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has been observed in U233 by Pattenden and Harvey14 

and perhaps in Pu239 by Vogt15 is probably manifested 
also in U235. 

14 N. J. Pattenden and J. A. Harvey, in Proceedings of the 
International Conference on Nuclear Structure, Kingston, Canada, 
edited by D. A. Bromley and E. Vogt (University of Toronto 
Press, Toronto, 1960), p. 882. 

15 E. W. Vogt, Phys. Rev. 118, 724 (1960). 

I. INTRODUCTION 

ALPHA-DECAY systematics in the rare-earth re
gion show that nuclides containing between 84 

and 88 neutrons possess an enhanced alpha-decay energy 
because of the effect of the extra stability of the 82-
neutron configuration. Alpha decay has been observed 
thus far for isotopes of the rare earth elements from 
neodymium to dysprosium. Most of these results have 
been summarized in papers by Toth and Rasmussen1 

and Macfarlane and Kohman.2 Until the present, no 
extensive search has been made for the alpha decay of 
isotopes of the elements above dysprosium which lie 
near the 82-neutron closed shell although some indica
tions have been reported. Rasmussen, Thompson, and 
Ghiorso observed a 4.2-min alpha activity which they 
believed might be due to a holmium alpha emitter3 and 

* This research was performed under the auspices of the U. S. 
Atomic Energy Commission. 

t Present address: Chemistry Department, McMaster Univer
sity, Hamilton, Ontario, Canada. 

t Present address: Physics Department, Calvin College, Grand 
Rapids, Michigan. 

1 K. S. Toth and J. O. Rasmussen, Nucl. Phys. 16, 474 (1960). 
2 R. D. Macfarlane and T. P. Kohman, Phys. Rev. 121, 1758 

(1961). 
3 J. O. Rasmussen, Jr., S. G. Thompson, and A. Ghiorso, Phys. 

Rev. 89, S3 (1953). 
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Toth and Rasmussen observed an alpha activity with a 
half-life of a few hours which they tentatively assigned 
to an erbium or holmium isotope.1 

The purpose of this paper is to report some results 
which were obtained on the alpha-decay properties of 
the 84 to 86 neutron isotopes of holmium. 

II. EXPERIMENTAL PROCEDURE 

A detailed description of the experimental techniques 
has been given in an earlier paper.4 

A. General Procedure 

Holmium isotopes were produced by Pr141(016,:m) re
actions using 75- to 137-MeV O16 ions from the Berkeley 
heavy-ion linear accelerator (Hilac). Samples for alpha-
particle analysis were prepared by the electrostatic col
lection of recoils from a target in a helium atmosphere. 
Alpha-particle spectra were obtained using a Frisch-
grid ionization chamber which was calibrated for energy 
using the alpha particles from Tb149(3.95 MeV)5 and 

4 R. D. Macfarlane, Phys. Rev. 126, 274 (1962). 
5 F. Asaro and J. O. Rasmussen, Lawrence Radiation Labora

tory, University of California, Berkeley (unpublished results) 
quoted in reference 3. 
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Bombardment of Pr141 targets with 75- to 137-MeV O16 ions has resulted in the identification of new 
alpha-emitting isotopes of holmium. The results obtained for the alpha-decay properties of these isotopes 
are: 

Alpha-particle 
Nuclide energy (MeV) Half-life 

Ho161 4.51±0.02 35.6 ±0 .4 sec 
Ho151w 4.60±0.02 42 ± 4 sec 
Uo^oovm 4.45±0.02 52.3 ±0.5 sec 
Ho152* or m 4.38±0.02 2.36±0.16 min 
Ho163 3.92±0.03 9 ± 2 min 

Excitation functions were obtained for the production of these nuclides and for the production of Dy150, 
Dy161, and Dy152. Large differences were observed for the energy dependence of the excitation functions of 
the isomer pairs which were attributed to angular momentum effects. Alpha branching ratios were esti
mated and used to calculate alpha reduced level widths. 
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U234[4.75 MeV (average)].6 In most cases spectra were 
obtained within 1 min from the end of the bombard
ment. The technique of electrostatic collection of re
coils from radioactive decay which had been success
fully employed previously was also used in this work to 
establish parent-daughter relationships.4,7 Experiments 
to test the usefulness of this technique were performed 
using thin samples of Dy149 and Dy150 prepared by the 
electrostatic collection in helium of recoils from the 
Ce140+O16 reaction. I t was found that recoils from the 
/3+/EC decay of Dy149 could be collected on a negatively 
charged plate in vacuum in sufficient quantity to detect 
the alpha decay of the daughter, Tb149. I t was also pos
sible to obtain a measure of the half-life of the parent 
by collecting the beta decay recoils from the same 
sample at different time intervals. No transfer of the 
primary recoils, which would be detected by the pres
ence of Dy150 alpha activity on the beta-recoil collection 
plates, was observed. 

B. Excitation Functions 

Relative excitation functions were obtained for the 
holmium isotopes and for Dy150, Dy151, and Dy152 which 
were also observed. These were converted to an absolute 
basis making use of the Dy150 and Dy151 cross-section 
data of Alexander and Simonoff for the Ce140+O16 and 
prui_|_Qi6 reactions.8 The values of the cross sections 
where the Dy150 and Dy151 excitation functions intersect 
each other were chosen as the points of normalization. 
The Alexander and SimonofT data give the following 
values of the cross section and incident energy at the 
normalization points: 412 mb at 111 MeV for the Ce143 

+ 0 1 6 reaction and 420 mb at 125 MeV for the Pr 1 4 1+0 1 6 

reaction.8 

For cases where the alpha branching ratio was not 
known, the product of the absolute cross section and 
alpha-branching ratio was obtained. The half-lives and 
alpha branching ratios of the dysprosium isotopes were 
taken as follows: 7.4-min Dy150, 0.179; 17.9-min Dy151, 
0.062; and 2.3-h Dy152, 8.6X10~4. These values have 
recently been determined with better accuracy than 
previously reported.9 

The excitation energies referred to in the discussion 
of the cross-section results were obtained by subtracting 
the Q value for compound nucleus formation from the 
center-of-mass energy of the projectile. Q values were 
calculated from the semiempirical mass formula of 
Seeger.10 

6 1 . Perlman and F. Asaro, Lawrence Radiation Laboratory 
Report UCRL-9524, 1961 (unpublished). 

7 A. Ghiorso, T. Sikkeland, J. R. Walton, and G. T. Seaborg, 
Phys. Rev. Letters 1, 18 (1958). 

8 G. N. SimonofT and J. M. Alexander, Lawrence Radiation 
Laboratory Report UCRL-10099 (to be published). 

9 R. D. Macfarlane and D. W. Seegmiller, Lawrence Radiation 
Laboratory, University of California, Berkeley (unpublished 
results). 

10 P. A. Seeger, Nucl. Phys. 25, 1 (1961). 
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FIG. 1. Excitation function curves for the 
Ce140(O16,:m)Dy156-* reaction. 

III. RESULTS 

A. Ce 1 4 0 +O 1 6 

Alpha-particle spectra of recoil samples collected from 
O16 bombardments of 99.6% Ce140 targets showed only 
known alpha emitters of dysprosium and terbium. These 
were characterized by alpha-particle energy and half-
life. The relative excitation functions for Dy150, Dy151, 
and Dy152 were obtained from the counting data and 
converted to absolute cross sections in accordance with 
the procedure outlined in Sec. I I B. The Dy150 and Dy151 

cross sections at the energies on either side of the point 
of normalization were found to be in reasonable agree
ment with the values obtained by Alexander and 
SimonorT.8 As indicated in Fig. 1, the (Ou,6n), (016,5w,) 
and (016,4^) cross sections for the Ce140+O16 reaction 
peak at excitation energies of 86, 71, and 53 MeV, 
respectively. 

B. P r 1 4 1 + 0 1 6 

The holmium isotopes which were sought, Ho151, 
Ho152, and Ho153, can be produced from Pr141+016 by 
the same type reactions that produced Dy150, Dy151, 
and Dy152 from the Ce143+016 bombardments. 

Alpha-particle analysis of the recoils which were col
lected from Pr1 4 1+01 6 bombardments at various inci
dent energies showed the presence of two prominent 
alpha activities and three weaker groups which were 
not seen in the alpha spectra of samples from Ce140+O16 

bombardments. The alpha-particle energies and half-
lives of these activities do not correspond to any of the 
known alpha emitters. Groups resulting from Dy150, 
Dy151, Dy152, and Tb149 alpha decay were also ob
served. Attempts to establish the identity of the element 
or elements responsible for these activities by chemical 
means were unsuccessful primarily because of their short 
half-lives. However, the fact that these activities were 
produced by the Pr1 4 1+01 6 reaction and not by the 
Ce140+O16 reaction, which can produce all the nuclides 
formed by the Pr1 4 1+01 6 reaction with the exception of 
the isotopes of holmium, was taken as good evidence 
that they are due to isotopes of holmium. 
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FIG. 2. Excitation function curves for the Pr141(016,a»)Holfi7~* 
reaction leading to (a) the high-spin isomers and (b) Dy150, 
Dy151, and Dy1*2. 

Hom (E«=4.51 MeV) 

Measurements on one of the two promient new alpha 
activities that was formed from the Pr 1 4 1+0 1 6 reaction 
gave as values of the half life and alpha-particle energy 
35.6±0.4 sec and 4.51 MeV, respectively. The energy 
dependence of the excitation function was found to cor
respond to that expected for an (Ou,6n) reaction which 
would produce Ho151. As shown in Fig. 1 the peak of the 
excitation function for the Ce140(O16,6^) reaction occurs 
at excitation energy of ~ 8 6 MeV while the peak of the 
excitation function for this activity falls at ~ 8 4 MeV 
[Fig. 2(a)] . Alpha-particle spectra which contain this 
alpha group are shown in Fig. 3. 

A parent-daughter relationship was established be
tween this activity and Dy151 by making use of the tech
nique of the electrostatic collection of beta decay re
coils referred to in Sec. I I . Recoils from the /3+/EC decay 
of this activity were electrostatically collected in vacuum 
on a plate for a one-minute period and then on another 
plate for a similar length of time. The alpha-particle spec
tra of the two plates (Fig. 4) clearly showed the presence 
of Dy151 alpha activity with the level of activity four 
times higher on the first plate than on the second. This 
indicates that the parent, Ho151, has a half-life of ap
proximately 30 sec which is consistent with the value 
obtained for the 4.51-MeV group. Some Dy150 alpha 
activity was also observed on the plates, which is un

doubtedly the result of Ho150 decay. From the level of 
Dy150 activity on the two plates, Ho150 appears to have 
a half-life of approximately 20 sec. 

An alpha-branching ratio of 0.20±0.05 was obtained 
for the 4.51-MeVHo151 by measuring the growth of 
Dy151 and comparing it with the decay of the 4.51-MeV 
Ho151 alpha group. This was done using a different target 
assembly which made it possible to obtain alpha particle 
spectra within a few seconds after the end of bombard
ment. The details of this assembly will be described in a 
future paper. 

Ho151 (Ea=4.60 MeV) 

A weak alpha group decaying with a half-life of 
42 ± 4 sec was observed at an alpha-particle energy of 
4.60 MeV. This group can be seen in the alpha-particle 
spectrum shown in Fig. 3(b). The cross section for the 
production of this activity [Fig. 5(a)] peaks at an exci
tation energy of 70 MeV which corresponds to that ex
pected for the (016,5^) reaction (Fig. 1). However, the 
asymmetric shape of the excitation function [Fig. 5(a) ] 
which rises sharply on the low-energy side and falls 
more gradually on the high-energy side suggests some
thing peculiar about the mode of formation. Another 
feature of the excitation function is the low peak cross 
section-alpha-branching ratio product. This may be the 
result of a highly hindered alpha decay, a small peak 
cross section, or a combination of both. A similar asym
metry was observed with the excitation function for the 
La139(016,6^)Tb149 reaction in which the low-spin isomer 
is formed. The peak cross section for the low-spin Tb149 

was found to have a very small value and also to fall 
at an energy 15 MeV lower than the peak of the excita
tion function for the high-spin isomer.4,11 These differ-
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FIG. 3. Alpha-par
ticle spectra of nu
clides produced by 
the Pr141+016 reac
tion at (a) 99-MeV 
excitation energy 
and (b) 76-MeV exci
tation energy. Bom
barding time was 
30 sec and samples 
were counted for a 
1-min period at a 
time 1.5 min after 
bombardment. 
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11 J. M. Alexander and L. Winsberg, Phys. Rev. 121, 529 (1961). 
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FIG. 4. Alpha-particle spectra of recoils collected from the /3+/EC 
decay of Ho150, Ho151, Ho152 and Ho149-Dy149; (a) recoils collected 
for 1 min and (b) recoils collected for the following minute from 
the same source. Counting time for both samples was 10 min. 
The spectra shown in (c) and (d) were obtained with the same 
samples used for (a) and (b) after a lapsed time of 1 h. Counting 
time was 5.5 h. 

ences between the isomer excitation functions are 
thought to be due to the effect of competition of gamma-
ray emission with nucleon evaporation in the decay of 
high angular momentum states of the excited compound 
nucleus .4*8,12~15 In view of the similarity of some of 
these results with those obtained for the Tb149 isomer 
pair, it would appear that the 4.60-MeV holmium alpha 
activity might be due to a low-spin isomer. The most 
logical mass number would be 151 because of the posi
tion of the excitation function relative to that for the 
4.51-MeV Ho151 activity discussed above. 

When a low-spin isomer is made by an (HI,xn) re
action, where H I means heavy ion, it appears that the 
peak cross section is much smaller than that for the 
high-spin isomer and the excitation function is shifted to 
a significantly lower energy. If, however, the low-spin 
isomer can be produced as a radioactive decay product 
of a nuclide which is formed by an (HI,xn) reaction 
involving most or all of the angular momentum distri
bution of compound nuclei, then the contribution of this 
mode of formation to the total excitation function of the 
low-spin isomer will reflect properties of the excitation 
function of the parent and no energy shifts caused by 

angular momentum effects would be observed. If, then, 
the 4.60-MeV holmium activity is due to a low-spin 
isomeric state in Ho151, it may be possible to identify 
this activity with the /3+/EC decay of Er151 by this 
technique. 

The isotope, Er151, can be made by the reaction 
Nd142(016,7^)Er151. The cross section for this reac
tion should peak at an excitation energy of approxi
mately 100 MeV according to results obtained for the 
Pr141(O16,7^)Ho150-Dy150 reaction [Fig. 2(b)] . Bom
bardments were made with O16 ions on a neodymium 
target enriched in Nd142 to 93.9%. The results obtained 
indeed show that the cross section for the 4.60-MeV 
holmium alpha-activity peaks at an excitation energy 
of 98 MeV [Fig. 5(b)] , an energy which is close to that 
expected for the peak of the Er151 excitation function. 

The 4.51-MeV Ho151 excitation function was also 
found to peak at 98-MeV excitation energy. This 
excitation function is probably a composite of the 
Nd142(016,7w)Er151 reaction followed by the decay of 
Er151 and the Nd142(016,^6^)Ho151 reaction leading to 
the high spin isomer. Both of these reactions are ex
pected to peak at approximately the same excitation 
energy. This is based on a consideration of the Q values 
for each of the reactions and an estimate of the average 
amount of kinetic energy carried off by neutrons and 
protons.8 The latter reaction is expected to have an 
appreciable cross section because of the large neutron 
binding energies of the erbium isotopes in this region.10 

Apparently that part of the cross section for the low-

Excitation energy (MeV) 
60 70 

12 J. R. Morton, III , G. R. Choppin, and B. G. Harvey, Phys. 
Rev. 128, 265 (1962). 

13 J. F. Mollenauer, Phys. Rev. 127, 867 (1962). 
14 J. R. Grover, Phys. Rev. 123, 267 (1961). 
16 J. R. Grover, Phys. Rev. 127, 2142 (1962). 

FIG. 5. Excitation 
functions of the Ho151 

and Ho152 low-spin 
isomers produced by 
the (a) Pr141+016 re
action and (b) Nd142 

-f O16 reaction. 

O16 energy ( lab) (MeV) 
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FIG. 6. Alpha-particle spectra showing the presence of the Ho152 

low-spin isomer and Ho153 alpha activities. The spectrum shown in 
(a) is the result of a 5-min bombardment of Pr141+016 at an exci
tation energy of 52 MeV. The spectrum was obtained over a period 
of 10 min after a lapsed time of 3 min from the end of bombard
ment. The spectrum shown in (b) is from a 10-min bombardment 
of La139-fNe20 at an excitation energy of 73 MeV. The spectrum 
was obtained over a period of 8 min after a lapsed time of 3 min 
from the end of the bombardment. 

spin Ho151 isomer which is a result of the /3+/EC decay 
of Er151 is much larger than the contribution from direct 
formation by an (01&,p6n) reaction. The cross section 
for this reaction should peak at an excitation energy of 
^ 8 5 MeV if angular momentum effects for the (Ol6,p6n) 
reaction are similar to those affecting the position of the 
peak of the isomer excitation functions of the (Ou,6n) 
reaction. 

Ho1"2 (£*=4.45 MeV) 

The second prominent holmium alpha activity that 
was observed has an alpha-particle energy of 4.45 MeV 
and decays witlra half-life of 52.3±0.5 sec. This alpha 
group can be seen in the alpha-particle spectra shown in 
Fig. 3 and Fig. 6(a). The cross section for this activity 
when produced by the Pr 1 4 1+0 1 6 reaction peaks at an 
excitation energy of 72 MeV [Fig. 2(a)] which is close 
to the value observed for the Ce140(O16,5^)Dy151 reac
tion. These results suggest that the activity is due to 
Ho152. 

This mass assignment was substantiated by the 
"recoil-milking'' experiment which provided the results 
establishing the Ho151—Dy151 relationship. Using the 
same recoil collection plates, the more intense Dy151 

and Dy150 alpha activities were allowed to decay away 
and a search was made for Dy152 alpha activity. As 
shown in Fig. 4, the Dy152 alpha group was observed and 
the ratio of Dy152 activity on the two plates was found 

to be 2 :1 . This means that the parent, Ho152, has a 
half-life of approximately 1 min, a value which is con
sistent with the measured half-life of the 4.45-MeV 
alpha group. 

Ho152 (£«=4.38 MeV) 

Alpha-particle spectra obtained after most of the prom
inent Ho151 and Ho152 activity produced in Pr 1 4 1+0 1 6 

bombardments had decayed revealed the presence of an 
additional alpha group which has a half-life of 2.36db0.16 
min and an alpha-particle energy of 4.38 MeV. This 
group can be seen in the alpha spectrum shown in Fig. 
6(a). The excitation function, which is shown in Fig. 
5 (a), has the same asymmetric shape that was observed 
with the Ho151 low-spin isomer. If this activity is also 
due to a low-spin holmium isomer, then the excitation 
function will probably exhibit a downward shift in 
energy compared to the excitation function of the high-
spin member of the isomer pair. The peak cross section 
for the 4.45-MeV Ho152 alpha group, as discussed above, 
was found to occur at an excitation energy of 72 MeV. 
If a low-spin isomer of Ho152 exists, its peak cross sec
tion would be expected to fall 12 to 15 MeV lower in 
energy as was observed with the Tb149 and Ho151 isomer 
pairs. The peak of the excitation function for the 4.38-
MeV alpha group falls at 61-MeV excitation energy 
which is a value consistent with that expected if it were 
a low-spin Ho152 isomer. 

The same type of experiment used in the study of the 
low-spin Ho151 isomer was carried out to see if this ac
tivity could be associated with the /3+/EC decay of 
Er152 when produced by the Nd 1 4 2+0 1 6 reaction. The 
Nd142(016,6^)Er152 and Nd142(016,^5n)Ho152 (high-spin) 
reaction cross sections are both expected to peak at an 
excitation energy of approximately 84 MeV while the 
(Ou,p5n) reaction cross section in which a low-spin 
isomer is formed should peak 12 to 15 MeV lower. The 
results obtained show that the cross section for the 4.38-
MeV holmium alpha activity when produced by the 
Nd 1 4 2+0 1 6 reaction peaks at an excitation energy of 82 
MeV [Fig. 5(b)] . The excitation function of the 4.45-
MeV Ho152 also peaks at the same energy. These re
sults were taken as good evidence that the 4.38-MeV 
alpha group is a decay product of the ^ " / E C branch of 
the Er152 decay. The cross section for direct formation 
by the (016,p5n) reaction which should peak at an exci
tation energy of approximately 70 MeV is apparently 
much smaller than the contribution from the /3+/EC de
cay of Er152. The nuclide Er152 is the 84-neutron erbium 
isotope and exhibits a measurable alpha decay branch.16 

This may be a reason why the relative peak cross sec
tion of the low-spin Ho152 isomer is much lower than 
that for the low-spin Ho151 isomer compared with the 
results obtained when these activities were produced 
by the Pr 1 4 1+0 1 6 reaction. 

16 R. D. Macfarlane and R. D. Griffioen, Bull. Am. Phys. Soc. 
6, 451 (1961). 
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FIG. 7. Alpha-decay curves of the holmium alpha emitters. 

Ho™ 

A search was made for evidence of Ho153 alpha activity 
by looking at products of the Pr 1 4 1+0 1 6 reaction at in
cident energies in the range of 70 to 90 MeV. At these 
low energies a small peak was observed at an alpha-
particle energy of 3.92 MeV [Fig. 6(a)] which was found 
to decay with a half-life of 9 min. The cross-section 
peaks at an excitation energy of 51 MeV [Fig. 2(a)] . 
The Ce140(O16,4^)Dy152 reaction cross section (Fig. 1) 
peaks at an excitation energy of 53 MeV so that the 
excitation function for this activity is consistent with 
that expected for the Pr141 (016,4^)Ho153 reaction. I t was 
not possible to establish a parent-daughter relation
ship by the recoil-milking method because of the diffi
culty in detecting Dy153 alpha decay which has a very 
low alpha branch.1 Attempts to detect the alpha-decay 
daughter, Tb149, proved to be unsuccessful, probably 
because of the low alpha counting rate of the parent. 
The mass assignment can only be made on the basis 
of the excitation function results. 

The (016,4^) peak cross section has a low value for the 
pri4i_|_Qi6 reaction because of Coulomb barrier effects 
which reduce the cross section for compound nucleus 
formation at energies close to the barrier. This effect 
can be seen with the Dy152 excitation function for the 
Ce140+O16 reaction (Fig. 1). A higher level of this 
holmium activity was seen when produced by the 
La139+Ne20 reaction [Fig. 6(b)] , where the isotope 
Ho153 is produced by the La139(Ne20,6/*)Ho153 reaction. 

The peak cross section for this reaction occurs at a 
higher incident bombarding energy compared to the 
Coulomb barrier than the corresponding Pr141(016,4^)-
Ho153 reaction. The Tb149m group seen in the alpha spec
trum [Fig. 6(b)] is probably the product of the 
(Ne20,a6^) reaction. 

The decay curves which were obtained for the 
holmium activities are shown in Fig. 7. 

C. Ho181 and Ho152 Isomers 

I t has been reasonably well established from the re
sults described above that the 4.60-MeV Ho151 and 
4.38-MeV Ho162 alpha activities are low-spin isomers. 
The 4.51-MeV Ho161 and 4.45-MeV Ho152 alpha activi
ties must, therefore, be associated with states of higher 
spin. From the experimental results described above it 
was not possible to clearly determine which of these 
activities are associated with the ground states of Ho151 

and Ho152. In order to obtain some additional informa
tion on the assignment of the metastable and ground 
states of the Ho151 isomer pair, the alpha-particle spec
trum of the Ho151 alpha decay was studied further. 
Alpha-particle spectra were recorded at different time 
intervals under conditions where the initial level of the 
4.60-MeV Ho151 alpha group was extremely small in 
order to determine whether there might be a detectable 
buildup of this activity by an isomeric transition from 
the state responsible for the 4.51-MeV alpha activity. 
None was observed. A search was made for evidence of 
higher energy groups associated with the alpha decay 
of the high-spin Ho151 isomer but none was observed. 
Evidence was obtained from a resolution check that the 
4.51-MeV group associated with the Ho151 high-spin 
isomer may actually be composed of a doublet. The full 
width at half-maximum of the 4.51-MeV group was 
found to be 45 keV while that for Dy150 in the same spec
trum was 35 keV. 

IV. DISCUSSION 

A. Proposed Alpha-Decay Scheme of the 
Ho151 Isomers 

The appearance of nuclear isomerism among the 
spherical terbium isotopes is thought to be due to 
the beginning of the rilling of an hn/2 proton shell by the 
65th proton which, in the case of Tb149, results in the 
appearance of an hU/2 level lying close to a d5/2 ground 
state.4 Apparently these levels are still close together in 
Ho151 as evidenced by the existence of the isomer pair. 
If the high-spin state of Ho161 is hn/2 and the low-spin 
state d&/2, this would give rise to an E3 isomer similar 
to that proposed for Tb149. If one assumes that this is the 
case, it is possible to obtain an alpha-decay scheme 
which is consistent with the experimental results. The 
features of the proposed alpha-decay scheme are as 
follows: the hu/2 state of Ho151 is the ground state and 
the d5/2 level, a metastable state lying at a low undeter-
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mined energy above the ground state. The ground state 
of the daughter, Tb147, is d5/2 and the hu/2 level lies at a 
small undetermined energy above the ground state. 
Alpha decay from the hu/2 ground state of Ho151 popu
lates predominantly the hu/2 metastable state of Tb147 

but there is also a weak transition to the ground state. 
The alpha particles associated with these transitions 
give rise to the 4.51-MeV alpha group for which there 
is evidence of an unresolved doublet (Sec. I I IC). The 
alpha decay of the ^5/2 metastable state of Ho151 pro
ceeds mainly to the ^5/2 Tb147 ground state and is respon
sible for the 4.60-MeV group. With this scheme the dif
ference in alpha-decay energies between these isomers 
(90 keV) represents the sum of the spacing between the 
hu/2 and ^5/2 levels of Ho151 and Tb147. The spacing be
tween the two isomeric states of Tb149 was found to be 
40 keV.4 

All of the other possible combinations of the hu/2 and 
dB/2 states of the parent and daughter result in levels 
which are too widely spaced for an E3 isomer with a 
half-life as long as 35 sec, or give alpha-decay energies 
for the high- and low-spin isomers which are different 
from the observed values, or predict the existence of 
higher energy alpha groups which were not observed. 

B. The Ho152 Isomers 

The isotope, Ho152, is the first example of an odd-odd 
alpha emitting nuclide in the rare-earth region. Another 
odd-odd rare-earth nuclide, Tb150, should also exhibit a 
measurable alpha decay, but it has not yet been ob
served. If an hu/2 proton and an ft/2 neutron, as pre
dicted by the shell model, are the odd nucleons in Ho152, 
these could couple to give a spin state as high as 9 at 
or near the ground state of Ho152. There is no way of 
determining from the experimental results whether the 
high-spin or low-spin isomer is the ground state of Ho152. 

C. Holmium Alpha Emitters with A > 153 

In a preliminary report of this work,17 results were 
given for the alpha-decay properties of Ho153, Ho154, and 
Ho155. These results have since been found to be in 
error. Also, the values of the alpha-particle energy, 
half-life, and alpha-branching ratio which were given 
in that report have been remeasured in this work with 
greater accuracy using improved techniques. 

The 4-min holmium activity reported by Rasmussen, 
Thompson, and Ghiorso was not found.3 The similarity 
of the half-life and alpha energy of this activity with 
that of the Tb149 high-spin isomer4 suggests that they 
may have seen this nuclide rather than a holmium 
isotope. 

A search was made for holmium alpha emitters above 
A = 153 by looking at the products of Nd148+N14 bom
bardments. An isotopically enriched Nd148 target was 

17 R. D. Macfarlane and R. D. Griffioen, Bull. Am. Phys. Soc. 
6, 287 (1961). 

used but it also contained some small amounts of the 
lighter neodymium isotopes. These lighter isotopes pro
duced enough Dy150 and Dy151 to make it difficult to de
tect any weak alpha activities at energies below these 
alpha groups. The experiment did establish that the 
intensity of the alpha decay of the heavier holmium 
isotopes is at least three orders of magnitude smaller 
than for Ho151 and Ho152. 

D. Alpha Branching Ratios 

The alpha branching ratio of the high-spin Ho151 

isomer was experimentally determined to be 0.20±0.05. 
In order to obtain the alpha-branching ratio of the other 
holmium activities, it was necessary to estimate the 
expected relative peak cross sections from other cross-
section data and infer the alpha-branching ratio. The 
ratios of the peak cross sections for Dy151 and Dy152 to 
the peak cross section for Dy150 were found to be 1.22 
and 0.444, respectively, for the Ce140+O16 reaction. If 
these ratios are assumed to be the same for Ho152/Ho151 

and Ho153/Ho151 for the Pr1 4 1+01 6 reaction, the alpha-
branching ratio which is obtained for the high-spin 
Ho152 isomer is 0.19zL0.05 and for Ho153 (3±2)X10~3 . 

The alpha-branching ratios of the Ho151 and Ho152 

low-spin isomers were estimated assuming that the ratio 
of the peak cross section of the high-spin isomer to the 
low-spin isomer is 33. This value was obtained from the 
data of Alexander and Winsberg11 for the peak cross sec
tion of the La139(016,6^)Tb149 reaction leading to the 
low-spin isomer (15 mb) and the peak cross section for 
the Ce140(O16,6w)Dy150 reaction (500 mb) which was 
measured by Simonoff and Alexander.8 The assumption 
was made that this cross section is approximately the 
same as that for the La139(016,6n)Tb149 reaction leading 
to the high-spin isomer of Tb149. The alpha-branching 
ratios which were obtained are 0.28 for Ho151 and 0.30 
for Ho152. Because of the several assumptions which 
were involved in the method of obtaining these alpha 
branches, they are probably only good to within a factor 
of 2. 

E. Reduced Level Widths 

Using the alpha-branching ratios obtained above, 
alpha-decay half-lives were calculated for each of the 
holmium activities. From these values, reduced level 
widths (<52) were obtained using the procedure of 
Rasmussen for calculating barrier penetrabilities.18 The 
reduced level width 52 is defined by the expression 

\ = 82P/h, (1) 

where X is the alpha-decay constant, P is the barrier 
penetrability, and h is Planck's constant. The nuclear 
potential used in the calculation of P is the sum of the 
Coulomb potential, the centrifugal potential, and the 

18 J. O. Rasmussen, Phys. Rev. 113, 1593 (1959). 
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TABLE I. Summary of results 

Nuclide 

Ho1** 

Ho151 

Ho152 

Ho152 

Ho1*5 

Q* 
(MeV) 

4.63±0.02 

4.73±0.02 

4.57db0.02 
4.50db0.02 

4.03±0.03 

Half-life 

35.6 ±0.4 sec 

42 ± 4 sec 

52.3 ±0.5 sec 
2.36±0.16 min 

9 ± 2 min 

Alpha 
branching 

ratio 

0.20±0.05 

0.28 (within 
factor of 2) 

0.19±0.05 
0.30 (within 

factor of 2) 
(3±2)X10~3 

Reduced 
width, 62 

(MeV) 

0.065 

0.025 

0.087 
0.12 

0.22 

Remarks 

high-spin isomer, 
probably the 
ground state 

low-spin iosmer, 
probably the 
metastable state 

high-spin isomer 
low-spin isomer 

real part of the alpha-nuclear potential given by19 

F(r)=-1100exp{-[(f-1.17^1/3)/0.574]}MeV. (2) 

The alpha-particle energy used in the calculation was 
the experimentally determined value plus an additional 
small correction to account for electron screening 
effects.20 

Because of the lack of knowledge of the spin assign
ments of the parent and daughter, values of the reduced 
width were calculated for Z=0 alpha waves only. The 
calculated values are given in Table I. The reduced 
widths for those dysprosium and gadolinium alpha 
emitters whose alpha decay properties are known with 
reasonable accuracy fall in the range of 0.05 to 0.1 
MeV.1 The reduced widths for the high-spin Ho151 and 
Ho152 isomers are 0.065 and 0.087 so they compare 
rather favorably with the dysprosium and gadolinium 
values. The reduced widths for the other holmium alpha 
emitters are only approximate values but none of them 
indicate a significant hindrance associated with their 
decay. This would be reflected by a low value for the 
reduced width. In contrast, the terbium alpha emitters, 
Tb149 and Tb151, exhibit a significantly hindered alpha 
decay. This difference between the terbium and holm
ium alpha emitters can be qualitatively explained by a 
consideration of the nature of the initial and final states. 

19 G. Igo, Phys. Rev. Letters 1, 72 (1958). 
2 0 1 . Perlman and J. O. Rasmussen, in Handbuch der Physik, 

edited by S. Fliigge (Springer-Verlag, Berlin, 1957) Vol. 42, p. 151. 

If the spherical terbium and holmium isotopes are 
filling the same hu/2 proton shell, the initial and final 
state wave functions of terbium and holmium may be 
quite similar (at least as far as the alpha decay process 
is concerned) and this would result in a favorable over
lap. However, for the terbium isotopes decaying to 
spherical europium daughters, the initial state may in
volve some significant hu/2 proton configuration: e.g., 
(̂ 5/2)5 (hu/2)2 while the final state may have the form 
(d5/2)5. The overlap between these two states would 
probably be considerably less than in the transition 
(^5/2)6(^n/2)3—> (^5/2)6(^n/2)1 which may be involved 
in the alpha decay of the high-spin Ho151 isomer. The 
order of filling of the proton levels in this discussion is 
assumed to be that given by Mottelson and Nilsson for 
the case of zero deformation.21 According to their 
scheme, the filling of the proton levels above Z=50 is 
£7/2, ^5/2, ^11/2, ^3/2, a n d S1/2. 
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