some small part of the Al substrate was also removed and
included in the chemical processing. Carbon was also present in the removed
material, since carbon deposits onto any target under irradiation in a cyclotron
because of traces of oil vapor in the vacuum. The carbon was removed by
filtration prior to further chemical processing of the solution. Gamma-activity
measurements confirmed that no significant amount of the reaction products of
interest herein had been collected in the carbon material. An anion exchange in
a concentrated HCI solution was applied to separate the Hf fraction. Precipita-
tions of YbFs and LuFs; were also performed. Deep purification of the materials
was carried out using anion and cation exchange chromatography with an over-
all chemical yield higher than 80%. The purity of the separated products was
controlled by gamma spectroscopy.

Gamma spectra were measured with an HPGe detector for the materials prior
to chemical processing and for the isolated elemental fractions. For some sources,
the measurements were carried out many times past the irradiation during a long
calendar time on the scale of half a year. The energy resolution of the detector
was better than 1.8 keV for the %°Co + lines and the detector-source distance
was varied to keep the dead time lower than 20% to avoid degradation of the
spectral resolution. A commercial set of standard radioisotope sources was used
for absolute efficiency calibration of the detector. The number of atoms of a given
reaction product was then determined by applying the well-known equations for
time and efficiency factors accounting for accumulation and decay.



The absolute quantum yields for « lines were taken from the Nuclear Data
Sheets [12]. Finally, the accuracy for many of the measured yields reached about
10%, including errors in literature quantum yields, detector efficiency, etc. For
some product activities, the accuracy was reduced by the presence of only low-
intensity -y lines. For processing and decomposition of the complex ~y spectra, the
«Genie 2000» program was used, from which the ~v-line energy, peak area and
statistical error were obtained. A tentative attribution was also possible using a
standard database, but was not used because that function could be more reliably
defined from the known set of possible reactions.

Lists of the radioactive nuclides obtained from the irradiated targets of '"6Yb
and "®'Lu are given in Tables 2 and 3, respectively. The nuclide half-life, pro-
ducing reaction, the reaction threshold and relative yield measured by gamma
spectroscopy are given in those tables. Reactions with emission of several nucle-
ons can be written in the form of the composite ejectile emission: for instance,
writing (o, 2H) instead of (o, pn). Both designations correspond to the creation
of identical reaction products and reactions like («, 2H) and (a, pn) could not
be differentiated in the present data. However, emission of a deuteron is char-
acterized by a lower reaction threshold than emission of the pn combination of
ejectiles, and similarly for a triton compared with the p2n combination. The
reaction with lower threshold should be preferred, since it would correspond to
a higher cross section at a given energy. Thus, the designation (o, ?H), etc. is
used in Tables 2 and 3. Also, different thresholds exist for reactions depending
on whether the product is in an isomeric or ground state, and both are given in
the tables.

The minor isotopes in the enriched '7®Yb target, namely '"'174Yb, still
generated observed activities. For instance, the products of "17173:175Hf were
manifested very well in the gamma spectra. In some cases, the same product
may result from different reactions with different target Yb isotopes and Table 2
contains all relevant thresholds. The Lu target contains only two isotopes and
the corresponding reactions are written on separate lines in Table 3. The relative
measured reaction yields in the tables were normalized to the calculated yield of
the most probable fusion evaporation reactions. In the 35-25 MeV “He™ beam
range, the largest cross sections should correspond to («,2n) reactions. The
most abundant isotopes in the targets were 176Yb and '7Lu. Thus, the reactions
76Yb(a, 2n) 8™ 2:9Hf and '"°Lu(c, 2n) 7" Ta were selected to normalize the Yb
and Lu reaction yields, respectively.

From the Yb irradiation, the total yield of '"®Hf could not be measured
directly because the ground state is stable and produces no delayed -radiation
signal: only the yield of the '"®™2Hf isomer was determined by its gamma
activity. However, an absolute calibration could be performed by exploiting the
measured yield of 1"Hf from reactions on '73174Yb. The latter yield as well as
the yield for '"®m2Hf+1789Hf were calculated, using the method described in the
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next section. If the '"®Hf yield is taken as unity, then the "’Hf yield will have
a relative value of 0.024. Finally, the experimental yield of "> Hf was given in
relative scale as 0.024, so that it and other yields in Table 2 were normalized
relative to !"®Hf. Experimental yields for definite isotope products were obtained
from gamma spectroscopy and many of them were small due to the low abundance
of the target isotope responsible for the particular reaction. Thus, the yields in
Tables 2 and 3 are not yet the physical yields of the reactions. For comparison
and simulations, they must be scaled to 100% content in a hypothetical target.

In practice, it is important to characterize the absolute yield of the 1"®™2Hf
isomer. In the present 176Yb target configuration, the measured yield was about
3 isomeric nuclei per 106 “He beam ions. With the “He™ ion beam current of
15 pA, the yield corresponds to the production of a total of 2.5 - 10® atoms of
178m2Hf per day of the irradiation. The absolute yields of other reaction products
can be found using the information in Table 2.

From the Lu irradiation, the total yield of !7"Ta included a contribution from
the 1"5Lu(c, 3n) reaction. Thus in Table 3, the normalization of the Lu sample
reaction products was taken to the total yield of '""Ta by " Lu(c,2n) and
176 u(av, 3n) reactions. It is important to note that calculated yields only appear
in Tables 2 and 3 for those reactions designated by «compound», as descri-
bed below.

2. DATA ANALYSIS AND SIMULATION

Among the entries in Tables 2 and 3, two different classes of reactions
may be distinguished, namely: fusion-evaporation («compound») and transfer
(«direct») reactions. More exactly, the terms of transfer and direct reactions are
not absolutely identical as they stress slightly different reaction properties. For
instance, the (o, *He) reaction definitely corresponds to the transfer of one neutron
from the projectile to the target, while (a, o’zn) happens in direct reactions by
neutron knock-out or by deep inelastic « scattering with strong excitation of the
residual nucleus. Then neutrons are emitted because emission of the weekly-
bound “**)He isotopes is improbable. Nevertheless, in this work transfer and
true direct reactions will not be differentiated as the reactions herein designated
as «direct» all include emission of charged ejectiles in the exit channel. Clearly,
neutron evaporation from a compound nucleus (c.n.) is in another reaction class,
proceeding via another mechanism.

For compound reactions, the simulation of neutron evaporation is a common
problem resolved within the statistical model. Specific algorithms were developed
and accepted more than fifty years ago, based on the idea that the xn evaporation
cross section may be expressed as the product of two functions: the cross section
o.(E) for formation of the compound nucleus, and the probability of emission



P,(E) of z neutrons. Both factors are taken to be functions of the c.n. excitation
energy E, the thermal excitation U or the incoming projectile energy. Such a
general scheme originated in the 1960s (see, for instance, [13]) and statistical P,
functions were developed by Jackson [14].

To describe (o, xn) reactions in the present work, a standard procedure in the
style of the Jackson—Sikkeland approach [13, 14] was used. The P, (FE) equations
in the most accurate mathematical form were taken from [15]. The most important
parameter of the nuclear temperature 7" was calculated using the Fermi-gas model
with level-density parameter « = A/8. The cross section for c.n. formation
was determined with Coulomb barrier of interaction energy B, using the Bass
equation [16], the most popular choice in the literature in recent decades. The
magnitude of B, defines the position and slope of the o.(FE) function, while the
nuclear size parameter r( is responsible for the absolute cross sections and does
not influence their ratios. Because relative yields were measured and analyzed
herein, making a perfect choice for ry is, therefore, not critical.

The calculated excitation functions are shown in Figs.1 and 2 for the
176Yb(cr, zn) and "5 Lu(c, xn) reactions, respectively. For other target isotopes
of 177174Yb and '"SLu similar functions were calculated. Emission of pre-
equilibrium neutrons is not very probable at £, < 35 MeV and so only slightly
influences the shown excitation functions. The exception is the («,n) reaction,

o, mb

“He + 70Yb

103

102

10! I I
18 22 26 30 34

E _,MeV

a’

Fig. 1. Excitation functions of "5Yb(c, zn) reactions calculated using a Fermi-gas model
within the formalism of Jackson-Sikkeland [13, 14], and using formulae of [15] for the
best correctness
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Fig. 2. The same as in Fig. 1, but for " Lu(c, n) reactions

where the excitation function demonstrates a tail to higher energies, as shown in
the figures. The high-spin '7®72Hf isomer could be populated when the (c, 2n)
reaction residue possesses a spin higher than 16. However, in reactions produc-
ing a compound nucleus such values of angular momentum appear with reduced
probability at energies near and below the maximum of the (a,2n) excitation
function. Thus, the excitation function for 1"8™2Hf is shifted by 5 MeV to higher
energy in Fig. 1, relative to the excitation function for 7®9Hf, although its right
slope remains practically at the same position as for the (a, 2n) reaction in total,
because of strong competition from the 3n evaporation channel. Finally, the
178m2Hf producing excitation function shown in Fig. 1 has a much lower width
than the other functions in that figure. In ordinate, the maximum value of the
excitation function is defined via the '"®™2Hf/'">Hf yield ratio in combination
with the reliably-calculated yield for the '*Yb(«, 3n)!"°Hf reaction. For both
178m2Hf and '792Hf isomers, the yields were measured and shown in Table 2
although the corresponding ground-states yields could not be directly measured.
Still, the calculated total yields of "®Hf and '"”Hf using the corresponding 2n
and 1n excitation functions in Fig. I allow an estimate of the o,/ 04 ratios.

The reaction yield was successfully calculated by integration of the excitation
functions over the energy range from 25 to 35 MeV, defined by stopping of the
projectile ions in the semi-thick target. The stopping power function entered as
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the inverse, (dE/dx)~!, to provide the integration of the reaction yield over
the target thickness. The calculated yields determined in this way for compound-
nucleus reactions are those displayed, with the previously described normalization,
in Tables 2 and 3. Direct reaction yields could not be calculated with this
procedure, but the evaporation product yields were satisfactorily reproduced. Even
yields at a relative level of 1074~107° in Tables 2 and 3 deviate between the
calculated and measured by a factor not higher than 1.5. The agreement of
calculated and measured yields across such a wide range of magnitudes confirms
the calculations both in general approach and in the choice of specific numerical
parameters. It should be noted that the lowest yields in Table 2 correspond to
reactions with low-abundant target isotopes present in the enriched '"6Yb target,
as given in Table 1 from the original material assay. Possible inaccuracies in
those values could be responsible for the mentioned maximum deviation factor of
1.5 between calculated and measured yields. The '"®™2Hf and '7*™2Hf isomers
are formed with the target isotopes of larger (and thus, better-known) content,
and the calculated yields could be relied upon to estimate of the o,, /0 ratios.
In Table 3, only three evaporation reactions provide a comparison of experi-
mental and calculated yields. The agreement is satisfactory, in general, although
the calculations for the («, 4n) reaction show some deviation from the measured
yield. This may be explained by the sensitivity of this reaction yield to the
projectile energy, since the excitation function has a sharp cut-off near the initial
beam energy of 35 MeV. The other reactions with the " Lu target are of the
direct type and another approach is needed. Calculations are impossible for many
reactions listed in Tables 2 and 3. For cross sections of direct reactions with
heavy ions, the Q)-ground-ground (Q,) systematic behavior has been known for
many decades [17], but that was not well demonstrated for a-induced reactions.
In the present studies, the yield of isomers is of primary interest and the Qg4
parameter is not applicable to such excited rather than ground states. The reaction
threshold can be used as a parameter, but, in principle, it is better to parameter-
ize the yields by the excess projectile energy in the center-of-mass (c.m.) system
above the reaction threshold, which makes the real influence. For direct reactions,
the excess projectile energy supplies more phase volume in momentum space for
emission of charged particles and the cross section is correspondingly increased.
In Fig.3, the reaction yields are plotted as a function of (E.—FE}y,), where
the c.m. kinetic energy of the “He beams ions, E., is taken to be 32 MeV,
based on the incident beam energy. The Eyj is the reaction threshold energy.
It can be assumed that direct reactions are characterized by strongly growing
excitation functions and so E. should be used at a value greater than the simple
mean energy over the target thickness. A more exact value of E. would be the
weighted mean of the ion energy over the target thickness. Nevertheless, a more
or less arbitrary choice of E, has little real effect on the systematics seen in Fig. 3,
since variation in E. leads only to translation (parallel shift) of the dependence.
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Fig. 3. Direct reaction yields measured in the present studies and systematized over the
parameter characterizing the excess energy above the reaction threshold. Points correspond
to the total and isomeric yields obtained in reactions with both *"Yb and "*'Lu targets

The major influence is due to the threshold parameter, which is unique to each
specific reaction. Its numerical values are given in Tables 2 and 3 according to
the standard nuclear mass data.

The yields in those tables are proportional to the abundance of the target
isotope responsible for the production of a specific product. Thus, the observed
yields of some products are due to low-abundance isotopes. To establish a
physical comparison, it was necessary to correct the measured yields from the
true abundances to a hypothetical abundance of 100% for all reactions. Therefore,
the physical reaction yields are shown in Fig. 3 instead of the measured radionu-
clide yields.

The total (m + g) yields are shown in Fig. 3 by the open points and the
isomeric yields by filled points. The spin-difference parameter I,,—I;, where I,
is the isomer spin and I; is the target nucleus spin, is given for each plotted point
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corresponding to an isomer. It is clear that the filled points are (and must be)
located systematically lower than the corresponding open points. In general, Fig. 3
shows an exponential decrease of the total reaction yield with growing threshold,
evident despite some scattering of the points. The scattering for transfer reactions
is largely due to the secondary process of neutron emission from an excited
product. This effect was understood many years ago [18] and has been applied
recently [19] in the analysis of nucleon transfer reactions with heavy ions. This
process may be illustrated using the following example: Assume that two neutrons
are transferred to a heavy target nucleus from a projectile. The nucleus should
then have sufficient excitation to evaporate one neutron at a second stage of the
reaction. The final product corresponds, therefore, to the cumulative transfer of
only one neutron. Such a relaxation process results in an increased yield of the
one-neutron transfer product and in a decreased yield of the two-neutron transfer
product.

The increased yields of («,2H) and («,>H) reactions seen in Fig. 3 could occur
due to similar contributions from higher-probability («, p) and («, d) processes,
after additional neutron evaporation. Likewise, exotic reactions like (a,%He)
and (o, a/3n), may have their yields enhanced by more probable (o, a’n) and
(o, @’2n) reactions in the same way. In contrast, the (o, 2p) reaction yield is
suppressed due to the emission of an additional neutron that would move its
product to correspond to the («, 2pn) channel. Despite these complications, the
plot in Fig.3 may serve as a crude representation of the total reaction yields and
for estimates of the 0,,,/0, ratios. Particularly relevant cases are the '"®™2Hf
and 17*™2Hf isomers, produced in direct reactions with the *'Lu target, because
their o, could only be determined using the systematic trend. For '"™Lu and
177Lu product nuclides, both isomer and ground states are radioactive and were,
therefore, detectable by ~ spectroscopy.

Table 4 lists the deduced isomer-to-ground state ratios from reactions with
“He ions. This includes the ratios of directly measured isomer yields to ground-
state yields, where available, and values deduced from measured isomer yields
and calculated (for compound) or estimated (for direct, from Fig. 3) ground-state
yields, where necessary. It is clear that the calculations, and especially the esti-
mated total yields, could not be determined with high accuracy and systematical
error was included in the uncertainty quoted in Table 4. In some cases, the ¢, /0
values could only be deduced with 50% error. These data are nevertheless useful,
because no regular survey of isomer-to-ground state ratios has been previously
developed for transfer reactions.

Some fragmentary data on isomer-to-ground state ratios are known in the
literature [20-23], but correspond only to (a, xn) reactions. The results published
in [8,24,25] are incorporated with the present results in Table 4. It is clear that
in the previous irradiations [8] of the '76Yb target, the isomer-to-ground state
ratio was found to be higher for "®"2Hf and lower for !""2Hf as compared to
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the present results. This may be understood as due to the thinner target in the
work of [8], resulting in a correspondingly narrower energy range. From the
excitation functions shown in Fig. 1, it is evident that the isomer-to-ground state
ratios are very sensitive to the chosen energy range of the beam ions, while the
absolute isomer yield may be less sensitive to such changes. These predictions are
confirmed by comparing the results of the present and previous experiments [8].
The isomer-to-ground state ratio for 7"2Hf should indeed be higher for the beam
energy range of 36-30 MeV in [8] as compared to the 35-25 MeV presently used.

For the transfer reactions, it may reasonably be assumed that direct emission
of the charged particle will carry away some angular momentum and so the
residue has a lower spin than reaction products after c.n. formation. However,
it may be argued that transfer reactions take place mostly as peripheral collisions
characterized by the maximum impact parameter. In the case of heavy ions,
regular studies were published by the Canberra group [26] on the detection of
high-spin nuclear levels, excited past incomplete fusion. Significant feeding of
high-spin states and isomers was observed with a probability of about 10% at
spins near 16. A similar result was obtained in [27] with a target as heavy as
2381 exposed to '°0 ions. However, for transfer reactions with *He ions too few
studies have been available from which one could to determine regular behavior
in their cross sections and in the isomer-to-ground state ratios. Thus, the present
results summarized in Table 4 represent a new characterization of the angular
momentum released in direct reactions. A plot of the isomer-to-ground state
ratios in Table 3 as functions of the spin difference is shown in Fig. 4%,

A large spin difference should suppress the yield of an isomeric state. Such a
trend is manifested for both compound and transfer products, as shown in Fig. 4,
but the results are clearly grouped according to the two reaction classes. It is pos-
sible to distinguish the following regular features: a) fusion-evaporation products
are characterized by higher isomer-to-ground state ratios than are nucleon-transfer
products; b) at a spin difference approaching zero, the isomer-to-ground state ratio
tends to unity for both classes of reactions; and c) at a spin difference near 16,
the ratio is decreased to a level of only several percent. The data plotted in Fig.4
were obtained with the same “He projectiles and, therefore, the systematic trend
could be seen more clearly than when a comparison is made between reactions in-

*Some plotted points in Fig. 4 do not correspond exactly to entries in Table 3. For example, the
yield of 174™:9Lu product radionuclides contains contributions from 172Yb(c,2H) and 173 Yb(c,3H)
reactions. Target nuclei of 172Yb and 173Yb have similar (and minor) abundances, as listed in Table 1.
The emission probability of tritons is orders-of-magnitude lower than that of deuterons, but the higher
target spin of 173Yb (5/2) may enhance the isomer-to-ground state ratio for *74Lu. Overall, it was
assumed that about 25% of the 174™-9Lu ratio is due to the 173Yb(,3H), so that 75% of the
tabulated value of 0.38 was plotted and attributed to the 172Yb(c,2H) reaction. A similar approach
was followed for the 175176 Lu(a, 2p; 3He) and 175176 Lu(a, p; 2H) reactions.
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Fig. 4. Experimentally determined isomer-to-ground state ratios as a function of the spin
difference parameter (I,,—I¢). Compound and transfer reactions are distinguished by the
symbols. When both stable isotopes in Lu targets made a contribution to an observed
yield, the result was attributed to the main '7°Lu target isotope after subtraction of the
minor part due to the *"%Lu target isotope

duced by different projectiles (see, for instance, [28]). The latter type of analysis
requires calculations of the spin distributions created by the different projectiles,
generating additional systematical errors and scattering of the results. In [29]
data are collected on isomer-to-ground state ratios for Hf isomers produced in
reactions with neutrons. A straight-forward unification of those values with the
present results may be difficult, but some common behavior could be seen in the
style of 0,,, /04 =~ 1 at low-spin difference.

The behavior described above under a) confirms that the direct reaction ejec-
tile carries away a significant part of the total angular momentum of the «
projectile. Thus, for direct reactions the idea that they are peripheral collisions
with a tangential impact is obviously not confirmed for the case of moderate-
energy “He ions. The direct reaction may happen with reasonable probability
over a wide range of impact parameters and the transferred spin is systematically
reduced as compared to the complete fusion of the projectile and target. The
isomer-to-ground state ratio is correspondingly reduced, in agreement with the
results displayed in Fig.4. Such a conclusion seems significant in physical sense.
For heavy ions, the mechanism could be different, considering the much shorter
wavelength of heavy particles as compared to alphas. The wave packet of alpha
particle could spread over the whole range of the available impact parameters.
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SUMMARY

The production of isomers and other radioactive products has been studied
by the activation method following irradiations of enriched '"®Yb and natural Lu
targets by “He ions. In both cases, at least thirteen radioactive nuclear species
were characterized by their measured yields. The relative yields of the compound
reactions were calculated theoretically and satisfactory agreement was reached
with the measurements. The isomer-to-ground state ratios were determined and
discussed for nine reactions including different types, i.e., fusion-evaporation
(compound) and the nucleon transfer (direct). The ratio was found to be reduced
with an increase in the spin difference between isomer and target, both for direct
and compound products. For direct reactions, the total yield decreases with
increased reaction threshold. The isomer-to-ground state ratios in direct reactions
are systematically lower than those observed for compound-nucleus products.
The latter behavior confirms that the charged ejectile carries away a significant
part of the total angular momentum, while influence of the expected high impact
parameter for direct reactions was not clearly demonstrated. The wave-length
of alphas at 7-17 MeV above the Coulomb barrier is not negligible, being of
several fm in the present case. Due to that, the differentiation of the reaction
type over the impact parameter b is smoothed allowing all reaction mechanisms
probable at low and high b values.
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