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Final Report 

Optimization of ^^^""^Hf homer Production in Spallation 
Reactions 

1. Objectives 

High-spin nuclear isomers and their interaction with external radiation fields were 
recognized as the most promising way to create a gamma-ray source controlled by soft x-ray 
devices. Unfortunately, there are only a few high-spin nuclear isomers the half-life of which is 
long enough to be useful for such research, namely '*°'"Ta, ^ Hf (T1/2 = 31 y), '"Hf (T1/2 = 
24 d) and"''''"Lu (T1/2 = 160 d). As for •^°"'Ta, though it is the only naturally existing nuclear 
isomer, its excitation energy is too low to produce a powerful source of pulsed gamma-ray 
radiation. On the other hand, while ''^""Hf and '^'""Lu isomers are rather long-lived, they turn 
out to be far from ideal for prediscovery experiments as well. Thus, " Hf nuclear isomer 
looks as the only high-spin nuclear isomer attractive for such research. Really, having the 
excitation energy of isomeric state 2.45 MeV, 1 mg of ^'''^"'^Hf stores around 1 MJ of energy. 
Recent reports [1 - 10] have shown the principal possibility to trigger the release of such 
immense amount of energy over the time of the order of \xs when an isomeric source was 
irradiated by low-energy x-rays. So in order to investigate the phenomenon in detail, just as to 
create and use such powerful sources of controlled gamma-ray radiation as effectively as 
possible, one needs to produce the '^*"^Hf isomers in significant, at least lab-sized, quantities. 
Since the production of ''^"'^Hf isomers will obviously be very expensive, carefiil and detailed 
analysis for the optimization of such production must be performed and the main parameters 
of nuclear facilities needed for that must be defined. 

According to available nuclear databases there were several successful attempts to 
produce ''^'"^Hf isomers in '^^Hf (n, y), '*^Ta (y, p2n), '^^Yb (a, 2n) and '*'Ta (p, a) reactions. 
As for (n, y) reaction, which looks quite straightforward, unfortunately, the cross-section of 
such neutron pumping of ^''^"^Hf is extremely small (~ 2 x 10'^ bam). Secondly, in order to 
produce the macroscopic samples of '''^"^Hf one should carry out the mass-separation of 
isotopes, what means that the sources produced in such the way will be extremely expensive. 
On the other hand, (y, p2n) nuclear reaction is hardly very effective as well. So, the most 
effective nuclear reactions appear to be '^^Yb (a, 2n) and '^^Ta (p, a). At the same time, since 
the abundance of '^'Xa is practically 100%, in the last case one can use the natural tantalum as 
well. 

The biggest sample of ^'^^'^Hf isomer (around 100 jag) was produced in spallation 
reaction using thick Ta targets and 800 MeV protons at the Los Alamos meson factory 
(LAMPF). In fact '''^'^Hf isomer was accumulated as a sort of by-product and naturally the 
operation of LAMPF accelerator was not ever optimized for the best purity and highest yield 
production of the isomeric material [11]. As a result, first the irradiated samples were to be 
cooled down for a long time before they could be chemically processed. Secondly, practically 
all Hf isotopes, radioactive and stable, were accumulated in such spallation reaction as well, 
moreover most of them were produced in quantities orders of magnitude higher than Hf 
isomer. One of the radioactive Hf isotopes, '^^Hf (T1/2 = 1.87 years) creates very rich and 
intensive y-ray background and, as a result, •'^^'^Hf isomeric sources produced in such the 
way can be used for any prediscovery experiments only after about 20 years cooling down. 
Naturally, '^^Hf together with other Hf isotopes can be separated from '^*Hf fraction by mass- 
separation techniques, but such process is rather difficult and expensive and used to result in 



essential loss of the isomeric material [12]. The problem of separation of '^*^Hf ground states 
and "^""'^Bf isomeric states is not solved at all yet [13-14], though for some kinks of 
experiments and applications it could be quite crucial. 

Much more qualitative ^''^"^Hf isomer samples were purposefully produced later at 
Dubna U-200 cyclotron using ^^^Yb (a, 2n) reaction and 36 MeV a-particles [15]. As a result, 
while the concentration of other Hf isotopes was really decreased significantly, the isomeric 
ratio simultaneously reached around 4%, much higher than in the case of the proton-induced 
spallation reaction at Ta. On the other hand, absolute productivity yield of this method turns 
out to be several orders of magnitude less compared to the spallation method due to much 
thiimer targets and beam power removal problems. 

At the same time, an attempt has been made to optimize the production of Hf 
isomers in the spallation reactions with protons [16]. Ta and Re targets were irradiated at 
Dubna synchrocyclotron at the energies of 100, 200 and 660 MeV and at the energies of 150, 
300, 450 and 660 MeV, respectively. And although Re target did not justify hopes for higher 
purity and productivity of "^'"^Hf isomer sources, none the less quite a lot of very interesting 
observations and conclusions have been drawn and some valuable recommendations how to 
improve the produced isomeric sources have been made as well. For instant, it has been 
illustrated and proved that '^^"^Hf isomeric sources of the same quality or even better can be 
produced using rather low energetic protons (100-200 MeV). 

On the other hand, there can be other quite perspective spallation reactions for Hf 
isomers production, maybe even using the heavy ion beams. So, in order to produce Hf 
isomers in lab-sized quantities and for the reasonable costs, it would be very important to 
perform very careful analysis of all the available possibilities. 

The objective of the project was to analyze the ''^^"'^Hf isomer production in different 
spallation reactions exploiting the STAPRE and ALICE code simulations and this objective 
has been subdivided into several tasks: 

• Calculation of energy dependence for excitation functions. As a result, highest 
cross-sections of '''^"'^Hf isomer production in different spallation reactions have 
been estimated. Since nuclear reaction cross-section depends strongly on the 
energy of impact particle, in order to get the maximal isomer output one should 
define the optimal particle energy as well. 

• Calculation of energy dependence for isomer ratios. In any nuclear reaction, along 
with '''^"^Hf isomer, '^*^Hf ground state would be produced also. So, for a given 
reaction the bigger ''^'"^Hf/^^^Hf ratio (termed the isomeric-to-ground or isomeric 
ratio) the better this reaction for       Hf isomer production. 

• Calculation of energy dependence for excitation functions of any nuclear reaction 
products that could be considered as undesirable admixtures. 

• Selection of irradiation mode and estimate of costs for the isomer separation. 

2. Qualitative comparison of spallation reactions with charged particles looking 
attractive for I'^^^Hf isomer production 

Along with (p, a) and (a, 2n) reactions already used for '''^"'^Hf isomer production, 
any nuclear reaction with a-particles like (a, xn) or (a, pxn) could be very promising for 
''^"^Hf isomer production as well [17 - 22]. As for the first type of nuclear reactions, in these 
reactions the energy of bombarding particles must exceed by 3-4 times the energy, at which 
the maximum of excitation function is observed. Investigations of (a, xn) nuclear reactions 
have shown that at such energies the ''^""^Hf/'^^^Hf isomeric-to-ground state ratios are 
enhanced by 2-3 times and further rise of isomeric ratios at higher energies can be expected. 
Unfortunately, the heaviest stable Yb isotope is     Yb, moreover     Yb is not stable, so the 



first class of discussed reactions can be presented by the only one already exploited for 
i78irt2jjj isomer production. 

As for the second type of nuclear reactions mentioned above like (a, pxn), when a 
proton escapes the nucleus as well, it can be presented at least by two reactions - Lu (a, p) 
i78mjjj. ^^j i76j^^ . pj^^ '''^'"Hf The intensive study of isomeric ratios for such the reactions 
has shown that •^^'"^jj^nsgjj^ isomeric-to-ground state ratios increase rapidly above some 
threshold and then remain practically stable with the increase of bombarding particle energy. 
Such dependence allows selecting the irradiation mode when we could both maximize Hf 
yield and minimize amount of other Hf isotopes. 

Thus, there is a number of nuclear reactions with charged particles looking attractive 
for ''^'"^Hf isomer production: 

p   =>   '«'Ta(p,a)''''"'Hf 
'^^W (p, ap) '^^-^Hf, ^^^W (p, apn) '^^-^Hf, '''W (p, ap2n) •^^■"^Hf, 
'^^W (p, ap4n) '^^'^Hf 
'«^Re (p, 2a) '''"^Hf, '^^Re (p, 2a2n) '^^-^Hf 

a   => '^^Yb (a, 2n)''^""^Hf 
■^^Lu (a, p) '^^"^Hf, '^^Lu (a, pn) '^^-^Hf 

One can expect that the biggest cross-sections for ^^*"^Hf isomer production should be 
in such nuclear reactions, when the number of outgoing particles is small, since the bigger a 
number of outgoing particles, the higher a threshold of the reaction, moreover the higher an 
energy of bombarding particles, the bigger a number of competitive channels. On the other 
hand, when the number of emitted nucleons is small, the ''^"^Hf/'^^^Hf isomeric-to-ground 
state ratio is expected to be much less than unity, because of very high spin of the isomer (16) 
and the small transferred angular momentum. The increase of isomeric ratios at the bigger 
number of outgoing particles could slightly compensate the decrease of Hf yield due to 
the higher threshold and more numerous competitive chaimels of the nuclear reaction, though 
such compensation would hardly be large enough. So, the list of nuclear reactions with light 
charged particles that look as the most useful for ''^^'^Hf isomer production would be the 
following 

P => '''Ta(p,a)'''"^m 
"'W(p,ap) 178m2TTf 

'«^Re(p,2a) 178m2TTf 

a => '^^Yb (a, 2n) 178m2TTf 

'^^Lu(a,p)''^-"^Hf,'^Yu(a pn) 178m2TTf 

One could imagine the similar nuclear reactions with deuterons and tritons as well: 
d  =>   '*'Ta (d, an) ^^^'^Hf 

'*^W (d, ad) ''^"^Hf 
'^^Re (d, 2an) ''^™^Hf 

t  ^    •^^Lu(t,n)''^'^Hf 
'*^Ta (t, a2n) '^^-^Hf 
•'V(t,at)^'''"'Hf 
'^^Re (t, 2a2n) '"'^"^Hf 

Anyway, the productivity of '"'^'"^Hf isomer for such reactions is hardly higher, than 
for traditional bombarding particles such as protons and a-particle. As a sort of test we have 
performed the ALICE calculations of '^^^Hf production for one nuclear reaction with 
deuterons and one nuclear reaction with tritons and compared them to the analogous nuclear 
reactions with protons and a-particles: 
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One can notice that in the case of '^^Lu target, '^^^Hf cross-section is about two times 
higher for '''^Lu (a, pn) '^^^Hf reaction, than in the event of '^^Lu (t, n) '"'^^Hf In the case of 

Ta target, the '''^^Hf cross-section turns out to be almost the same for both reactions - '^'Ta 
(d, an) I'^SHf and '^'Xa (p, a) '^*®Hf It means that there is not any reason to use deuterons 
and tritons, since they present no advantage compared to protons and a-particles. 

As for the reactions with heavy ions, all the attractiveness of them for the production 
of such high spin nuclear isomers as •'^^'"^Hf disappears when one takes into account the 
stopping power of heavy ions in the target material. For instant, even for the reactions with a- 
particles compared to the ones when protons are used, while the cross-sections and isomeric 
ratios are higher, the productivity of '''^"^Hf isomers happens to be still lower because of 
much more thin targets. 

Moreover, all the nuclear reactions with heavy ions used to go through a compound 
nucleus and, as a result, the excitation energy of the latter appears to be not very high (quite 
close to the yrast band). It means that isomeric ratios for such reactions practically do not 
depend on the energy of bombarding heavy ions and this fact has been confirmed 
experimentally. At the same time, for many nuclear reactions with lighter particles some 
increase of isomeric ratios is still observed at the higher energies of projectiles. 

Additional factor, that light nuclei have practically the same number of protons and 
neutrons, seems to exclude from consideration any nuclear reactions with bombarding ions 
heavier than a-particle, since the less Z of the target the more p-deficient projectile one needs 
to reach '"'^"^Hf isomer. For example, while for ' 'Xm it should be something like (3p6n), for 
159. 178m2T Xb - (7pl2n) and so on. So the most perspective charged projectiles for the Hf isomer 
production turn out to be protons and a-particles and further consideration of ours will be 
restricted by that type of nuclear reactions. 



3. STAPRE and ALICE code simulations of excitation functions and isomeric ratios for 
the most perspective spallation reactions with charged particles 

All calculations of energy dependence for excitation functions and isomeric ratios 
have been done on the basis of pre-equilibrium and cascade-evaporating models using the 
STAPRE and ALICE code simulations, furthermore while the STAPRE code was exploited to 
calculate the isomeric ratios, the ALICE code was exploited to simulate the excitation 
functions of respective ground states. 

One could expect that the most promising spallation reactions for Hf isomer 
production would be '^^Yb (a, 2n) ''^"^Hf and ^*'Ta (p, a) '^^'^Hf due to the biggest cross- 
sections of ''^^^Hf ground state production and not bad isomeric ratios compared to other 
competitive reactions from the list. 
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All the same, reactions '^V (p, ap) '''"-^Hf, '^^Re (p, 2a) '''"^Hf, ^'^Lu (a, p) '''"^Hf 
and '''^Lu (a, pn) '^*"'^Hf look quite attractive as well. As for ^^^W (p, ap) '^^'^Hf, one could 
hardly expect that it would be better, than '^^Ta (p, a) ^'^^'^Hf. Really, although the isomeric 
ratios turn out to be practically the same (up to 0.06), the mean cross-section happens to be at 
least an order of magnitude less. 
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As for ^^^Re (p, 2a) '"'^"^Hf, the point is that in the case of Re spallation with high- 
energy protons nuclei with mass A = 178 happen to be located near the maximum of mass 
distribution. So, in the case of Re targets the expectation was that higher angular momentum 
should be produced for A=178 isobars compared to the case of Ta targets and, as a result, the 
isomeric ratio i^^-^Hf'"'^^Hf would be higher. However, since ''^^Hf is located at the tail of 
isobaric charge distribution, its yield turns out to be orders of magnitude lower than the total 
yield of A = 178 isobars. Unfortunately, '^^""^Hf isomers result only as an independent yield, 
i.e. produced directly in the reaction, so their number should be very small, while the 
cumulative production of '^^^Hf ground state, in other words resulted from the decay of 
heavier unstable isobars, would be large. It means that in the event of '*^Re (p, 2a) Hf 
reaction there are even two disadvantages: 
• I'^^'^Hf isomer yield is very small; 
• isomeric ratio '"'S'^Hf/'^^^Hf is small as well, 
and it was confirmed experimentally [16]. 
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178m2T As for ""Lu (a, pn) "»'"^Hf reaction the mean cross-sections for "'"^Hf isomer 
production and isomeric ratios are much lower, than in the event of    Yb (a, 2n)        Hf 

178m2 reaction. In the case of     Lu (a, p)   ''*"^Hf reaction, though the mean cross-sections for 
178iTi2 176x Hf isomer production happen also to be much lower, than in the event of    Yb (a, 2n) 
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i78m2jj^ reaction, the isomeric ratios seem to be a little higher. It means that '''^"^Hf isomer 
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In order to be sure that all the conclusions are correct, one should check or calibrate 
the STAPRE and ALICE codes using well-known theoretical or precise experimental results. 
The point is that there are: 
• difficulties in calculating the angular momentum (1-distribution) for reaction residues; 
• uncertainties in the prediction of excitation functions and isomeric ratios even for known 

1-distribution because of the sensitivity of calculation results to the choice of numerical 
parameters. 

Just as an example how the choice of numerical parameters influences upon the results 
of calculations, below one can see the cross-sections for ^^^Yb (a, 2n) Hf reaction 
calculated using the STAPRE code with different sets of partial waves for p, n and a-particle 
(3,3,6), (5,5,10) and (7,7,14) that stand for 1, 2 and 3 respectively. For the comparison we 
have presented the measured ^''^'"^Hf cross-sections (all the stable isotope 
excitation functions were calculated using the statistical model code) [23]. 

Hf 
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Thus, the third set of partial waves for p, n and a-particle (7,7,14) looks as the most proper 
one for this reaction, at least much better than the first (3,3,6) and the second (5,5,10) sets. 

Quite recently new experimental data have been obtained for Ta (p, a) Hf 
reaction [16] that would be ideal to calibrate the STAPRE code at least up to 100 MeV. 
However, in order to use the mentioned above experimental results one should take into 
account that the bombarding particle looses its energy while passing through the target 
material. For the target of known thickness the yield, Y for a reaction product per one 
projectile is defined as: 

fmax 

Y=    \cT{E) 
dE_ 

dx 
dE, 

£min 

where Emax and Emin stand for the bombarding particle energy range in a target of known 
thickness and dE/dx is the energy dependent stopping power of the projectile in the target 
material (expressed in MeV/atom • cm"^, if E is in MeV and a - in cm^). The mean cross- 
section is connected with the yield through the expression: 

J. \dx Emm ^ 

\ 

dE 

Having performed such quite simple calculations, we carefiiUy checked both STAPRE 
and ALICE codes, ^''^"^m mean cross-section obtained in '^'Ta (p, a) '''^'^Hf reaction was 
used for the STAPRE code calibration. In the case of ALICE code, we used both ''^Hf and 
'^^W mean cross-sections for calibration of this reaction. As a result of such calibration 
procedure, the most proper angular momentum distributions for the reaction residues have 
been identified. Thus, both the excitation functions and the isomeric ratios calculated by the 
STAPRE and ALICE codes should be rather correct. 

At the same time, discussing all the mentioned above spallation reactions, we should 
take into account not only cross-sections and isomeric ratios, but the productivity of each 
reaction as well. 
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Thus, as for nuclear reactions with a-particles, '^^Yb (a, 2n) ''^"^Hf looks as the most 
attractive one, at the same time '^^Lu (a, p) ^^*"^Hf and '^^Lu (a, pn) '^^"^Hf are about 10 and 

181 _ 1 '78m 
50 times worse, respectively. As for nuclear reactions with protons,     Ta (p, a)       Hf 

18'? 1 TSm 18*t 
reaction looks as the most attractive one, at the same time     W (p, ap)       Hf and     Re (p, 
2a) ''^""Hf are about 800 and 3000 times worse, respectively. 

4. STAPRE and ALICE code simulations of excitation functions and isomeric ratios for 
the most perspective spallation reactions with neutrons 

Another kind of nuclear reactions that could also be very interesting - reactions with 
neutrons. And although in such reactions one can hardly expect so high cross-sections and 
isomeric ratios as in the case of reactions with charged particles, neutrons as bombarding 
particles have several distinguished advantages. First, neutrons are very penetrative particles, 
so one can use very massive targets. Secondly, there are a great variety of different neutron 
sources quite powerfiil and relatively not very expensive, including nuclear reactors. 

In full analogy to nuclear reactions with protons, there is a number of nuclear 
1 781119 reactions with neutrons looking attractive for       Hf isomer production: 

n  ^   '^'Ta (n, p3n) ^^^"^Hf 
'^V (n, an) '^^^^Hf,'«V (n, a2n) '^^"'^Hf,'«% (n, ap3n) '^^-^Hf, 
'^^W (n, a5n) ^'^^'^m 
'^^Re (n, 3p5n) '^^"^Hf, '^^Re (n, 3p7n) ^^^""^Hf 

For the same reasons as in the case of nuclear reactions with protons we expect that nuclear 
reaction '*^W (n, an) ''^"^Hf should be the most perspective. 

At the same time, using nuclear reactors for the production of ^'''^'"Hf isomers one 
should take into account that energy distribution of reactor neutrons is defined as: 



^iE)~e-^xsh[(2Ey"] 
and has specific form with maximum around 1 MeV. 

So we tried to cahbrate the STAPRE code for the reactions with reactor neutrons as 
well using experimental data obtained quite recently for a number of highly enriched Hf 
targets [24]. Isomeric ratios have been taken from the STAPRE calculations and the excitation 
function for '^^^Hf - from the ALICE calculations. 
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After that we have calculated the productivity of nuclear reaction W (n, an) Hf, 
the obvious advantage of which compared to the reactions with Hf targets is that no mass- 
separation is needed to obtain '^^"^Hf isomeric source. 
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As a result, the mean cross-sections for mentioned above nuclear reactions with reactor 
neutrons are presented below (Table 1). 

Tablel. Mean cross-sections of^^^"^^Hfisomer and ^^^^Hf ground state for nuclear reactions 
with reactor neutrons. 

Nuclear reaction <7m2, b ag,b 
"'Hf(n,n') 7.369-10^ 4.626-10"^ 
"^Hf(n,2n) 1.455-10"^ 9.785-10"^ 
"*"Hf(n,3n) 1.510-10"^ 1.159-10"' 
'**^W(n,an) 2.249-10"'^ 5.269-10-" 

Comparing the obtained results for nuclear reactions with reactor neutrons and the 
results of calculations for nuclear reactions with charged particles, one can note that really the 
mean '^^'^Hf and '^^^Hf cross-sections for ^^V (n,an) ^'^"^Hf reaction look still far from the 
values needed to consider this nuclear reaction as perspective for '''^"^Hf isomer production. 
On the other hand, since the results of our calculations contradict significantly to the 
experimental data obtained recently for a number of targets of highly enriched Hf isotopes 
[24], it would be very interesting to check the obtained results for nuclear reaction *^ W 
(n,an) ''^"^Hf with reactor neutrons both theoretically and experimentally. 

5. STAPRE and ALICE code simulations for cross-sections of the most undesirable 
isotopes accumulated in the spallation reactions 

If we consider the question of quality for the produced '''^'"^Hf isomeric sources, then 
one should take into account the production of other Hf isotopes, at least radioactive and 
rather long-lived ones. Fortunately, there is only one Hf isotope, half-life of which is 
comparable with the half-life of '^^^^Hf and that is '^^Hf (T1/2 = 1.87 years). This isotope 
would be the most undesirable admixture for all new samples. The ration '^^"^Hf/i'^^jj^ ^^ ^^ 
sample seems to be useful for estimating of cooling times when any prediscovery experiments 
can be started. 

In the case of a-particles the production of this most undesirable Hf isotope can be 
significantly reduced by choosing the energy range of bombarding a-particles less than at 
least 80 MeV, since the cross-section reaches maximum at this energy for 
'^^Lu-almost at 100 MeV). 

'^^Yb (for '"LU and 

172T In the event of protons with energy around 100 MeV the production of    Hf seems to 
181. be high, since the cross-section reaches maximum at about 80 MeV for     Ta (and the local 



182T maximums at about 100 MeV for    Re and    W). At the same time, in the case of    W and 
185T 181-- Re, the production of    Hf is much lower, than in the event of    Ta, but one should not 
forget that      Hf isomers are produced in much less quantities as well. 
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178mT Other Hf isotopes could be a problem for the production of      Hf isomeric sources as 
175T well. The most undesirable Hf isotopes, save for already discussed    Hf, turn out to be    Hf, 

179mjjf 181yf._ 
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172T So, for Hf the situation looks almost the same as for Hf Really, in the case of 
'^^Yb the maximum cross-section is reached at lower energy, than in the event of ^^Lu and 
'^^Lu, and maximal value is around 4-5 times higher. For protons the situation repeats 
absolutely the one for '^^Hf 
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The behavior of excitation functions for ''^"Hf turns out to be practically the same for 
both nuclear reactions with a-particles, in which it could be produced. 

For two nuclear reactions taken as an example, the behavior of excitation functions for 
'*'Hf looks as follows: 
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178mT Another factor that influences quite significantly upon the quality of produced Hf 
isomeric sources is the production of other long-lived radionuclides. So we have also 
calculated  a  number  of such  undesired by-products  or admixtures,  which  could be 

181 178 182 lYQ accumulated in targets during the irradiation, such as for instance     W,     W,     Ta,     Ta, 
174m,gT.,    173T..    169, "'Ta, '''"Lu, '""'^Lu, "^Lu, '"^Yb, "'Tm, '^*^Tm, '^^Tm. The excitation functions for some 

of these long-lived radionuclides, for which cross-sections reach 100 mb or more, are 
presented below. 
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Fortunately, any long-lived admixtures, save for Hf isotopes, can be eliminated by 
radio-chemical methods, though their concentrations in produced raw material could also be 
important due to chemical processing problems of Hf fraction separation from the targets after 
their irradiation and the situation looks as follows. In the case of a-particles only when Lu 
targets are used, there could be a difficulty of Ta fraction isolation from the Hf one. All the 
other undesired admixtures turn to be a number of rare-earth elements, the isolation of which 
from Hf fraction is not be a problem at all. 

In the case of protons and neutrons and depending on the particular nuclear reaction 
under discussion, one should solve the problem of separation for Ta, W, Re or even Os 
fractions as well. At the same time, such methods and techniques have been well developed 
and tested in many experiments. Thus, first of all the target (W or Ta or Re) used to be 
dissoluted in concentrated hydrofluoric acid with addition of HNO3. Then, Hf fraction is 
isolated from W, Ta, Re and Os ones and from other radionuclides, the most part of which are 
rare-earth elements. And at last, Hf fraction is fine rectified from the remaining W, Ta, Re and 
Os admixtures. 

As one can notice, the production of '^*W, just as '^*Ta and '^^Ta, happens to be very 
high in all the nuclear reactions with protons and neutrons (only '^^Ta and ^'^Ta in the nuclear 
reactions wii 
high quality 
time 
high. 

reactions with a-particles and when Lu targets are used). It means that for the production of 
i78m2jj£ isomeric sources one should choose the irradiation mode with optimal 

time of irradiation, otherwise the concentration of '^^Hf and '^^Hf ground states would be very 

6. Selection of spallation reactions for optimal production of "^'"^Hf isomer 

Using the results of our calculations one can estimate at least qualitatively the optimal 
irradiation mode and cost of '^^""Hf isomeric source production, just as all the parameters of 
produced isomeric sources. However, in order to do it quantitatively one needs to analyze in 
detail quite a lot of data and perform a comparative analysis for nuclear reactions under 
consideration. 

Looking at the results of such comparative analysis for isotopes yield (nuclei per 
incident particle) in the case of nuclear reactions with a-particles (Table 2) one can see that. 
though the attractiveness of '''^Lu (a, pn) '^^"^ Hf reaction is rather poor, '^^Lu (a, p) ''^'"Hf 
and ''^Yb (a, 2n) ''^"Hf reactions look quite competitive. Really, depending on the energy of 
a-particles the productivity of '^^Yb (a, 2n) '''^"Hf reaction is only 1.7 - 1.9 times higher, 
than the productivity of '''^Lu (a, p) '^^""Hf one. At the same time, first, the yield of ''^^^Hf 
ground state turns out to be 12.2 - 12.0 times higher as well. Secondly, the yield of most 
undesirable admixture '^^Hf would be 1 - 1.6 times higher also. Thirdly, the yield of another 
long-lived radioactive Hf isotope, such as '^^Hf turns out to be 4.9 - 2.4 times higher as well. 



Table 2. Isotope yields (nuclei per incident particle) in the case of nuclear reactions with a- 
particles. 

Product E„,MeV 
40 50 60 70 80 90 100 

'"Lu 
iv^Hf 0 0 1.768E-8 6.385E-6 4.504E-5 1.839E-4 4.433E-4 
.74Hf 1.265E-11 4.572E-6 7.97 lE-5 2.553E-4 4.517E-4 6.137E-4 7.456E-4 
IV^Hf 5.777E-7 4.47E-5 1.533E-4 2.527E-4 3.428E-4 4.178E-4 4.782E-4 
I'Mjjf 2.722E-5 1.03E-4 1.651E-4 2.238E-4 2.817E-4 3.278E-4 3.61E-4 
IVVj^f 3.146E-5 5.542E-5 7.576E-5 9.308E-5 1.077E-4 1.198E-4 1.307E-4 
iv«gHf 4.317E-6 4.865E-6 5.146E-6 5.295E-6 5.374E-6 5.423E-6 5.467E-6 
178mTj^ 9.217E-7 1.035E-6 1.092E-6 1.12E-6 1.134E-6 1.142E-6 1.15E-6 
ZHf 6.44964E-05 0.000214 0.0004801 0.0008377 0.001235 0.00167 0.002165 

"^"'Hf/SHf 0.014290717 0.004846 0.0022744 0.001337 0.000918 0.000684 0.000531 
'''Lu 

lV2jjf 0 0 2.561E-13 2.096E-8 2.992E-6 3.708E-5 1.783E-4 
'■^"Hf 0 3.6E-8 8.87E-6 7.727E-5 2.432E-4 4.608E-4 6.546E-4 
IV^Hf 1.114E-10 4.577E-6 7.266E-5 2.096E-4 3.552E-4 4.786E-4 5.73E-4 
IM^f 2.833E-6 5.405E-5 1.596E-4 2.746E-4 3.822E-4 4.68 lE-4 5.287E-4 
iv/Hf 2.636E-5 9.045E-5 1.484E-4 1.951E-4 2.372E-4 2.726E-4 3.043E-4 
17«gHf 2.073E-5 2.541E-5 2.821E-5 3.017E-5 3.167E-5 3.294E-5 3.422E-5 
178mTTf 9.145E-8 1.164E-7 1.344E-7 1.514E-7 1.692E-7 1.886E-7 2.104E-7 
'■'^«Hf 3.873E-6 4.377E-6 4.63 lE-6 4.758E-6 4.821E-6 4.854E-6 4.885E-6 
''^'^Hf 7.913E-7 8.876E-7 9.36E-7 9.601E-7 9.718E-7 9.78 lE-7 9.84E-7 
SHf 5.46789E-05 0.00018 0.0004234 0.0007926 0.001258 0.001756 0.002279 

"""Hf/SHf 0.001672493 0.000647 0.0003174 0.000191 0.000134 0.000107 9.23E-05 
"*Yb                                                                        1 

'■'^Hf 0 0 1.689E-8 1.663E-5 1.84E-4 4.302E-4 7.059E-4 
■■'"Hf 0 2.075E-5 3.206E-4 7.849E-4 l.lE-3 1.31E-3 1.46E-3 
'"Hf 2.823E-6 2.763E-4 6.663E-4 8.662E-4 9.892E-4 1.09E-3 1.16E-3 
'"Hf 3.315E-4 7.526E-4 9.528E-4 1.05E-3 1.12E-3 1.19E-3 1.2410-3 
'■'■^Hf 4.392E-4 5.46 lE-4 6.053E-4 6.467E-4 6.762E-4 6.983E-4 7.15E-4 
.V^gjjf 5.259E-5 5.732E-5 6.023E-5 6.221E-5 6.365E-5 6.474E-5 6.564E-5 
175mTTj. 1.597E-6 1.749E-6 1.858E-6 1.946E-6 2.023E-6 2.093E-6 2.158E-6 
r^g^f 3.468E-6 3.93E-6 4.187E-6 4.34E-6 4.429E-6 4.476E-6 4.508E-6 
./9.Hf 9.766E-7 1.102E-6 1.172E-6 1.214E-6 1.238E-6 1.251E-6 1.26E-6 
SHf 0.000832155 0.00166 0.0026125 0.0034341 0.004141 0.004791 0.004114 

"^"Hf/XHf 0.001919115 0.001054 0.0007112 0.0005667 0.000489 0.000437 0.000524 

And at last, the yields of stable Hf isotopes, such as '"''^Hf, '^^Hf and ''^'^Hf would to be 0.5 - 
2.0, 12.2 - 3.4 and 14.0 - 5.5 times higher, respectively. As a result, in the case of '^^Lu (a, p) 
i78mjj£ reaction the concentration of "^'"Hf isomer in Hf fraction of the target happens to be 
higher over all the energy range and at least for some applications ^'^Lu (a, p) ^^^'"Hf reaction 
can be more preferable, than '^^Yb (a, 2n) '^^'"Hf one. Moreover, the energy dependence of 
i78mjj£ isomer concentration in Hf fraction of the target for these two reactions looks rather 
different (in the event of '^^Yb (a, 2n) ''^""Hf there is a local minimum at 90 keV). 

Looking at the results of such comparative analysis for isotopes yield in the case of 
nuclear reactions with protons (Table 3) one can see that the attractiveness of '^^Re (p, 2a) 
''*'"Hf and '*V (p, ap) '^*'"Hf reactions is rather low compared to '*^Ta (p, a) "^""Hf one, 
though at the same time ^^^Re (p, 2a) '''^"'Hf and '^^W (p, ap) ^''^'"Hf reactions look rather 
competitive. Let's compare in detail two nuclear reactions, for instant, Ta (p, a) Hf and 
'*^W (p, ap) ''^"Hf As a result, one can see that depending on the energy of protons the 
productivity of '^'Xa (p, a) '''^'"Hf reaction is more than three orders of magnitude higher. 
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than the productivity of '^^W (p, ap) '^^""Hf one. At the same time, the yield of ''^^^Hf ground 
state turns out to be proportionally higher as well. On the other hand, though for 80 MeV 
protons the yield of most undesirable admixture '^^Hf would be almost proportionally higher 
also, however for 100 MeV protons its yield turns out to be only 7.3 times higher. Moreover, 
the yield of another long-lived radioactive Hf isotope, such as ' ^Hf would be only 4.5 and 46 
times higher at the energy of protons 80 and 100 MeV, respectively as well. The yields of 
stable Hf isotopes, such as '^^Hf, '^*Hf, '^^Hf, '™Hf and '^^Hf turn out to be 9.0 and 3.7, 6.2 
and 2.1 x 10^ 95 and 2.1 x 10^ 6.4 x lO"^ and 2.5 x lO'*, 6.2 x 10^ and 4.3 x 10^ times higher 
at the energy of protons 80 and 100 MeV, respectively. And at last, the vields of most 
undesirable radioactive isotopes different from Hf, such as '^*W, ^^^Ta and ^^Ta would be 
only 2.7 and 1.8, 39.3 and 13.4, 18.3 and 11.6 times higher at the energy of protons 80 and 
100 MeV, respectively. Thus, '^'Ta (p, a) '■^^'"Hf reaction looks still more attractive from 
many points of view. Really, the most vital factor is much higher productivity of Ta (p, a) 
''^"Hf reaction compared to other nuclear reactions with protons. Another essential advantage 
of this reaction at the energy of protons 100 MeV is non-proportionally low yield of Hf As 
a result, the concentration of '"'^"'Hf isomer in Hf fraction of the target turns out to be higher 
for the nuclear reaction with Ta target. 

If we compare the nuclear reaction with a-particles, ''^Yb (a, 2n) ""Hf and the 
nuclear reaction with protons, '*'Ta (p, a) '"'^'"Hf one can note that at the same energy of a- 
particles and protons of 100 MeV the productivity of ^^'Ta (p, a) ''^""Hf reaction is 6.5 times 
higher than the productivity of '^^Yb (a, 2n) ^^^""Hf one. At the same time, the yield of '^^^Hf 
ground state turns out to be 6.0 times higher as well, though the yield of most undesirable 
admixture '^^Hf seems to be practically the same. On the other hand, the yield of another 
long-Uved radioactive Hf isotope, such as '^^Hf turns out to be 275 times lower. The yields of 
stable Hf isotopes, such as ^'^Hf, '^^Hf, ^''^Hf and '^^Hf turn out to be 4.1, 6.6 and 2.8 times 
lower and 12.3 times higher, respectively. One can note that the concentration of stable Hf 
isotopes in Hf fraction of the target appears to be practically the same for both nuclear 
reactions, though the concentration of '^ Hf and ^^^Hf should be non-proportionally lower. As 
a result, in the event of '^'Ta (p, a) ''^^"Hf the concentration of '"'^'"Hf isomer in Hf fraction of 
the target appears to be an order of magnitude higher, than in the event of '^^Yb (a, 2n) 
i78mjj£.^ and has a tendency to increase with energy. 

Thus, nuclear reactions with a-particles could be preferable only when one needs to 
produce rather small, but of maximal quality, '^^"Hf sources. For instant, in the case of '^^Lu 
(a, p) '^^""Hf and "^Yb (a, 2n) '^^'"Hf reactions and at the energy of a-particles about 40 
MeV, first, no '"'^Hf would be produced at all. Secondly, in the event of '^^Lu (a, p) ^''^"'Hf 
reaction and at the energy of a-particles about 40 MeV, '''^'"Hf isomer concentration in Hf 

1 Q1 

fraction of the target turns out to be around 3 times higher, than in the event of Ta (p, a) 
'''^'"Hf reaction and at the energy of protons about 100 MeV. At the same time, in the case of 
'■^^Yb (a, 2n) ^'^^'^Hf reaction and at the energy of a-particles about 40 MeV, ''^"Hf isomer 
concentration in Hf fraction of the target turns out to be around 2 times lower, than in the 
event of '*'Ta (p, a) '^^"'Hf reaction and at the energy of protons about 100 MeV. 

7. Summary 

i78ni2jj^ isomer production in different spallation reactions with neutrons, protons and 
alpha-particles at projectile energies up to 100 MeV has been analyzed exploiting the 
STAPRE and ALICE code simulations. A number of spallation reactions has been compared 
taking into account not only the •'^^"^Hf isomer productivity, but fi^rst the isomeric/ground 
state ratios calculated by the STAPRE code, secondly, the accumulation of the most 



undesirable Hf isotopes, such as ^^^Hf and '^^Hf, thirdly, other admixtures and by-products 
that could degrade the quality of produced ''^"^Hf isomer sources, including all the stable Hf 
isotopes as well. Possibilities and ways of the optimization for •'^^'"^Hf isomer production in 
spallation reactions at projectile energies up to 100 MeV have been discussed and it can be 
considered as very important preliminary stage in order to accumulate such exotic nuclear 
isomers in lab-sized quantities for the reasonable costs. 

The most remarkable results of our calculations are: 
1. In the case of nuclear reactions with a-particles, from the point of view of productivity 

"^Yb (a, 2n) '''^'"Hf reaction looks as the most attractive one, though ''^Lu (a, p) 
i78mjj^ and "^Lu (a, pn) '^^""Hf are about one order of magnitude and less than two 
orders of magnitude worse, respectively. In the event of nuclear reactions with 
protons, '*'Ta (p, a) ^^^""Hf reaction looks as the most attractive one, moreover '*^W 
(p, ap) '■^^'"Hf and ^^^Re (p, 2a) '^^""Hf are less and more than three orders of 
magnitude worse, respectively. Furthermore, the productivity of Yb (a, 2n) Hf 
reaction appears to be less than order of magnitude lower, than the productivity of 
'*'Ta(p,a)™'"Hfone. 

2. For the applications, when quite small ''^^'"Hf isomer sources are required, one can 
produce very qualitative isomeric sources using the nuclear reactions with a-particles. 
Furthermore, from the point of view of the '^^""Hf isomer concentration in Hf fraction 
of the target, at 40 MeV a-particles '^^Lu (a, p) '^^""Hf reaction appears to be almost 
an order of magnitude better, than ^'^Yb (a, 2n) '"^^""Hf reaction, although the 
productivity of '^^Yb (a, 2n) '"'^'"Hf reaction is still a little less than two-fold higher. 
Unfortunately, it looks practically impossible to make anv universal recommendations 

and common conclusions how to perform the optimization of ''^"^Hf isomer production in 
any particular case. Really, for some prediscovery experiments even two-fold decrease of any 
undesirable admixture or by-product (including as '^^Hf and '^^Hf as all the stable Hf 
isotopes) could be extremely crucial, so such questions should be solved as appropriate. 

As a result of our research, one can at least select, taking into account as the available 
nuclear facilities as the accepted costs, the most suitable nuclear reaction needed to produce 
significant quantities of '''^"^Hf isomers of rather predicted quality. And although we did 
calibrate our calculations with the STAPRE and ALICE codes using the latest experimental 
data, there is a feeling that around 100 MeV the STAPRE calculations could still be incorrect 
even up to the order of magnitude, since along with the pre-equilibrium and evaporation 
models, the intranuclear cascade model of nuclear reaction shall also be used at such 
projectile energies. So, it would be very important to: 

1. conduct the calculations using some code (or codes) valid for the spallation region, for 
instant any codes exploiting GIANT 4 libraries; 

2. check the calculations experimentally, at least at optimal bombarding particle 
energies; 

3. verify the results obtained for '^^W (n,an) '''^"^Hf reaction both theoretically and 
experimentally, especially paying attention that the results of our calculations 
contradict significantly to the experimental data for nuclear reactions with reactor 
neutrons obtained recently for a number of targets of highly enriched Hf isotopes. As a 

.d fortune, '*V and '^'*^ 
^^W sample by reactor neutrons, one can perform very sensitive test. 
:ood fortune, '*^W and   '*W are the stable isotopes. So irradiating the highly enriched 
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