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Excitation functions have been measured for the fission isomers ~Pu and 3~Pu produced
in the reactions of 3 U with He. A value of 2.4+0.5 nsec was obtained for the half-life of
240~Pu. The high detection efficiency of thick targets and annular detector geometry has been
used and refined. Upper limits of 0.3 and 0.6 pb have been obtained for the production of 29-
nsec ~Pu and 6.5-nsec 3 Pu, respectively.

I. INTRODUCTION

Spontaneously fissioning isomers have been the
subject of several studies during the last ten
years, and about 30 fission isomers have been
characterized among the heavy elements. ' ' It is
believed that these isomers represent metastable
states of the nucleus in a highly deformed shape. ' '
Measurements of balf-lives and cross sections of
isomers have been used to deduce parameters that
describe the potential barrier to fission. ' "" In
particular, excitation functions have been used to
deduce the excitation energy of the fission iso-
mers. ' ' " This quantity is related to the energy
difference between two minima in the fission bar-
rier. Other parameters of the fission barrier
have been estimated also. The analysis of excita-
tion functions to obtain these parameters is car-
ried out by comparison of experimental excitation
functions to the results of a calculation based on a
nuclear model. Detailed measurements of isomer
excitation functions are important in this connec-
tion. The present paper reports the measurement
of the excitation functions for '" Pu and '" Pu in
the reaction '"U+'He. Dielectric track detectors
and recoil techniques have been employed. A

companion paper deals with the excitation func-
tions for '" Am and "' Am in reactions '37Np

with 'He. " Statistical model calculations of these
excitation functions, and the corresponding exci-
tation functions for products in ground states,
form the subject of a parallel investigation. "

The reactions "'U('He, 2n)'4' Pu and "'U('He, Sn)-'" Pu have been studied previously by Vanden-
bosch and Wolf' and by Britt et al. ' The study by
Vandenbosch and Wolf' was aimed at the discovery
and characterization of the isomers; they mea-
sured the cross sections only at a few selected
energies. The more detailed measurements by
Britt et al. ' were reported after the present work
had been initiated. Britt eI; aI,. measured the ex-

citation function for ' ' Pu rather completely,
but their measurements of ' Pu were confined
to the low-energy side of the excitation function.

The results of Vandenbosch and Wolf' suggested
that the '" Pu excitation function may be a very
narrow one. It appeared desirable to study both
these excitation functions in detail with dielectric
track detectors using the high-efficiency annular
detector geometry reported previously. " " The
speed and high sensitivity offered by the spark-
scanning procedure for plastic detectors were
also well-suited for this purpose. "

II, EXPERIMENTAL DETAILS

The targets consisted of natural uranium oxide
evaporated onto a backing of nickel (1.1 mg/cm')
or aluminum (4.4 mg/cm'). The targets were all
thicker than 200 pg/cm' of U,O„ i.e., the thick-
ness was greater than the recoil ranges of the
products in the target material. Bombardments
were made at the tandem Van de Graaff Accelera-
tor at Stony Brook and at the 60-in. cyclotron at
the Brookhaven National Laboratory (BNL). Ener
gies up to 28 MeV for the 'He ions were obtained
at Stony Brook, and higher energies at BNL.

The experimental arrangement is shown schemat-
ically in Fig. 1. Spontaneously fissioning nuclei
that recoil away from the target undergo fission
either in flight or after being stopped by the catch-
er placed downstream. Fission fragments re-
coiling backward are detected by dielectric track
detectors placed on the target cover plate. In the
irradiations at Stony Brook, the beam was colli-
mated (2.2-mm diam) and was allowed to hit the
target placed in a 3.2-mm aperture. In the BNL
experiments the collimator and target apertures
were 4.8 and 6.4 mm, respectively. In most ex-
periments the detector plane was displaced 0.79
mm downstream from the target plane.

Makrofol foils weighing =0.75 mg/cm' were
used as detectors in all experiments and were
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FIG. 1. Schematic diagram of the experimental ar-
rangement. Reaction products that recoil into the re-
gion in front of the target could undergo fission and
yield tracks in the detectors.

scanned by the spark-scanning procedure outlined
below. Lexan and muscovite mica were used as
supplementary detectors in some experiments.

The beam intensity was monitored in one of two

ways:
(1) Lexan or mica detectors were used in most of
the Van de Graaff experiments to measure the
number of prompt fission fragments from the
uranium target. Prompt-fission cross-section
data from the literature" were used to calculate
the total number of beam particles striking the
target. It was found that the ratio of the integrated
beam calculated from the monitor to that obtained
from the Faraday cup reading was reasonably
constant (variations of about 15%).
(2) In the cyclotron experiments, beam monitoring
was accomplished by the measurement of 245-day
"Zn produced in natural copper targets exposed to
the beam along with the uranium targets. The in-
tegrated beam was calculated from the measured
intensity of the 1.115-MeV y ray from the decay
of "Zn; the excitation function is known for "Zn
in the 'He bombardment of copper. "

After exposure the Makrofol detectors were
etched in 6.2 N NaOH (containing a trace of Dow

Benax Surfactant) at 35'C for 6 h. Lexan detec-
tors were etched using the same reagent at 62.5'C
for 20 min. Mica strips were annealed at 600'C
and then pre-etched in 48/0 HF at room temper-
ature for 6 h, prior to being used in the experi-
ments. Subsequent to the bombardments, the mica
detectors were etched for 20 min in 48/0 HF at
room temperature. Lexan and mica detectors
were scanned optically on a Carl Zeiss or Leitz
Wetzlar microscope at a magnification of 500.

Rather thin Makrofol foils were used in these
experiments and, therefore, most of the fission
fragments that hit the detector also penetrated
through it, The etching in NaOH developed the

tracks into tiny perforations, and these small
holes were scanned in a manner similar to that
described by Lark. " The optical system of a
microscope was removed and in its place a copper
needle was mounted to act as the high-voltage
electrode. On the moving stage of the microscope,
a copper plate was placed to act as the ground
electrode. The detector foil was placed on the
plate and a high voltage in the range of 1000-1200
V was applied to the needle. Scanning was achieved
by moving the foil below the needle after adjusting
the distance across the spark gap by means of the
focusing system of the microscope. A 500-pF
capacitor was connected in parallel with the gap,
and the capacitor and gap were charged through a
50-MQresistor. As the foil was moved under the
needle, sparks were produced whenever a tiny
hole came below the needle. The initial sparks
enlarged the holes to about 20-30 p, m in diameter
and, as Lark noted, "prolonged sparking ( a few
seconds) gave holes visible to the naked eye.
Lark used visual scanning of such large holes.
A different procedure was followed in this work.
Sparking was limited to the first few sparks and
an enlarged picture of the detector was taken us-
ing a microfilm reader-printer. A magnification
of 18.25 was employed. Holes which had diame-
ters of 5-10 p.m became clearly visible in the
final picture. Several hundred tracks per square
centimeter of detector area could be scanned.
The tracks were counted as a function of radial
distance from the beam axis.

A detailed discussion of the calculation of the
detector efficiency for the annular geometry used
in this work is given in Befs. 16 and 17. A short
summary of some of the relevant results is given
in the Appendix.

III. RESULTS AND DISCUSSION

Bombardments were performed at beam ener-
gies from 20 to 40 MeV. Before discussing the
observed track distributions and isomer cross
sections, we summarize the experimental ob-
servations that establish that background effects
were not important in these experiments:
(1) An experiment was performed at 23.7 MeV with
only a Ni backing foil. The number of tracks was
much less than that observed with a U target.
(2) When the U target was covered with a thin Ni
foil (=1 mg/cm') a similar reduction in the number
of tracks was observed. This ¹iwas thick enough
to stop all recoil products from the target but not
the prompt fission fragments.
(3) The beam intensity varied by a large factor
(=40) in a random manner from run to run, but
the cross sections obtained were not correlated
with this variation.
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(4}As discussed below, the track distributions
and the isomer cross sections varied smoothly
with energy.

Items (I) and (2) indicate that the following are
not important sources of background:(a} prompt
fissions in the uranium target, (b) fission of im-
purities in the recoil catcher or Faraday cup,
(c) fission of uranium impurities in the track de-
tectors induced by stray neutrons. Items (2) and

(4) rule out fission of evaporated target material
as the source of the observed tracks. The smooth
variation with energy of the observed cross sec-
tions also provides a strong argument against
most sources of background.

A. Radial Distribution of Tracks:
Half-Lives

For bombarding energies less than 27 MeV, we

have to consider "' Pu and '" Pu formed by the
('He, n) and ('He, 2n) reactions, respectively. The
species "' Pu has a half-life of 27 p, sec'; its
contribution to the observed track distribution
was found to be very small, particularly for most
of the Van de Graaff experiments (recoil catcher
at a distance of 247 mm from the target). Thus,

10
I

at energies less than about 25 MeV, the observed
distribution was attributed almost entirely to
sgomPu

Figure 2 shows the radial distribution of tracks
observed for an incident energy of 21.9 MeV,
along with three calculated radial distributions
obtained according to the procedure summarized
in the Appendix. These calculations included the
distribution of recoil velocities due to the thick
target. On the basis of Fig. 2, we conclude that
a value for X of 0.55 +0.10 mm ' reproduces the
observed radial distribution very well. This, gives
a half-life of 2.4+0.5 nsec, a value somewhat
smaller than the values of 4.4 + 0.8 and 3.8 + 0.3
nsec obtained by Vandenbosch and Wolf' and by
Britt et a/. respectively. Both these groups
have used electronic timing techniques for the
determination of the half-life. This difference
is significant but not crucial.

In Fig. 3, the track distribution observed at
22.1 MeV is shown. Here, in addition to the spark-
scanning data, the results of extensive optical
scanning of a Lexan detector is also shown. With
optical scannirig the observation cutoff for the
angle of incidence is opposite to that for spark
scanning. Tracks from particles incident at angles
near 90' are not observed because of insufficient
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FIG. 2. Experimental track distribution for 3 U+ He
(bombarding energy 21.9 MeV) compared to various dis-
tribution curves, calculated for different values of A,.
For all curves, recoil angle =0', minimum angle of
incidence =15'. The A, values for curves 1-3 are 0.45,
0.55, and 0.65 mm ~, respectively. The curves are nor-
malized so that they all pa.ss through the experimental
points at about 4-mm radius.
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FIG. 3. Comparison of track distributions obtained by
spark scanning and optical scanning. Bombarding ener-
gy 22.1 MeV. 0: spark scarining of Makrofol. C: opti-
cal scanning of Lexan. The curves are calculated for
A. =0.55 mm ~. The minimum angles of incidence are
curve (1) 0' and curve (2) 15'.
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projected length; also those with incident angle
very near 0' might not be observable after chemi-
cal etching because of the bulk etching of the sur-
face layer. Both these effects should be small;
thus the distribution calculated for a minimum

angle of incidence equal to 0' should fit the ob-
servation quite well. In Fig. 3 the calculated dis-
tribution is plotted for a A. value of 0.55 mm '
and minimum angle of incidence of O'. The fit
to optical scanning data is quite good, which dem-
onstrates consistency between the two scanning
methods.

For incident energies greater than 26 MeV,
the track distribution changes in shape as the
contribution from S-p.sec '" Pu becomes im-
portant. The half-life of '" Pu is too long to be
measured by the recoil technique used here. Es-
sentially all the decays of this isomer come from
the recoil catcher, and the track distribution is
expected to be essentially Qat. Figure 4 indicates
that for energies above =27 MeV, contributions
from both "' Pu and '" Pu have to be considered.
These components were resolved by use of a least-
square procedure and calculated radial-distribu-
tion curves. "" The resolved components are
displayed in Fig. 4 for incident energies of 2&.3
and 33.5 MeV.

relation was arrived at by comparison of LSS
ranges and measured ranges for astatine recoils
in bismuth. " The recoil range was assumed to
increase smoothly up to the peak of the excitation
function and to remain constant beyond the peak.
This assumption was also made on the basis of
the behavior of experimental data on the ranges
of At recoils in Bismuth. "

The detector efficiencies needed for the calcula-
tion of cross sections were obtained as discussed
in the Appendix. In the efficiency calculation,
correction was made for the variation of the ef-
ficiency with bombarding energy. This correc-
tion arises from the change in recoil velocities
and therefore X. The over-all efficiency for '~' Pu
as a function of bombarding energy is given in
Table I. These efficiencies are based on the X

value of 0.55 mm ' (21.9-MeV incident energy)
deduced from the experimental track distribution.
The energy dependence of the efficiency for "' Pu
is very small because "' Pu decays mostly from
the recoil catcher. In the choice of the radial
function e(R, A.) for each experiment, total mo-
mentum transfer was assumed for energies less
than the peak of the excitation function and a con-
stant momentum transfer was assumed for higher
incident beam energies.

8. Excitation Functions C. U( He, 2n) Pu
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FIG. 4. Resolution of observed track distributions
into components of 239~Pu and 2+~Pu. (a) bombarding
energy 28.3 MeV. (b) 33.5 MeV. In each case curves
(i) and (ii) refer to 239~Pu and 24o~pu, respectively. The
form of these curves vms calculated as outlined in the
Appendix and in Refs. 16 and 17.

Cross sections for the formation of isomers
were calculated at each bombarding energy. The
effective target thickness was assumed to be equal
to the recoil range of the reaction products in the
target material (U,O,). The recoil ranges 8 were
obtained using the relation, 8 =1.15&ALSS, where
R~s is the range calculated according to the pro-
cedure of Lindhard, Scharff, and Schiltt. " This
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FIG. 5. Excitation function for 238U(4He, 2n) 2@~pu.

(a) Isomer cross section c vs bombarding energy in
MeV. (b) 0'/o@ vs bombarding energy. The 0's refer
to Van de Graaff experiments, and 4, 's to cyclotron
experiments,

The cross-section data for this reaction are
given in Table G. The uncertainties in the cross
sections were computed from the statistical un-
certainty in the number of tracks observed and
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a 20% over-all uncertainty which includes esti-
mated errors in beam monitoring. The excita-
tion function is displayed in Fig. 5(a). Data points
from energies greater than =30 MeV may well
have some contribution from isomers other than
'~' Pu (e.g. "' Pu, see Table V later). In Fig.
5(b) the ratio o/oz is plotted against bombarding
energy. Here o~ is the total reaction cross sec-
tion for the system '38U+4He calculated from the
optical-model code ABACUS." The lines in these
figures are smooth lines drawn through the points
and do not represent any theoretical predictions.
The excitation function in Fig. 5(b) has a full width

at half maximum of 4.0 MeV and a full width at
maxin1un1 of about 6.7 MeV.
In Fig. 6, the excitation function measured in

this work is compared with the results of Britt
et al. ' and of Vandenbosch and Wolf. ' Both these
groups have used electronic techniques and semi-
conductor detectors. The peak positions and
widths of the excitation functions obtained in the
present work agree closely with the results of
Britt et aL. ' Our absolute cross sections are
about 30/~ smaller, however. This discrepancy
is within the combined uncertainties in the two
sets of measurements and thus reasonable agree-
ment is indicated. The cross sections reported
by Vandenbosch and Wolf' do not fall off as rapid-
ly after the peak cross section as do the other
two sets.

As noted in the Introduction, an estimate of
isomer threshold and excitation energy can be
made only with the aid of a model calculation of
the excitation function. However, from an exam-
ination of Fig. 5(b), a value of 20.0",', can be
estimated for the threshold (in the lab system) for
the production of ' ' Pu. Comparison with the
ground state Q value" of 16.62 MeV gives an iso-
mer excitation energy of 3.0",', MeV. By com-
parison to a calculated excitation function, Biitt
et a/. ' have obtained an excitation energy of 2.6
+0.3 MeV for this isomer.
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Comparison of ( He, sa) excitation function
measured in this work with the results of other workers.
Solid line: same as the line drawn through our points in
Fig. 5(b). The points are omitted for the sake of clarity.

results of Britt etaE. (Bef. 5). g: results of Panden-
bosch and Wolf (Ref. 3).

TABLE I. Detector efficiency for 240~pu formed in the reaction 238U(4He, 2n)240~pu.

Bombarding
energy (lab)

(Me V)

From radial distance
3.29 to 13.7 mm

Efficiency
From radial distance

4.93 to 13.7 mm

20.0
21.0
21.9
22.5
23.0
23.5

0,576
0.562
0,550
0.543
0.537
0.531

0.0468
0.0500
0.0543
0.0560
0.0571
0.0580

0.0258
0.0282
0.0297
0,0309
0.0315
0.0321
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Elwyn and Ferguson" have reported that neutron
bombardment of "'Pu leads to the formation of
two '"Pu isomers with half-lives about 5 and 29
nsec. The former may be identified with the 2.4
*0.5-nsec activity described above. Our experi-
ments give no evidence for the formation of the
29-nsec isomer in the reactions of helium ions
with ~"U. Upper limits to the cross section for
formation of this species were determined, and
are given in Table III. Elvyn and Ferguson ob-
tained a value of about 0.1 for the ratio of cross
sections for the 29 and 5 nsec species produced
in the reaction "'Pu(n, y)'4'"Pu. From Tables II
and III we see that in the reaction "'U('He, 2s)-

"Pu this ratio is less than 0.02. Becently, sev-
eral other groups of workers also have set rather
low limits for the cross section for the 29-nsec
isomer in charged-particle induced reactions. '"

TABLE II. Cross-section data for ~ U(4He, 2e)2 ~pu

Bombarding
energy (1ab)

(MeV)
Isomer cross section

o(Vb)

20.0
20.5
21.3
21.9
22.1
22.4
22.6
22.8
23.4
23.8
25.3
26.0
26.2
26.8
27.2
28.3
29.1
30.0
32.4
33.0
33.5
34,6
35.9
37.4

&0.12
0.6+ 0.2
1.7+ 0.5
3.0+ 0.6
6.4+ 1.2
8.2+ 1.8
9.4+ 2.4
8.2~ 1.8
9.5+ 2.0

12.0 + 2.5
8.9+ 1.8
8.4+ 1.8
7.4+ 1.5
6.4+ 1.5
5.1+ 1.1
3.4~ 0.8
3.5+ 0.9
1.8+ 0.5
0.8+ 0.3
1.0+ 0.4
2.9+ 0.7
1.3+ 0.4
1.6+ 0.5
1.9+ 0.6

&10
28.7 + 11.1
37.3 + 10,6
41.1+8.4
74.8 + 14.0
75.0+ 16.3.

77.1+ 19.4
58.1+ 12.5
47.5 + 9.8
50.0+ 10.3
20.9+4.3
16.5 +3.6
l.3.7+ 2.8
10.3 + 2.4
8.2 + 1.8
4.3 + 1.0
4.0+ 1.0
1.9+0.5
0.6 + 0.2
0.8 + 0.3
2.3+0.6
1.0 + 0.3
1.1+ 0.3
1.2+ 0.4

238U(48 3 )239 fop

The data for this reaction are summarized in
Table IV and plotted in Figs. V(a) and (b).

In most of the experiments given in Table IV,
the target-to-detector distance was 0.8 mm, The
observed track distributions were resolved into
components due to '40 Pu and '" Pu. In a few
experiments (denoted by asterisks in Table IV) a

I I I $ i I & / i I t lQ -s i i

I s & s I i s i
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6 l4
E, +Q (MeV)

FIG. 7. Excitation function for 238U(4He, 3n) 239~pu:

(a) cross section in microbarns vs bombarding energy
in MeV. (b) 0/o& vs bombarding energy. 0: Van de
Graaff experiments. 0: cyclotron experiments.

target-to-detector distance of 9.5 mm was used.
In this case the '~' Pu recoils decayed essentially
completely befoxe arriving in front of the detector
and the observed track distribution could result
from only long-lived species like '""Pu and "' Pu.
In Fig. V(b) the threshold for the formation of'" Pu is somewhat obscured by the appreciable
cross section in the 24-27-MeV region that may
be partly attributed to ' '~Pu. Statistical uncer-
tainties are also quite large in the experiments
at energies lower than 27 MeV. Over the energy
region from 2V to 3V MeV [covered by the line in

Fig. V(b)j the excitation function is determined
with reasonably good precision. The full width at
half maximum of this excitation function is about
7 MeV. A more precise measurement in the en-
ergy region from 25 to 27 MeV is required to
allow an accurate evaluation of the threshold for"' Pu. As noted above, interference from '4' Pu
is the most serious difficulty in this region. The
present results allow us to estimate that the
threshold is 26.0+1.0 MeV, which leads to the
estimate of 2.5 +1.0 MeV for the excitation energy
of '" Pu. (Q value for ground state is 23.0V

MeV.")
In Fig. 8 the "' Pu excitation function determined

in this work is compared with the results of Britt
et ai. ' and of Vandenbosch and Wolf. ' Wolf and
Unik have recently reported a cross section of
33.4 pb for the reaction "'U(4He, 3n)'""Pu at 31.4
MeV." At energies lower than 27 MeV, we obtain
somewhat larger cross sections for the sum of"' Pu plus '" Pu than those determined by Britt
et ai. ' Both measurements, nevertheless, indicate
the onset of '" Pu formation at the same energy
(=2V MeV). Britt et al. determined only the rising
edge of the " Pu excitation function. The highest
cross sections they have determined are in agree-
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ment with the corresponding measurements made
in the present work. Vandenbosch and Wolf re-
ported relative cross sections at six energies
and an approximate isomer ratio-. -&sing this iso-
mer ratio, their results were converted into the
appropriate units and plotted in Fig. 8. These
results seemed to indicate an excitation function
that is quite narrow with a full width at half maxi-
mum of 3 to 3.5 MeV. The more complete mea-
surements made here show that the excitation
function is certainly not this narrow although it
is probably more narrow than that for the ground
state. The suggestion of very narrow excitation
functions for fission isomers was also made by
Natowitz and Archer" from a study of isomers
produced in helium ion bombardments of "'Np.
The present study does not support these earlier
indications for a very small width of the excitation
functions.

Bombarding
energy (lab)

(MeV}
Isomer cross section

o(pb) 10' a/o~

24.3
24.8
25.8 ~

26.8 ~

27.2
28.3
29.1
30.0
32,0
32.4
33.0
33.5
34.6
35.9
37.4
45.3

&1.5+ 0.6
&2.6+ 1.0
&3.2 + 1.8
&3.1+1.5
3.3 + 1.0
8.1+1.9

11.6+ 2.6
10.9+3.2
21.8+ 5.0
16.6 + 3.5
16.9+ 4.2
26.0+ 5.4
13.0+ 2.7
11.1+2.5
10.0 + 2.2
8.0+ 2.4

&5.0+ 2.0
& 7.0+ 2.8
&6.6+ 3.6
&5.0+ 2.4

6.0+ 1.8
10.3+ 2.4
13.3+ 3.0
11.5+ 3.4
19.3+ 4.4
14.2+ 3.0
13.9+ 3.5
20.6+ 4.3
9.6+ 2.0
7.8+ 1.8
6.6 + 1.5
4.2 + 1.2

TABLE Pl. Cross-section data for U( He, 3n) 9 Pu.

238U( He 4 ) P

Vandenbosch and Wolf' have searched for "'~Pu
in the He bombardment of '3'U with negative re-
sults. They concluded that if the isomer ratio is
5x10 ', the half-life of '" Pu must be less than
2 nsec. Britt et al. ' have reported the formation
of an isomer of " Pu with a half-life of 6.5 nsec
from the reaction "'U('He, 2n)'" Pu. Recently,
Limkilde and Sletten" have observed a 0.5-nsec
fission isomer in the reaction "'U('He, 2n}"' Pu.
This new "'Pu isomer was assigned as the ground
state in the second well. The 6.5-nsec '"Pu dis-
covered by Britt et al. ' was also observed by
Sletten and colleagues, and it was established
that the threshold for the production of 6.5-nsec
isomer was higher than that for the 0.5-nsec iso-
mer was thus taken to be an excited state in the
second well.

In Tables V and VI upper limits to the cross
section for 6.5-nsec ' ' Pu are given. These limits
were obtained by assuming that the short-lived
component was entirely 6.5-nsec '" Pu. The ef-
ficiency of the present arrangement was rather
low for the 0.5-nsec isomer and only rather large
upper limits could be established for the cross
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'The target-to-detector distance was 9.5 mm com-
pared to 0.8 mm for the other experiments.

TABLE III. Cross-section limits for 29-nsec Pu.

Bombarding
energy (lab)

(MeV)

Upper limit for
isomer cross section,

o (p,b)

l I I I I

26 30 34 38 42
BOMBARDING ENERGY ( la b) (Mev)

21.9
23.4
25.3
26.0

&0.05
&0.28
&0.18
&0.14

FIG. 8. Comparison of the ( He, 3n) excitation func-
tions measured in this work with the results of other
workers. Solid line: the same as the smooth line in

Fig. 7(b). : Britt etaL (Ref. 5). k: Vandenbosch and

Wolf (Ref. 3). x: Wolf and Unik (Ref. 27).
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section of this isomer. Tables V and VI give
cross-section limits obtained by assuming that
the short-lived component in the track distribution
arises from either of the "'Pu isomers.

A more general discussion of the results of this
study is included in the accompanying paper. "
Comparison of the excitation functions to statisti-
cal model calculations is in progress. '4
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Here we present a brief outline of the efficiency
calculations for the detector arrangement used in
this work (see Fig. 1). Additional details may be
found in Refs. 16 and 17.

The etching and sparking conditions employed
are such that all fission fragments incident on the
detector at angles greater than a certain minimum
value are detected. Experimental measurements
show that for fission fragments from the reaction
"'U+'He, this minimum angle is 15'."

Initially, let us assume that the recoils travel
in the beam direction without angular divergence;
also let us neglect the finite beam size. Thus,
the path of the recoils coincides with the beam
axis. Moreover, the target and detector are as-
sumed to be in the same plane. We define the
quantity X by the relation

ln2 ln2
(A1)

where V, Tyg2 and D„, are the recoil velocity,
half-life, and half-decay distance of the recoils.

The number of fission fragments N~ that arrive

TABLE V. Cross-section limits for Pu. Entire
short-lived component assigned as 6.5-nsec 3 ~ Pu.

Bombarding
energy (lab)

(MeV)
Cross-section limit for 6.5-nsec

Pu (pb)

33.0
33.5
34.6
35.9
37.4

&0.24
&0.65
&0.47
&0.42
&0.64
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The scanning work of A. Campo, G. R. Namboodiri,
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cussions with Dr. J. B. Cumming and the use of
some of his targets are also appreciated.

APPENDIX

at unit area of the detector at radius R is given by

N~ =¹(R& X), (A2)

where N is the total number of isomer recoils and

nc
e(R, A,) =

~

— De (D'+R') "'dD

+ —D e '(D '+R') "'.
2~ c c (AS)

t R2

E),=2m
l e 8, A, Rdg.
A~

This experimental arrangement offers quite
high detector efficiencies (&2%) over a wide range

(A4)

TABLE VI. Cross-section limits for 3 Pu. Short-
lived component resolved into 0.9- and 6.5-nsec compo-
nents.

Bombarding energy (lab)
(MeV)

Cross-section limits (pb)
0.9-nsec 6.5-nsec
isomer ' isomer

33.0
33.5
34.6
35.9
37.4

&34
&33
&30
&10
&36

&0.18
&0.45
&0.35
&0.38
&0.43

The limits for the shorter-lived species would be
somewhat greater if the half-life was taken as 0.5 nsec.

The variable D denotes distance along the flight
path, measured from the target-detector plane.
The first term on the right-hand side of Eg. (AS)
gives the contribution from isomer nuclei fission-
ing in flight, while the second term represents the
contribution from recoils that come to rest on a
catcher before undergoing fission. The distance
between the catcher and the target-detector plane
is D, . It may be noted that e(R, A.) is the number
of fission fragments detected per unit area at a
radial distance 8 when the number of isomer re-
coils emerging from the target is unity. In Eq.
(AS) it is assumed for simplicity that the fission
fragments are emitted isotropically. The value
of Dmi, is determined by the minimum angle cri-
terion mentioned above.

Equation (AS) defines the radial track distribu-
tion as a function of ~. A number of distributions
have been obtained by numerical integration of
Eq. (AS). The track distribution can be used to
deduce isomer half-life, particularly for A, values
in the range 1 to 0.01 mm ' rcorresponding to the
half-life range of =1 to =100 nsec in the case of
('He, xn) reactions on heavy elements].

The over-all detector efficiency E& can be ob-
tained by integration of the radial distribution
between appropriate values of 8:
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of isomer half-decay distances (1 mm&D„, &30
cm).

For simplicity we excluded from the above dis-
cussion the following effects: (1) the distribution
of recoil velocities, (2) anisotropic angular dis-
tribution of fission fragments, and (3) angular
divergence of isomer recoils from the beam axis.
Item (1) is particularly important in thick-target
experiments of the kind reported here. The re-
coils emerge from the target with velocities rang-
ing from near zero to the maximum possible value.
This effect has been taken into account by numeri-
cal integration over a target imagined to consist
of many layers and considering recoils originating
from the different layers separately. The de-
tector efficiencies used in the present work were
actually obtained in this manner. Corrections

were also calculated for effects (2) and (3) men-
tioned above; these corrections were, in fact,
very small.

In order to measure the cross sections of two
separate fission isomers produced in the same
irradiation, the radial track distributions may be
resolved into components. (See Fig. 4. ) The pro-
cedure follows very closely the methods used for
radioactive decay for each component as a func-
tion of time. The calculated efficiency as a func-
tion of R is fitted to the sum of two exponentials.
Thus, if two species of known half-life are pro-
duced, the radial track distribution is fitted by least
squares to the sum of the two calculated efficiency
curves. More details and results of these calcula-
tions are given in Ref. 17. The authors will supply
on request the listings of the programs used.
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