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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of -
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Abstract

Delayed fission following the electron-capture decay of *Am was studied.
The 2"Np(a,7n)?** Am reaction with multiple 23"Np targets was used to pro-
duce **Am. The fission properties and half-life of 2**Am were measured
using a rotating-wheel system. The half-life of 2*Am was determined to
be 2.32 £ 0.08 minutes from measurements of the fission activity. A highly
asymmetric mass-yield distribution was observed for the fission activity, and
the average total kinetic energy of the fission fragments was found to be
173 £ 5 MeV. Radiochemical separations confirmed the elemental assign-
ment of the fissioning species to americium or fission from short-lived excited
states in its EC daughter, plutonium. The cross section for *Am pro-
duced by this reaction and decaying by electron capture was determined to
be 5.4 £ 1.3 pb by measuring the intensities of the daughter plutonium K
x-rays in radiochemically separated americium samples. The branching ra-
tio of the 6.46-MeV a peak of >**Am was found to be (3.9 +1.2) x 107* in
on-line measurements. The delayed-fission probability was determined to be
(6.6 4 1.8) x 10~ from the measured ratio of fissions to plutonium K x-rays.
The observed fissions were ﬁnambiguously assigned to an EC-delayed fission

process by measuring fissions coincident with the K-capture x-rays.



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
isorrier), or within the first well of the potential energy surface (an electro-
magnetic isomer). This decay mode is believed to influence the production
yields of heavy elements in multiple neutron capture processes [1,2,3,4,5] fol-
lowed by B decay, such as the astrophysice;l r-process and nuclear weapons
tests. Delayed-fission processes may also provide a sensitive probe of fission

barriers in the heavy element region [6].

1.1 Theoretical Considerations

~The probability of this decay mode, Ppp, can be expressed experimentally

as
. Ny o : .
PDF= le . (1)

where N; is the number of the type of decays of interest (e.g., 8 or EC) and
 N;s is the number of those decays leading to .delayed ﬁssion.} Ppr can also

be derived as
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where W;(E) is the transition probability furiction for-the decay of interest,.

r

7= (E) is the ratio of the fission width of excited levels within the daughter
s+l

~ nucleus to the total depopulation width of these states, E is the eXcitatibﬁ '
energy of the daughter nucleus, and Q; is the Q-value for the decay of interest.
" The transition probability function, W;(E), can be expressed as the prod-

uct of the Fermi function f and the beta strength finction Sp giving

Wi(E) ~ f(Qs ~ B, 2)S(E). o ®

The Fermi function m'zty' be appszximate:d: as
f%{ (Qe— E)2for EC decay,‘_ _ (4)
(Qp — E)® for B decay,

for the calculation of Ppr in Equation 2. | - |

Sp can be treated in several different ways. It can be taken as being
proportional to the nuclear level density:[2;7], it can be generated from the
gross theory of .8 decay [8], or it can be taken as a constant above a certain
eﬁergy ‘[9,10]; Klapdor et al. [1 1] have pointed out that all three of these
common techniques ignore low-lying structure in the beta strength function,
Sp. Klapdor found inclusion of low-lying stvructure in the calculation of Ppp
to havé a signiﬁcant'impa,ct on the value obfained [11]. However, fo.r’a
“qualitative undérsfanding of Ppr, treating Sé as a constant abO\;e a cut-off
energy is acceptable. | -

The large dependence of Ppr on the energy available for the decay and the

().

structure of the fission barrier arises from the fission-width term, 'I‘,_+LF—
;

T, the width for gamma decay, can be estimated from the probability for v



transitions, P, as [12]

P, C,0%%E/®
2mp 2mp

T, =

~

; ()

where p is the nuclear level density, C, is a constant with the value 9.7 x 1077
MeV~*, and O is the nuclear temperature (0.5 - 0.6 MeV). The fission width,
I'¢, can be derived from the penetrability of the fission barrier in a similar

fashion, yielding
| , P

27p (6)

I'y=

where P; is the penetrability of the fission barrier.
Since the fission barrier in the region of the actinide nuclei is reasonably
complex, it is common [12,13] to simplify the penetrability thrbugh the entire

two-humped barrier by approximating Ps to be
P; = P4(E) x Rp, (D

where P4(FE) is the penetrability for tunnelling through the inner barrier
and Rp is the transmission coefficient for fission from the lowest state in
the second well. This has the effect of requiring the nuclear motion in the
second well to be strongly damped, i.e. not allowing fission from the second -
well to occur before v decay to the lowest-lying state. Hence, the célculation
of P; becomes much simpler. Transmission through the inner barrier B, |

can then be approximated as a simple parabolic barrier problem using the
Hill-Wheeler [14] formalism

2n(By ~E)

Pi=(1+e ™ ) (8)



where By is the height of the barrier and wy is the barrier curvature. This

allows T'y to be expressed as.

RB 21r(Bt—E)

Tym—B(l4e ™5 )L (9)

27p

~One can then express thg quant_ify F_.,I:}-‘FLf(E) as

21r(Bz—E)
Ff, ' RB(l +e M )_1
F'y + Ff (E) ~ . 2n(By—E) (10)

C,@1elE/®) 1 Ry(1+e ™7 )1

which illusf;‘ates the .exponent‘ial depe‘ndence of this term in.Eq't.lation 2 on
the enérgy available fér decé,y and the structure of the fission bari‘ier..
Utilizing these approximafions, it is p'ossible to rewrité Equation-2 for
electron capture in the following simplistic form,
18(Qe — BV i (E)E )
Q. —EpdE - -

where C is the cut-off energy below which Sp is presumed to be zero. This

-PDF ~

value has been given [10] as C' = 26 A~1/2 MeV. The integral in the denomina-
tor vis'trivial, and may be evaluated directly to give a normalization function

Ne(A),

. . | _ ;1/2 3 ‘
) = [T - Bpap =GB )

The remaining form of Ppp,

I'y
T, +T,

o Q.
Por ~ N.(4) [(Q. = BY =L (B)dE, (13)



is exponentially dependent on the difference between the fission barrier and
the energy availiable for decay, the electron-capture Q-value. Hence, for de-
layed fission to becoﬁle a prominent decay mode in the actinide region (where
fission barriérs are on the order of 4-6 MeV), it is necessary to choose nuclei
in which Q. islcor.r'lparable to the fission barrier. 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.

Of coursé,'if should be emphasized that the form of the delayed-fission
‘probability Ppr developed in Equation 13 is valid only for a qualitative un-
derstanding of thé phenomenon of delayed fission. A quantitative model of
Ppr would require a rigorous treatment of the structure of the beta strength
function Sp as it appears in Equation 3, no doubt including the low-lying
~ structure [11] imposed on Sg by levels within the daughter nucleus.- A quan-
" titative model should also include treatment of transmission through realistic
fission barriers. and avoid the oversimplification of 100% damping required

for the approximation in Equ.ati‘on 7.

1.2 Experimental Precedents

Fission tracks possibly resulting from EC-delayed fission (eDF) were first
observed [15,16) in the light americium and neptumum regions as eally as
1966. In 1969, Berlovxch and Novxl\ov [17] noted that the nuclei in question
met the conditions requned for delayed fission, although the observed fissions
were not specxﬁcally attributed [18] to delayed fission processes until 1972. A
~ fission activity, attrlbuted to eDF in 232Am, was reported by Habs et al. [13]



in 1978, and the Ppp for this isotope was reported fo be on the order of one
percent. An eDF branch has been tentatively assigned [19] to ?*2Es, again
- with a Ppr-on the order of one percent.” Recently, eDF has been reported
[20] 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 electron-capture cross section (o.), when re-
ported, has generally been extracted from theoretical .calculati'(')ns or sys-
tematics, not measured experimentally. 242Es-242Cf is an exceptional casé in
that it was separated from most other reaction products using the velocity
filter, SHIP, at GSI, but Hingmann ‘et al [19] were unable to unambigu-
~ously-identify the fissioning species. They were able, however, to measure
the o particles emitted from the EC daughter **>Cf and hence estimate Oc
reasonably well. Gangrskii et al. {12] 'feport delayed-fission probabiliéies for
iseveral trans-curium nuclei using the rﬁeasured o decay of the EC da{xghter
to estimate o., providing the observed fission does arise from the assumed
parent. All reports of eDF are summarized in Table 1.

B-delayed fission (BDF) has been postulated to play.a fole* in multiple |
neutron-capture processes since the 1950’s. SDF was proposed by Burbidge,
Burbidge, Fowler and Hoyle [1] as a route for depleting the yield of heavy
elements produced 1n Su:pel‘novae.‘ ﬁDF is aléo one.‘possib_lé explanatioh '_:o,f
why superheavy elements alie not found in nature 2,3]. ADF had been pre-
dicted to significantly inﬁueﬁce heavy-element yields in nuclear weapons teéts

[2,3], however, a recent reexamination of these data shows that the predicted



Table 1: Summary of r‘epor"cevc“l observations of EC-delayed ﬁséioﬂ.

Nuclide® t /2b PDFC' . . Reference
20Md 52 sec. 2% 10~*  Gangrskii 1980 [12]
248Es ‘. ) | 28 mm | . | 3 x 1(‘):"7 , Gangrskii 1980 [12]
#6Es- ¢ 8 min.. : 3x 1075 Gangrskii 1980 [12]
24%E‘s |  37sec. o0 Gangrskii 1980 [12]
242.Els? __ ,‘ 5"- 25 sec. -, | (1.4 + 0.8) x 104’2 Hingmann 1985 [19.]"

. 2Bk - 4 min. - 10-° Gangrskii 1980 [12]
4Am  2.6+02min. Not Reported (NR)  Skobelev 1972 [18]
24Am: 2.6 £0.2 min. NR ‘ Somerville 1977 [21]
22Am 1.4 +0.25 min. NR  Skobelev 1972 18]
B2Am  0.92 £ 0.12 min. 1.3%55 x 1072 Habs 1978 [13]
228Np 60 £ 5 sec. NR Skobelev 1972 [18]
1OTI? 0.704955 sec. ~ 1078 Lazarev 1987 [20]

*The parent nuclide undergoing EC decay to excited states in the daughter
which then fission is given. ' ' '
bHalf-life is given as reported, or converted to a common unit when multiple
references exist. .

°Errors limits are given if reported.



delayed-fission effects are seriously overestimated [22,23].

The first report of an observed fission activity attributed to S-delayed
fission appeared_ in 1978. 2%Pa and %Pa were reported by G‘a,ngrskii et
al. [24] to exhibit ﬂDF with delayed-fission probabilities of about 107'° and
10752, respectively. The experiment of Gangrskii et al. involved no chemi-
cal separation after producing the two f)rotactinium isotopes. Subsequently,
Baas-May et al. [25] studied 2*Pa using automated chemical separatioﬁ pro-v
cedures and observed no SDF from this isotope. They set an upper limit on
the delayed-ﬁssion_ probability for B8Py of Ppr < 2.6 x 1078, This failure
to confirm ADF in 238Pa cast considerable doubt on the earlier report [24]
of a BDF branch in 23Pa, since both *Pa and 38Pa were measured in a
similar fashion. 2**™Es is the most recently identified [26] (-delayed fissile
species. 2®™Es is also the first case in which the fissioning isomeric level in
the daughter nucleus has been assigned. A summary of experimental reports

of SDF is presented in Table 2.

1.3 Selection of 24Am

24 A m was selected for this study for several reasons. rFirst, its reported [18]
half-life of 2.6 min. is long enough to allow multistep radiochemical proce-
aures to be performed. With a judicious choice of 'pro'cedures,_ an americium
fraction could be purified sufficiently to allow observation of the I(;capture
x-rays from the decay of »*Am to 23Pu without excessive v interference.
This would allow determination of the EC cross-section experimentally, yield-

ing half of the data required to determine Ppgr by Equation 1.

8



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

Nuclide® t /2b , Ppr Reference

26mEs 7.6 hour 2x107° Hall 1989 [26]

238Pac 23 min. 6 x 1077 Gangrskii 1978 [24]
238Pad 2.3 min. ~ 108 Gangrskii 1978 [24]
238Pac  23.min. < 2.6 x107® Baas-May 1985 [25]

B6Pa® 9.1 min. ~ 1079 Gangrskii 1978 [24]
26Paf 9.1 min. - 3x 107  Gangrskii 1978 [24]

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

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

‘Produced via 2®*U(14.7-MeV n, p).

4Produced via 238U (8-20-MeV n,p).

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

fProduced via 28U(18-MeV d, a).



Secondly, 2**Am had been reported to have an éDF branch [18], althoﬁgh
no value of Ppr was reported. However, using the systematic approach of
- Habs et al. [13] and a Q. of 3.96 MeV for **Am (calculated using the masses
of Méller, Myers, Swiatecki, and Treiner [27]), its Ppr could be estimated to
be on the order of 10™* to 1075. Since the **"Np(«,7n) reaction can be used
to produce **Am, the overall production cross section (or) can be roughly
estimated to be about two orders of magnitude larger than the 2*’Np(c,9n)
reaction employed by Habs et al. [13] to produce 2*2Am. This implies that

the apparent fission production cross section (o<ys ), defined as’

o<f> = 01B:Ppr _ (14)

(where B, is the EC branching ratio), would be on the same order of mag-
nitude as o<s> observed in the ?Am study by Habs et al. [13], since the
expected decrease in Ppr would be approxiniz;tely balanced by the increase in
or. Furthermore, since the recent development [28] of the Light Ion Multiple
Térget System (LIM Target System) allows the use of multiple targets, the
fission production rate could be increased linearly with fhe number of targets _
irradiated. This would allow detection of a sufficient number of fissions to
measure both the total kinetic energy (TKE) and rﬁass-yield distributions of
the 24Am ¢DF mode.

Measurement of the TKE and mass-yield distributions is important bé—
cause eDF arllows the study of fission from nuclei with very low excitation
energy [30,31,32,33]. This very low-energy mode is essentially inaccessible
this far from stability with common teéhniques such as (n,f) and charged-

- particle reactions. Low excitation energy fission data may assist in under-

10



standing the ‘dynamics of the fission process as the excitation energy of the
fissioning nucleus goes to zero, leading to ground-state fission.

~ Also, thé ®*Am eDF system is-nearly isotonic with nu¢lei -displaying
the “th’orium aﬁoinal’y,-” ‘i.e. triple-humped fission mass-yield distributions
[34,35,36,37): "Since **Am-?**Pu may be in the transition region between the
Th-anomaly and “normal” double-humped mass-yield distributions, its fis-
sion properties may provide clués'to understanding the Th-anomaly. Indeed,
delayed fission greatly expands the number of nuclei in the light actinide
.regibn whose fission prdperties ‘r’na'y be kstudied, since nuclei such as *Pu
have ground state fission half-livés which are too long relative to their overall

half-lives to make studies of the ground state fission properties feasible.

2 EXPERIMENTAL

5.1 Targets and Irradiation

Approx_i.ma_tel_y. 50 mg of 2’Np was chemically purified .and d_i.s,solved_a,s the
_ pi§r§te ri1v1 isoﬁropanol to form a sﬁo,ck solution. An aliquot of this solution
. containing 150‘—25(_) pg of B"Np was electrodeposited on 25-um beryllium foil
1n ad:1723-‘cm2 area for each térget. Fifteen targets we:re made, with mea_éured
: thiqknesées rangiﬁg _f»rou:m 125 pg/cm? to 200 ,ug/cnf. Each foil was mounted
én a target holder vfr.amev. Twelve of the target h‘ol.der frarneé were mounted in
.tﬁé LIM [28] Térget System, Vvit;h a si)acing of ,apprq%(imaptely»onvg cg:rltimeter.

between each target. A 25-um beryllium foil served as the volume limiting

11



foil for the LIM Target System, and another 25-um beryllium foil served as
the vacuum window for the system. ,

The. 75-MeV a-particle beam was provided by the Lawrence Berkeley
Laboratory 88-Inch Cyclotron. The a-particle energy on the first target was
73.5 MeV, dropping to about 70 MeV after the last target in the stack.
The beam intensity was 3-6 p,uA for all irradiations. The recoiling reaction
prqducts 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 rotating-

wheel system (see 2.2 below) or to a chemistry laboratory (see 2.3 below).

2.2 On-line Measurements

For on-line measurements of the fission properties of 2**Am, the KCl aerosols
were transported about five meters via a capillary tube and collected on a
thin (&~ 40pg/cm?) polypropylene foil placed on the periphery 6f a wheel.
At preset intervals, the wheel rotated 4.5°, passing the polyprbpylene foil
thréugh a series of six detector stations. The detector stations were placed
so that the foil which had been in the aerosol collection position stepped
iﬁmedia’cely into station one, where it was counted for the preset interval.

~ The foil subsequently passed through each detector station until it left station
six, after which it was no longer counted. The wheel had 80 such foils along

‘its perimeter, so at any given moment one sample could be collected while -

six others were being counted.

12



Each detector station consisted of a pair of ion-implanted 'pa'ssivated sil-
icon detectors mounted above and below the plane of the wheel. This ar-
rangement allowed detectiqr‘lof 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 this ex-
periment, the a-particle energy resolution was about 40 keV. The.detectors
were calibrated for the fission measurements with a 252Cf source on a thin
polypropylene foil.

The signals from the semiconductor detectors, after appropriate amplifi-
* cation and pulse-shaping, were digitized to 11-bit (2048 channels) accuracy
by Ortec AD-811 analog-to-digital converters (ADCs) in a CAMAC c.rz;te.
These ADCs were controlled by a Standard Engineering CAMAC crate con-
troller interfaced to a Digital Equipment Corporatiqn LSI-11/73 computer
system. As the data was collected, it was tagged with a time and a detector
marker, and then written to magnetic tape in lirst (event-by-event) mode.
Since each event has a time associated with it, the stepping interval of the
wheel does not form the only time basis for half-life measurements. Subse-
quent sorting and_hiétogramming was performed on the data tb extract «
spectra, ﬂssion—fragment spectra, coincidence data, and decay information.
The rotating wheel is known as the “Merry Go-around” (MG), and the
goﬁtrolling computer system and its affiliated electronics are known as the
Realti_me Acquisition Graphics System (RAGS), hence the acronym MG-
RAGS.

13



2.3  Chemical Procedures

Two different chemical separations were performed on the reaction products
-~ of these irradiations. The first separation was designed to determine the ele-
mental assignment of the fission activity; the second was used to producé an
_americium sample suitable for measuretent of the plutonium K x-rays from
~-the EC decay of ?**Am. Measurement of the EC decay of ***Am in conjunc-

tibh with the 24Am eDF would allow determination of Ppp experimentally.

2.3.1 Chemical Procedure for Elemental Assignment

“In the separation desigﬁed‘ to assign the 7 of the fissioning activity produced
by'75—MeV'a on 2”Np, the activity-laden aerosols were trax;sported about
five meters via a capillary tube and collected on a tantalum foil. The activity
- and KCI were then dissolved in QOI/LL of § M HNO3. The resulting s.olution
was passed through a 1-mm X 10—rﬂm ani.on-é‘xchange column (Bio—Ra,d AG
1-X8, 200-400 mesh). Under these conditions all trivalent actinides will‘pass
through the column, while the higher valence actinides are adsorbed by the
resin. The column was washed with ~ 100 L of 8 M HNOs3, and the eluant
was collected on a tantalum foil, dried, flamed, and counted with a silicon
surface barrier (SSB) detector for a particles and fissions. The column ‘W'a,s
then washed With ~ 100 L of 3 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 1n Figure
1. Data from the SSB detectors were stored using RAGS. The total time

required for this separation was about 90 seconds.

14
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8 M HNO3
Am, Pu, Np

) B ,
Bio-Rad AG-1-X8 Anion Exchange|
Resin, 200-400 mesh |

'3 M HCI -
0.1 M HF

() ()
C

- Alpha/SF Counter Alpha/SF Counter

XBL 892-607

_ ‘Figure 1: Flow chart of the chemical separation used to confirm the assign-
ment of the fission activity produced in the **"Np + 75-MeV « reaction to

americium.
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2.3.2 Chemical Procedure for Ppr and o, Measurement

This separation procedure had to be more specific for americium since it was

necessary to separate americium from highly v-active fission products. High
purity was achieved by using a stacked-column techriique. In this technique,
a single column is made with two types of resin packed sequentially into the

column support For this experxment the column consxsted of a 3-mm x 50-

mm column of cation-exchange resin (Bio-Rad AG- MP 50, 200-400 mesh)

atop a 3-mm x 10-mm column of anion-exchange resin (Bio-Rad AG 1-X8,
200-400 fnesh)'. Elution with concentrated HCl allowed americium to be
separated from monovalent fission products divalent fission products, and
the lanthanides in the top portion of the column, and then plutonium and
neptunium were adsorbed by the bottom portion of the column.

For this procedure, the activity was transported via capillary about S0
meters to a collection site in the chemistry laboratory at the LBLvSS-Inch Cy-
clotron. The activity and KCl were dissolved in 20 uL of 0.5 M HCI to which
a known quantity of **'Am (t1/2 = 432 a) had been added as a yield tracer.

The resulting solution was passed through the stacked column. Concentrated

HCI was then passed through the column to remove americium. The frac-

tion containing americium was collected, and americium was coprecipitated
with CeFs. The precipitaté Was filtered, washed, énd then counted with aLn
intrinsic-germanium 'y—spéctroscopy system. A flow chart of this separation
procedure is shown in Figure 2. The total time required for this procedure
was approxirﬁately four minutes. Signals from the germanium detector were

pulse-height analyzed by an Ortec ACE-4K card in an IBM-PC compatible

16
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0.5 M HCl

Bio-Rad AG MP-50 Cation
Exchange Resin, 200-400 mesh

| Bio-Rad AG-1-X8 Anion '
_Exchange Resin, 200-400 mesh

~.conc. HCI

[’+1's,' +2's J [ - Am ] - '(Lanthanides}
1M Ce+3—_—l" | L_ conc. HF

Coprecipitate

Gamma Counter

XBL 892-608

Figure 2 Flow cha1t of the procedure used to isolate americium frorn the»
BTNp + 75-MeV a reaction in a form suitable for v countmg
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computer. A series of 1.0 min v spectra were taken and saved on the PC’s
‘hard disk for subsequent analysis.

Fission from the eDF of **Am was measured on an alternating basis
with the «v sampvles from the chemical separation: Samples for the fission
measurements were produced by collecting the ~déros’qls on a tantalum foil
in the‘same‘colle.ction apparatus as used in the chemical separations. The
tantalum folil- was flam’e& to red heat and counted in a }}Vihdowless 27 gas flow
proportional couﬁteli for te;i minutes to measur'eu th.e total number of fissions
produced in a given collection. The efficiency of this detector for fissions was
* determined to be 98.6% with a calibrated #52Cf source.

By measuring the fission production rate and the EC decay of *Am on
an alternatingrbasis, any unknown values cancel out in the calculation of Ppp
provided thesé values Qscillate more slowly than the rate of the experiments (6
per hour). Therefore, values which would normally have to be estimated, such
“as gas-jet yield or effective target thickness, are removed from the calculation

of Ppr. This increases 'thg‘ reliability of the measurement.. -

2.4 X-ray-Fission Correlation Procedure

The time correlation between the K-capture x-ray and the subsequent delayed
fission was measured using aerosols colllected directly without any chemical
sepafation'. The aerosolé were collected on a tantalum foil for a suitable
interval and the foil was placed before a light-tight transmission-mounted
300-mm? si_licbn surface barfier‘ detector opefate_d in air. In the initial exper-

" iments, the SSB detector and foil were sandwiched between two germanium
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v detectors. In the final measurement, a Nal(Tl) v detector was added to
provide better timing resolution.

Since fission produces about 10 prompt 7 rays from the fission fragments
[30,44], a high overall y-detection efficiency would reject many of the true
x-Tay events by summing the x-ray pulse with a pulse arising from prompt
~ rays. On the other hand, too low of an oy‘e.raill: .y efficiency would also
reduce the x-ray detection efficiency, and would hence reduce tﬁe observed
correlatign rate. By mgasg;ing the prompt 4 rays from spontaneous fission -
in a source of 2.5.2C'f‘,‘_t121’e; ,s,ée%cing_ between the v detectors and the sample
was adjusted to bring the summing féjéi:_tion level to 50%. As long as the
v multiplicity of the 234Am eDF decay mode is not grossly different than
thatf*bfame} 'r't'his 'vif‘oilﬂd:rf;ﬂa,Xir‘niz-é‘the number of detected correlations. In
the final configuration, each detector subtended a sd‘lidba,n‘gle‘b'f >ab_out 6.7% -
of 4w. A 50% summing rejection level gives an overall correlation.detecti\bn. ”
efficiency, using both germanium detectors,"of 6.7% for each detected fission.
The detector configuration is shown 'schematically in Figure 3.

The signal from the SSB detector provided a common' start for up to
three electronic time-to-amplitude converters (TACs). The stop signals 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 (in the last
measurement) was provided by the Nal(T1) detector. The time window on
the TACs was 500 ns. Calibrations were obtained using the prompt ~ rays
from the ﬁésion of 22Cf and the « rays in coincidence with the a particles

from the decay of 2*°Cf. The timing resolution of the germanium detectors
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Figure 3: Detector configuration for the x-ray-fission time-correlation exper-
iment on #*Am. '
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- was ~12 ns full-width at half—maximum (FWHM), and the energy resolution
of these detectors was ~2 keV FWHM in the plutonium K x-ray region. The
~ timing resolution of the Nal(T1) detector was ~3 ns FWHM, and its energy
resolution was ~30 keV FWHM in the 100-keV region. Upon detection of a
. fission event in the SSB detector, the amplitudes of the pulses (if any) in the
SSB detector, the 4 detectors, and the TACs were recorded in list mode with
RAGS. The times of the beginning of counting and the end of counting of

each sample were also recorded on RAGS.

3 RESULTS AND DISCUSSION | .

3.1 Elemental Assignment

Using the chemical pjrocedure described in 2.3.1, 38 samples were processed
and eounted over about four hours. In each case, ‘ehe aerosols were collected
for three minutes and then subjected to the chemical separation. Each sam-
ple was_coﬁntea for approkimately 18 minutes. Twenty-seven fissions were
observed in the americium fractioh and one was observed in the Np/Pu frac-
tion. The one ﬁsswn in the second flactlon is consistent with the amount
- of americium expected to tail 1nto this flactlon Prior tracer studies of this
procedure had shown cross- contarmnatlon of each fractlon to be about 2%:
The 6.46—Me_V « group attributed [29] to **Am was also observed in the
americium fraction.l '

Based on these results, we have assigned the fission activity produced in
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this reaction to americium (or the delayed fission to an americium precursor).
The first fraction contains.only the trivalent actinides produced in this re--
- action, while the second contains any neptunium, plutonium, protactinium,
- or thorium produced. Uranium would remain on the column in this proce-
dure. Francium, radium, and aéti’niurn would follow the americium in this
" procedure, as would ‘the lanthanides.  However, -the amount -of Fr, Ra, and
" Ac produced in this reaction was observed (from'thé on-line « spectra) to be
very small, and the lanthanides are unlikely to fission. Hence, americium is

the only reasonable elemental assignment for the observed fission activity.

3.2 On-line Results
The eDF and a—decé,y properties of234Am were measured over a forty hour
irradiation using MG-RAGS as described i‘n 2.2. The MG theel was ad-
vziﬁcéd one posifioh évery 2.50 Vmiﬂnﬁtes, so that the samples would spend
| appro'xi‘niate-ly six half-lives bétweer; the six detector pairs. Each detector
registered a particles and fissions for the full 2.50 minutes, ékcept the- first
detector statidﬁ. In the first ;station, signals fromthe a‘.partides were sup-
pfesse.d. for the ﬁrst 12 s.evcvonds following the ‘wheel motion. This allowéd
the 8B—{-E‘I;i (tl/.g <1 éecbnd) a activity produced from the beryllium target
backingél to decay without cvausin‘g’ excessive system deédt_ime. Fission sig-
nals from this detector were not seriously affected by these activities, and
were analyzedb for the full interval. After one full revolution of the wheel (80
positions), the wheel was x‘éplaced with a clean one so that any build-up of

long-lived spontaneous fission activities was prevented.
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3.2.1 Fission Properties

A total of 1188 coincident fission-fragment pairs was observed in these mea,-.
surements. From these events, a more accurate value of the half-life was;
obtained than previously [15,16,18,21] reported. The half-life was found to"\
be 2.32 £ 0.08 minutes, slightly shortef than found in the previous reports.
The decay curve for this fission activity is shown in Figure 4. 'Each point ;
on the decay curve has been normalized to represent the same number of ",
samples per detector station.  This is neéessary 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 impact
the measured half-life. |
From the décay curve, we can estimate an apparent fission cross section -

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 75 ug/cm? per target. The effi-
clency .of the.aefosol-transport:system was taken as 100%, although it could
be lower. ; ’Thesei aé;urhptidﬁé result. in "an ap;f)dfé’n.ﬁ" ﬁss1on cfoSs—séétion of
| abouf 0.2.r'1b.

 Fission from ®*Am was observed to have a highly asymmetric mass dis-
tribution. The data were corrected for neutron emission withA a. neutron

emission function 7(A) similar to that of 252Cf, normalized to 7y = 2.4. Pre-
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Figure 4: Decay curve of the 22*Am EC-delayed fission activity as measured
on MG-RAGS. The wheel stepping time was 2.50 minutes.

2



and post-neutron emission values are given in Table 3. Table 3 lists two val-
ues for each property: the first column gives the results as calculated using
- the Schmitt, Kiker, and W illiams (SKW) method [39] with the SKW calibra-
tion values for 2°2Cf; the second column gives the results as calculated using
the SKW method with the energy calibration parameters of Weissenberger
[40]. The Weissenberger calibration values are more accurate than the SKW,
but in order to compa,fe the delayed-fission properties of 23*Am with previ-
~ous data’it was necessary to use the same calibration method as used for
the previous data. Figure 5 shows the TKE and mass-yield distributions of
- the 23 Am ¢DF mode after corrections for neutron emission. The mass-yield
4distributiqn has a peak-to-valley ratio of 7 resultiﬁg: from the asymmetric
ﬁssion. '_fhe pre-neutron emission mass-yield distributiqn of an evaporated
source of 252Cf showed a peak-to-valley ratio of 5.6 under similar conditions. |
The TKE distributioﬁ 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 [41] plof in Figure 6. The TKE value of 175 MeV (SKW) for
the 4Am eDF is comparable to the predicted TKE [42,43] for ground state
fission from 23*Pu, as shown in Figure 7. |

The highly asymmetric- mass-division and syrnrnketrié TKE distribution
show no trace of the thorium anomaly. Therefore, the transition region
between “normal” double—humpedmassv distri‘_butjons_ and th'e triple-hurﬁped
distribution of the thorium anomaly must begin with thter 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
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Table 3: Summary of the fission characteristics of the *Am ¢DF mode.

SKW®  Weissenberger®

‘Post-neutron TRKE® | 1735 MeV 17145 MeV

- Pre-neutron TKE 175+ 5 MeV 173 4+ 5 MeV

Post-neutron KE? of high-energy fragment 99.8 +2.0 MeV  98.6 + 2.0 MeV

Post-neutron KE of low-energy fragment” 73.5+1.4 MeV'  72.3+ 1.5 MeV

Pre-neutron KE of high-energy fragment  100.6 +2.0MeV 994420 MeV

Pre-neutron KE of low-energy fragment  74.1+ 1.4 MeV  72.9 £1.5 MeV

Average mass of the light fission fragment 99.1+0.1 99.0+0.1

Average mass of the heavy fission fragment 134.8 :i:b.l 135.0+0.1

~*Calculated using the Schmitt, Kiker; and Williams (SKW) [39] method and
reference values for 252Cf. - _

bCalculated using the SKW method and the reference values of Weissenberger
[40] for %52Cf.

¢Average total kinetic energy.

4 Average kinetic energy.
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Figure 6: Total kinetic energy and average total kmetlc energy of 24Am as
a function of mass fraction. :
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Figure 7: Average total kinetic energy as a function of Z2/A'/3. The solid
line is a linear fit of Viola [42], and the dashed line is from Unik et al. [43].
Ground-state (spontaneous) fission data for the trans-berkelium actinides are
taken from Hoffman and Somerville [44], and data for the lighter actinides
are from Hoffman and Hoffman [30]. Z2/A'/? for the 2**Am delayed fission
is calculated for 2Pu, since that is the fissioning nucleus. All data is based

on. the SKW [39] method.
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measure their fission properties.

3.2.2 Alpha Decay Properties

The 6.46-MeV « group [29] of 234Am was observed in the on-line alpha spec;
tra, along with a numbér of othef péak_s fesulting from other reactions with
the 27Np target material, or with lead and bismuth impurities in the targets.
An a spectrum from the'MG, with the major »grou.ps identified, is shown in .
Figure 8 Unfortunately, the large amount of ‘shért-lived ,B activity produced
in thisg reaction reduced the o resolution of the ﬁfstﬂij.(‘iétector station to sugH
a poor value that the a data from this detécﬂor station was omitted from the
subsequent decay analysis. - '

The 6.46-MeV d peak was observed to decay with a tw’(;—compvonent half-
life, with one component about 2.3 minutes and the second too long for this
experiment to measure accurately. After correction of the decay data to
represent the same number of samples, half-life analysis was performe'd: using -
the EXFIT [45] computer code. The 2.32-minute component is assignéd
to *Am. The long component is presumably due to tailing of the 2!1Bj
peak which contains growth from *''Pb. The long component cannot be due
to a ldng-lived_isomeric state in 22*Am decaying by IT to the ground state.
Such a state would also yield a long component in the deiayed fissions, which
was not observed. Thé decay of the 6‘.46-_MeV e groilp is shown in Figiu‘é
9. Comparison of the initial activities of the »Am o and DT branches
(from the on-line data) yields an alpha-to-fission r.atio 6f 5.8..:i: 0.4. Usilng

the same assumptions about effective target thickness and transport 'Yiélds:’
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Figure 8: Alpha spectrum from the on-line studies of **Am produced by
the 2’Np(a,zn) reaction and measured by the MG. This spectrum is taken
from the second detector station, with a stepping time of 2.50 minutes. Major
peaks are identified.
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the partial cross-section for **Am produced by this reaction and decaying

by alpha emission was found to be 1.1 nb.

3.3 Ppr and o, Results

Americium fractions were repeatedly isolated chemically over an irradiation.
period of @bout four hours: Fission measurements were made in the same
period on an alternating basis with the cherrﬁcal separations. kThe chemically
puriﬁe@ americium samples were v counted repeatedly for approximately 40
minutes each. The fission samples were counted for one ten-minute period
each in the proportional counter, and the integrated fissions were recorded.
The v spectra were analyzed using the SAMPO [46] computer code, and,
half-life analysis was performed with the CLSQ [47] code.

Figure 10 shows the v rays observed in a representative spectrum from
this experiment. Some ?3’Am and **®*Am was vﬁsible wifhin the spectra,
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 282°Al and *’Mg. The aluminum and magnesium were most likely
produced by scattered beam on the aluminum targét-holder cards. Half-life
analysis confirmed the assignment of these peaks.

The K x-ray region from the spectrum used for Figure 10 is expanded
and shown in Figure 11. The plutonium x-rays resulting from the electron
capture of americium are clearly visibleT The only other peaks in this region

are lead K x-rays and the 59.5-keV « ray from the *' Am yield tracer. |
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Figure 10: Gamma rays in the range of 0 to 2 MeV observed in a chemically

purified sample of americium. The K x-ray region is expanded and shown in
Iigure 11.
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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 BTAm (tyy2 =
73 .min) and 238Am'(t1.)2 = 1.63 hr), and the short was 2*Am. The K x-rays

- were fitted with two corhponents 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 12. The resulting initial activities of -

the 24Am electron-capture decay mode were corrected for detector efficiency,
chemical yield, and K-fluorescence );ield (taken as 97.7% [48]). The resulting
initial disintegration rates were used for the calculation of o, and Pp F
The electron- capture cross-section was calculated based on the following
assu(mpt'ibns.,First_, the targ.et thickness was estimated fhé same way as for
the apparent fission cross-section, yielding an effective total target thickness
of 12x 75 pg/cm? = 900 pg/cm?. Second, the gas-jet yield was assumed to be
- 100%. Third, because of the lack of discernible v lines in the spectrum with a
2.32 minute half-life, it was assumed that the level density of the daughter was

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 _frorn internal conversion was taken as negligible. Of course,
the last few transitions should be fnore highly converted, but without detailed
information about the level scheme of ?33Pu any estimates on K-conversion
would be near baseless. With the above assumptions, o, was determined to
be 5.4 £ 1.3 ub at the 1o (68%) confidence level.

The delayed fission probability was calculated from the electron-capture
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Figure 12: Half life fit for the plutomum K x-rays obselved f1orn the cheml
cally purified 23‘1Am sample
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initial activities and the number of fissions observed in the subsequent fission
sample. By measuring each quantity nearly -simultaneously, experimental
- variables such as the target thickness, the beam flux (since our flux was
held at a constant 7 exA throughout this measurement, with less than 5%
deviation), and the gés-jet Vy‘iéld should all cancel out. This allows us to
calculate Ppr with a variant of Equation 1,

AIf/[e—Atl _ e—A(tl"‘tc)]
‘DO'6 LY

Pop = (15)

where ) 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 Do, is the initial activity for electron capture.
Employing this relationship, Ppr was calculated and averagéd over all of flle
separate determinations. This yielded a value of Ppp of (6.6 £1.8) x 107° at
the 1o (68%) confidence level. Table 4 lists the individual values obtained.
Using the delayed-fission probability as-the ratio of fissions to EC decays
and the a-to-fission ratio determined in 3.2.2 above, the a-to-EC ratio was

found to be (3.9 +1.2) x 107

‘3.4 X-ray—Fission Results

Samples were collected from the gas-jet system every four minutes and then
placed in the counting chamber for the correlation studies. Approximately
1500 samples were processed in this manner. Figure 13(A) shows the x-ray

and ~ spectrum of those events in promptrcoincidehce with the fission signal.

Figure 13(C) is the logarithm of a maximum-likelihood fit L of an idealized
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Figure 13: X-ray-fission correlation results. A: X-rays and 4 rays in co-
incidence with delayed fission from *Am. B: An idealized plutonium K
x-ray spectrum, based on the measured detector resolution and an expected
prompt y-ray continuum. C: The likelihood function for the position of the
ideal spectrum (B) in the data (A), as a function of the K,; position.
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x-ray spectrum (shown in Figure 13(B)) to the observed data. The number

of counts expected in channel z, Y}, is given by

5 . —(i=C.)2 )
Yi=0>_ _éf_e(—n%)f) + B; (16) -

=10V2er

 where o represents the gaussian width of the detector response, A; and C;
are the number of expected ‘counts and centroid in the 7t peak of the K
x-ray multiplet, respectively, and B; is the expected background in channel
: 2. The probability of observing Zi'counts in channel ¢ when Y; counts are
expected is given by a Poisson distribution,

Zi -Y;
Yime ™
z!

P, =

. and the likelihood function is give as the product of all the probabili'ties

L=1IP. 'uéﬁ

In Figure 13(C), the logarithm of the likelihood is plotted as a function of the

Kal pos1t10n of the 1deal spectrurn Frorn the hl\ehhood functions, the most

. _probable Ko energy was found to be 103 6 0.5 l\eV in excellent agreement _

with the plutonium Kg; energy of 103.76 keV. The total number of K x-rays
was found to be 32 i+ 6 by allowing the intensity of the ideal spectrum (Y) to
vary within the maximume-likelihood analysis. Observed and expected x-ray
intensities for plutonium are given in Table 5. | |

No evidence was observed for ﬁssmn delay tlmes longer than the best

trrnlng resolutlon of these e‘<per1ments about 3 ns. The fact that plutonium
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- Table 4: Individual Ppr determinations for **Am. Ppp was calculated in
each case by Equation 15.

Do,s , If PDF/,IO—5

16694 + 13% 4 7.17
15502 + 15% 4 7.74
15157 + 12% 4,3  6.93
11606 + 20% - 3 7.74
18929 &+ 17% 2 3.18
19636 £ 16% 5 7.65

Table 5: 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. [48]. ’ | ’

X-ray E/keV e No. Observed® - I

PuK,, 99.55 0.299 10 0.20 £ 0.07
PuK, 103.76 0.479 22 0.45 £ 0.12
PuKgy 1169 0.162 14 0.29 =+ 0.09
PuKgy 1206 0060 = 3 0.06 & 0.04

¢ Approximately 18 of the observed events are attributable to the prompt
v-ray continuum.
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x-rays can be seen requires that the lifetime of the fissioning state be longer

than the time it takes the orbital electrons to cascade down and fill a K',

-vacancy. The time required for this is on the order of 10~ seconds [49]. We
can therefore sét boundaries on the excited half-life of 1»0‘8 ns < tp < 3ms.
If the nucleus is truly 100% dampéd in the secqnd well (as it was assumed
in Equation 7), then these limits are also limits on the lifetime of the shape
isomer 24f Pu. These limits are consistent with the Half-life systematics of
plutonium shape isomers (See Figure 3 of Ref. [50]), from which one would
expect the half-life of 2**/Pu to be in the rdnge of 1 to 100 picoseconds.

The coincidence v data in Figure 13 also shows what appears to be true

peaks at about 112, 147, 168, and 185 keV. These peaks are very weak,

but prompt 7 rays from fission fragments do not display such structure. It

is possible that these v rays are a result of the level structure of 23*Pu in
the second well. If this is the case, the correlation of these v rays supports
the hypothesis that the .sec()nd. well is strongly darﬁped. Unfortunately,v the
poor statistics of the v-v-fission-time correlation data precludes constructing
a level scheme for 24/Pu.

The observatibn of x-ray-fission correlations in this experiment unequiv-
ocally proveé that the decay 1s indeed EC-delayed fission. ‘This is the first
eDF process for which direct proof has been obtained [51]. The only other

time-correlated proof of a delayed-fission process is for 6DF in "Es [26].
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4 CONCLUSIONS

234 Am was produced using muitiple ZNp targets irradiated with « particles
in the energy range 70.0-73.5 MeV. The half-life was determined as 2.32 +
0.08 minutes using the MG-RAGS rotating;wheel system at the Lawrence
Berkeley Laboratory 88-Inch Cyclotron. The fission properties of the 2*Am
eDF mode were measured. It was found to have a highly asymmetric mass
division. The total kinetic energy distribution displayed only one component,
and had an average TKE of 173+ 5 MeV. The mass-yield distribution showed
no evidence of the thorium anomaly observed in lighter Z nuclei with the
same neutron number. These are the first reported measurements of the
fission properties of a delayed-fissile nucleus.

The eDF mode provided a mechanism for studying the fission properties
of a nucleus far from stability near its ground state. No other technique
exists which would allow the study of near-ground-state fission from a specific
nucleus this far from §-stability.

The electron-capture branch of ***Am was measured radiochemically,
yielding a cross-section of 5.4 & 1.3 ub for the #"Np(a,7 n) reaction. The
delayed-fission probability was measured experimentally, and found to be -
(6.(3‘ 4+ 1.8) x 107°. The 6.46-MeV «a decay of **Am was found to have
a branching ratio of (3.9 £+ 1.2) x 10™*. This report is also the first time
both the ﬁssion and the EC branch leading to the fission have been directly
measured.

Finally, the coincidence data between the plutonium x-ray and the fission

provides direct proof that the fissions observed in this experiment are the
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result of americium K-capture followed by fission of excited states in the
daughter plutonium nucleus. This data confirms [51] that eDF is a decay

mode of 24Am: |
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