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spectra has resulted in the assignment of numerous transitions

to new isotones, fhe‘défermfnation of many transition half Tives,
and the procnrement of Timited information cdncerning maniQ ' o
po]arities. It was concluded, based on the x-ray and conversion - .
electron géta ‘that most 6f fhe lerge number of obserVed 1ow "

energy trans1t1ons assoc1ated with heavy fragments are attr1butab1e

to odd -mass or odd- odd nuc1e1 and that surpr1s1n01y 11tt1e contr1- ,
but1on to the-]ow energy spectra is associated with even-even

nuc1e1 in the rare earth reg1on Low energy transitions in even-

even nuc1e1 were found to be more preva]ent among the light
'fragments Dataarepresented supporting the a551gnment of a
high 1ntens1ty 241 keV transition as the 2+ to O+ trans1t1on in
110Ry, An exam1nat10n‘of_th1s transition in terms of the energy ' ff"?
predicfed on the basis of rotatienal behavior and with regard to |
the systematics of neighboring even-even Ru'isotopes reveals

evidence which strong1y suggests that 1!0Ru belongs to a new region

of stable deformation,

NUCLEAR FISSION 252Cf fission products, measured E(ce)s _

_I(ce)’ T%(Ce)?. (x)* I(X)
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1. Introduction

’Primary'(pre-beta decay) fissionbfragments are interesting nuclear
species because they.contain']arge excesses-of neutrons,.are in states of
moderately high nuclear excitation,vand possess on the order of 8 to 10 units
of angular momenta Consequent]y, stud1es of the1r nuclear propert1es cou]d
~ lead to 1mportant new discoveries which are un1que to th1s spec1a1 c]ass of
nuc1e1 Furthermore the ab1]1ty to examine spec1f1c fragments as 1dent1f1ed
by their character1st1c radiations wou]d prov1de a powerfu] method whereby -
1nformat1on perta1n1ng d1rect1y to the fission process cou]d be obtained.

EXperiménta11y, detailed inVestjgations of the deexcitation processes‘v
of primary fission fragments are extreme1y difficult. This is due to theifact
that there is no way to study any one isotope without the interfering radiatiOns
from numerous others}since many different products are formed in fisston; \
Modeirn e]ectronic devtces and solid state'radiation detectors, however;:have_ f
now made pOsstb1e multidimensional investfgations in which the coincident |
radiations of fission‘fragments may be measured and correlated. - By s1mu1--
taneous]y measurlng the gamma-ray energ1es and f1ss1on fragment energ1es asso-
c1ated with 1nd1v1dua1 f1ss1on events, Bowman, Thompson and Rasmussen )
successfully demonstrated the capability of reducing the prev1ously observed
continuous gamma-ray spectrum from 252Cf fission fragments into spectra dis-
playing discréte]yvreso1ved structure when sorted with respect to fragment
‘mass. Fo]loWing this experiment, Watsonz) measured the spectra of internal
conversion.e1ectrons associated with interva]s of fragment mass and identified
transitions with fragments of specific atomic numbers by comparing the observed
e]ectron line energies with the gamma-ray energies observed by Bowman>).

These assignments, however, were very tentative because of the relatively poor
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electron and gamma-ray energy resolution obtained jn the two'experiments. The
mass and-atomic number assignments‘Were bofh estimated to be uncertain by
] unit.

In order to eliminate the uncertainty in the atomic number assignments,
the present expériment_was_undertaken in which coincident K x-ray energies
were also measured and recorded simultaneously with the electron and ffssion
fragment energies.uSing_a'multidimehsional pulse height analyzer. The details
of this experiment and the cqmbined_resu]ts-of.this‘plus,thoéerfrom the above

mentioned study of Watson are reported here.

2._Experimenta1 procedﬁres

2.1 APPARATUS o

' .Thé‘ﬁ?étiéé"ﬁeaéu?émeht'bf electron energies feqdifes the elimination of
ény windbw.for'the electrons to penetrate tﬁatAW6u1d seriously degrade the
resolution obtainable with the spectrometer being used. 'Ih'fhe pfesent exberi;
ment, this restriction necessitated that the e]eétron'speéirometer (avlithium-
drifted siticon detector of dimensions 1 cm x 2 cm x 3 mm) be located inside
the fission chamber, imposing the further complication of devising a means o%
-shieldiﬁg the detector from;interference by fission fragments, alpha partic]es;
X-rays and gamma-rays. Conventional methods of shielding, such as placing
the detector behind a lead collimator with a view of oﬁ]y a small portion of
thé fragment flight path, result in such a Tow detection geometry as to make
any detailed study impractical. The prob]eh_was resolved by employing a magnetic
steering device to guide the electrons around a 90° arc, away from the fission

source, to a shielded detector. This steering device utilized the highly |




convergent fringing field of avlarge electro-magnet where conditions‘were such
that highltransmission (14%) was attained with'no'dependence on electrona
.energy. A‘detailed description of the design and operatdon of this device

is given in refr4). The electron detector and interha]ly'mounted,FET were
operated at‘Tiguid'nftrogen temperature andjgave an energy reso]ution‘of

2.5 keV FWHM'fOruthe.661 keV electron peak ariang'from the decay of‘137Cs;

A.sChematic_diagram of the experfmental arrangement is shoWn in ffg. 1.

A weight]ess'amount of'zsztf deposited'onto a thfn (~70,ug/cmé) nicke1'foi1 by -

self transfer fromva‘TO'ug source (which was collimated to 1/16 in.) was
mounted between two phosphorus d1ffused s111con f1ss1on fragment detectors
The fragment detectors were collimated to 15 mm in d1ameter and operated at
| -50°c, D1rect1y below the fragment detector-source axis and centered at the
symmetry p]ane of the magnet was 1ocated a 11th1um dr1fted s1]1con x-ray
detector of d1mens1ons 1/2 cm x 1/2 m x 3 mm. This detector was mounted in
a separate evacuated cryostat wh1ch was 1so1ated from the main vacuum chamber
by a 0.010 in. bery111um w1ndow The detector and 1nterna11y mounted FET
were operated at 11qu1d n1trogen temperature and gave an energy resolutlon of
0.75 keV FwHM at 14 kev. | | |

The reg1on of acceptance of electrons into the steer1ng device was

defined by two deflectors which prevented electrons emitted outs1de this region
from reaching the electron detector (see ref.4). The fragment detector-
: source-def]ector configuration used in this experiment was as follows: the
252Cf source was mounted on one of the deflectors and positioned at a distance
of 1 cm from the magnet symmetry p1ane.. Fragment 1 detector was mounted 2 cm
from the magnet symmetry plane on the same side_as the source and fragment

2 detector was mounted on the other deflector 1 cm from the magnet symmetry

~ plane on the other side. The source, fragment detectors and deflectors were
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all mounted coaxially. Since the average fission fragment velocity is about 1
cm/nsec, this arrangement enabled us to observe only electrons which were
emitted approximately 1 nsec after, fission with a calculated time resolution
of 1.7 nsec FWHM. Utilizing this same technique, Watsonz) measured the
spectra of e]eetrons emitted at approximately 2 nsec after fission as well

and used re]ativeaintensjties of electron peaks appearing in the two measure-

ments to determine transition half-lives.

2.2 ELECTRONICS
The comp1ex1ty of th1s type of exper1ment stems from the fact that not
only must the energ1es of e]ectrons, fission fragments and X rays ev01v1ng
from the same fission events be 1nd1v1dua11y meaSured and recorded, but also
the event-by- -event correlation. must be maintained. The e]ectranicvsystem was
assemb]ed in such a way as to enab]e the fo110w1ng
.l'(a)' The measurement and event-by-event ana]ys1s of
| (M Fragment 1-fragment 2-electron coincidences (type i events)
(2) Fragment 1-fragment 2- X=-ray COincidences (typedz events)
(3) Fragment 1- fragment 2-electron- -X-ray co1nc1dences (type 3 events).
(b) The optimization of energy and time resolution. 7
(c) The maintainance of electronic gain stability over long periods of
time. |
Pulses trom the tission fragment detectors were amp]ified by standard
Tow-noise preamp11f1ers wh11e those from the electron and x-ray detectors were
'sent to spec1a] preamplifiers des1gned by Jared and K11ean ). The signals
were then routed to linear amplifier systems v1a.var1ab1e gain amplifiers.
Zero crossover signals were generated in each system and were subseguently

" subjected to a fourfold coincidence requirement by means of which only events




for which two compjementary fission fraéments and’anﬂrerav Were detected
within 100 nsec after a fission event ,and an eTectron-was detected within the
time interval of 18 nsec to 180 nsec after the same fission event'were recorded
as type 3 events. (The Targe resoiving time'for e1ectrons was needed because
of the lengthy f11ght time requ1red for the transm1ss1on of 1ow energy e]ectrons
in the magnet1c steer1ng dev1ce) The f1ss1on fragment zero crossover s1gna1s v
were further subJected to a fast doub]e co1nc1dence requ1rement hav1ng a 50 nsec
resolv1ng t1me.1 Whenever an event occurred in wh1ch ‘the fourfo]d and doub]e
coincidence‘requ1rements were sat1sf1ed a gat1ng signal was fed to a Nuclear
Data mu1t1d1mens1ona1 ana]yzer wh1ch in turn ana]yzed the pu]se he1ghts |
from the various amp11f1er systems. 0ther co1nc1dence c1rcu1ts were connected
“in such a way that triple COincidence events (type 1 and type 2 events)
generated separate analyzer gates if the fission tragment double coincidence
requirement was also fu]fi]]ed " Each of the pu1se-heights associated with
the various event types were d1g1t1zed by a separate d1mens1on of the ana]yzer
and stored in the memory event by event, so that the order of the detector |
pulses was ma1nta1ned ‘Each t1me the ana]yzer memory became full, the output
was written on magnet1c tape. | | R

S1nce the fourfo]d coincidence counting rate was very low (410 per minute)
the experiment had to be run continuously for a period of approximately two |
months in order to obtain 1 x 105type 3 events.. To avoid any possible. gain
shifts that would alter the detector energy calibrations during the long
operation periods, a digita1—gain'stabilizer system of .the type described by
Nakamura and'LaPierreG) was incorporated intovthe electronic system, This
unit continuously monitored distributions of selected events from each detector
and maintained the first moments ot these distributions in preScribed positions

by feeding back to the variab1e gain amplifiers preceding the main amplifiers



the analog voltages eorresbomding to the diffetences»inbthevnumber of pulses
appearing above and below the.pfe-se1ected peak channelst The stabilizers
were triggered by coincidence gates generated by each'detector. The e1ectfon
system was stabilized by monitoring the 277.6 keV gamma-rey of a 243Cm
source mounted directly behind the electron detector on the surface ot a semi-v
conductor alpha detector. The stabilizer gating pulses were generated by
requiring a double coincidence between gemmd—fays detected in the electron
detector ‘and a]pha part1c1es detected in the a]pha detector Stébi1iiation
of the x-ray system was ach1eved in exact]y the same way by mon1tor1ng the
59.5 keV gamma ray in co1nc1dence with the alpha decay of 21+1Am The fission
fragment systems were stab111zed by mon1tor1ng the 11ght fragment distribution
and gating Was_accomplished by means of the double coincidence requirement
between fragmehtsddetected'in_detector 1 and fragments detected in detector 2.
This also ehab1ed the simultaneous recording of the double coincidence fragment
distribution. .

Every event:which generated an analyzer gate'was.identified as one of
the three event types or as one of the four types df stabilization events |
by a markef pulse. This marker pulse was sent to the fifth dimension of the
multidimensional analyzer and identification of the different event types was

accomplished by placing a count in the appropriate chanhe1 number,

2.3 DATA PROCESSING

Upon completion of the experiment, the data tapes were brocesSed on.a
CDC 6600 computer. Basically this'processing consisted of (a) separating
the different event types, (b) sorting each event of the three event types
and of the (doub1e coincidence) fragment stabilization events into 2 amu

intervals of mass by means of their coincident fission fragment pulse heights




(the details of the mass computation are g1ven in the Append1x) (c) p]otting
the tr1p1e co1nc1dence e]ectron spectrum (event type 1), the triple coinci-
dence x—ray spectrum (event type 2), the fourfold co1nc1dence e1ectron |
spectrum (event type‘3),vand the fourfold coincidence x-ray spectrum (event
type 3) - assdciated with each interval of mass by Cal Comp plotter, and

(d) p]ott1ng the various stabilization spectra for energy calibration purposes.
After the triple. co1nc1dence and fourfold co1nc1dence electron spectra had

- been examined 'further'prOCessing was carried 0ut'by p]acing "windows" on
each observed e]ectron peak ‘and sort1ng out on1y those fourfo]d co1nc1dence
X-ray events which were in co1nc1dence with events in the e]ectron peak
"window". These sorts, whiCh:will henceforth be referred to as "x—ray window
sorts", were carr1ed out for each mass - 1nterva1 in wh1ch the e]ectron peak

4

appeared

3. Results

3.1 TRIPLE COINCIDENCE ELECTRON MEASUREMENTS |
The triple coincidence electron measurements (type 1 events) of the

present experlment were essent1a11y 1dent1ca1 to the 1 nsec measurements
made previously by Watson. We therefore present here the more complete
results of these earlier stod1es.*

- The total e1eotron spectra unsorted with respect to fragment mass are
compared_in.fig..Z for three experiments. The three sets of data were taken
(a) with the fission source at the magnet symmetry plane, (b) with the fission
soprce 1 cm from the maonet symmetry plane, and (c) with the fission source
2 cm from the magnet symmetry plane. With the souree in these various positions,

electron detection was restricted to those electrons emitted'by fission

*The present measurements did, however, show that the electron peak energies
determined in the earlier experiments were shifted down in energy by 3.0 keV.
The results we report here have been corrected for this energy shift,
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fragments wh1ch had trave]ed to within the distance 1nterva1s of O to 0 9,
0.1 to 1.9 and 1.1 to 2.9 cm from the fission source. S1nce these fission
fragments travel with an average ve]ocity of approximately 1 cm/nsec,‘the
curves. in figvv2 repreSent the energy spectra of7e1ectrons emitted from
fragments of a]] masses at the average times of (a) 0.4 nsec, (b) 1.0 nsec,
and (c) 2. 0 nsec after fission. | '

C]early v1s1b1e in the gross spectra of f1g 2 are well- def1ned
electron peaks character1st1c of the 1nterva1 convers1on of nuc]ear gamma—
ray transtt1ons.' Spec1f1ca11y, peaks are seen at energ1es of 28, 36 45, 93,
106, T’T, and.TS3 kev. Furthurmore the structure d1sp1ays a rap1d increase
in 1ntens1ty and comp]ex1ty with decreas1ng energy in accordance with the
well- known dictates of the 1nterna1 conversion process ' US1ng the tota]
y1e1ds of e1ectrons (summed over a]] energ1es) in the three time intervals
represented by the spectra in fig. 2 a decay curve was constructed and found
to be crude]y ana]yzab]e in terms of a two component decay The resulting
half-1ives of the two components were 0.17 nsec and 2.6 nsec. -

Mass‘sortedlspectra are shown in fig. 3 for three heavy'fragment mass
1nterva1s'and in fig. 4 for two light fragment mass intervals. They were
'obtained by sorting the data shown in figt 2(b) (i.e. data from the
experiment in which the source was 1 cm from the magnet symmetry plane)
with respect to the masses of the coincident fragments. It is quite evident
that sorting.with respect to mass'has'indeed-accomp]ished the desired effect
of decreasind the complexity of the spectra to the point of making possible
energy and mass determinations.of many transitions.

A]though‘the sorting process has great]y simplified the electron spectra,

it has by no means reduced them to the realms of simple analysis for no
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restrictions‘haVe been placed upon the-atomic numbers of nuclides contri-
but1ng to the spectra Theretore each spectrum contains possib]e.major |
contr1but1ons from at least three d1fferent e]ements Moreover, complexity
also ar1sesvfrom the fact that each'e]ectron peak is spread over S‘to 6- mass
intervals duebto the dispersion‘involved_in determining a fragment‘mass.
(An'accuratefdeterminatiOnvot.theiexperimentaT mass resolution is discussed
in section 3.31) A number of the electron peaks in'ffgsHv3 and 4 have
‘been 1abe]ed a]phabet1ca11y for use here in show1ng spec1f1c K and L
coriversion lines and for use 1ater in demonstrat1ng the correlation between
these spectra and the gamma-ray measurements of Bowman ..
Two spectra‘for the mass 1nterva1v145 to 147 - - one‘with the source

1 cm from the:magnet symmetry plane (t = 1 nsec) and'the'other taken with the
.source 2 cm from the magnet symmetry plane (t 2 nsec) - - are compared

in fig. 5. It can be seen that the relat1ve intensities of severa] of the
peaks change marked]y in these two spectra due to the1r dwfferent rates

of decay A deta11ed ana1ysws of the re]at1ve 1ntens1t1es of peaks appear1ng
in.the 1 ‘nsec and 2 nsec exper1ments has enabled the determ1nat1on of |
numerous transition half-lives With an estimated accuraCy of = 20%.

The aforementioned gamma-ray investigations of Bowman were basically
similar to the present tr1p1e co1nc1dence electron measurements in that the
gammafrays were detected 1n coincidence with the fission fragments (using
a Iithium drifted germaniumAdetector), the fragment energies were measured
and recorded.with the energies of the coincident gamma-rays, and the data
were processed;and sorted in a similar fashion. Spectra were taken with
the gamma ray detector positioned at 90° and at 0° - 180° with respect to
the fragment flight path. Three gamma-ray spectra obtained by Bowman at

90° to the fragment flight path are shown in fig. 6 for the same mass
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intervals as thevelectron spectra of figs{ 3 and'4. Sinceiinﬁthe gamma-ray
experiments there was no way in which detection could be iimited to only
those gamma rays emitted by a selegted member of»each fragment pair, these
spéctra.contaih'gamma-réy Tines from both the Tight fragments and the
coincident heévy fragments bé]onging‘to'thé méss intervals specified in
the figure. 1In order to demonstrate the consistency between the electron
data and thélgamma—ray data, the appfoximaté energies-of gamma'rays giving
rise to the iébéTed K and L'éonvéksibﬁ electron 1inesvin figs. 3 and 4 were
calculated from the'Eindihg éhergies‘of the most prbbab]é charée e1ement§.
The resU]tihg'gamma;ray energy positions ére<indféétea bj af}oﬁs and
identified by the 1ettér5'of'thé'corréspohdfng electron peaks in fig. 6.
-As can be Seen; éxcéi]ent agreement.is obtained in mosf cases. A comp]éfe
compilation . and comparison of %he 1 nséc'electron'spectra and of.the 90°
and 0 - 180° gamma-féy spectra obtained in these ear]fer studies may be
- found in'ref.7). ) | | |

In the analysis of the e]ectrohlspect?é, account had to be taken of
the energy shift and b{oadéning of the electron peaks due to the fact that
the electrons were emitted from fission fragments traveling with relatively
high'velocitiés. Utilizing the calculated dependence of the electron peak
widths on eﬁergy and fragmeﬁt ve]ocity, a Gaussian least squares fitting
program was constructed for the computer ané]ysis'of these spectra. The
- program operated in such a way that any number of peaks up to and including
ten, each individually specified by a width consistent with its energy and'
associated fragment ye]ocity, could, in combination, be varied in their
intensities and first moments to obtain the best possible fit to the

experimental data. An example of this analysis is given in fig. 7 for
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the eTectron'spectrum associated with thermass interya] 145v-'f47b As can
be seen, the 1ow energy region of this spectrum is extreme]y comp]ex A]so
observable 1s the manner in which the peak w1dths 1ncrease w1th energy In
this spectra they vary from 4.0 kev FWHM at 19 kev to 7.4 kev FWHM at ]61
key. | S N R .

' There are “of course a]ways a number of uncerta1nt1es 1nvo1ved in
fitting data of th1s sort since reg1ons composed of more than one peak may
‘frequently be f1t equally we11 from a stat1st1ca1 po1nt of v1ew by severa]
comb1nat1ons*of peaks In the present s1tuat1on however a r1g1d constra1nt

exists in the requ1rement that each 1nd1v1dua1 peak of any comb1nat1on of
peaks exh1b1t a d1st1nct behav1or as a funct10n of mass. Spec1f1ca11y, any
given peak must d1sp1ay a constant f1rst moment over a]] mass 1nterva]s in
which it appears and (as will be d1scussed further in sect1on 3 3) its -
1ntens1ty when p]otted as a funct1on of mass must be rough]y Gauss1an in
shape with an average standard dev1at1on of approx1mate1y 2. 5 amu.

As a]ready ment1oned it was necessary to correct the e]ectron peak
energies obta1ned from the computer ana1y51s for the sma11 energy shifts
imparted to the electrons due to_the motion of the fragments. These upward
‘energy shifts varied from 0.2 kev shift for 20 kev electrons emitted from
mass 160 fission fragments to 0.8 kev shift for 200 key e]ectrons emitted
from mass 100 fission fragments. Furthurmore, in calculating gamma-ray
transition energies ‘based on the conversion electron peak energ1es, account
had to be taken of the increase in e]ectron b1nd1ng energ1es due to the h1gh
states of ionization of the fission fragments. Calculations of the shift in
k electron binding energies in highly ionized atoms have_shown the shift to

be a nearly constant 0.9 kev over the range of elements produced in*fissions).



By summing the number of events in éach electron sbectrum ovér ehergy,
the electron yield aé a function‘of mass wés obtained and is shown in'fig.'8
- for the‘two épproximate time intervals 6f 0.1 to 1.9 nsec and 1.1 to 2.9
nsec after fission... These curves include only those electrons of energies

between 10 and 180 kev. The yields are seen to be quite sharply peaked at .

mass 108 and mass 150.  Other noteworthy features include the extremely low
 yield observed near symmetric fission products, the slight discontinuities
near masses 114 and.141 and the sudden drop in.yie1duafter mass- 151.  Several

9,10,11

previous studies of x-rays emitted in fission have revealed very

near]y»the same_structhre_in the'x¥ray yield curves. These various authors
‘have all discussed the significance of these,featurés-and.therefore we shall

not comment furthur on them here.

3.2 TRIPLE COINCIDENCE K X-RAY MEASUREMENTSI

Analysis of the mass sorted‘x—ray spectra was carried out using an

x-ray peak fitting procedure which enabled the unfolding of each complex
x-ray spectrum. In this way the intensities of,x-rays‘associated with
intervals of fragment mass were:obtained for. each e]ement.‘ Using this infor-
mation, most prObable charge and mass values for thenemission of K X-rays

were determined and their rélation to the primary fragment distribution

was investigated. An examination of the effect of total kinetic energy on
the x-ray distribution was also carried out. Since the results of these
measurements are not pertinent to the interests of the present paper, they -

will be reported in a separate pub]ication12).

3.3 FOURFOLD COINCIDENCE K X-RAY .AND CONVERSION ELECTRON MEASUREMENTS
As mentiohed in section 2.3, the fourfold cofhcidenée data was used to

‘make "x-ray window sorts" for the purpose of determining the atomic number
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of ‘the nuc1idevresponsib1e»for any given e]ectronvpeak. Examp1es of the
results of th1s ana]ys1s on an electron spectrum for the 11ght fragment mass
interval 107 - ]09 are shown in f1g 9. The energy intervals
1abe1ed a1phabet1ca11y in the e1ectron spectrum de]wneate the w1ndows
used in the X-ray wlndow sorts.. The X-ray spectra shown in f1g 9 were
obtained by sortﬁno'out of the fourfold co1nc1dence x—ray data only those
events Whtch were in‘eotncidente with fonrfo1d coincidence eieetron events
fa]]fng in the'e1ectron window correspondtng to the appropriate alphabetic
label. The mass:interva1swassoc1ated'w1th thé'x-ray spectra in this figure
are those in wh1ch the x- rays appeared in the1r h1ghest 1ntens1ty It is
c]ear]y seen from the Ku X-ray components in f1g 9 that electron peak A, B,
C, D, and E arise from 1sotopes of Tc, Mo, Mo Mo and Ru respect1ve1y
F\g 10 shows another examp]e of the 'X-ray window" ana]ys1s for the heavy
fragment mass 1nterva1 139 - 141, In th1s f1gure one sees that peak A
conta1ns contr1but1ons from an I and a Cs 1sotope and peak C conta1ns contr1—
but1ons from a Cs and a Ba isotope. Peaks B and D are clearly. 1dent1f1ed w1th
a Cs isotope and a Ba 1sotope respect1ve1y

Determinations of the masses of the fragments responsible for the
'various-e]ectron-peaks were made by plotting the intensities of xerays derived
from the "x-ray window sorts“ as a function of mass. These plots for any
' given singie electron peak unique]y establish the mass reso]qtion and the
first moment of the distribution identifies the true mass of the ftsston
fragment. The average.mass resolving functions for light and heavy fragments
are shown in fig. 11. Each point on these curves represents an average of
the points obtained in the analysis of'eight individual light fragment electron

peaks and ten individual heavy fragment electron peaks. The solid curves
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drawn through fﬁé boints are the resdlt of 1ea$t-squéres Géuséian fits and

the widths.detérmined by these fits are 5.36 amu. (FWHM).for the light fragment
resolving function and 6.56 amu. (EHHM) for: the heaVy fragment-reso1v1ng.
function. _The magnitude'of the widths of these functions is determined by the
dispersion introduced in neutron emission and by the inherent energy resolution
of the fission fragment detectors. The difference in this width for heavy

and light fragmenfs is presumably a reflection of the fact that the detector
reso]ution_beéomes worse with increasing particle mass and also may be indi-

cative that the widths of the probabi 11 ty distributions for the emission of

neutrons are sgbstantia]]y_sma]]er for iight fragments than for heavy fragments.

3.4 INTERPRETATION OF DATA

The reéu]iéﬁbf fhe'ana1ysjs of the data discussed in sections 3.1 and 3.3
are tabulated in table 1. Explanatory 1nf0rhaffon‘perfainihg-fd the various
headings is as fo]]owéi ,' N |

(1)v;MassﬁNumber _ - Determined from the centroid of a p]ét ofelectrdn
béak ﬁntehsities or coincident K x-ray'intensitfés as a fﬁnction
of mass as discussed in section 3.3.

(2) Atomfc Number - - Determined from the "x?ray window sor£s" as
‘discuséed in section 3.3 for those cases in which the chemicaTmX
symbol (in parentheses) follows the atomic number. For those
cases in which onlv the atomic number is listed no determination
was possible ana the numbers listed'are the atom{c numbers of thé.
most probable éhafge elements. | \

(3) K lLine Enefgy - - These energies were determined from the 1ea§t

squares analysis of the triple coincidence electron spectra as




(4)

(5)
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discussed in section 3.1. 'They have been‘COrrected'for mementum
shift but not for b1nd1ng energy sh1ft (i e. the same K Tine from,
topped f1ss1on fragments wou]d appear O 9 kev h1gher than the
11sted energy) ' ” | -

1

reT ‘-~ Under th1s:heading areKTfstedkthe'intensittesAdf the

' peaks as they appear in the 1 nsec e]ectron spectra 'These

1ntens1t1es are 11sted in units of 107" e1ectrons/flss1on and
the re1at1ve va1ues are est1mated to be accurate to +10% for
peaks above 50 kev and to 120% for peaks be]ow 50 kev.

t% - - The 1lsted trans1t1on half-lives were determined from the

re]at1ve 1ntens1t1es of peaks appearing in the 1 nsec and 2 nsec

" electron spectra These numbers are est1mated to be accurate to

I

h bettervthan iZO% Trans1t1ons for whlch re]at1ve 1ntens1t1es appear'

(6)

(7).

 determined from the gamma-ray spectra of Bowmanz) and of Cheifetz

but no ha]f 11ves are g1ven decay with half- 11ves ]ess than 0.5 nsec.

Iabs:e

for’decay and are listed in units of 10'3ve1ectrons/

-'— The abso]ute 1ntens1t1es 11sted here were corrected

ffssidn.’ The decay corrections were based ppen the'ha]f;1ife‘detere
minations listed in the preceeding'column. These intensities are ..
estimated to be uncertain by *25% for peaks aboye 50 kev and *35%
for peaks below 507kev. |

y-Ray Energy - - Gammafray energies.not ehc]osed in parentheses were
13).
They are the energies of prominant gamma rays_appearing in these
spectra at positions predicted by the conyersion electron energies
and are estimated to be accurate to t1 kev. Energies which are

enclosed in . parentheses are gamma-ray transition energies estimated



(8)

(9)

so]eiy on the basis of the conversion e1ectrondenergies and are
g1ven on]y for those cases in wh1ch clearly v1s1b1e gamma rays
could not be seen in the gamma- ray spectra.

Confidence Level - - Three levels of confidence were used to grade
tﬁe'degkee of'cektafnty ia the variohs assﬁgnments; Level Al
distinguishes'those cases which were c]eaf]y enough“resolved to
a]]ow re]at1ve1y unamb1guous determ1nat1ons in mass, atomic number,
and peak energy For these cases the mass ass1gnments are believed
to be accurate to +1 amu, the atom1c number ass1gnments are
believed to be exacf and the energy ass1gnments are be11eved to

be good to £ kev Level B denotes cases in which 1nterfer1ng
structure caused 1afgef Uncertainties in the mass ahd enefgyrd
assfgnments (+2 amu and 5 kev respectivé]y). Leve1.C'was
assigned to those cases in'wh%ch interferinévsfructure or low
statistics gave rise to an uncertainty of +]1 in the atomic number
assignments as well as to uncertainties in the mass-aad energy
assignments. No confidence 1eve1 was assigned'to cases in which_
an atomic ndmber determination was not possib]e.’ |
ObserVations - - Listed in_this column are K to L e]eetron'
intensity ratios (numbers in parentheses) for those cases where
such a determination was possib1e. These ratios are to be taked as
rough.estimates since interfering structure in most cases pnegented

the accurate determination of L line intensities.
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4. Discussion

A direct result of this study‘has been the observation of a 1arge
number of TOW energy transitions. Thesetmeasurements have been parti-
cularly selective of low energy'transitfons, nothon1y due to the'enerdv
dependencert convérsion cOefficients but aiso‘because of our focus on
transitions having half ]iVeS'ofharound one nanosecond"vNevertheless; these
same transitions are the ones, in genera] “which predom1nate the 1ow energy
gamma- ray spectra obtaaned in stud1es hav1ng very 11tt1e ttme se]ect1v1ty
On the basis of such studies as, for examp1e “those of Burde, D1amond and
Stephens ), in which the on]y trans1t1ons observed in h1gh 1ntens1ty as a
result of'prompt'deekcitation‘fol1owing heavy ion reactions are those belonging
to rotational or quasi- -rotational cascades in the ground state band one |
m1ght expect that the maJor1ty of the trans1t1ons we observe are 11kew1se '
11nked with cascades from 1eve1s near the ground state. C]ear]y a necessary-
condition for the existence of htgh intenstty transttions'is that there be a
high probabi]tty for populating the same levels or sequence of Tevels each
time a particular fission product is formed. It seems extremely unlikely
that such conditions exist at high excitation energies and therefore it is
presumed thatkthe majority of the observed transitions arise from levels
located near the ground state.

| In considering the probable origin of these low energy transitions,

even-even nuclei, for the most part, must be eliminated from consideration
as major contribotors since only in regions of permanent deformation do level
spacings near the ground state in even-even nuclei becone smaller than

several hundred keV. In this connection, we refer to fig. 12 where the
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x-ray spectrum (b) arising from fiséion fragméhfs within the time interval

of 0 to 100 nanoseconds after'fissfén is tompérea with fhe x—réyvspect}um (a)
arising from fission fhagmenté‘within the time intér§a1 of apprbximété]y 0.1

to 1.9 nanoseconds after fission. The 1ét£er,-5pecffum (a), was.dbtained'

from the four-fold cdincidence data and fepfesents the spectrum of x-rays
cofhcidéht with complementary fragmént paiféiahd éohvérs16n electrons. (X-rays
.contributing to thﬁé spettrdm arevemitted as a direct reSult of the internal
conversion of the transitions obsérVéd;in'the eTeCtrdn-spéctkaQ) A surpriging
feature in spéctrum (a) is the extremely shél] relative contribution of

x-rays from products above Pr (36 knV) in éompafisﬁn'withvspéétrum

(b). ContfibUtiohs'to £hé k-ray“spec£rum from even-even nuclei were expected

to bé’especia11y importaht in this régiohfsince this is the-beginning of the

rare earth regioh of stable de%ormatioh'charaétefized by 16w.2+ to 04 rota-
tional transitioh'ehefgiés} ”A'suEVey of thebknOWh systematiés of some even-
eVén:hUclidésbin this'defofmed-fééfoh”is<50mmarized'in table 2. Here if

is seen that the first 2+ state in Ndrand‘Sm isotopes haJTng190 or more
nedtrons lies bé]ow'150 keV énd even reacheé as low as 75 keV.out at'the 96
neutron nub]éUs 160Gd, The half lives of these statesvrange.from one to
three nanoseconds. Since substantial yields of Nd and Sm isotopes are formed

in the fission of 252Cf (estimated combined yields are 2.3% for 150 152 15Ng

and 0.6% for 154 156 158$m)15), we cont]ude; on the basis of fig. 12, that even-even

nuclei make relatively 1ittle contribution to the heavy fragment conversion electron

spectra and therefore that the majority of the Tow ehérgy'transitions we

observe belong to odd-mass or odd-odd nuciei. Moreover, it can be stated,
from an examination of the highest'intensity X-ray components appearing in
spectrum (a) of fig. 12, that these low ‘energy transitions are associated

almost exclusively with isotopes of Zr, Mo, Tc, Ru, I, Cs, Ba, La, Ce and Pr.
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Another_generaT observationvpertafningﬂto'the orfgfn of_the Tow energy
transitions seen invour studies.can be made.in reference to fig. 13 in
which is shown a contour p]ot of the number of K x- rays. em1tted per fission
in the t1me 1nterva1 of 0 to 100 nanoseconds This f1gure was constructed
from the three-fold X-ray co1nc1dence data by ana1yz1ng each of the mass
' sorted X-ray spectra us1ng a computer1zed least- squares peak f1tt1ng proce-
dure descr1bed in ref. ]6);> In this way, the intensities of X-rays associated
with every mas's 1nterva1 were determ1ned for each element Reiatfve‘to the
present d1scuss1on, flg 13 is 1nterest1ng because 1t shows the occurrence
of severa] 1ntense peaks wh1ch in every case center at an odd odd nuc]eus
H1gh 1ntens1ty peaks occur in the ]1ght fragment reg1on at 1°8TC ; and in the
 heavy fragment region at 12?183 lngsag, and 1:GLa . Apparent]y these
part1cu1ar nuc1e1 a]] have one or more espec1a1]y intense trans1t1ons which
are h1gh1y converted This ev1dence further suggests that odd odd nuc1e1,
in genera], are substant1a1 contributors to the spectra we observe |
Referr1ng back to tab]e 1, it may be seen that the above conc]usions -
are well substantiated. Most of the lines fn this tah]e‘are asstgned to
odd—mass_or odd-odd nuclei. The aforementioned x-ray intensity peaks (fig. 13)
are accounted for by high intensity transitions occurring at 69 keV in 1°5Tc, |
59 keV in 1361, 78 keV in 1%0Cs, and 64 keV in 1“6La. A number of lines have
also been assfgned-to even-even nuclei in the 1ight fragment region. Transitions
occurring in the region near mass 110 are of special interest as a consequence |
of the predictions of‘Johansson ) and of the Myers and Swiatecki mass formula]g)
which suggest this as a possible region of stab1ecdeformat10n. Based on previous

s 2y . 9 . .
~ conversion electron measurements, Watson“) picked two lines estimated to arise

'from a 98 keV and a 238 keV gamma-ray transition as candidates for possible
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2+ to O+ ahd'4+.tov2+ transitions in 110Ry, Based on analogy with these
assigﬁmenfs, Zicha et a].]g) have deduced from their resﬁ]ts.similar decay
schemes for 106Ry and !08Ry, Theiﬁresent measurements, however, have established
that the 98 keV gamma ray be]ongs'inStead to a T¢ isotope, most probably
1°3T¢, but‘a1$b substdhtiéte Watson's origina].assignmént'of‘the 238 keV
transition to !10Ru (see peak E in fig. 9). In 1{ght of the presént‘re$u1ts
and because of the uhkééédhab1y‘1aége quadrubo1e moment and deformation
(Qo = 7.3 b, & = 0.55) predicted for 106Ru by their studies, the conclusions
of Zicha et al. appear questionable.

In the presehf stUd&, the energy of thé convérjson electron 1%né wés
measured to be 218 keV corresponding to a gamha-ray transitibn of 241 kéV;
It appears to be vaEZ character based on the observed K to L conversion
electron ratio. In a Study of fission product deexcitation fo]]pW%ng beta

20),ffeﬁorfs obsérviﬁg a Sthohg transition at 240.67 £ 0.11 keV"

. decay, Wilhelny
associated with a half life of 0.825 + 0.039 seconds which he proposes as a
transition ih 11‘J)Ru'popu1a’ced by the beté décay ofviloTc. ‘Recently, |
Cheifetz]3) has studied the angular corre]atioﬁ df pkanpt gamma-rastemitted
from 252Cf fission fragments using a technique in which the fragments are
stopped in a fhitk backing. , By e]iminating the Doppler shift problem, he

was able to obtéin accurate gamma-ray energies. He identified a transition

at 241.3 keV which Has an anisotropy consistent with that of an aligned E2 |
tranSition and an intensity corresponding to ~100% of the calculated yield

of 110Ry, anthe basis of these results, we propose the 241 keV transition

‘as the first 2+ to O+ transition in 110Ru.

With regard to the poésib]e deformed character of 1!0Ru, it is instructive

to estimate the expectedvenergy of the first 2+ state based on. the assumption

of rotational behavior. Using the Myers and Swiatecki mass fbnﬁu]aZ]), we
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‘estimate a defonnationvparameter'for 110Ry of g = 0.23. fAsSumfng the
moment of inertia ratio 1/Irig to be the same as for deformed rare-earth'
nuclei, we obtained from the oraph‘of I/Irfg-versus'sngiven by Diamond, Stephens =
and Swiateckizz)'the value of I/Irig =0.28. Using this, the rotationa1 |
constant is calculated to be 1i2/21 = 38 keV, nhﬁch giVes for the estimated
2+ state energy - | '

E s‘g— (2) (2 + 1) 228 keV.

2+
:Further'insfght into the possihiiity'that;ilﬂﬁu is a deformed nuc1eus'

'may be gained by comparing the systematlcs of the first exc1ted levels in the

heaviest Ru 1sotopes with those observed in the rare earth reg1on F1g 14

is a graph of thevenergies’of the first 2+ states in even-even Ruv1sotopes,

The - numbers in parentheses are-the energy ratios E4+2/E2+0 The'Va]ues shown

for 106Ru and 108Ru were taken from the data of Von Baeckmann and- Feuerste1n23j

and from W11he1my and are to be cons1dered tentat1ve It is seen that the

241 keV gamma-ray which we’ propose as the f1rst 2+ to 0+ tran51t1on in 110Ru

fits the systemat1cs qu1te well. Also shown by the dotted 11ne are the

values of Eé+)crtt = 13'ﬁ2/1rtg. This 1is the energy cr1ter1on suggested by

Alder et a1a24) according to which nuclei having Epy > (E2+)crit may be

assumed to be-spherica] and ‘those having E2+ < (E2+)crit may be assumed to be

deformed. .In fig. 15 we present a similar graph showing the systematics

of the first excited states in even-even Gd isotopes.. It is observed in this

figure, that the transition from spherical to deformed behavior is characterized-

by a rapid drop in the energy of the first 2+ level accompanied by an increase

in the E4+2/E2_)0 energy ratio. As the energy ratfo approaches 2.33, the

value for a rigid rotor, the energy of the first 2+ state no longer changes

greatly from isotope to isotope and eventually remains nearly constant. The
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qualitative sihi]arities between fig. 14 and fig. 15 strdng]y suggest that
110Ry does indeed belong to a new reg1on of stable deformat1on
Among the lines ass1gned to heavy f1sslon fragments in table 1, one in
particu]ar appears to be a good candidate for an even-eVen 2+ to 0+ transition
from_the Standpoint of energy; namely.the%]58 keV gamma transition assigned
to 148Ce. Wilhelmy has detected a strohg transition at 158.45 + 0.08 keV
having a half Tife of 1. 29 0.08 seconds and as a consequence of the present
observatlons has assigned it to the»beta decay of 1“8La feeding the first
2+ level of !%8Ce.. In fig.']6 we preSent a graph showing the first 2+ 1eve]l
systematics”df even-even Ce jsotopes. The energy of the 2+ state in 1“2Ce
(E2+ = 641.6 keV) was taken from the résults of Alvager etva] 25) |
Another strong tran51t1on of 199 keV is proposed as the f1rst 2+ to O+
transition in }““Ba. It appears to have the requ1red E2 mu1t1po1ar1ty as
~ determined from the ratio of K to L electron intensities. This line has also
been seen by Cheifetz, who finds it exhibits an anisotropy of the kind expected
for an a11gned E2 trans1t1on and by W11he1my, who obta1ned an accurate energy
determination of 199.31 * 0. 17 keV and a measured beta decay ha]f 11fe of
1.01 = 0 05 seconds. The systemat1cs of even-even Ba isotopes are shown in
fig. 17. The energies of the first 2+ states tn 140Ba and 142B3 .(E2+'= 602
25)&

N

and 361 keV respectively) were taken from the results of Alvager et al.
From this figure, it is evident that the first 2+ level decreases rapidly
in energy in either direction as one proceeds away from the large discontinuity
at the 82 neutron configuration. It appears that 1%“Ba (having 88 neutrons)
‘is on the borderline between deformed and transitional nuclei.

The known transitions of !53Eu provide an insight into the character of
typical odd-mass transitions in the heavy mass region. The ground state has™
" spin and parity 5/2+ while the first two.excited levels are a 7/2+, 83 keV

state and a 9/2+, 191 keV state. Deexcitation proceeds via a two transition
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M1-E2 ‘cascade and a'CnossQVek'transition'from the 9/2{ 1eve1_to'thelgnound
state in re]étiVe amounts of 26% and 74% respeotfueTy.‘ The 9/2+v1eve1 has a
half 11fe of 0. 24 nsec and the 7/2+ level has a 0 7 nsec ha]f 11fe Strong
cross-over trans1t1ons are known for a number of other odd -mass nuclides in
this reg1on, for examp]e the cross-over trans1t1on (64% re]at1ve 1ntens1ty)
having an energy of 256 keV and a half-1ife of O 9 nsec in 151Pm In
search1ng for 11nes hav1ng these character1st1cs, a number of poss1b]e Cross-
over tran51t1ons were found In partlcular the gamma ray 11nes assigned to
| masses ]44 146, and 149 at energ1es of 283 296, and 245 keV respect1ve]y
are of about the r1ght energ1es for cross-over trans1t1ons Very ]1tt1e N
information cou]d be obta1ned for these part1cu1ar trans1t1ons; however;
beéaUse'their'intensities were quite low - nor could any substantial evidente
be found of the appeakance of easoade‘transitions whose'energies would sum
to any of the‘pfoposed cross-over energies. Alvager et a1.25) in their study
of maSseseoarated'xenon fission products”have observed strong transitions of
equal intensitjes‘at 79.4 keV and-117.5 keV which they have assigned to a
cascade from the second excited‘state to. the ground state in IFPCS, We see
a very,strong transition at 78 keV associated with l‘f‘?Cs_and another strong
_-transitiOn of aboututhevsame intensity at 118 keV which.be1ongs.to.a-Cs isotope
in the Vicinity of mass 140 (a good mass determination for this ]fne was not
' possible because of interference from another e]ectron Tine). We believe these

two transitions are the same as those reported by Alvager et al.

5. Conclusion
The results of these experiments have shown that the study of the
~conversion electrons emitted in fission is an effective way to obtain detailed
information on_the low-energy transitions in prinany fisston fnagments, The
experimental techniques developed in these investigations have enabled a

selectivity which is unattaninable in the study of the gamma-rays, both with
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respect to Separatfng“radiation'emitted'ffbmtdifferent.members of coinéident
fragment pairs and with fespect to measurihg the spectra associatéd with
definite and weli-defined time intérvals after fission. A serious restriction,
however, is iﬁposed upon the energy resolution obtainable in such experiments
as a consequehce.of the motion of the ffssion fragments. The major limitation
in these studies with regard to constructing detailed decay schemes has been .
the relatively large uncertainty in the mass assignments. Should future
advances evolve more accurate techniques which can be utilized in high
detection geométry'configurations for méasuring fission fragment masses, the
methods devé]oped here may be of considerable use in enabling detailed nuclear
_spettroéc0pi¢7ihvestigations to be carried out on the ultra neutron excess

.

nuclei produced by fission.
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Appendix
FISSION FRAGMENT MASS COMPUTATION -

Sevéra] prob]ems comp]itate the conversion of fissioh fragment kinetic
energ1es as measured by sem1conductor detectors 1nto f1ss1on fragment masses.
First of all, it has been found that for heavy ions the. output pu]se he1ghts
of semiéonductor detectors are not strict]y linear functions of energy

26,27).

because of the existence of a pulse height defect Second]j, the

measured energies are those of the post-neutron-emission fragments since

neutron emission occurs in a t1me less than 107" sec after scission. There- -

fore the exact conversion of these energies to masses requ1res a know]edge
of the numbers of neutrons wh1ch have been em1tted

“In the present experiments, the energy to mass cohversion was.carried
~ out by‘méans of an itérattve process which incorporated a mass dependent
energy ca]ibratidn, proposed by Schmitt et.a1.28).and,heutron corrections

based on the measurements of Bowman et.a].zg).

The process was initiated for
any given pair of coincident fission fragment pulse heights, designated as

Xy and X2, by first computing their approximate energies from a linear cali-
bratidn equation established from the known energies of the first moments

between the 3/4 points of the heavy and light fragment peaks. The first

moments, PL and PH, were determined from the.doub]e—coincidence'stabi1ization

fission fragment distributions and set equal to energy values of 103.77 Mev

and 79.37 Mev respective]yfz%.' Thus

E = MX+b (1)
where v o 24.40

PPy .
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Conservation of momentum requires that

(2)

E M
2p 1p

(The'subscript p.denotes_prejneutkOn-emissionvquantities.)
One furthur condition'is -
M]p + sz = 252 ‘e (3)
Using E1«and:E2’(posténeufron-emission_kfhetic_energies) as estimates for

E,-and E, , approximate pre-neutron-emission masses are then calculated

Tp 5 Tept
- from the expressions = °

v M'l'p o 252 : N : (4)
: 4 (1+ ]) C
szp'v = | 252 - M]p .

Also, the total kinetic energy is estimated by

: .

1 HE

5 - ~(5)
V.The app?dximated values of M]p and sz_are next corrected for neutron
emission using Bowman et.a].'s‘measurements of the average number of neutrons

emi tted as‘é function of ET'and the average number of neutrons emitted as
a function of mass. A fit’of the experimental data by'Takekoshi and

' 30,

‘ Thompson ) y1e1ded the f0110w1ng emp1r1ca1 dependence of the average total

number of neutrons, v, emitted in a 252Cf fission event

v s Ame B - 150.0) | (g)

.£.30y,

Values of the parameters A(m) and B(m) are given in ref. Using the
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calculated Vi and taking the ratio of the number of light'fragment neutrons

29

to the number of heavy fragment neutrons from ref.“”), first approximation

post-neutron-emission masses are computed -

T P

My = Myp - v
At this point, "mass corrected“ ehergy values are calculated from

the original pu1se'heighté, using the approximate post-neutron-emission

masses, according to the mass dependent calibration equation of Schmitt et.a1. _

E' = (24.0203 + 0.03574M) . X
| _ P Py
- (2&.0203 + 0.03574M5 P
| | PL- Py
,,4 | -0.137OM.+ 89;6083 . | o

Then, since neutron. emission does not significantly alter the fragment

velocities, 4 _ _ .
(F———lE—‘) (8)

El
11p' Y1

Eip -5

and similarly for Eép .

The iterative process is entered into by returning to eq. (5) using
the energy values obtained from eq. (8) and reca1cu1at1ng the post-neutron-
emission masses. This procedure'is repeated until the difference fn the |
mass values resu1tfng from two consecutive iterations is less than 0.05%.
On the éverage, not more than four iterations are required for convergence.

Since the fission fragmenf masses are derived from measured fragment

kinetic energies, any dispersion introduced into the energy measurements
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will also be reflected in'the calculated mass distributions. It has been
pointed out by,Terré1131)'that, beéfdes arisihg'from iﬁstrumenta1 effects
aﬁd intrinéié\détectof}reéo]ution,faigreat deéT of d}spersion in the enefgy
mééshféﬁéntsvarféés as a.fe501f ofithe‘deyiﬁg~directidhs, ehékgies,:and
huhbefs(Of'émftfed‘néUtrons{"Thé'éoﬁbinétfon’of these effects is what gives
rise to the'méséfdisperéidn'functhns éhown:fn fig. 11.  In comparing an -
experihen£a11y-measd}eaﬂmaSS diéfrfbﬁtfbn with the "true" mass afStrfbution,
the fofmek is.géhera]fyAConsideréb]ysb?bader,”espeéiélly”ih the va]iéy and
1ight-ahd‘héavy-peak téiT'Yegiohé as”a'feSUit of’thé’experimentaT méss
disperﬁionf Thé‘usﬁa1tway of removing'thfsldeﬁeréjon is'by the method of
Terrell in which a Symmétric distributﬁbn'funCtioﬁ haVing'a negative Sécond
cehtraT'mdmeﬁt édug1.to the Véfiance‘of:the”measured:masé feso]df%on function
is folded into the experimental mass distribution. This procedure has the
efféét’bf'Fédh;ng‘fhé'Variénce'of:fhe mass distribution by an amount éqQa]
to the variance of the experimenta] resolution function, |

A comparison of the mass distributioh for 252Cf calculated by our
iterative_pfocedure‘(uhcorrected for dispersion) with the radiochemical mass
distribution determined by Nervik32) is,shown'in fig.'18. As can be seen,
our "uncorrected" distribution gives a surprisingly good representation:éf
the true mass d1str1bution. Apparently the method we use to calculate the
measured mass distribution has the same resolving efféct as Terrell's
procedure. On the basis of fig. 17, then, the usual dispersion correction

was assumed to be unnecessary in the present experiments.



TABLE 1

I .

y-Ray .

JRO S

4,7 <0.5

Mass Atomic K Line Tel t]/z 7-.«- abs Confidence ~  Observations
Number Number Energy o (nsec > - .~ Energy Level . g
| o (kel) nsec.r "~ (keV) -
98 40(zr) 194 1.2 213 B
101 40(zr) 80 13 . 99 c
102 40(Zr) 134 4.9 . .7 . 1.6 - 153 B
40(zr) 189 2.5 ~ (208) A B
106 ~ 42(Mo) 74 27 11 6.2 95 A K to L ratio (4.8)
- : ' B consistent with E2
42 (mo) 130 - (151) B |
42(Mo) 151 172 A
42 (Mo) 7 no 1.2 8.1 192 A
107 43(Tc) 44 25 1.0. . 6.0 (65) c
108 a3(te) 47 47 .0 M 69 A
43(Te) 76 12 0.9 2.7 98 B
109 43(Tc) 101 4.3 | 123 A
110 44TRy) 49 18 2.2 . 1.5 72 B
4 127 | 150 c
4 ( 218 247 A K to L ratio (ﬁ'% -

)
~consistent wit 2_




(Continued) o

Mass

- Atomic

K Line

1

y-Ray

" Confidence

" Observations
Number Number Energy rg]_ abs Energy Level - g S
(keV)  (keV) - g
113 45(Rh) 38 8.7 (62) c -
116 46(RN) 24 4.3 0.82 . 49 A K to L ratio (2.4)
o ‘ - consistent with E2
136 53(1) 25 10 59 B , |
53(1) 54 2.5 ~0.56 . (88) B
139 54 251 0.38 . - 283
140 55(Cs ) 24 S | (61) B :
55(Cs) 41 44 o 78 A ,
55(Cs) - 8 18 8.8 . 118 B K to L ratio (5.3)
' : ' ' consistent with M1
143 55(Cs) 75 112 c .
144 56 (Ba) 7530 9.4 — M3 B
56(Ba) 145 183 A
56(Ba) 161 9.4 2.5 199 A K to L ratio (4.1)
_ ’ : consistent with E2
5 245 0.27. 283 o | |
145 57(La) 60 15 7.3 100 c
146 57(La) 24 39 0.0 . 64 A K to L ratio (2.5)

consistent with E2

€e



TABLE 1 (Continued)

y -Ray Confidence

Observations

Mass Atomic K Line ‘I ot ) |
Number Number Energy rg1 L (nlég;)., abs _Energy Level .-
(keV) ) Clkel) L
57(La) 91 7.2 2.7 20 - 131 A
57 256 0.17 - 2% _
148 58(Ce) 117 m 1.3 3.4 158 A K to L ratio (3.7)
o o : consistent with E2
149 59 (Pr) 100 8.4 - 1.8 3.2 _ . 143 K to L ratio (3.6)
’ consistent with E2
58 204 0.36 o . (245) | | .
150 59(Pr) 23 . 66 c
59 (Pr) 31 30 1.4 9.9 74 A
152 58(Ce) 122 o 163 B |
156 62(Sm) 24 48.- . 29 . 26 72 C K to L ratio (1.7)
' ' consistent with E2
62 43 2.7 1.9 1.1 91 .
158 62 66 79 1.9 3.2 (114)
62 70 (118)

(a) See séctioﬁ 3.4 for explanatory remarks.

ve
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TABLE 2
sysiematics of evenQern first 2+ states in rare earfh region

-4

Nuclide First 2+ ' | Yz
v oo ‘ Energy (keV) ‘ - {nsec)

e, 640 . 0.006
58 84 - : '

LT 06 o
ty 608 |  0.008

146, . - : | B Y
e 893 : e

62538 '334‘ T 08

’

s, o | o,
60Vdss 300 -
150, | B |

62588 | 33 0

314 . - 0.05
64°°88 ‘ '

1500, | o
60"%90 % o e
620 . Tl o

154, 23 o |
Hodyy SR | 1.2

62°M92 B * 0
156 . | | 2.
64%%92 & - e
160 ‘ | : |
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FIGURE CAPTIONS

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.

Schematic diagram oflexperimenté]‘arrangement.

... Energy spectra of internal conversion electrons emitted in. -

7 coincidence with fission fragments of all masses. at the approxi-

mate. average times of (a) 0.4 nsec. after fission, (b) 1 nsec after
fission, and (c) 2 nsec after fission.

. Mass sorted. energy spectra of internal conversion electrons. -
emitted.jn coincidence with heavy fission fragments belonging to
three different jnterVa]s of mass and.taken at the approximate
average time of 1 nsec after fission.

Mass sorted energy spectra of internal .conversion electrons = -
emitted in coincidence with light fission fragments belonging to .

two_different intervals of mass and taken at'the approximate

average time of 1 nsec after fission.

A comparison of two mass sorted electron spectra for a heavy
fragment mass interval; one taken at an approximate average time of
1 nsec after fission and the other taken at an approximate average

time of 2 nsec after fission.

'Mass sorted gamma-ray spectra in coincidence with complimentary

heavy and light fragment‘paifs. A number of the peaks are labeled J

alphabetically to identify them with the associated electron peaks

in figs. 3 and 4.
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Fig. 7. A Mass sorted electron spectrum'whfch‘hasnbeen analyzed
with a.computerized GauSSianvfitting procedure
th. 8.., | The yield of low energy 1nterna1 convers1on e]ectrons as
a funct1on of fission fragment mass over the two approx1mate
t1me 1ntervals of 0.1 to 1.9 nsec after fission and ] 1 to 2.9
nsec after f1ss1on | | | | |
Fig. 9. " An e]ectron spectrum for the light fragment mass interval
.-107 109 and the K x-ray spectra resu1t1ng from "x- ray wfndow
sorts ‘on the a]phabet1ca11y 1abe11ed e]ectron peaks The x-ray
pectra shown are for the mass 1ntervals 1n wh1ch the x-rays
appeared in the1r h1ghest 1ntens1t1es . | |
Fig. 10.  An e]ectron spectrum for the heavy fragment mass 1htervaT u
139 141 and the. K x-ray spectra resu1t1ng from 'x-ray window
| sorts on the a]phabet1ca11y_]abe1]ed e]ectron peaks. The x-ray"
Spectra shown are for the mass‘fntervals fn'whfch the X-rays
appeared"fh‘their higheStvfntensfties;v S
Fig. 11. | v:The average mass resolving functions for 1ight and heavy
fragments. | |
Fig. 12. The spectra of K x-rays (a) arising from ffssion fragments.
| wfthin the approxﬁmate time interval of 0.1 to 1.9 nsecbafter -
f1ss1on and (b) arising from f1ss1on fragments w1th1n the appro-
.1mate t1me interval of 0 to 100 nsec after f1ss1on |
Fig. 13. ‘A contour plot of the 1ntens1ty of x—rays arising from-fissfon
fragments within the approximate time interva] of 0 to 100 nsec

after fission as a function.of atomic number and neutron number.
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16.
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. The systematic variation of the .first excited states in
even-even Ru isotqpes. .Numbers in parentheses arevthe ratios of
the energ1es of the second exc1ted states to the energ1es of the

f1rst exc1ted states and the dashed ]1ne is a p1ot of (E2+)cr1t

The systemat1c var1at1on of the f1rst exc1ted states 1n
even-even Gd 1sotopes Numbers in parentheses are the ratios of
the energ1es of the second exc1ted states to the energies of the

first excited states and the dashed line is a plot of (E2+)cr1t.

' Thevsystematic varia*ion of the first excited states in even-

even Ce isotopes. The dashed line is a plot of (E,,Jerit,

hThe systematic variation of the first excited states in even-

even Ba isotopes. The dashed line isa plot of (E2+)cr1t.

A comparison of the 252Cf fission fragment distribution
obtained from the analysis of a double coincidence semiconductor |

pulse-height spectrum with the radiochemical nesults of Nervik32).
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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