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u-active isotopes in the rare-earth region were investigated by bombarding Dy and Er
targets with He ions accelerated in the Oak Ridge isochronous cyclotron. In the experiments re-
coil nuclei ejected from the thin targets were stopped in helium gas, swept through an orifice,
and deposited on catcher foils. After each bombardment the activity collected on the catchers
was assayed with an a-particle Si(Au) spectrometer. In the case of the 6Dy target relative
yields were obtained as a function of bombarding energy for known erbium, holmium, and dys-
prosium nuclides. Excitation functions determined from statistical-model calculations were
found to be in reasonable agreement with the shapes of the experimental ( He, xn) and ( He, Pxn)
curves but not with those of the ( He, exn) curves. Experimentally, the yields for ( He, Pxn)
and ( He, &xn) products were found to be -3 to 5 times greater than those for (3He, xn) products.
The statistical-model calculations, contrastingly, indicated the ( He, xn) and ( He, pxn) cross
sections to be comparable and -5 times greater than those for ( He, 0,'xn) products. Similar
yields were measured for nuclides observed in bombardments of the 6 Er target and were used
in the assignment of two new u-emitting isotopes to ~~Yb and Yb. Their half-lives and 0.'-
decay energies were measured to be: (1) Yb, 24+1 sec, 4.80+ 0.01 MeV, and (2) ~Yb,
34+3 sec, 4.50+ 0.01 MeV. The assignment of the 4.80-MeV a group to 8Yb was clearly es-
tablished by noting a generic relationship between it and its known n-decay daughter, Er.
A similar clear-cut confirmation, based on a generic relationship, was not possible for Yb.
The previously unknown nuclide, Er, was found in the Dy bombardments by noting an in-
itial growth period in the 4.60-MeV &-particle group known to follow the decay of its daughter,

Ho. From this growth the half-]. ife of Er was found to be 23+ 2 sec. The existence of
5.3-min ~ Er, previously observed by us in He bombardments of ~~6Dy, was confirmed. Its
n-decay energy was measured to be 4.01+ 0.01 MeV, in agreement with the value reported
earlier.

I. INTRODUCTION

The work reported here is part of a program
that deals with the production and characterization
of new rare-earth a emitters with N =86 and 87.
Earlier publications" discussed the properties of
'"""Ho and '"Er, nuclides produced by bombard-
ing enriched targets of '"Dy with protons and 'He
ions. The maximum proton and 'He energies avail-
able at the Oak Ridge isochronous cyclotron (ORIC)
are -65 and -80 MeV, respectively. These ener-
gies are not high enough to produce the thulium
and ytterbium isotopes with N = 86 and 87 by bom-
barding the most neutron-deficient stable isotope
of erbium, '"Er. Reaction energetics indicated,
however, that 100-MeV 'He ions incident on '"Er
could induce the (3He, 8n) a.nd ('He, 9n) reactions
necessary to produce the ytterbium nuclides of
interest. (The design characteristics of the ORIC
are such that 100-MeV 'He ions can be accelerated
at the radio frequency and magnetic field needed
for 80-MeV 'He ions. )

A beam of several p, A of doubly charged 100-MeV
'He ions was developed and a search for '"Yb and
'"Yb was initiated. It soon became clear that a
separate investigation with '"Dy as the target nu-
cleus was necessary to: (1) confirm the previously
reported' de cay characteristics of '"Er and '"Er,
which are the o, -decay daughters of iseYb and x57Yb

and (2) establish excitation functions for ('He, xn),
('He, pxn), and ('He, nxn) reactions that would lead
to known erbium, holmium, and dysprosium nu-
clides. ' These excitation-function data could then be
used in the mass assignment of the new ytterbium
nuclides. It was also noted that the '"Dy('He, sn)
reaction could produce a new erbium activity, '"Er.
From systematics this 83-neutron nuclide was not
expected to exhibit an observable a-decay branch.
Its P decay, however, could be observed by noting
a growth period followed by decay in the e spec-
trum of its 84-neutron holmium daughter.

II. EXPERIMENTAL METHOD

The experimental assemblies used in this inves-

1480



tigation are based upon a system first reported by
Macfarlane and Griffioen' and used by others. e

The fundamental idea inherent in these systems
(illustrated schematically in Fig. 1) is that radio-
active recoil nuclei ejected from thin targets are
stopped in helium gas in a "high-pressure" cham-
ber (-0.2 to 2 atm) and then carried by the gas
through a vex'y small orifice into a "low-pressure"
chamber (-0.2 to 0.5 Torr), where they are de-
posited on a catcher. In one of the assemblies
used in the present study this catcher consisted of
a foil mounted on a polyethylene "rabbit. " After
the end of an irradiation the "rabbit" was trans-
ferred in -5 sec through a pneumatic tube into R

chamber where the a activity collected on the foil
was then assayed with a Si(Au) detector. In the
othex system a rapidly driven wheel conveyed the
collected radioactivity to a position in front of a
Si(Au) detector in -0.2 sec.

Targets consisted of thin layers of rare-earth
oxide, -0.6 mg jcm', electrodeposited onto plati-
num or nickel supporting foils. The isotopic com-
positions of the enriched oxides were such that the
target nuclei of interest, '"Dy and '"Er, made up
12.6 and 20.4% of the target materials, respective-
ly. During ix'radiation, targets were positioned so
that first the backing foil and then the oxide depos-
it intercepted the beam. It should be pointed out
that the rare-earth oxide deposits were thicker
than the recoil ranges calculated on the basis of
full momentum transfer.

a-particle spectra were measured with the Si(Au)
detectors coupled through a low-noise charge pre-
amplifier, linear amplifier, and postamplifier to

a multichannel analyzer. A 1600-channel analyzer
was used in conjunction with the "rabbit" system.
This pulse-height analyzer could be used as 8 200-
channel or 16 100-channel analyzers to store spec-
tra as a function of decay time. Spectra xneasured
with the apparatus that utilized the rapidly moving
wheel were stoxed in a multiparameter 20000-chan-
nel RnRlyzex', This RnRlyzex' wRS ox'dlnRX'lly used
in a 100' 200 mode to measure spectx a at different
decRy times, A px'eclslon pulsex' together with R
'"Cm source was used to set the energy scale of
these spectrometers, but internal calibration stan-
dards were used to determine precisely the ener-
gies of the various e-particle peaks observed.
The full width at half-maximum (FWHM) for the
various o.-particle peaks observed during the ex-
periments was typically 30 to 35 keV.

III. DATA FROM He INCIDENT ON
'

Dy

A. Yields for Various Reaction Products

With the u8e of the 1 Rbblt assembly, R sel les
of 20-sec bombardments followed by 6 min of
counting was made on a '"Dy target. The primary
purpose was to obtain relative yields for the vari-
ous e emitters produced as a function of the 'He
bombarding energy. While the initial 'He energy
was 102.1 MeV, the maximum available energy,
without any absorbers, was 97.3 MeV, since the
'He ions had to pass through an aluminum window
foil and a 2.5-mil platinuxn target-backing foil.

Figure 2 shows spectra taken over a period of
time following the bombardment of '"'Dy with 97.3-
MeV 'He ions. Part (a) of Fig. 2 represents the
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FIG. 2. Spectra mea-
sured following a bombard-
ment of ~56Dy with 97.3-
MeV 3He ions. Part (a)
represents two 10-sec
counts, part (b), two 10-
and two 30-sec counts,
and part (c), a 1- and a
2-min count.
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FIG. 3. Yields as a function of bombarding energy for activities produced from He incident on '~6Dy. Curves labeled
by various reactions are calculated from the statistical model and are normalized to the data points.
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sum of the first two 10-sec counts, part (b) the
sum of four spectra measured over the next 110
sec of counting, and part (c) the sum of a 1- and
2-min count. Eight main n groups were observed
and on the basis of o energies and half-lives were
assigned to '"Er '"Er '"Ho '" Ho '"Ho

y'" Ho, '"Dy, and '"Dy.
Yields as a function of incident energy are shown

in Fig. 3. The experimental counting rates were
corrected for differences in beam intensity, bom-
bardment time, and available a/total branching
ratios. The ordinate scale is expressed in rela-
tive units because the efficiency for ejection of the
recoil products from the "Dy target and their sub-
sequent collection on the platinum catcher foil is
not known. Furthermore, the recoil range is ex-
pected to increase with bombarding energy; this
increase should not be large in going from 70 to
100 MeV and the data shown in Fig. 3 are not cor-
rected for this effect.

Curves shown in Fig. 3 are excitation functions
calculated by using the statistical theory' of com-
pound-nuclear reactions and are normalized to the
data points. It is seen that the energy dependence
exhibited by the ('He, xs) and ('He, Pxn) data is re-
produced reasonably well by the calculated excita-
tion functions. The particular values of the level
density and radius parameters used in the calcula-
tions were a =A/20 and r, = 1.5 F; these same val-
ues were used in our previous studies on holmium'
and erbium' isotopes produced in bombardments of
'"Dy with protons and 'He ions. As is seen in Fig.
3, the ('He, Pxn) yields appear to be three or four
times greater than those from the ('He, xn) reac-
tions, while the calculations indicate that the
('He, xn) and ('He, pxn) products in the region of
70-100 MeV should have comparable cross sec-
tions. Part or all of this discrepancy may be due

to uncertainties in available n-decay branching ra-
tios. (The a/total branching ratios for '"Er and

Er have been reporteds to be 0.90 and 0.95, while
those for the holmium n emitters are reported'
to be between 0.20 and 0.30.) Another possible ex-
planation is that recoils originating from ('He, pxn)
reactions have greater forward momentum than
those resulting from ('He, xn) reactions. This ad-
ditional momentum could be due to the effect of
proton evaporation on the velocity of the recoils'
or to the fact that a mechanism other than com-
pound-nucleus decay is involved in ('He, Pxn) reac-
tions. 3ince the "Dy target used was thickez than
the ranges of the recoil nuclei, the additional mo-
mentum would mean that a greater portion of the
target material would be available for ('He, Pxn)
products.

Let us now examine the yields observed for "ODy

and '"Dy. Because the bombardments were only

20-sec in duration the counting statistics for the
6-min ('"Dy) and 18-min ('"Dy) activities were
rather poor. This fact accounts for the large scat-
ter in the "ODy and '"Dy data points. Nevertheless,
it is clear that their yieMs are comparable to those
of the ('He, Pxn) products. The calculations, on
the other hand, predict that the ('He, axn) yields
should be smaller than the ('He, xn) yields by about

a factor of 5. Here again part of the discrepancy
may be due to uncertainties in o./total ratios' (0.18
and 0.06 for "ODy and "'Dy, respectively) or to a
greater forward momentum imparted to the ('He,
axn) recoils. In contrast to the ('He, Pxn) and ('He,
xn) results, however, the shapes of the calculated
curves do not reproduce the ('He, oxn) data points.
A further complicating factor here is that part of
the observed yields for '"Dy and '"Dy could be
due to electron-capture decay from "OHo and '"Ho.
As seen in Fig. 3, ""Ho (with an electron-capture/
total ratio' of -75/q) is produced in large yields for
incident energies &90 MeV and, indeed, indication
of an initial growth period was observed in the
'"Dy n peak. The 83-neutron nuclide '"Ho, which
should not decay by n emission, has been tentative-
ly reported' as having a 20-sec half-life. Qn the
basis of the yields shown in Fig. 3, it should begin
to be produced in appreciable amounts only at en-
ergies above 95 MeV and, indeed, no growth per-
iod was readily apparent in the "ODy a peak.

Before leaving the matter of the ('He, oxn) yields,
some additional data obtained at 53.1, 48.3, and

43.2 MeV should be discussed. Figure 4 shows
spectra observed at 53.1 and 43.2 MeV. These
spectra represent the sum of three 2-min counts
taken after 5-min irradiations. As might be ex-
pected from the results shown in Fig. 3, o. peaks
due to '"Er, '"Ho, and '"Ho are not seen in Fig.
4. Erbium-153 is observed at 53.1 MeV but not at
43.2 MeV. The ('He, oxn) products '"Dy and '"Dy
are clearly present even at 43.2 MeV. Because
this energy is below the threshold for the produc-
tion of '"Ho and '"Ho, the dyprosium isotopes
must be either produced independently in ('He, ann)
reactions or from the e decay of '"Er and '"Er.
It is evident from Fig. 4 that even at 43.2 MeV,
where the "'Er peak is prominent, there are far
too many '"Dy events to be accounted for by the
o decay of '"Er. Also, if the branchj. ng ratio for
"ODy j.s 0.18, then for every 100 '"Er a counts 18
will appear in the "ODy a peak. It is clear that at
53.1 MeV there are too many i50Dy events to be ac-
counted for by the o. decay of '"Er. (But at 43.2
MeV, growth was observed in the "Dy 0. peak and

the data were consistent with all "ODy events being
due to "4Er o. decay. ) In considering the evidence
presented in Figs. 3 and 4 one must conclude that
in the bombarding energy region investigated most



1484 TOTH, HAHN, IJAZ, AND SAMPLE

250
4.0e7 '5'Dy

200

~56Dy+53. ) MeV ~He '~6oy+4a. 2 MeV ~He

f50

I—

O

50
j

LA
LA I '

o

100 150

4J 0

D
I I

100
CHANNEL NUMBER

O
LA

)50

FIG. 4. Spectra measured for 53.1- and 43.2-MeV 3He

ions incident on '56ny. The spectra represent the sum of
thl"ee 2-1Tlln counts.

of the observed "Dy and '"Dy yields are indepen-
dently produced.

B. Results for Previously Knovrn Holmium
and Erbium Isotopes

The isotope '"Er was initially found' in 'He bom-
bardments of '"Dy. The apparatus used gras such
that the recoils were not stopped in a gas; instead
they were allowed to embed directly in a catcher
foil. As a result, the resolution for the observed
a peaks mas -135 keV FWHM. The e decay of
'"Er was observed in the present investigation
(see Fig. 4), and with the improved resolution of
the detector system its n-decay energy was found

to be 4.01+0.01 MeV. This value is in agreement
with the one of 4.01+0.03 MeV reported ea.rlier. '

The magnetic spectrometer measurements by
Golovkov, Khvan, and Chumin' for the o.-decay
energies of '"Dy, '"Dy, and '"Er mere used as
internal calibration standards in the present inves-
tigation. Their reported energy values, accurate
to +5 keV, are as follows: "Dy, 4.232 MeV; '"Dy,
4.067 MeV; and '"Er, 4.166 MeV. The a-decay
energies measured in this work for the two iso-

of 151Ho and l 2HO and for 152Er 153Er

"'Er are compared in Table I with previously re-
ported values. Our energies are accurate to with-
in +10 keV. Thus they are more precise than val-
ues published ln Refs. 2, 3, and 8. Note, however,
that within the error limits the literature values
do not disagree with our energies. In Table I we
also compare the half-lives measured in this in-
vestigation with those reported earlier. "' It is
felt that more accurate half-lives were obtained
for "Er '"Er and ' ~Ho

In 1963 Macfarlane and Griffioen' reported the
existence of tmo n-decaying states in '"Ho. One
of these, assigned to the ground state, emitted e
particles of 4.52 MeV, while the other, an isomer-
ic state located at an undetermined excitation en-
ergy, decayed by emitting 4.60-MeV a particles.
The activities were produced in heavy-ion-induced
reactions, and on the basis of displa. cements in
the peaks of the tmo excitation functions the au-
thors' eoneluded that the ground state had a higher
spin than the isomeric state. From shell-model
considerations the two proton orbitals most prob-
ably involved in this N= 84, Z = 67 system are
Allg2 and d5g2.

As mentioned in the Introduction, a search was
made for the 83-neutron nuclide '"Er by looking
for an initial gromth period in the tmo n groups of
'"Ho. None was observed for the more intense
(see Fig. 2) 4.52-MeV a peak. The 4.60-MeV
group, contrastingly, did show an initial increase

TABLE I. Decay information for previously known n emitters.

Nuclide
&n

(Mev)

Present wol k
~i/2

Previous data
En

(MeV)

i52Er
i53Er
i55Er
i5iHo
ibi

i5~Ho (high spin)
i5~Ho (low spin}

9.8+ 0.8 sec
86 + 1 sec
5.5+ 1.0 min

36 + 2 sec
47 + 2 sec
50 + 2 sec
2.0+ 0.3 min

4.80+ 0.01
4.67+ 0.01
4.01+ 0.01
4.52+ 0.01
4.60 + 0.01
4.46+ 0.01
4.88+ 0.01

10.7 + 0.5 sec
$6 +2 sec
5.3 + 0.3 min

35.6+ 0.4 sec
42 +4 sec
52.8 + 0.5 sec
2.86+ 0.16 min

4.80+ 0.02
4.67 + 0.02
4.01+0.08
4.51+ 0.02
4.60 + 0.02
4.45+ 0.02
4.38+ 0.02
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in intensity at 'He incident energies above 90 MeV.
The growth period was most pronounced at the
highest bombarding energy.

A separate experiment was made to emphasize
the initial growth period so that an accurate deter-
mination could be made of its half-life. The wheel

assembly and the two-parameter 20 000-channel
analyzer were used in this experiment. Twenty
bombardments were made, each 10 sec in duration,
followed, within -0.2 sec, by forty 10-sec counts.
The analyzer, set up in a 100&200 mode, was pro-
grammed to scale automatically through 40 planes
of 200 channels each. The decay data for the 4.60-
MeV peak, shown in Fig. 5, are characteristic of
radioactive growth and decay. Least-squares
analyses of these data indicated that the 47-sec
'""Ho arises in part from the decay of a nuclide

with a half-life of 23+ 2 sec. This new activity,
based on the parent-daughter relationship, was
assigned to is~Er Again from shell-model con-
siderations the ground-state spin of '"Er is prob-
ably due to the f„,orbital of its odd 83rd neutron.
P decay from this state would proceed via a first-
forbidden transition to the d„, isomeric state in
'"Ho. The transition to the h»&, ground state, on
the other hand, would be highly forbidden.

IV. DATA FROM He INCIDENT ON Er

As in the case of the '"Dy results, the '"Er tar-
get was first bombarded in the "rabbit" assembly.
The energy of the ORIC beam in this set of runs
was 101.2 MeV and because a 0.35-mil nickel back-
ing was used for the Er,O, material the maximum
'He energy on target with no absorbers was 100.0
MeV. A composite spectrum measured at this
bombarding energy is shown in Fig. 6. The spec-
trum is the result of thirty 15-sec irradiations,
each followed by 3 min of counting. Three o,

groups stand out in Fig. 6, at 4.80, 4.67, and 4.50
MeV. Two smaller peaks appear at 4.46 and 4.38
MeV. Decay-curve analyses for the main three
peaks indicated that: (l) The 4.80-MeV group had

a 24-sec half-life and thus could not be '"Er, (2)
the intense 4.6V-MeV peak had the 36-sec half-life
of '"Er, and (3) the 4.50-MeV n particle had a 34-
sec half-life, i.e., similar to that of the high-spin
state of '"Ho discussed above. The count rates
for the peaks at 4.46 and 4.38 MeV were low; the
decay curves, however, were consistent with the
half-lives of the '"Ho isomers.

Er + IOO —MeV He

"0 I i I L i I i I

'l00 200 500 400
SECQNDS AFTER IRRADIATIQN

FIG. 5. Decay data obtained for the 4.60-MeV e peak
follovring 20 bombardments, each 10 sec in duration, of
~5~By vrith 97.3-MeV He ions.
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B. Yb

Before discussing the remainder of the results
obtained in the series of runs mentioned above,
attention mill nom be focused on the 4.80-MeV n
peak. It mas clear from previously available data'
that this a group represented a new a-decaying
isotope The decRy dBta for the peRk lQdlcRted Rn

initial gromth period. A series of 10-sec irradia-
tions mas made mith the mheel arrangement to em-
phasize the gr omth period. The 20 000- channel
analyzer mRs set up in R 100& 200 mode Rnd 40
planes of 200 channels, each representing 4 sec
of counting time, mere utilized. 100 such irradia-
tions mere made and the summed decay data are
shomn in Fig. 7.

beast-squares analysis indicated R generic 1e-
lationship behveen tmo radioactive components,
one mith a half-life of 24+ 1 sec and the other
mith a 9.8-sec half-life. Because this latter value
is that of '"Er (see Table l), the parent-daughter
relationship establishes the existence of a nem

ytterbium nuclide, "'7h. The o.-decay energy,
4,80 + 0,01 MeV mithln the 1 esolutlon capabilities
of the detection system used, is the same as that
of its a-decay daughter, '"Er.

To determine the nuclidic assignments of the
4.67- Rnd 4.50-MeV o'. groups it ls QecessRry to
consider the relative yields that mere measured
as a function of bombarding energy. The bombard-
ments mere 30 sec in duration and mere follomed
by 24 min of counting. By degrading the cyclotron
beam mith absorber foils the range from 100.0 to
85.2 MeV mas covered. It mas also possible to
raise the beam energy slightly and yields mere
measured at 102.0 MeV.

The relative yields for the three major n groups
(see Fig. 6) are shown in Fig. 8. Statistical. -rnode1
calculations mere made for 'He ions incident on
'6'Er. The data points assigned to '56Yb show the
yieM still increasing at 102 MeV and, as seen in
Fig. 8, are consistent mith the shape of the calcu-
lated excitation function for a ('He, 9n) reaction.
The only calculated curve that mas consistent mith
the 4.50-MeV data points was the one for a ('He, Bn)
reaction. There is a strong indication then that
the 4.50-MeV e group is due to the decay of "'~.

Arguments against the assignment of the 4.50-
MeV peak nuclides other than '57Yb mill nom be

20

4.80 MeV u PEAK

& 4.67 ( Er)
)0 ~ ~ ~0 (&57Yb)

— 4.80 ( Yb)

24sec ' Yb

)0

t0

Er

l 1 l 1 l w l ~ l i l

0 20 40 60 80 &00 120 140
SECONDS AFTER lRRADlATIGN

FIG. 7. Decay data obtained for the 4.80-MeV 0. group
following 100 bombardments, each 10 sec in duration, of
~62Kr with 100-MeV 3He ions.

0.2

G, f

80

FIG. 8. Yields as a function of bombarding energy for
isotopes produced from 3He ions incident on ~62Er. The
two curves labeled (3He, Hn) and (3He, 9n) are calculated
from the statistical model and are normalized to the data
points for the 4.50- and 4.80-MeV e groups, respectively.
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presented.
The assignment of the o, group to '"Ho is pos-

sible if one considers only the n-decay energy and
half-life. The experimental excitation function for
the 4.50-MeV group, however, clearly peaks at
-98 MeV, a result that is unreasonable for the
('He, o'P9n) res. ction needed to produce '"Ho in
light of the data shown in Fig. 3, where the ('He,
Pvn) excitation function is just beginning to peak at
100 MeV. Another argument against the assign-
ment of the 4.50-MeV peak to '"Ho is that the 4.60-
MeV n group of '" Ho was not observed (see Fig.
6). Results obtained with the '"Dy target indicate
that the isomer ratio ('"Ho j"'"Ho) for the ('He,
P7n) reaction is -2 throughout the investigated re-
gion of bombarding energies. Thus, if the '"Ho
isomers were produced independently in the '"Er-
('He, oP9n) reaction, one would expect that the
ejection of an additional o. particle should remove
more angular momentum from the compound sys-
tem and thus increase the production of the low-

spin isomer "' Ho (see, e.g. , Williams a d Toth").
The possible production of '"Ho from the a de-

cay of the unknown nuclide '"Tm, as well as the

suggestion that the 4.50-MeV n group is due to the
n decay of '"Tm itself, can also be ruled out be-
cause the thulium nuclide would have to be made
in a ('He, P9n) reaction. Again the shape of the ob-
served yield curve is inconsistent with the. data
shown in Fig. 3. Also, the half-life of '"Tm
should be &5 sec (that reported" for "4Tm), but
no initial growth period was observed for the 4.50-
MeV peak.

In the series of 100 irradiations at 100 MeV
made with the wheel arrangement (see the section
on '"Yb), no a activity was observed due to the
known' 1.65-sec '"Yb nuclide, even though mea-
surements were begun within -0.2 sec after the
end of the bombardment. Thus the 4, 50-MeV n

group cannot be due to either of the two decay se-
quences '"Yb-"'"Er -' ' '"Ho or '"Yb — '"Tm
of, 151H

The assignment of the 4.50-MeV peak to '"Tm
is also unlikely. The shape of the observed yield
curve is unreasonable for the ('He, p8n) reaction
needed to produce '"Tm. Also, if the assumption
~s made that the 4.50-MeV e peak is due to '"Tm,
then one should see the '"Ho isomers. Since the
n jtotal ratios for the '"Ho isomers are between
0.2 and 0.3, the intensisties of the two peaks
should be -4 the intensity of the 4.50-MeV peak.
Two peaks at the correct energies, 4.46 and 4.38
MeV, are indeed seen in Fig. 6; their intensities,
however, are too low to arise from the a decay of
"6Tm. Figure 9 shows a spectrum measured at
94.3 MeV. The 4.6V- and 4.80-MeV n groups have
decreased in intensity relative to the 4.50-MeV n
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FIG. 9. Composite spectrum measured after 94.3-MeV
He bombardments of '6 Er.

peak, as expected from the yield data shown in
Fig. 8. Since there is no sign of the peaks at 4.46
and 4.38 MeV, one must conclude that at 100 MeV
they are produced independently and not by the de-
cay of the 4.50-MeV n group. Correspondingly,
the 4.50-MeV n group is not '"Tm.

Additional corroboration for the assignment of
the 4.50-MeV peak to '"Yb comes from the data
obtained for the 4.67-MeV o, group. At bombarding
energies close to 100 MeV this latter a group, as
indicated by its half-life and decay energy, is ap-
parently due to the n decay of '"Er. Qther assign-
ments are unreasonable. Because of its large in-
tensity (see Fig. 6) the 4.6't-MeV peak cannot be
assigned to either '"Tm or '"Tm; their o.-decay
daughters, '"Ho and '"Ho, should but do not ap-
pear in the measured spectra with -4 the intensity
of the parent nuclides. The n group cannot be as-
signed to '"Yb either because: (1) The yield points
do not agree with the shape of the calculated ('He,
8n) excitation function, and (2) there was no dis-
cernible growth in the peak, which would have to
be the case if '"Yb and its o.-decay daughter, '"Er,
had the same decay energy. Qne must conclude
that at energies -100 MeV the bulk of the counts
observed in the 4.67-MeV peak are due to '"Er
independently produced in a ('He, a8n) reaction.

Because '"Er has been reported' to be essen-
tially a pure a emitter, then for every '"Yb o. de-
cay one should see one e event due to '"Er. The
actual counts observed at -100 MeV (see Fig. 6)
were such that the independently produced '"Er
obscured any counts that would have'grown from
the 4.50-MeV n group, which we have assigned to
'"Yb. At energies below 90 MeV, count rates
for both the 4.50- and 4.67-MeV groups were ex-
tremely low. An attempt was made with the wheel
assembly and the 20000-channel analyzer to ob-
serve growth in the 4.67-MeV n peak at a 'He en-
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FIG. 10. Decay data for the 4.50- and 4.67-MeV e
groups obtained after 60 bombardments, each 20 sec in
duration, of ~ Er with 90.3-MeV 3He ions. The curves
labeled A~(t) and A2(t) are decay curves calculated as
follows: (a) A&(t) ."epresents the 36-sec decay of ~~~Er

(4.67-MeV Q. peak) present at the end of bombardment,
and (b) A2(t) represents the growth and decay of ~ Er
consistent with the intensity of the 4.50-MeV n group
which we assign to '5'Yb. The sum of the two curves is
seen to be in fair agreement with the data points for the
4.67-MeV o. group.

ergy of 90.3 MeV. Sixty 20-sec irradiations were
made, each followed by 320 sec of counting.

The decay data from these experiments are
shown in Fig. 10 for the 4.50- and 4.67-MeV peaks.
As is seen in the lower portion of the figure, the
4.50-MeV n activity has the same 34-sec half-life
that was measured at higher bombarding energies.
But the data for the 4.67-MeV n peak, in the upper
part of Fig. 10, no longer exhibit the characteris-
tic half-life of '"Er; instead, the apparent half-
life is longer than 36 sec.

One could argue that the 4.67-MeV peak observed
at 90.3 MeV is due not only to 36-sec '"Er, but to
some other nuclide as well, with a half-life of -70
sec. The combination of these two components
could lead to the experimental decay curve (Fig.
10), if the intensity of the longer component were
comparable to that of '"Er. One would expect to
see this result reflected in the behavior of the ex-

citation function for the 4.67-MeV peak (see Fig. 8).
Nothing striking, however, occurs in the excita-
tion function at 90 MeV to indicate that another nu-
clide besides '"Er is making a marked contribu-
tion to the yield of the 4.67-MeV peak.

The explanation for the results in Fig. 10 that
seems to be most consistent with all of the data is
based on our assignment of the 4.50-MeV peak to
the decay of '"Yb. In Fig. 10 it is seen that the
initial intensities of the 4.50- and 4.67-MeV peaks
are comparable, so that the '"Er growing from
the n decay of '"Yb can have a striking effect upon
the observed decay curve for the 4.67-MeV n peak.
(As noted earlier, at higher energies, where the
'"Er yield is much larger than that for '"Yb, the
effect of growth and decay upon the 4.67-MeV peak
would be small. )

Because parent and daughter have approximately
the same half-life, the equation for the growth and
decay for '"Er has a special form,

A (t) =A (0)~te

Here A,(t) is the daughter activity at some time i
after the end of the irradiation, A~(0) is the parent
activity at the end of bombardment, and A. is the
decay constant, which is taken to be equal for par-
ent and daughter. Note that this expression con-
tains the multiplicative factor At, so that it does
not exhibit the simple exponential dependence upon
t that is usually associated with radioactive decay.

The calculated growth and decay curve for '"Er,
consistent with the observed intensity of the 4.50-
MeV peak that we assign to '"Yb, is labeled A, (t)
in Fig. 10. The curve labeled A, (f), with the char-
acteristic 36-sec half-life, is that ascribed to the
'"Er present at the end of bombardment. [It is
worth noting that the '"Er is produced in two ways
during the irradiation; by the ('He, o.8n) reaction
and by decay of "7Yb.] The sum of the two curves,
labeled A, (t)+A, (t), is seen to agree quite well
with the data; at decay times &120 sec the growth
of '"Er from "'Yb [curve A, (t)] has an important
effect upon the shape of the observed decay curve.
Thus, the data for the 4.67-MeV peak are certain-
ly consistent with our assignment of the 4.50-MeV
n particle to '"Yb.

Before going on to the next section some re-
marks should be made concerning the yields shown
in Fig. 8. These data were not corrected for a/to-
tal branching ratios, since these are not known
for '"Yb and '"Yb. (The value for '"Er is report-
ed' to be 0.95.) Based on previous information"'
for V = 86 and N = 87 e emitters, their ratios
should be between 0.01 and 0.001. Thus if branch-
ing ratios had been used to correct the data in Fig.
8, the "Yb and '"Yb cross sections would be
greater than that for '"Er by a factor of 10-100.
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For the sake of completeness it should be added
that the ('He, o.7n) and ('He, o.6n) products '"Er
and '"Er were also observed. While the a jtotal
branching ratio for '"Er is not known, that for
"4Er has been reported" to be (1.7+ 1.0) x10-'.
When the '"Er and '"Er counting rates were cor-
rected by their respective branching ratios it was
found that the yield of i5~Er was 30 times greater
than that of '"Er. This means then that the yield
for the ('He, o.7n)'"Er reaction is comparable to
the yields for the ('He, 8n) and (3He, 9n) reactions.
Thus the yield data shown in Fig. 8 agree with the
results obtained with the '"Dy target, i.e., cross
sections for ('He, axn) rea.ctions are as large or
larger than those for ('He, xn) reactions.
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V. 0.'-DECAY ENERGY SYSTEMATICS

The discovery of previously unknown isotopes is
of significance because it contributes to the under-
standing of the systematics of radioactive decay
and provides measurements of decay energies
which can then be used to determine precise val-
ues of nuclear masses and binding energies. @-
decay energies available' for rare-earth nuclei
are plotted in Fig. 11 as a function of neutron num-
ber. Decay energies obtained for the new isotopes
reported here and in Refs. 1 and 2 are indicated
by large points. With the exception of the data
shown for N =83 nuclides, only experimentally de-
termined decay energies are plotted in Fig. 11.
Energies given for '"Gd, '"Sm, and "'Nd were
calculated by means of closed energy cycles. The

method consists of constructing an energy-balance
cycle from two n- and two P-decay energies. If
three of the four pieces of information that consti-
tute a cycle are known, then the fourth can be cal-
culated. In all three instances the n-decay energy
of a given N =83 isotope is -1.5 MeV less than that
of the corresponding N =84 nuclide. (In Fig. 11 the
'"Er a-decay energy is thus estimated to be -1.5
MeV less than that of '"Er.) This sudden drop in

energy shows the influence of the closed 82-neu-
tron shell. As a result of the major closed shell,
the maximum e-decay energy for a given element
is reached at 84 neutrons, owing to the abnormally
low neutron binding energies just beyond the closed
shell.

In addition to the trend of increasing decay ener-
gies with decreasing neutron number (up to 84)
there is an indication of a pairing effect similar to
the one that has been noted" for n emitters in the

N =126 region. While nuclides with N =84 and N
= 85 have similar decay energies, the additional
pair of neutrons in N =86 nuclides seems to result
in added stability and a consequent extra decrease
in o.-decay energy. The effect is even more pro-
nounced in going from N =87 to N = &8 nuclides, and
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Fig. 11. e-decay energies for rare-earth nuclei plot-
ted as a function of neutron number. All decay energies
are experimentally measured ones except those for the
83-neutron nuclides Gd i sSm and t 3Nd These mere
calculated from closed energy cycles. Note that in all
three instances these energies are -1.5 MeV lese than
those for the corresponding 84-neutron isotopes. Con-
sequently, the energy for ~5~Kr ie estimated to be 1.5
MeV less than that for ' Er. Large points in Fig. 11 in-
dicate isotopes first reported here and in Hefs. 1 and 2.

would account for the fact that a rather extensive
search' for n activity due to the 88-neutron nu-

clide, '"Ho, proved fruitless. A straight line
drawn through the energies for '""""53'"4Ho
yields a decay energy for '"Ho or -3.7 MeV.
Based on the sharp drop in energy between the
87- and 88-neutron isotopes of dysprosium, how-

ever, one would estimate the '"Ho n-decay ener-
gy to be only -3.3 MeV. A decrease of 0.4 MeV in

e-decay energy leads to a greatly increased n-de-
cay half-life which in turn makes the a/total
branching ratio for "'Ho much less than expected.
The one clear exception in Fig. 11 to this pairing
effect involves "Tb. This odd-odd nucleus has
an unknown ground-state spin. From decay-
scheme studies" the level structure in its n-decay
daughter, "'Eu, has been proposed to be: 0 keV
(4'), 115 keV (3+), 330 keV (3'), and 375 keV (1').



If the ground-state spin of "Tb were low, then e
decay would proceed to one of the low-spin excited
states in '"Eu rather than to the 4 ground state.
The observed '"Tb o. decay would therefore not
correspond to the actual energy difference between
the two nuclei.

Qne other point should be made concerning Fig.
11. Qn examination of the N =84 nuclei one notes
a "break" between the gadolinium (Z =64) and ter-
bium (Z =65) nuclides. This "break" had been ob-
served earlier" when it was suggested that the
65th proton is less tightly bound than the other pro-
tons in the region. The effect correlates nicely
with the fact that there is a proton subshell occur-
ring at Z = 64, where the d, » orbital is closed and
the next available orbital ls the A, &» As a result
of the splitting between the two subshells, there
would be an extra stabilization for the 64-proton
conf iguration.

The decay characteristics of the three new iso-
topes found in this investigation are summarized

TABLE II. Decay information for new isotopes.

Isotope
Half -life

(sec)
Ex -decay energy

(Mev)

no G emission
4.80+ 0.01
4.50 ~ 0.01

in Table II.
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