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Abstract

Fission characteristics of the delayed-fission decay mode in light ameri-
cium nuclei have been investigated. Total kinetic energy and mass-yield
distributions were measured for ***Am and for 2**Am, and delayed-fission
probabilities of 6.9 x 10~* and 6.6 x 1073, respectively, were determined. The
total kinetic energy and the asymmetric mass-yield distributions are typical
of fission of mid-range actinides. No discernible influence of the anomalous
triple-peaked mass division characteristic of the thorium-radium region was
detected. Measurements of the time correlation between the electron-capture
x-rays and the suI‘)sequent fission confirm that the observed fissions arise_ from

the electron-capture delayed-fission mechanism.



1 Introduction

Delayed fission (DF) is a nuclear decay process in which a decaying nucleus
populates excited states in its daughter nucleus, which then fission. These
states can be above the fission barrier(s) of the daughter (yielding prompt
fission), within the second well of the potential energy surface (a fission
shape isomer), or within the first well of the potential energy surface (an
electromagnetic isomer). This is illustrated schematically in Figure 1. This
decay mode is believed to influence the production yields of heavy elemen'ts
in multiple neutron capture processes [1, 2, 3, 4, 5] followed by § decay,
such as in the astrophysical r-process and in thermonuclear weapons tests.
Delayed-fission processes may also provide a sensitive probe of fission barriers
in the heavy element region [6].
The probability of this decay mode, pr, can be expressed in terms of

experimentally measurable quantitieé as

N;

N;

(1)

Ppp =

where N; is the number of the type of decays of interest (e.g., B~ or EC)
and NV;; is the number of those decays leading to delayed fission. Ppg can

be derived from statistical considerations as
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/" Wi(Qi — E)dE

, (2)

DF =

where W;(E) is the transition probability function for the decay of interest,
F—fFfF;(E ) is the ratio of the fission width of excited levels within the dagghtér
nucleus to the total depopulation width of these states, E is the excifation
energy of the daughter nucleus, and @Q; is the @Q-value for the decay mode of
interest. It is assumed that no decay channels are open to the excited states

other than fission and v decay, so that (Ty + T'¢) is the total decay width of

the excited states.
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Figure 1: Schematic illustration of the delayed-fission pfoc&ss.



Ppr is strongly dependent on the energy available for the decay and
the structure of the fission barrier, primarily due to the fission-width term,

F,I:rfr, (E). The ~-decay term, I',, can be estimated from semi-empirical

relationships [7] to be v
' C,04e(E/®) |

I, = ——7—’————,_ (3

2mp
where p is the nuclear level density, C,, is a constant, and © is the nuclear
temperature. The fission width, [y, derived from the penetrability of the
fission barrier with several simplifying assumptions [8], is qualitatively de-
scribed by 55 |

= gRee ™) W
where Rp is the penetrability of the outer fission barrier from the lowest-
lying state in the second well, p is the level density in the inner well, By is
the height of the inner fission barrier, and hwy is the en.ergy associated with
the inner barrier curvature. |

As aresult, I'; is expected to be exponentially dependent on the difference
between the fission barrier and the Q-value (which enters as the upper limit of
the integrals in Equation'(2) ). Hence, for tﬁe study of EC-delayed fission in
the actinide region, it is necessary to choose nuclei for which @), is comparable
to the fission barrier (about 4-6 MeV). This requires study of nuclei far
from the valley of B-stability, which introduces a number of experimental -
difficulties in the production and characterization of these nuclei.

It should be noted that the above equations neglect thé contribution
of discrete nuclear structure in the daughter nucleus to the delayed-fission
probability. The simplifications discussed above and in more detail in Ref. [8]
are based on the assumption that decay to the daughter nucleus proceeds to
sufficiently energetic states that the system can be treated statistically. How-
ever, the low-lying structure [9] of the daughter can either promote or hinder
the delayed-fission mechanism. For example, 3-delayed fission in 2°™Es has

been observed [10] to proceed from a single level at 1425 keV in the daughter
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26Fm. One would not normally expect fission from a level so close to the
daughter’s ground stdte, but 4 decay from this level was heavily hindered
(level half-life ~70 ns) so that fission was able to compete successfully with
~ decay. As a result, the Ppr for 2™ Es was observed to be 2 x 107°. On the
other hand, a nucleus with a high Q. might be expected to have a large Ppr,
but if electron capture to the ground state is super-allowed (AI4™ = 0N°) es-
sentially no high-lying states might be populated. Recent theoretical models
5, 9].inc6rporate strﬁcthral information in the B-strength function (a term

in Wi(E)).

2. History

Anomalous fission actiVit_ies were first observed [11, 12] in the light americium
and neptunium regionsvas éarly as 1966. In 1969, Berlovich and Novikov
[l13] noted that this region met the conditions required for delayed fission,
although the observed fissions were not speciﬁcally‘attribﬁted [14] to deldyed- v
fission processes until 1972. A 55 second fission activity, attributed to eDF
in 232Am, was reported by Habs et al. [15] in 1978, and the Ppp for this
isotope was reported to be on the order of one percent. An ¢DF branch has
been tentatively assigned [16] to 24‘2Es., again with a Ppr on the order of one
percent. Recently, eDF has been reported [17] outside the actinide elements,
in the region of %°Hg.

Most studies to date have reported only half-life and fission cross-section
(o) data measured without any separation of the delayed-fissile species from
other reaction products. The electrdﬁ-capture cross section (o), when re-
ported, has generally been extracted from theoret'icé,l calculations or system-
atics, not measured experimentally. Gangrskii et al. [7] report delayed-fission
probabilities for several transcurium nuclei using the measured « decay of the

EC daughter to estimate o., by assuming the observed fission activity does



arise from the same parent. All reports of eDF are summarized in Table 1.

B-delayed fission (SDF) has been postulated to play a role in multiple
neutron-capture processes. Burbidge, Burbidge, Fowler and Hoyle [1] ‘pro-
posed SDF as a route for depleting the yield of heavy elements produced in
supernovae. SDF is one possible explanation of why superheavy elements are
not found in nature [2, 3]. SDF had once been predicted to significantly in-
fluence heavy-element yields in thermonuclear weapons tests [2, 3]; however,
analyses of experimental data [20, 21] show that the predicted delayed-fission
effects are seriously overestimated. _

The first report of an observed fission activity attributed to 3-delayed fis-
sion appeared in 1978 when 2%6Pa and 238Pa were reported by Gangrskii et al.
[22] to exhibit ADF with probabilities of about 10-1% and 10752, respectively.
Gangrskii et al. performed no chemical separation of the two protactinium
isotopes produced in irradiations of uranium foils. Subsequently, Baas-May
et al. 23] studied ?**Pa using automated chemical separation procedures and
observed no BDF from this isotope. They set an upper limit on the delayed-
fission probability for 2®Pa of Ppr < 2.6 x 10~8. This failure to confirm SDF
in *®Pa cast considerable doubt on the earlier report {22] of a BDF branch in
236Pa, since both #*°Pa and 2**Pa were measured in a similar fashion. 2°6™Es
is the most recently identified [10] B-delayed fissile species, and is also the
first case in which the fissioning isomeric level in the daughter nucleus has
been assigned. A summary of experimentél reports of SDF is presented in

Table 2.

3 Selection of the Am Region

The neutron-deficient americium region was selected for the present study
for several reasons. First, there are already two isotopes in this region with

reported delayed-fission branches (See Table 1), 2Am and ***Am. The



Table 1: Summary of reported observations of EC-delayed fission (does not
include measurements presented in this work).

Nuclide® t1/2" Ppr° Reference
250Md 52 sec. 2 x107* Gangrskii 1980 [7]
U8 og 28 min. 3 x 107 Gangrskii 1980 [7]
246 8 min. 3 x10°° Gangrskii 1980 (7]
24 Fg 37 sec. 10— Gangrskii 1980 [7]
242Fg? 5-25sec.  (1.4+0.8) x 10~ Hingmann 1985 [16]
2408y 4 min. 10-5 Gangrskii 1980 [7]

C2MAm 2.6 40.2 min, NRe Skobelev 1972 [14]
Z4Am 2.6 £ 0.2 min. NR Somerville 1977 [18]
2Am 1.4 4 0.25 min. NR® Skobele\} 1972 [14]
B2Am 0924 0.12min.  1.3%5; x 1072 Habs 1978 [15]
228Np 60 + 5 sec. NR Skobelev 1972 [14]
18017 0.7019:35 sec. ~ 106 Lazarev 1987 [17]‘

*The parent nuclide undergoing EC decay to excited states in the daughter
which then fission is given.

®Half-life is given as reported, or converted to a common unit when multiple
references exist. '

°Errors limits are given if reported.

“Not reported.

*Kuznetsov [19] subsequently used the reported fission cross sections and cal-
culated Ppp for 232234 Am using an evaporation code to estimate the EC cross
section. The values obtained were 6.96 x 10~2 and 6.95 x 10~5, respectively.

-



Table 2: Summary of reported observations of B3-delayed fission.

Nudclide® 1 /2"_ ‘ Ppr - - Reference
36nfs 7.6 hour  2x 1075 Hall 1989 [10]
28pae 93 min.  6x10~7  Gangrskii 1978 [22]
28pad 93 min.  ~107®  Gangrskii 1978 [22]
*¥Pa’ 2.3 min. <2.6x107® Baas-May 1985 [23]

2%Pac 9.1 min. &~ 1077 Gangrskii 1978 [22)
2paf 9.1min. 3 x107'°  Gangrskii 1978 [22]

*The parent nuclide undergoing  decay to excited states in the daughter
which then fission is given. :

Half-life is given as reported, or converted to a common unit when multiple
references exist. : -

Produced via 2®U(14.7-MeV n,p).

“Produced via 24¥U(8-20-MeV n, p).

*Produced via 28U(27-MeV ~,np).

fProduced via 2#U(18-MeV d, o).
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Figure 2: The neutron-deficient americium region of the chart of the nuclides.




eDF branch in 2?Am was reported [15] to be approximately 1%, while no
measurement of Ppr was reported [14] for 2**Am although Kuznetsov [19]
had estimated it to be 7 x 10~° from the data in Reference [14]. Also, using
the systematic approach of Habs et al. [15] and a Q. of 3.96 MeV for 2 Am
(calculated using the masses of Mdller, Myers, Swiatecki, and Treiner [24]),
Ppr for *Am was estimated [8] to be on the order of 10™* to 107°.

Secondly, these two isotopes are reported to have half-lives long enough
(reported as 55 sec [15] and 2.6 min [14], respectively) that rapid radio-
chemical separations can be performed on them. With rapid radiochemical
separations, an americium fraction can be purified sufficiently to allow ob-
servation of the K-capture xi1'dys from the decay of americium to plutonium
without excessive 7y interference. This would allow determination of the EC
cross-section experimentally, yielding half of the data required to determine
Ppr by Equation (1). | A

Third, the recent development [25] of the Light Ton Multiple Target Sys-
tem (LIM Target System) allows the use of multiple targets with high yield
of the reaction products, so-up to twelve 2*’Np targets can be irradiated at a
time. This target system is illﬁstrated in Figure 3. Since the fission produc-
tion rate increases linearly with the number of targets irradiated, this would
allow detection of a sufficient number of fissions to measure both the total
kinetic enérgy (TKE) and mass-yield distributions of the eDF mode.

Measurement of the TKE and mass-yield distributions is important be-
cause eDF has the potential to vastly expand the number of nuclei in which
low-energy fission [26, 27, 28, 29] can be studied. This very low excitation-
energy fission mode is .essentially inaccessible for neutron-deficient species
this far fro1‘n stability with éomm(é‘n vtechrii'ques such as (n,f) and charged-.
particle reactions unless the nuclei in question spontaneously fission. This is
not the case for the light actinides. Low excitation energy fission data may

assist in understanding the dynamics of the fission process as the excitation



XBL 8811-3751

Figure 3: Hlustration of the multiple target system developed [25] for these
studies. , o v ,
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energy of the fissioning nucleus goes to zero, leading to ground-state fission.

Finally, the light americium region is nearly isotonic with nuclei display-
ing the “thorium anomaly,” i.e., triple-humped maés—yield distributions {30-
33] from neutron-induced fission. Since eDF in the light americium region
may be in the transition region between the Th-anomaly and the “normal”
double-humped mass-yield distributions of the mid-range dctinidés, its fis-
sion properties may provide clues to understanding the Th-anomaly. Since
eDF cannot bring more excitation energy into the nucleus than the Q).-value,

the influences of excitation energy on the fission properties are minimized.

4 Expérimental

4.1 'Targets and Irradiations

PTNp targets ranging in thicknesses from 125 ug/cm?® to 200 pg/cm?® were
mounted in the LIM [25] Target System, with a spacing of approximately
one centimeter between the targets. A 25-um beryllium foil ser\vfed as the
Vplﬁme li_miting foil, and another 25-pm beryllium foil served as the \./acuurn
window for the system. For the initial studies of the fission properties of
32Am the target backings were 2.5-pm molybdenum. However, because of
the lligllly By-active b}h/products from the reactions of the beam with the
molybdenum target backings, a sc.t of targets on 25-um béryllium foil was
used for ali subsequent fneasurements. o _

T he a-particle beams used for this work were provided by the Lawrence
Berkeley Laboratory 88-Inch Cyélotron. For the production of 232Am by the
*TNp(«, 9n) reaction, the a-particle energy was 99 :i:vl.E‘) MeV oﬁ target (all
energies are given in the laboratory frame of reference). 2**Am was pfoduced
via the 2"Np(a, Tn) reaction, and the a-particle energy waé 1242 MeV on

target. The beam intensity was 2-7 puA for all irradiations. The recoiling
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reaction products were collected on KCl aerosols in helium, which swept
out the volume behind each target continuously. The activity-laden aerosols
were transported via a polyvinyl chloride capillary tube to either the rotéting;
wheel system (see 4.2 below) 6r to a collection site in a chemistry laboratory

(see 4.3 below).

4.2 On-line Measurements

For on-line measurements of the fission properties of ?**Am, the KCI aerosols
were transported about five meters via a cdpillary tube and collected on
a thiﬁ ‘(r\g 40 £+ 15lpg/cm.2)‘ polypropylene foil pla'ced'onr the periphery of a
wheel. Afc preset i'nte_rvals the wheel rotated"4.5°, passing the polypr-opy—
lene foil through a series of six detector stations ‘(each consisting of a pair
of ion-implanted passivated silicon detectors on either side of the Whéel).
This arrangement alloWed detection of coincident fission fragments with an
efficiency of approximately 60%. Each detector station could also detect a
particles, again with a total efficiency of about 60%. Under the conditions of
these experiments, the d—parti(:le energy resolution was about 40 keV. The
detectors were calibrated for the fission measurements with a 232Cf source on
a thin polypropylene foil. | |

As the data were digitized, each event” was tégged with a time and a
dete(_:tpr marker, and then written to magnetic tape in list (event-by-event)
mode. Subsequent sorting and histbgramming were performed on the data
to extract a spectra, fission-fragment spectra, coincidence data, and ‘decay
information. The rotating Wheel is known as the “Merry G'O-Aaround”A (MG),
and the controlling‘comput’ér system and its affiliated eléctronics are known
as the Realtime Acquisition Graphics System (RAGS), hence the acronym
MG-RAGS.

12



4.3 Chemical Procedures

Two different chemical separations were performed on the reaction products
of these irradiations. One separation was designed to assign the Z of the
fissioning species to americium (or ﬁséion of blutoniurﬁ following electron
capture in americium), and-the other was used to produce an americium
sample suitable for measerement of the plutonium K x-rays from the EC_
decay of the americium parent. Measurement of the EC decay in conjunct.ion.

with the eDF branch would allow determination of Ppr experimentally.

4.3.1 Chemical Procedure for Elemental Assignment

In the separation designed to assign the. Z of the ﬁésioning activity produced
by these reactions, the activity-laden aerosols were transported about five
meters via a capillary tube and colleeted on a tantalum foil. The activity
and KCl were then diseolved in 20 uL of 8 M HNO3 The resulting solution
was passed through a lI’-mrn X 10-mm anion-exchange column (Bio-Rad AG
‘1-X8, 200-400 mesh).” Under these conditions all trivalent actinides will paés
through the col‘-umn; while the higher valence actinides are adsorbed by the
resin. The column was washed with ~ 100 gL of 8 M HNOj3, and the eluant
was collected on a tantalum foil, dried, ﬂamed, and counted with a silicon
surface barrier (SSB) detector for o particles and fissions. The column was
then washed with ~ 100 xL of3 M HCl - 0.1 M HF'to‘elute neptunium
and plutonium. This eluant was also collected on a tantalum foil, dried,
flamed, and counted. A flow chart of this separation procedure is given in
Figure 4. Data from the SSB detectors were stored using RAGS. The total
time required for this separation was about 90 seconds.

The first fraction contains only the trivalent actinides produced in this
reaction, while the second contains any neptunium, plutonium, uranium,
protactinium, or thorium produced. Francium, radium, and actinium would

follow the americium in this procedure, as would the lanthanides. However,
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(Aerosol JeD

8M HNO3
Am, Pu, Np

v
Bio-Rad AG-1-X8 Anion Exchange
Resin, 200-400 mesh

3 M HCI -

Alpha/SF Counter Alpha/SF Counter

XBL 8¢2-607

- Figure 4: Flow chart of the chemical separation‘ used to confirm the assign-
 ment of the fission activity produced in these reactions to americium.
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the amount of Fr, Ra, and Ac produced in this reaction was observed (from
the on-line « spectra) to be very small, and the lanthanides are unlikely to
fission. Hence, americium is the only reasonable elemental assignment for

any fission activity observed in the first fraction.

4.3.2 Chemical Procedure for Ppr and 0. Measurement

This separation procedure had to be more specific for americium since it
was necessary to separate americium from highly ~-active fission products
formed with production cross sections on the order of barns. High purity
was achieved by using a stacked-column technique. In this technique, a
single column is made with twb types of resin packed sequentivally into the
column support. For this experiment, the colurhn consisted of a 3-mm x 50-
mm column of cation-exchange resin (Bio-Rad AG-MP-50, 200-400 mesh) on
top of a 3-mm x 10-mm column of anion-exchange resin (Bio-Rad AG 1-X8,
200-400 mesh).

For this procedure, the activity was transported via capillary about 80
meters to a collection site in the chemistry laboratory at the LBL 88-Inch Cy-
clotron. The activity and KCl were dissolved in 20 uL of 0.5 M HCI to which
a known quantity of **'Am (¢;/, = 432 a) had been added as a yield tracer.
The resulting solution was passed throufgh the stacked column. Elution with
concentrated HCI allowed americium to be separated from monovalent fission
products, divalent fission products, and the lanthanides in the top portion
(cation exchange) of the column, and then plutonium and neptunium were
adsorbed by the bottom portion (anion exchange) of the column.

The fraction containing americium was collected, and americium was
coprecipitated with CeF3. The precipitate was filtered, washed, and then
counted with an intrinsic-germanium +-spectroscopy system. In the case of
232 Am, the final coprecipitation step was omitted to minimize the delay be-

tween the end of the irradiation and the start of the counting. The *?Am was
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then directly v counted as a liquid sample. A flow chart of this separation

procedure is shown in Figure 5. The total time required for this proce-

dure was approximately four minutes if the coprecipitation was performed, |
or ninety seconds without it.

Fission from the respective eDF branches was measured on an alternating
basis with the v samples fi‘Qm the chemical separation. Samples for the
fission measurements \A;ere produced by collecting the aerosols on a tantalum
foil in the same collection apparatus as used in the chemical separations.
The tantalum foil was-ﬂamed to red heat and counted in a windowless 2
gas flow proportional counter. The efficiency of this detector for fissions was
determined to be 98.6% with a calibrated 252Cf source.

By measuring the fission production rate and the EC decay on an alternat-
ing basis, any unknown values cancel out in the calculation of Ppr provided
these values oscillate more slowly than the rate of the experiments (6-12 per
hour). Therefore, values which would normally have to be estimated, such
as gas-jet yield or effective target thickness, are time-averaged out of the

calculation of Ppp. This increases the reliability of the measurement.

4.4 X-ray-Fission Correlation Procedure

The time correlation between the K-capture x-ray and the subsequent fission
was measured using aerosols collected directly without any chemical separa;-‘
tion. The aerosols were collected on a thin substrate for a suitable interval
and the collector was placed before a light-tight transmission-mounted 300-
mm? silicon surface barrier detector operated in air. In most experiments,
the SSB detector and foil were sandwiched between two germanium + detec-
tors. In one measurement on 2*Am, a Nal(Tl) detector was addea to provide
better timing resolution.

Since fission produces about 10 prompt v rays from the fission fragments

(26, 34], a high overall y-detection efficiency would reject many of the true
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'
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Figure 5: Flow chart of the procedure used to isolate americium from the
Z37Np irradiations in a form suitable for v counting.
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x-ray events by summing the x-ray pulse with a pulse arising from prompt
~ rays. On the other hand, if the overall v efficiency is too low, the ob-
served x-ray detection efficiency would be reduced, and hence the observed
correlation rate would be reduced. By meas.uring the prompt 'y rays from
spontaneous fission in a sourcé of 252Cf, the spaci.ng between the v detectors
and the sample was adjusted to bring the summing rejection level to 50%.
As long as the v multiplicity of the **Am eDF decay mode is not grossly
different than that of 22Cf, this would maximize the number of detected
correlations. In the final configuration, each detector subtended a solid angle
of about 6.7% of 4w. A 50% summing rejection level gives an overall corre-
1ati§n detection efficiency, using both germanium detegtors, of 6.7% for each
detected fission.. ‘

The signal from the SSB detector provided a common start for up to
three electronic time-to-amplitude converters (TACs). The stop sign_als for
the first and second TACs were provided by the first and second germanium
v detectors, respectively, and the stop signal for the third TAC (m the last
measurement) was provided by the Nal(T1) detector. The time window on
the TACs was +500 ns. Calibrations Wére obtained using the prompt ~ rays
from the fission of 252Cf and the v 1'ays in coincidence with the a particles
from the decay of 2*°Cf. The timing _résolu_tio_n_ of the germanium detectors
was ~12 ns full-width at half-maximurh (FWHM), and the energy resolution
of these 'detectors’ was ~1.2 keV FWHM in the plutonium K X-ray region.
The timing resolution of the N.aI(Tl) detector was ~3 ns FWHM, and its
energy resolution was ~30 keV FWHM in the 100-keV region.

18



5 Results and Discussion

5.1 Elemental Assignment
51.1 2ZAm

Using the chemical procedure described in 4.3.1, 26 samples were processed
and counted over about three hours. In each case, the aerosols were collected
for three minutes and then subjected to the chemical separation. Each sample
was counted continuously for approximately 18 minutes. Eleven fissions were
observed in thé americium fraction, and none were observed in the Np /Pu
fraction_. |

Based on this distribution, the fission activity produced in the 99-MeV
« irradiation of 237Np was assigned to americium or delayéd fission from an

americium precursor.

5.1.2 2Am

38 samples were processed through the short chemistry and counfed over
about four hours. Again, the aerosolé were collected for three minutes and the
samples were counted for approximately 18 minutes. Twenty-seven fissions
were observed in the americium fraction, and one was observed in the Np/Pu
fraction. The one fission in the second fraction is consistent with the amount
of americium expectéd to tail into this fraction. Prior tracer studies of this
procedure had shown cross-contamination of each fraction to be about 2%.
The 6.46-MeV « group attributed [35, 8] to ***Am was also observed in the
americium fraction.

Based on these results, we have assigned the fission activity produced by
72-MeV « particles on **'Np to americiumb(or the delayed fission from an

americium precursor).
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5.2 Fission Properties

The eDF properties of *2Am and **Am were measured using the MG-
RAGS as described in 4.2. The MG wheel was stepped at preset intervals
so that the samples would spend approximately six. half-lives between the six
detector pairs. Each detector registered a particles and fissions for the full
.inter:val,‘ex‘cept' fhe first ﬁdéféctor,étaﬁion. In the first station, signals from
thé»aunpa_r‘ti_cles were Suppreésed foi‘ the first 12 seconds following the wheel
motfoﬁ .to” allow the 8B+5Li (t.l./z‘ < 1 second) «a activity produced from the
beryllium in the target system to decay without causing excessive system
deadtime. Fission signals from this detector were not seriously affectéd by
these activities, and were avnalyzed for the full intel;va,l. After one full revolu-
tion of the wheel (80 positions), the Wheel was replaced with a clean one so
that any build-up of 'long-lived spontaneous fission activities was minimized.

The data were corrected for neutron emission using the method origi-
nated by Schmitt, Kiker, and Williams (SKW) [36]. The *2Cf calibration
parameters were taken from Weissenberger et al. [37]. The neutron emission
function, 7(A), was taken as similar to that of ?**Cf, normalized to 7z = 2.40.

This value was deduced from the systematics of iy versus A.

5.2.1 Fission Properties
5.2.2 22Am

A t:ot-@l of 2201 coincident :ﬁ:ssion_-fra;gmen'? pairé was observed in these mea- |
Vsuré"ménts using a wheel—stebpiﬁg interval of 10 minute.’ From these events,
the half-life was found to be 1.31 & 0.04 minutes, closer to the early half-life
of 1.4 £ 0.25 minutes reported by Skobelev [14] tha,ﬁ the more recent value
of 0.92 + 0.12 minutes reported by‘ Habs [15]. The decay curvé for this fis-
sion activity is shown in Figure 6. Each point on the deca;y curve has been

normalized to represent the same number of samples per detector station.
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Figure 6: Decay curve of the 22Am EC-delayed fission activity as measured

on MG-RAGS. The wheel stepping time was 1.0 minute per station.
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This is necessary since, for each wheel, the first station sees 80 foils before
the acquisition is stopped while the second station sees 79, the third 78, and
so on. The correction is fairly small (0% for the first station, rising to 12%
for the last), but can significantly affect the measured half-life.

From the decay curve, an apparent fission cross section was estimated
for the 2*?Am eDF mode from this reaction. The effective target thickness
was estimated by extrapolating low-energy recoil ranges for the compound
nucleus linearly to zero energy. Recoil ranges were taken from Northcliffe
and Schilling [38], and extrapolated when necessary. This method gave an
estimate of the effective target thickness of 100 pg/cm? per target. The
efficiency of the aerosol-transport system was taken as 100%, although it
could be lower.vThese assumptions result in an apparent fission cross-section
of about 2.5 nb.

Fission from #*? Am was observed to have a highly asymmetric mass distri-
bution, with no trace of the thorium-anomaly. The mass-yield distribution is
clearly two-humped, with a well-defined valley (after correction for neutron
emission using the SKW [36] method with the constants of Weissenberger
[37]) with no evidence of a symmetric component. The total kinetic energy
distribution 1s symmetric about 174 £ 5 Me\/ With no evidencé of multiple
components; The TKE and mass-yield distributions are presented graphi-
cally in Figure 7.

The behavior of the TKE and TKE as a function of mass fraction is shown
in the TKE contour [39] plot in Figure 8. The data in this figure suggest that
the average TKE of the 232Am.€DF for symmetric mass division is about the
same as 1t 1s for asymmetric division. This is unusual for low-energy fission
of light actinides, and hints that shell effects in the fission fragments of *?Pu
are influencing its fission. TKE for the near-symmetric division is based on
only 46 events, so the statistical significance of this behavior is small. The

TKE value of 174 MeV for the 22Am eDF is comparable to the predicted
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Figure 7: Pre-neutron emission total kinetic energy (TKE) distribution of
the 2*2Am eDF mode and pre-neutron emission mass-yield distribution.
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TKE [40, 41] for ground state fission from 23*Pu, as shown in Figure 9. The

fission properties of the 22 Am ¢DF mode are summarized in Table 3.

5.2.3 2Am

A total of 1188 coincident fission-fragment pairs was observed in these mea-
surements using a wheel-stepping interval of 2.50 minutes. From these events,‘
a considerably more accurate value of the half-life was obtained than previ-
ously [11, 12, 14, 18] reported. The half-life was found to be 2.32 + 0.08
minutes, slightly shorter than found in the previous reports (See Table 1).

The decay curve for this fission activity is shown in Figure 10. Each point
on'the decay curve has again been normalized to represent the same number
of samples per detector station.-

From the decay curve, we can estimate an apparent fission cross section
for the 2*Am eDF mode from this reaction. The effective target thickness
was estimated (as before) to be 75 ug/cm?® per target. The efficiency of the
aerosol-transport system was again taken as 100%. These assumptions result
in an apparent fission cross-section of about 0.2 nb.

Fission from ?**Am was also observed to have a highly aéymrnetric mass
distribution. Pre- and post-neutron emission values are given in Table 3.
Figui‘e 11 shows the TKE and mass-yield distributions of the **Am ¢DF
mode after corrections for neutron emission. The mass-yield distribution
has a high peak-to-valley ratio, indicating highly asymmetric mass division.
The TKE distribution is symmetric, and shows only one component. The
behavior of the TKE and TKE as a function of mass fraction is shown in the
TKE contour [39] plot in Figure 12. In this case, the TKE at symmetry dips,
as expected for light actinides, but again the statistical significance of this
point is poor (26 events). This, however, would be the expected behavior if a
spherical subshell at N=66 is exerting a strong effect on the fission fragments

of 232, Since **'Pu is two neutrons heavier, the symmetric fragments are

i
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Figure 9: Average total kinetic energy as a function of Z2/A'/3. The solid
line is a linear fit of Viola [40], and the dashed line is from Unik et al. [41].
Ground-state (spontaneous) fission data for the trans-berkelium actinides are
taken from Hoffman and Somerville [34], and data for the lighter actinides are
from Hoffman and Hoffman [26). Z2/A'/® for the americium delayed fission
is calculated for the plutonium daughter, since that is the fissioning nucleus.

26



Table 3: Summary of the fission characteristics of the eDF mode of *?Am
and #*Am.

232Ama 234Ama

Post-neutron TKE? 173+ 5 MeV 174 £ 5 MeV

Pre-neutron TKE 174 £ 5 MeV 175 4+ 5 MeV

" Post-neutron KE¢ of high-energy fragment 994+£1.9 MeV  100.1 £2.0 MeV
Post-neutron KE of low-energy fragment  73.6+ 2.0 MeV ~ 73.5 4 1.5 MeV
Pre-neutron KE of high-energy fragment 100.24 1.9 MeV  101.2 + 2.0 MeV

Pre-neutron KE of low-energy fragment  74.24+ 2.0 MeV ~ 74.1 % 1.5 MeV

Average mass of the light fission fragment 98.7+0.3 99.0+ 0.1
Average mass of the heavy fission fragment 133.3+ 0.3 135.0 £ 0.1

Assumed 7 24 2.4

*Calculated using the Schmitt, Kiker, and Williams (SKW) [36] method and
Weissenberger [37] constants.

®Average total kinetic energy.

“Average kinetic energy.
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Figure 10: Decay curve of the 2*Am EC-delayed fission activity as measured
on MG-RAGS. The wheel stepping time was 2.50 minutes.
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each further from the subshell. The TKE value of 175 MeV (SKW with
Weissenberger constants) for the ***Am eDF is comparable to the predicted
TKE [40, 41] for ground state fission from ***Pu, as shown in Figure 9. The

fission properties of 2**Am eDF are summarized in Table 3.

5.3 Ppr and o, Results

Americium fractions were repeatedly isolated chemically in order to measure
the americium K-capture x-rays. Fission measurements were made on an
alternating basis with the chemical separations. The chemically purified
americium samples were v counted repeatedly, and the fission samples were
each counted in the proportionai counter, and the integrated fissions were
recorded. The v spectra were analyzed using the SAMPO [42] computer
code, and half-life analysis was performed with the CLSQ [43] code.

Major contaminants included 2*?Am and ?*®Am, probably produced by
stripping reactions. A small amount of "Be, which was produced from the
target backings, followed the americium, as did small amounts of 2%?°Al and
*"Mg. The aluminum and magnesium were most likely produced by scattered
beam on the aluminum target-holder cards. Half-life analysis confirmed the
assignment of these peaks.

The initial activities determined for the americium electron-capture de-
cay mode were corrected for detector efficiency, chemical yield, branching
ratio, and K-fluorescence yield (taken as 97.7% [44]). The resulting initial
disintegration rates were used for the calculation of o, and Ppp.

The electron-capture cross section was calculated based on the following
assumptions. First, the target thickness was estimated the same way as for
the apparent fission cross-section, yielding an effective total target thickness
of 75 pg/cm? per target for **Am and 100 pg/cm? per target for 22Am.
Second, the gas-jet yield was assumed to be 100%. Third, because of the

lack of discernible 4 lines in the spectrum with half-lives consistent with
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the decay of 222Am or 2*Am, it was assumed that the level densities of the
plutonium daughters were high enough that deexcitation proceeded through
a series of high-energy (500-1000 keV) low-multipolarity transitions, Based
on this assumption, the K x-ray production from internal conversion was
taken as negligible. Of course, the last few transitions could be more higlﬂy
converted, but without detailed information about the daughter level schemes
any estimates on K-conversion would not be meaningful.

The delayed fission probability was calculated from the electron-capture
initial activities and the number of fissions observed in the alternating fission
samples. By measuring each quantity nearly simulfaneously, experimental
variables such as the taiget thickness, the beam flux (since our flux was held
constant through,out this meaéurement, with less than 5% deviation), and
the gas-jet yield should all cancel out. This allows us to calculate Ppr with

‘a variant of Equation (1),

A_[f/[e")‘tl — e—A(t1+tc)]
B -DO,e

where A Is the decay constant for 2**Am, I; is the number of fissions observed
in a counting time t¢, t; is the time from end of bombardment to the start of
the fission counting, and Dy, is the initial activity for electron capture. Em-
ploying this relationship, Pp F was calculated and an error-weighted average

is reported, encompassing all of the separate determinations.

5.3.1 22Am

The K x-ray region from a representative v spectrum is shown in Figure 13.
The plutonium x-rays resulting from the electron capture of americium are
weak, but visible. Half-life analysis of the Pu K x-rays revealed a two-
component decay curve, with one component being consistent with 1.31 min,
and the other on the ordef of an hour. The long component was a mixture of

the 23" Am (t1/2 = 73 min) and ZB®AM (t1/2 = 1.63 hr), and the short one was
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Figure 13: The K x-ray region of the gamma spectrum of a chemically purified
22 Am sample.
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22Am. The K x-rays were fitted with two components using CLSQ, with
the short component set at 1.31 min and the long component allowed to vary
to produce the best fit. An example of such a fit is shown in Figure 14.

The resulting initial count rates of the >3 Am electron-capture decay mode
were coﬁverted to Dy values for the calculation of Ppr by Equation (5). Em-
ploying this relationship and averaging over all of the separate determina-
tions yielded a value of Ppp of (6.9 1.0) x 10~* at the 1o (68%) confidence
level. From these Dy values, o, was also found to be 1.3 +£ 0.2 ub at the 1o
confidence level.

This value for Ppg is approximately a factor of twenty smaller than the
value reported by Habs et al. [15], and nearly a factor of a hundred smaller
than the estimate of Kuznetsov [19]. However, their Ppr values rely on evap-
‘oration codes to estimate o, whereas our measurement uses thirty separate
determinations of o, through the plutonium K x-rays. Of course, this methoa
‘of measuring Ppr is sensitive to K{-conversion of 7 rays, but it would require
20 v rays that are 100% converted per electron ‘capture to account for the
discrepancy. It seems much more likely that the evaporation codes become
unreliable for predicting the magnitude of the cross section when such a large
number of neutrons are evaporated (?*2Am was formed by the 237.Np(oz,9n)

reaction) in all of the above experiments.

5.3.2 2 Am

The K X-ray region from a representative y-ray spectrum is shéwn in Fig-
ure 15. The plutonium x-rays resulting from the electron capture of ameri-
cium are clearly visible. The only other peaks in this region are lead K x-rays
and the 59.5-keV ~ ray from the 24lem yield tracer.

Half-life analysis of the Pu K x-rays revealed a two-component decay
curve, with one component being short (about 2-3 minutes), and the other

on the order of an hour. The long component was a mixture of the **”Am
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Figure 14: Representative half-life fit for the plutonium K,; x-ray observed
in the chemically purified 222Am sample.
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(t12 = 73 min) and *®Am (t;/; = 1.63 hr), and the short was ***Am.
The K x-rays were fitted with two components using CLSQ, with the short
component being set at 2.32 minutes and the long component allowed to
vary. An example of such a fit is shown in Figure 16. The resulting initial
disintegration rates were determined and used for the calculation of o, and
Ppp.

The electron capture cross section, o, was found to be 5.4 +1.3 pb at the
lo (68%) confidence level. Ppr was calculated and averaged over all of the
separate determinations. This yielded a value of Ppp of (6.6 +1.8) x 10~
at the 1o (68%) confidence level. This value is consistent with the value
predicted by Kuznetsov [19], and indicates that the region of unreliability in
the evaporation codes are likely to begin after the 7n reaction, but before

the 9n.

5.4 X-ray—Fission Results

Samples were collected from the gas-jet system every four minutes for BiAm
and at two-minute intervals for 2 Am, and then these samples were placed
in the counting chamber for the correlation studies. Figures 17(A) and 18(A)
show the x-ray and v spectrum of those events in prompt coincidence with
the fission signal. The data in Figures 17(C) and 18(C) are the logarithms
of a maximum-likelihood fit [8] L of an idealized x-ray spectrum (shown in
Figure 18(B) ) to the observed data as a function of the I,; position.

From the likelihood functions, the most probable K, energies were found
to be 103.8 & 0.3 keV and 103.6 & 0.5 keV for 2*2Am and ** Am, respectively,
in excellent agreement with the plutonium K,; energy of 103.76 keV. The
total number of K x-rays was found to be 42 4+ 8 for *2Am and 32 + 6
for 24Am by allowing the intensity of the ideal spectrum to vary within the
maximum-likelihood analysis. Observed and expected x-ray intensities are

given in Table 4.
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continuum. C: The likelihood function for the position of the ideal spectrum
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Table 4: Observed and expected x-ray intensities from the correlated x-ray-
fission data. Expected x-ray intensities are taken from the Table of Iso-
topes. [44].

X-ray E/keV  Iiheo No. Observed® Tobs

B2 Am:

PuK,, 99.55 0.299 19 0.33 £+ 0.09
PuK, 103.76 0479 23 0.40 + 0.10
Pu Kgyr 1169  0.162 11 0.19 4+ 0.06
Pu Kgyy  120.6  0.060 4 0.07 &+ 0.04
24 Am; |
PuK,, 99.55 0.299 10 0.20 + 0.07
Pu K, 103.76 0.479 22 0.45 £ 0.12
Pu Kgyr  116.9  0.162 14 0.29 4+ 0.09
Pu Kgy  120.6 0.060 3 0.06 & 0.04

*Approximately 15 & 4 of the observed events are attributable to the prompt
y-ray continuum for the 2*?Am study, and about 18 %+ 5 for *Am.
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No evidence was observed for fission delay times longer than the best
timing resolution of these experiments, about 3-8 ns. The fact that plutonium
x-rays can be seen reduires that the lifetime of the fissioning state be longer
than the time it takes the orbital electrons to fill a K-vacancy. The time
required for this is on the order of 10717 seconds [45). We can therefore set
boundaries on the excited states half-lives of 108ns < t 1 < 3 ns for both
232Py and ***Pu. If the nucleus is truly 100% damped in the second well
(as is commonly [7, 8, 15] assumed), then these limits are also limits on the
lifetimes of the shape isomers 22/ Pu and *4/Pu. These limits are consistent
with the half-life systematics of plutonium shape isomers (See Figure 3 of
Ref. [46]), from which one would expect the half-life of ***/Pu to be in the
range of lvto 100 picoseconds, with 23/ Am being even shorter.

If the nucleus is strongly damped in the second well, then the coincidence
'7-ﬁssfonﬂ_da,ta provides a unique opportunity to study the level structure
of the second well [47]. The highly ‘spe'ciﬁc. coincidence requirement, along
with the lack of structure in the ﬁssion.prompt ~ ray emission, would allow
detection of v transitions between levels in the second well (provided, of
course, that the second well is at least partially populated by states above
the lowest state in the well). For example, -Figure 18 tantalizingly shows
what appear to be true peaks at about 112, 147, 168, 185, 287 keV, and
possibly others. With better statistics in the data and the addition of a -y
coincidence gate, it_‘mi‘ght_ be possible to c_onst_l;uc-t a fairly complete 'level.
scheme for this shape isqmer.

However, to study the level structure of the of fhe second well efficiently,
it will be necessary to use a multiple-detector array such as HERA .[48]
or the proposed GAMMASPHERE [49]. A multiple-detector array is re-
quired to cover a large fraction of 47 with each individual detector subtending
approximately 1% of 47 to overcome problems created by the high prompt

~-ray multiplicity intrinsic to fission. With an average v multiplicity of 10, a
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single detector which subtends 10% of 47 would have an effective correlation

detection rate of 0% due to the 100% summing rejection level.

6 CONCLUSIONS

Light americium isotopes were produced using multiple 2*’Np targets irradi-
ated with « particles. The half-lives of 22Am and ?** Am were determined to
be 1.31£0.04 minutes and 2.32 £0.08 minutes, respectively, using a rotating-
wheel system. The fission properties of the eDF mode in ?Am and 2**Am
were measured. These are the first delayed-fissile nuclei for which measure-
ments of the fission properties have been made. These are also the first nuclei
for which both the fission and the EC branch leading to the fission have been
directly measured. |

The highly asymmetric mass-division and symmetric TKE distributions

for both 2*?Am and 2**Am show no trace of the thorium anomaly. Therefore,

“the transition region between “normal” double-humped mass distributions

and the triple-humped distribution of the thorium anomaly must begin with
lighter elements for this neutron number. Unfortunately, the lighter isotones
have considerably smaller ). values. This may reduce eDF in those nuclei
to a level too low to measure their fission properties.

The eDF mode provides a mechanism for studying the fission properties
of a nucleus far from stability near its ground state. No other technique
currently exists which allows the study of near ground-state fission from a
specific nucleus this far from B-stability.

Finally, the coincidence data between the plutonium x-ray and the fission
provides direct proof that the fissions observed in this experiment are the
result K-capture in americium followed by fission of excited states in the
daughter plutonium nucleus. These data also provide the intriguing prospect

of studying the level structure of the daughter shape isomers, which are not

43



attainable by other techniques.
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