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ABSTRACT

The fésults of a seérch for’elemeﬁts in the regioﬁ of.atpmic number_ )
114 are reported. Mofe than 40 large samples of ores, nafural minerals -and
other possible sources have Been investigated. The method of deﬁeétion made
use of a large liquid scintillator to detect spontaneoﬁs fissién éveﬁpsvin
which unusﬁally large numbers of neutrons are counted. The apparatus was
located in a_tunnel under about 250 meters of earth shielding in order to.
reduce the inteffering effects of cosmic rays} The limit set for the ratio

, . 23

of half lifé/concentration for all the materials tested waé greatef than 10

Jears.



I. INTRODUCTION
In recent‘years various estimates and calculations have been made
which suggest the possibility that nuclei having atomic numbers in the region

1,2,3 ‘These nuclei

108 - 114 may be sufficiently stable to e#ist in nature.
are expected to decay:either @irectly by spontaneous fission or by alpha and/or.
electron capturé to give products that would undergo spontaneous fission.

The producfion of such long-lived superheaﬁyvnucleivin nature could come about
via the r-processu or‘by fusion of neutron-rich heavy ions in the vicinity of

Z On the basis of the present knowledge of fission barriers and

neutron stars.
spontaneous fission decay of heévy elements, the possibility of productipn of -
the superheavy élemeﬁts in nature can neither be excludédrxn'be established;
thus the fiéld is open for experiments aimed at diécovering minute quantitiés.
of these elements in nature,

Several searches for the presenée of superheavyinuélei in nature haVé
been carried out by‘attempts to detect fission eventé ﬁhose origin cannot Be'
attributed t0»$pon£aneous fission of naturally occurring known species such

s 238

a U or attributed to fissién induced by cosmic rays and natural neutron
fluxes in heavy elements, Tses'lyak6 has reported the observation of fission
tracks in samplés of lead glass which he attributed to the'possible decay of
superheavy elements. Flerov gE_§£.7 have extended the gtudy of Tséé'lyak by
measuring actual spontaneoqs_fission events in a large shieldéd proportional
counter in which they placed the lead glass that showed the fission tracks
described by Tées'lyak, On the basis of additional observations.of'a similéf

rate of‘fission events in some lead ore samples Flerov‘gz gi.,concluded that

they had indeed found spontanéous fission events with an apparent half life . .



of h?*tlozolﬁears relative-to the maJOr compOnent of their'samples which_they
, attrlbuted to the preseqce of superheavy elements in nature On -the other
hand P. B Price et al 8 reported failure to observe accumulation of fission
tracks in- old lead-rich and gold-rlch m1nerals, thus restrlctlng the spontani
eous fission half life to more than 2 X 1023 years relative to the lead and
gold concentration of these minerals The latter authors consider the results‘
 of their work to be in contradiction w1th the remarkable results of Flerov et al7
Estimates by N1x9 based on liquld drop dynamlcal calculations and sim-
ple extrapolatlon based on the behav1or.of the;kinetic‘energy release and the
mass differences'between the'fissioning7nuclei and the fragments of a;wide

variety of nucle1 indicate that on. the average ~23O MeV of kinetic energy should

be liberated in the fission of the superheavy nuclei and that about ten neutrons

) should be emitted in such flSSiOn events The emplrical approach to. the esti-f
’mate of the neutron multipllcity in the spontaneous fission of superheavy .
elements is presented in appendix A. g-, |

' Thetemission of such ailargeknumber of_neutrons‘from each.single fission
euent: is then a very sensitire indicator of the presence of'superheavy elements
as this property does notvoccur in any of the presently knownISpontaneously
fissioning species in nature, Furthermore, these eraporated-neutrons would
have average energies in the.range of 2 - 3\MeV and thus would be able to
escape from a large sample and enter a countlng chamber Consequently large
Iamounts of materials can be examined w1th a sensitlvity which is greater by

3

.10 - lO fold in comparison w1th elaborate electronic fiss1on fragment count—v

¢

: 1ng methods which require the effective thickness of the samplevto'be,less

than the fragment ranges
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Neutfon counting as a method of searching fqr the presence‘of decaying
superheavy eleménts has_been_ﬁsed by Grimm gﬁ'gi.lo who have measured many
samples and obtained negative résﬁlts'with limits of half life /concentration
of 2 x 10%7 years: |

We have used a large gédolinium loaded iiquid scintillatqr detector
as a sensitive method for detecting eventsiin.whiéh.seﬁeral neutréns are
emitted. The efficiency for deteciing each single neutron was high (~65%) and
furthermore, due to the wide variation ih fhermalization and capture ﬁime of
the neutrons in the detector's liquid, the systgm Qas capable of counting thé‘
indi?idual neutrons and récdrding the.multiplicity diétribution of such events.
The system was placed in a 250 m deep tunnel to sharply reduce the background
of energetic cosmic rays induéing'spallation and fissidn.reactions that involve
emission of many neutrons,

In the following paper we summarize the results'fdund in.over 6ne and

a half years of ekperimentai effort, A preliminary report on this experiment

was given at the Leysin conferehce.ll

IT. 'DESCRIPTION OF THE METﬁOD OF DETECTION

The neutrOn? are detected by a large.gadolinium loaded ligquid séintil-
lator with the capability of measuring néutrons with high efficiency. A
schematic view of the detector system is shown in Fig;.i; Its main body is
a tank with dimensions 62 X 62 XIIZS c¢m which hblds a liquid consisting of
toluene solvent, ~ 8 g/g gadolinium octoate, O;l g/4 POPOP and 5 g/L p-terphenyl.
Sixteen S—inéh Dumont No. 636h_photo-multipliérs are mounted on glass viewiﬁg
ports on two walls of the chamber, bThe inner walls bf the chambep are painted

with a white reflective coating. A tube for holding the samples is located



at the center of the chamber and has the dimensions of 11.4 cm diameter and

105 ca. depth. S "'» R | o -

The system was rebuilt from many components of a system already described
1n the literature 2,13 The dimen51ons of the detector tank were dictated by
the entrance‘to‘the_tunnel in which it is located.

ﬁeutrons produced by any source placed at tne center’of thevchamber'
enter the llquld and are thermalized by collis1ons ‘with the hydrogen 1n the
solution and eventually are either captured by the gadolinlum or leak out of
“the tankf Tne‘(n,r) reaction in gadolinium produces ~ 9 MeV of gamma energy,'
the energy usually'being'Shared'by several gamma rays} The’eiectrons created

" by theireactiOn of these gamma rays with the liquid produce scintillations

whlch are. seen by a few of che photomultipllers

The distribution in time for neutron capture is broad and - has a peak
at'about 10 usec after the neutrons -are emitted About 90% of all the cap-
tured neutrons ‘are detected: W1th1n‘the 1nterval 1-36 usec after their produc- )
tion. In this way 1nd1vidual members of a burst of energetic neutrons are
separated in time'for convenient’ electronic multiplicity counting.

Due.to the large volume of sambles it is impossible_to trigger the
system with the'fissionrfragments;-therefore the system is designed.to be‘
_.triggered by tne first'neutron,or the prompt gamma rays from any fission»event.

III. SOURCES OF BACKGROUND -

o

When the system operates with any neutron or_gamma signal as the
main trigéer, it is sensitive to_the-environmental radiation whiéh consists
of gamma rays from natural sources (e.g., U, Th, and K) and cosmic rays ;and

the products of their reactions'in‘matter The gamma rays that arise from




natural sources appear in general as single random pulsés. Accidental coinci-
dences between these random pulses yield a distribution which is represented

by a Poisson probability function.

4 N+1
P(N) = 8.6L4 x 10 (151?% '

eﬁ@‘“‘) | (1)

where P(N) is the number of events observed. per dayjin which N pulses follow
a single random trigger appearing at a rate of C/seé within a gate length of
T(sec) afterveéch pulse., At the operatiﬁg gate length of 35 psec and a count
rate of 600 counts/sec less than 0.5 events per day appearing as multiplicity
four or more are expected from the above probability function.

The experimental equipment was placed in a 250 m deep (500 meter Water
equivalent) tunnel to reduce the cosmic-ray‘background. The situation in regard

h

to cosmic-rays underground was reviewed by E..f. Geérge. At the dépth of thetﬁnnel
the only signifiéant compbnent of the cosmic rays that can.inducg multiple.

neutron emission are energetic p-mesons, the intensities of which are approxi-

mately 1000 times sﬁaller than on the surface of the earth.

At the depth of 600 meter water equivalenﬁv(m.w.e.) about‘lo-u"stars"/
cm3-day have been found following chargea particle tracks in a photographic
emulsion. "Star" events occurvwhen p-mesons'either‘stop or are ineléstiéally
scattered by a héavy nucleus whigh.then recoils while emitting néutrons. This
is equivalént to observing an event w;th high ﬁeutrOn mﬁltiplicity. |

Gorshkov and Zabiyakin15

‘have studied neutron production induced by
u-mesons at a depth of 150 m.w;e. and estimated that at a depth of 800 m.v.e,
the total rate of neutron production in lead is ~10“8 neutron/g-sec. Less

than 10% of the neutrons are produced from stopped negative p-mesons for which.



= 1. 8 in lead whereas 90% of the neutrons are produced from inelastically
i \
scattered p-mesons with v >-1o and thus could register efficiently in our
: chamber-as 31gnif1cant events ) Assuming V= lO we expect a rate of 50
high multiplicity events for a sample of 50 Kg lead in 250 hours
The passage of |4 -mesons in the detector liquid causes ‘an ionization
of ~2 MeV/cm of path length thus a8 p-meson entering the sample can be identi-
fied by its high energy loss, If a-high energy inelastically scattered p-meson
cdmes:into the;tank from the vertical’direction through the sample tube‘it
must traverse at least 20 cm of" the scintillating liquid at the bottom of the |
'tank depos1ting more than 30 MEV in the tank
- Since neutron capture in gadolinium gives'a'total of 9 MeV‘of"gamma
ray energy, it was possible to eliminate some of- the | -meson 1nduced high
multiplicity events by regecting the events which produced a signal that was
:equivalent tO'ionization 'of more than ~9 Mev in the liquid scintillating tank.
'In addition to this a liquid scintillator detector of thickness 12 5 om was
placed aboVe the chamber as shown‘in'Fig..l_to reject the events induced;by
lvertical p-mesons. Nevertheless'the neutron multiplicities which are'induced
“in the sample.by energetic neutrons which are produced by inelastic collisions
outSide the chamber cannot be reJected nor can the p-meson induced neutron
'multipliCities detected in the chamber but originating outside it be eliminated:
| IV. ELECTRONICS |
'“A'simplified.block diagramm of the electronics is shown in Fig. 2.
The photomultiplier pulses are summed in two banks (8 photomultipliers in each)'

A "tank pulse is obtained when c01nc1dent pulses are observed from banks A

and B and when the linear sum’ “of all photomultiplier outputs corresponds in
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pulse height to an energy greater than 1 MeV, This signal1has the significance
that the light must be seen by at least two photomultipliers and have a sum
amplitude corféspondingvto an energy greater than 1 MeV, Since at least two
photomultipliers must give a>signal the effect of random noise from individual‘
tubes is.minimiééd. A "tank puise"_triggers, affer a 0.5 usec delay, a 36 usec
'gate. (The delay is to ensufe that all of fhe brompt gamma rays from a fi§sion
event have‘been,emitted;) Duriﬁg the 35'psep gate ihterval all tank pulses
are counted byva scaler, At the end of the 36'psec period the digital inform-
ation in the_scaler is converted to an analog pulse height and transferred.to
a pulse height analyzer. Then the scaler is resetf The next tank pulse defines
a new 36 psec gate intervél, |

A spectfum of multiplicity.in the range 0-15 is thus obtained in a
pulsé height énaiyzer. The.system is capable of moniforiﬁg a burst of neutrons
where the trigger can be activated either by the prompt y-rays or the first.
neutron captured. The circuits éhown by dotted lines in Fig. 2 are ﬁsed to
remove evenfs that follow detecﬁable cosmic rays. |

A signal from either the p-meson "tank discriminator" or the discrim-
inator of the top cosmic ray detector causés‘the observed multiplicity to be
routed intéva separate part of the pulse heigg; analyzer. The "tgnk discrim-
inator" level which is the level above which a éignal from the tank is classi-
fied as a p-meson is set such that it identifies as cosmic.fays less than ~1%
of the neutrons emitted from a 2520f spontaneous fission source. Due to the
lafge detection volume and optiéal atfenuation asSociated with obtaining an
appropriatglenergy response some p-mesons which reach the sample can'perhaps

avoid detection.\



V. OPERATION OF THE SYSTEM
The effiCiency of the system was checked at regular intervals by plac-
252

.ing a'weak Cct spontaneous fiSSion source in the center of the tank and
triggering/the 35 usec gate by the fission events (using a small solid- state
pdetector to detect the fragments) The multiplicity distribution obtained in
‘_this manner for 25, OOO figsion events is shown in Fig 3 Its-mean value is
n = 2 hh This yields an efficiency of 65 5% for detection of each neutron

(uSing 3. 72 as. the average ‘number of neutrons emitted in 252 cf fission)

“The pulse height distribution produced by the neutron induced gamma.
rays is very-wide because of the large_size‘ of the chamber:and the-optical
‘attenuation in the_liquid; therefore, the efficiency:of the system to detect
neutrons dependseon thevsetting'of the‘thresholdvdiscriminator ; Although the -
maximum effiCiency of the system for neutrons emitted at its center can reach
about 72%, an operating effiCiency of ~65% was chosen such that the Single
counting rate due to background gamma rays (Withvno gamma emitting sample in
>the tank).was about 600/sec ‘At this rate about 0. 4 events/day of multiplicity
four (a’ trigger followed by four Signals within 35 usec) were recorded due to
the gammsa background |

Long-term stability and continuous monitoring of “the system which is ::
necessary for this type of an experiment was obtained in three ways: l) The
.singles counting rateT of tank pulses was recorded_every 2.sec by avchart
'recorder.and"showed.the!system to be very stable.v 2) The datavfrom the multi--i
channel analyzer were printed out_automaticglly at,lz_hour interVg;s-éﬁd_the
_multiplicityedistributions were'found to be.consistent—(within statistical |

fluctdations)') 3) In SOme experiments photographs were made of the time

distribuuion of the tank pulses that appeared during the 35 psec gate whenever

an event having a multipliCity of four,or more occurred. These events were
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checked fo be certain tﬁeylhad a normal time aistribution and that they‘did
not igclude‘electronic noise. The piétures ascertained that the system was
operating satisfactorily atbthe Yery‘low éounting rates of this experiment.
4) The effiéiency of the system was checked twice a.week and was generally
found to be stable at the ~65% level. Any variation of over 2% in the effici-
ency and consequently in the single count raté, was correctgd by adjﬁsting the
threéshold discriminator levels. This occurred several timeé dﬁriﬁg agOﬁt one
year of running.

An attempt was made to reduce the single count rate of the system
by shielding the detector from the natﬁral radiation of the concrete of the
tunnel with 5 cm thick steel plates. }Although the single gamma-ray rate did
decrease from 600/sec to 200/sec at the 65% efficiency ievél, thﬁs drastically
decreasing the.random multiplicity rate, the multiplicity rate due to cosmic
rays increased significantly either from neutron multipliéities producedvby
yu-mesons ih the 3 tons of iron shielding or by an increase in the production
.’of energetic neutrons which indﬁce secondary multiplicities in the sample.
Since there was no physical room in the tunnel for an appropriate shield with
low Z (e.g. water), .no shielding was used during the actual ruﬁs.

VI. RESULIS

Results of the observed multiplicity distribution measured with éamples .
of pure tungsten;'lead ore and with an empty chamber arevshown in Figs. 4, 5
and 6. The results are plotted on a seﬁilog scale wifh the absc;ssa being the
multiplicity and the ordinate NI X counfs; In this way thé multiplicity
distribution due to the singles rate, which is the dominant component up to

N = 3 appears as a straight line, Linear extrapolafion of the straight line



whlch passes via the p01nts with N = 1, 2 and 3 to the.points with N h and
= 5 enables an easy estlmate of the contrlbutlon there of the random count .
multiplicities. _The slope ‘of the straight line depends'on the single gamme
- ray connt rate which'for.some:ore:saéples*was higher than 600 c/secadue te
the presenee ef,some éamma.emitting netural suﬁstances.
" The resu.lts of .ma».ny Samples .that‘_were placed in the _detector are sum-
marized in Tables 1-h. . |
'The-Tables'describe:tne sample,'its weight, and tne‘periodtof measure -
iment.' Under the heading of "Connts"‘are brésentedﬂ3 different experimental
numbers | The.celnmn headed by "hﬁ lists the_tbtal’observed events‘witn multi-
p11c1ty of four (i.e. four pulses folloning e Start'pnlse) Y:The column hesded
by "4 Ran" is the estimated value of random multlpllcltles in the "4" column.
‘This Value'was inferred from lrnear extrapolation of tne counts-hav1ng muitl-»
plicities of_l, Z-and 3.A'The'coiumn "Sf" contains all tnerbserved events
having mnltiplicities of S'andtsbore ' Unless‘otherwise mentioned the‘5+ events
~ contain negllglble random contrlbutlon VTHé'#Nornelized".coinmn in Tables 1,
2 and 3 presents counts normallzed to 50 Kg samples and 250 hour counting periods
of multiplicitles four or more after subtraction of thei"Empty Chamber count

_rate and the random multiplicities.

"Normalized" =
[(u);(u Ran)+(5+)] ' Empty chamber counts X zso , . 50
' Time o 250 - Time ‘ X Jeignt (2)

The "Normallzed" result thus represents the addltlonal counts of mult1p11c1ty
4 or more thet'are,due to theﬂpresence of the sample . Th1s act1v1ty could be

caused either by cosmic rays or spontaneous neutron emlss;on.

N
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The valﬁe of T /conc. represents the épparent half life of the

1/2 _
ma jor component of the sample assuming that all the events that are not accoun-

ted for by raandom multiplicities ahd empty chamber counts are due to the

| presence of spontaneous neutron high multiplicity sources. These events also

include u-meéon induced events,

Tabie 1 presents results obtained with processed sambles. The "empty
chamber" values Qere measured at three separated periods of time during 18
months of data taking. = The pure_%ungsten, mercury and platinum samples were:
reagent grade. The lead and copper samples were industrial grade, Since
Samples 1-4 of Table 1 are all héavy elements and give fiseuto similar counting
rates in excess of the random»évents it is plausible té_conclude that this
activity is due to neutron multiplicities‘inducedibyip—mesons or.ﬁhe products
of their reéctions. The Valﬁe'of-ZQ counts/SO Kg - 250h ié roughly 10-50% of
the expscted cduéi rate‘from the p-meson induced multipliéitiés at the 500 m.w.e,
depth of.the,tunnel and is thus taken as the background'count rate of the’detec~
tor for heavy elements from the p-meson induced neutron ﬁultiplicities that
escape identification as events induced byvp-mesons.

Samples 9 and 10 of Table i'wéré recently processedvreégent grade
uranium meﬁal which was thus free of the long-lived gamﬁa-ray'emitting
daughters of uranium. Sample No. 9 was shielded in a 2.5 cm lead capsulé to
partially absorb the prompt fissicn gamma—raysband thus prevent them from
triggering‘the'system, @herefore there were féwer k+ events with this sample
compared with the unshielded sample No. 10. ' The apparentlhalf life ofburanium
derived from the observed bt eyents‘ié about 1018 y‘impl&ing that depending
oﬁ the amount of absorption of pfompt fission gamma rays in the sample vetween
0.7% and 1.5% of all the uranium spoﬁtaneous fissiqn events, appeared és bt

events (this effect will be discussed further in section VI). On the basis
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of the sen51t1vity of the counting system to uranium ‘it is found that 2 10 ppm
of uranlum produces events approx1mate1y equlvalent to the background rate due
to oosmle rays in our samplest N
Table 2 is a Summary;of results:obtained on varlous samples., These
samples in general welghed much less than the pure metals and thus we were
l'requlred to use - a large multlpllcatlon factor when normallzlng to 50 Kg. 1In
these cases there are. large statistical uncertainties The values of Tl/z/conc
‘ are'all about lO 3 y and all such results are con51dered to be negatlve
In choosing the ore‘samples attempts were madetto select ores which
had undergone‘nechanical concentration but had'not been alteredvb§ chemical
extractions. The mercur§ samplebNo. ll is cinnabar‘ore obtained from the -
Great WEStern Mine, Middletown? California; where it oecurs in a highly mineral-
laedFranoisean'ForMatlon; ‘The ore had been crushed to aboutilo mesh and had
been COncentrated in several stages up to'BO%bcinnabar.. Tbe age of the orer
deposit'is about 107 years;l l
A sanple’of gOld‘nuggetsi(No..lZ) was obtalned'from the collection
~ of Sierra County, California. The nuggets.ranged fron'thumb to fist-size and -
. were % 95% gold. The orlglnal gold and quartz bearlng velns were probably

formed in the late Jurassic period (l 5 X 108 years "ago). : ' '

~

High grade galena ore was obtained from the Bunker Hill mines in .

Idaho where it occurs in precambrian quartiiteS'and slates, Detailed'measure- "

ments with these ores and their derivatives also resulted in negative results
'as_diseussed'in a later section. ’ SR o o SR '”, 7
' High grade platinum ores (sample 13) were obtalned as a loan from- the

Goodnews Bay Mlnlng Company of Alaska | The platlnum occurs 1n~small tributar-

ies that cut the eastern-flank of the_Bed Mountains, It comes from Weathering‘

By
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of Dunites that are probably late Paleozoic in age (4-5 x 108 years). The .
ore isla magmatic concentration of-platinuﬁ mineralsvin the Dunites. It was
further concentrated by a dredge‘and on.mechgnical conéeﬁtration tables to an
average of 80-85% of platinum mineralsv(67% platinum;‘é% osmium, 13% iridium;
0.2% ruthenium, 0.1% rhodium, 0.34% palladium, A gold).

The bismuth sample (No; 14) was collected from meny different places
in order to get enough material td fili the chahber.-?Native,bismuth; bismuth-
inite, and bismutite were originally'frOm_Cdlofado,lTanzania, Saxony, Cornwall, .
Australia and Bolivia, The samples were obtained from Minerals ﬁnlimited,
California, Colqrado Geological IndUstries; Coiorado, and the Smithsonian
Institute, Washington, D.C...The_large number of counts for'this combinéd
sample was»influénced by some of the oré samples containing as much as ~150
ppm uranium. |

Sample No. 15 is manganesé nodules bfought from'thé ocean‘floor.. The
sample was collected from the iron, manganese crust'that is 2.5 cm'thiék, at
a depth of 2.74 km at a position 136 km west of thé‘Mid-Atléntic ridge at hSd
31' N, 29° 31L' W. This crust started depositing about 16.0 * 0.8 million
years ago and is still being,deposited.v The sample could have been a_host to
heavy elements fhét might have co—preéipitated along with the iron and mangan-
ese from the ocean wateré. This material was ﬁsed previoqsly in a search'for
magnetic monopoles in deep ocean deposits.16

" A large sample gf moon rocks and dust brought back on the first United

States'flight:to the moon was also‘meésured (sémple No. 16). Thé samples were
prpbably 2 to 3 x lO9vyeafs in age. Supefheavy elements could havé:been present

in this sample in the ancient moon rocks which have not béen altered since the
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formation Of‘thé moon: .Also there could have been éuperheavy elements-fotmed |

'onvtbe-éurfgce 6f‘the'mobh.by césmickpar£i¢les reactiné_wifhbtﬂefelements~in
the roékél Furthérmoré,vsuperhéavy elements>COuid have. been produced in outer
'spacé and réaéhéd the‘ﬁoon's butér layer As_p&ft of.the cosmic dust, |
The cbppéf ore (Samplé'No. 17) was éollgctéd,ffbﬁ tﬁé”Soufh Padifié
‘area and loaned to us by fhe.MaféOné Qérporéfioﬁ. bsamplés No;.18 and 19"Vefe
choéén on.fhé basis df'the'aSSumption that supérheavy élements might be érriv-
ing'oniﬁhe'earthslsurface as cosmic¢ rays. Tﬁese samples wére,reépectivély: |
‘activated ¢haréoal and sand that héd-been usgd,to filfeffapproximately‘1100
gallons of drinkiné wﬁtér,‘and an air filter that had been_floWh by a plane
at ~50,000 féet of elevation for ~1 hour*(equiVALénﬁto7~29,OOO ft.3 of filterea
air). Sample‘Nq,‘ZO waé soil from a pasture in Marﬁinez, Californié.
| Samfleé 21 - 23 wereichoéen to check the'hjpotheSis that éuperhéavj'
elementsrﬁghtxrmlnwéseparatéd out,of>thé'iiQuiaimagné chambers - in phé earths
crust and would Bé.concentra£éd'invtﬁé last liquid phasés"along_with other
elements that have large ionic radii. ‘Thé_récks Séiégted were pegmatites that
4appear‘in d;ke_formétiqns in the'éierra Nevada Mountains“cf éalifofnia_at'Tioga
Pass -and Tenaya Iake., A composite_mi#turé -of ﬁhe dike £oék,was éelecﬁed and
.gounted as sample 21. , ‘
A chemical éonéentratiOn was made on the.éegﬁétites,to‘dbtain samples.
-.22 and. 23. _The chémical prbcédure‘ﬁséd was fo grind the rock to:about.lOQ mesh
and then tb leach the rock ?ith’a mixture of 2vpérts égua regia and 1 parﬁ
water._ The resulting_solution bf §énd ahd acid was étirréd four times during
a period.of,hbt'less.than 12 hbuféftteﬁperaturé 20 - 259 C.). ‘At:the_épd of

the‘leaching'periods the acid mixture was décaqtéd.dff.and two,water rinses

(]
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followed. The resultiné’liQuid was then evaporated to near dryness so that
the volume could be fittéd into the counting chamber. Of the material dissolved
from the rock 66% was present in the sampie counted. |

Sample 22 consisted.of leached material from 338 Kg. of pegmatite rock
fiom the east end of Tenaya'Laké, California, and sample 23 vas leached material
from 122 Kg. of_réck that came from Tioga Pass, Califdrhia. The leaching pro-
cedure dissolved substantial amounts of natural radioactiveumateriai from the
rock so that the singles background counting rate for samples 22 and 23 was
~1800 counts per second, This is to be comparéd with a rate of 600 counts/sec
for normal samples. This background accounted for all of the multiplicity 4
evénts which were observed in these cases, 'No'attempt was made to normalize
the results obtained on these samples because of the large uncertainties involved
in the leaching efficiéncy for superheavy elements.

Spécial attention was paid to the inveétigation of lead ores since ele-
ment 11k is expected to be a homologue éf lead. As mentioned before, Fierov
et gl.7 have réportéd finding statistically significant sponténeous fission
acti?ity with Tl/z/conc. of ~5 X lO20 ¥ in several léad_samples. The firét '
lead ore sample that was checked (sample No. Zh)'showed significant excess
neutron activity above the normal level obtained with the samples. A second
lead éample (No. 25) was, then prepared from the same ore body. The second
sample was prepared at the U.C. Richmond field statibﬁ (about 5 miles away from
the LBL main centef) by,persoﬁs who had  minimum conﬁact with spontaneous fis-
sion sources.in érder‘to minimize possible cOntamiﬁation.

BothISamples were prépared from high grade galena ore that had been

obtained by the Materials Science and Engineering depértment of the University

i
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| of Callfornia at Berkeley about 30 years ago from the Bunker Hill mines in
-Idaho.' The ore occurs in precambrian quart21tes and slates and ‘had: probably
been dep051ted 7.5 x lO7 years ago The ore was . crushed to less than 1/2 inch
‘mesh 51ze and then was hand sorted to remove as much of the 1mpur1t1es as

, possible, In this way a composition»of ~80% galena was obtained,

The’second;Sample (No.'ES) also shoued”a'highiactivity Similar to the

previous sample: From the ratio of the counts at mult1p11c1ty L and. 5+ it ‘

| was dnferred:that v'srz,?-SQ The samples were then checked for uranium concen-.
tration by two 1ndependent methods. l)-v»neutron activation with observation
of flssion tracks in mica sheets placed in contact with the irradiated samples,
2) measurements of gamma ray Spectra in order to detect uranlum daughters
‘Both methods showed that the uranium concentratlon 1n the ore was less than 'f

. 0.5 ppm and thus cobuld glve r1se to less than 2% of the observed act1v1ty

- The mica study showed that the'uranlum was concentrated in the rockvpresent
with the ore andrnot.in the'galena?itself ThereforevsamplevNo 28 which con-
tained mostly rocks along: w1th ‘about 30% galena’ compared w1th ~80% galena in A
samples_No.xzh gnd No. 25 was prepared ThlS sample ‘did not showvexcess neu-
tron activlty,'the result lndicating'at this stage that the‘actiyity originated
from the galena. | - | |

In the next stage an'attemptvwasvmade to find out whether excess neutron

activity concentrates in any of the fractiOns separated.in thehprocesses'of a
lead smeltrng and reflnlng plant : Nine samples were:collected at'the.Selby -
plant in Crockett Callfornla The samples were taken from most of the locas
tions at which chemical fractlonatlon occurstat the plant._ No 51gn1f1cant
pactivity”was_found in any of these:samplesvas is'shown in Table 4, Fach of_

the nine samples had a.volume of about 5 liters. This was the same volume“as o




3]

..,
Nz
L
&
Tz
S
i
]
7,

e
o
L

-17- |

Ithat of the lead ore samples which gave éignificant.neuﬁron éctiﬁity. If any
concentration of activity occurred‘in the processing,:the acti?ity'measured
with a 5 liter sample in 250 hours should have exceeded the activity from the
same Qolume of lead ore of about 35{§ounts/250 hours. Such a result was not
observed, | -

.Fbllowing the negative results on fractipns from the Seiby plant, lead
ore and lead bullion weré obtained from the Bunker Hill mines in Idaho from
which location the lead ore in oﬁr possession was mined ~30 years ago; Both
samples also gave negative results., Then the attémpt was made to concentrate
the activity in ~200 Kg of the high gréde lead ore that was at our disposal.
The process chosen for the separation wgs,reduction'of the galena by iron in
the reaction PbS+Fe-Pb+FeS. The lead ore Qaé crushed into a fine powder and
mixed with 5.7% Sodium Borate and 18.0% iron dusf._ Powdered cérbon was placed
on top of the mixture to prevent oxidation of‘the lead. The mixture Waé put
intovcovered stainless steel cans which were piaced in an oven at 1100° C; for
about 3 hours. The sodium borate becomes a iiquid af 741° C. and thus helps
bring about coﬁtact between the crushed galéna and thé iron in ordér'to improve
the efficiency of the reaction. .
| The contents of the steel cans separated easily into three components:
1. 1lead bullion, 2. slag with iron, 3. slag with sodium borate. The three
components'wgre poured into éeparate sets of cdntainérs, each set with a volume
of about T liters. The slag 1 and élag 2 sets. of containers included only
about 56% of the fotal slag produced. Tne leéd bullion represented a concen-
tration in volume bj a factor of 8 as pompared'with the lead_coﬁtent of the

-

previously measured lead ore., The slag represented concentration by a factor

I
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of 4. The samples were measureavana[all‘showed’insignificent neutronvactitity
compareé'with the expected-ectirity.on the basisrof the concentratiOn factors.
Before undertaklng steps to trap the vapor that mlght have escaped in
the separatlon process, two more samples from the same lead ore body were meas -
lured, (No,.Z? and No. 30). These'samples gave negatlve results whereas the
original lead ore samples that-eppeared-positive wereralready used in the separa-
tion proceSS. | o |
‘ - , . ’
vThevlohg search into-heutron'aCtivity in lead ores was thus concluded
with negatlve results as no concentratlon of the. apparent act1v1ty was- achleved
fand the observed 31gn1f1cant act1v1ty could not be reproduced by other samples

from the‘same'ore. ‘It is possible that the activity-could have_been due to
very slight:coﬁtaminAtion'by 252C§ tﬁat'could have'ocoUrred despite the strlct
precautionary:measures;
' | ~VII. DISCUSSION

‘ The results<of the.previous section were based:on,the-observation of
pultiplicities of four or morekneutronsifollowing a‘triggering of theISystem
by a neutron or gamma. ray and the assdmption:that all spontaneous fissionievehts
lof superheayy elements would emit such observable multipliclties.. ”
| ‘The resﬁlts must be modified it the spontaneoﬁs fissiop e?ents give'
' a“d‘i.‘fferent, distrllbution of 4 events. This is the case with 2_38U_where only
41%'of the‘fissions were detected as h+“events.u The sepsitivity for detection
of the aboveemehtioﬁedImultiplicities‘depends,on the shape of the neutron:_
prdbability‘distribution.v Stu&ies.of tﬁe distribution of ﬁeutrohs were carried
| 17, 18 o

out by several authors ‘for spontaneously fissioning isotopes of U, Pu,

-'Cm, -and Cf. " The shape of the neutron distributions was fitted successfully

!
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by the equation:
v v v

| N _ _ ‘ :
max, v Vo max _
P( V) =. V7 (v -V) T ) vmax')v (l" vmax.) v‘ ‘ N . | (3)

max

where the condition V = 2y . .1s imposed.
: . max » '
The form of the neutron’multiplicity distribution in spontaneous
fission is associated with the variation in the kinetic energy of the fragments
and with the statistical nature of the neutron evaporation process., The proba-

/

bility for detection of a U+ event (1 trigger neutron + I or more neutrons) is

: _ _ V= vmax N=mn
\ WV v .
Probability of M+ = Z : Z P(V)e N(l-e) N (N) (%)
_ - ves KT s . . _

The results are shown in Fig. 7. Two experimentally measured points
are shown on the curve. ThébZSZCf point Vas measured by using a fission trig-

238U point was obtained by placing 10 grams of 238U metal in the

ger, and the‘
chamber without shieldingﬁ In'the latter case the result is that some of the
prompt gemma rays trigger the géte andvthus more h* eveﬁts were observed than
would have béeh expacted on the bésis of néutroﬁs alone.

The validity of the extrapolation of.P(v) to-high v values-becdmes
less critical with increase of 7ﬁbecausé a larger proportion of the fiésion
events result in Observéd 4" events and the results debend léssvon a correct
description of the upper‘tail of the P(v) distribution. The calculation does
not include the effect of the prompt gamma rays as most of them are abéorﬁed
within the bulky éamples. ‘The prompt fission éamma rays can reduce the required
neutron multiplicities from 5 to 4 énd Fig. 7Rindicates a loﬁer limit of
the sensitivity of the system, The effect of dead timé (0.2 psec) after each

pulse is not included in the calculation. This reduces the probability to

i
|



to.detect‘a 4t event by ~10% which is'pefhaps compensated for by the neglect

of theiprompt.gamma ray effect. = ' A v L

An. indication of the shape of the_multiplicity'distribution can be = - i
Aobtained:from the:ratio.of&the hvevents.(events of multiplicity h)vto the_5+ = ‘é
events along with'the.assumption that:P(V) behavesiaccofding to Equation 3
In none of the cases did the - 5 events exceed the y events thus 1nd1cat1ng that'

the observed multiplic1t1es all originated from cases w1th v < 6. If‘v exceeds

6 the ratio of 5 /h events according to Equation 4 is of the order of 1. The o
system attains its maximum sensit1v1ty for values V.= 7 13 . For such values ‘
of V it discriminates agalnst spontaneous fission events originating from , , é

uranium contaminationiby a factor ofrabout lOO; CIf the value of V for super- E
heavy elements is loWer'than.7ithe loWen'limits givén:for the existence of,'
superheavy elements ‘must be tevised;upward'in accOfdance vith Fig. T.

In conclusion, we nave'been unable to'find any indicatibnsof the exis-
_ tence'of superheavy,elements‘in'any of the-samples examined; the lover limit : f
.of Tl/z/conc.Ais ~lOz3 years.. Tnelsamples counted,were chosen to cover'a'wide
drange of posSibilities as‘regards‘concentration of‘superheavy elements.follow- | .f E
"ing the pattern of the concentratlon in nature and artificial processes of the o é
heavy elements with 2 > 76. o ' : S

The system described here has the advantage of. great sens1tiv1ty for

recordlng actual fission events w1th large neutron multiplic1t1es and in addi—'

3

tion 1t could have given direct-information concerning multiplicity distributions.

The limit Tl/z/concf of 10%3 years is based on the assumption that the
average number oflneutrons per fission would be 10 + 3, Had superheavy elements

been detected in any of the samples.their'half_lives must hav2 exceeded about



N
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lO9 years in order to survive since their creation.during primordial times.
For such.a'half life the upperAlimit on the’concentration:in the sampleé is thus
1071, | |
| APPENDIX A. ESTIMATE OF THE NEUTRON MULTIPLICITY

The'number of neutrohs emitted in spoﬁtaﬁeous fission, ;; is directly

2 has already predicﬁed,

related to the excitation energy of the fragments. Nix
on the basis of dynamical liquid-drop calculations and. the liquid-drop mess

formula that v = 10.5 for the spontaneous‘fiSSion_of'the superheavy nucleus

298

114, We shall summarize in the following’discuséibn the empirical evidence
that supports thisvprediction. The averége eXcitation'energy ofrtheltwé frag-
ments can be written as

B - (7+1E,+E), - (5)°
where Eg and E; are the average neutron binding energies of the neutrons and
their average kinetic energies in the center_of mass of the moving frangnts;
respectively, ‘The excitation energy released.ig.thevform éf gamma rays is al-
ready included in Eq. (5), where it is taken to be Eh + ﬁg fhis represénte the
average gamma emission of a statistical decay of the two excited fragments and
Eg is approximately‘equal to the additional gamma-ray‘energy dﬁe to the angular
momentum effects in the de-excitatién_of the fragmenté; The dependence on v
of the average neutron kinetic energy in the center of maés of- the moving frag-
ments has fhebform found invnuElear evaporation prpcesées and thus.cén be 
represented by Eﬁ = 0.75 + 065 (741)%> (in'MéV)%9 The constants in the equation

25

were chosen to reproduce the knowa results for

26f and thermal neutron fission
of 235

U.
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The-equation;f =M - E. represents the energy balance of spontaneous _'

K

. fission where,Aﬁ'is the mass dlfference between the mass of the flssionlng

7

nucleus and the*average mass of fragments and“EK

of the fragments before neutron evaporatlon The neutron~myltiplicity expected

is the average'kinetic energy

~in the spontaneous f1ss1on of superheavy nucle1 can thus be derived from an
‘extension of the known syStematics of the kinetic energies of fission fragments
and from ertrapolations of the mass formula;"Tne measured average kinetic,
energies of'fhe fragments ﬁk (before nEutron evaporation) of a wide variety
of nuclei has beenlfitted by Viola and Sikkelandzoito the equation .Ek =
0;1065 ZZ]A¥/3 + 20.1 where E is in MeV and Z and A are the apomic.and'mass
numbers of the.cbmpdundfnucleus undergoing fission; The above eéuationyapplies
_ successfuily,tovfission'induced by energetic projectiles as well as.to spontan -
eous_fission.'_Apparenﬁly the heaviest compound nucleus for'which E,_ has been

K
measured is'278110 produced by bonbarding 238U.v:¢ith hQA and has been reporfed
by S.ik1.<elandz1 pofbef225't\h'Mev.- Tne iatter resuit‘is acpually a test of the
extrapolation of the empirical fitted relationship_which'was‘originally derived
" When the heaviest known fissioning compound nucleus'was'zégFm. The'relafionship
predlcts E to be 217 MeV. for, the compound nucleus 78110 for Wthh Z /Al/3 =1919.
298

For the nucleus- 11k B is predicted to be 227 MeV (Z /Al/3 = 1949) An.

alternatlve way to estimate the’ klnetlc energy is via the liquld-drOp calcula-
tlons of Nix, 2z The calculatlons do not have adJustable parameters and gener—
ally give EK to be a few percent lower than the experlmental values found for

most nuclei; however, the dependence on Z /A /3 is essentlally the same as that

of the_emplrlcal relatlonshlp.

The value of AM can be obtained from any of the various mass formulas.

-
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The expected island of stable superheavy nuclei around Z = 11k, A = 298 lies

" along the beta-stability line. The mass of 298111+ is obtained from the smooth

- part of the droplet-model mass formula of Myers and Swiafeck123‘v1th the addition

of the shell correction of Nilsson et 5&.23' The mass of the fragments is taken
from the Myers and Swiatecki tables. For a symmetric»binary fission AM = 308
MeV, whereas for asymmetric fission into Z = 52 and Z = 62 with constant Z/A

of the isotope 298

114, AM is essentially the same 313 MeV. It is important
to note that the stabiiity of suberheavy nuclei depends largely on the shell
correction.to thelfission bairier. A2 MéV variation in the shell correcfgon
may have drastié effects on the half li?es for deéay of superheavy nuclei but
would contribute insignificantly to the energy reléése in the fission of such

nuclei, Taking AM = 310 MeV and EK

neutron binding €nergy for the neutron-rich'proddcts 1s estimated to be 5.5 MeV,

= 227 MeV wve obtain'ﬁ; = 83 MeV. The average

thus y X 10 with 55 ~ 2.6 Mev,

Even if the kinetic energy of superheavy ngélei were to vary by 25 MeV
from the extrapolated value, v would still be % 6,5 which is a large valué com-
pared to the knownlvalues of Vv for other spontaneOusiy fissioning nuclei.z

The underlying assﬁmption.in this discussion‘is that superheavy elements
will undergo binary division. The experimental evidencé from fission of uranium
induced by l"OA indicates that binary division is the pfedominant mode of fission
w{ the compound nucleus,which was apparently pfodﬁcéd,z5 Ir triple or quadruple

fission were to take placé there would be é larger energy release, but not

necessarily in the form of evaporated neutrons.
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Table 1. Metallic samples ahdﬁmpty Chamber Results |
‘Sample weight. Time. Counts Ngr@alized T2 cone.
' Kg  hours 4 4Ran 5%  Counts/50Kg-250h 1022
1 W 55 '_ 233 ia 10 201t 6 16
2 He ¥ 189 13 2 5 20t 5 15 .
3 Pb 91 91 2 1 s 9t 5 '32;
i Pt 16.8 163.5 6 2 b . 25+ 9 12-
5 'vCub‘ 60 192 8 3 o - 50
6 E@pty 338 6 .6v _'2' 1.5_1, 2 |
7| Bmpty 68 7 3 2 9t 5
5 Bapty 338 19 13 1 5%k
6-8  Total 8l v'jz 22 ,5_ bt o2
9 ﬁb -OLQ107" 21.5 29 1 e 1.66%10 1.5x10™"
10 U ',6;6106 30.5 ,; 81 1 9 ‘h3;uux1o 0.7x20™"

aEmpty chamber "Normalized" column is normalized to 250h

by weight.

N

counting time -and not

bThe uranium in sample 9 was shielded by.1" of lead capsule inside the chamber,




Table 2. Results on Ores and Other Samples

11
12
13
1k

15

\16

17
18
19
20

21

2z

23

s,

Sample

Hé Ore
Gold nuggets -

AN
Pt Ore .
Bi Ore
Manganesé’nodules
Moon rocks
Steel.cans‘

Cu ore

Water filters

~ Air filters

California soil
Pegmatite
Tenaya Pegmatite

Tioga Pegmatite

Weight
Kg

21.2
% :
20
14,3

7

3
27 ‘
10

10

13.5
<337

<122

Time

hours

251

335

380

360
193

781

279,

118_

90
170
310
135

132

.

16
21
19
.57
23

Ly

vl5

31
237
570

Counts

4 Ran

10

21

18

19
237
570

5t

11

Mormalized T
_ '1/2 conc.
Counts /50Kg-250h 102y -
24 + 12 12
11+ 6 28
3+ 7 e
8h = 24 ‘ 3
120 % 57 9.
99 58 . 20
-20 * 22
23 + 22 60
83 + 25
26 + 26

e

H
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Table.3. Lead Ores and Fractions from Lead-Progessing

3

33

of the slag produced.

‘Samplg : Weight Time» ~ Counts . Norma}izéd v Tl/égéén;'
' Kg ‘hours 4 4k Ran - 5% Counts/50Kg-250h 710
2L Galena 1 20 256: 35 3 T 8 + 18 ER
25 Galena 2 23 7T 2 2 3 92 + 28 3.2
26  Bunker Hill Galena 25 122 6 2 1 12 + 12 2k
27 Buhkeg Hill Bullion 9 120 1 3 6 | 17+ 5 17
28 Low gréaé Galena 15" L6 '5 1 | 0 45 + 36 6.5
‘.29  Homemade lead | 15 éhb 13 ,5 b 6+ 3 48
30 "Siag 150h  ta 3k 0 5. 10 15 # 13 73
Slag 2.59%‘ 25 185 11 2 5 28 * 12 5k
32 _Gélena'3 7 112 3 1 0 2 + 13 1h5
‘ ‘Galena h 17 ok i 1 1 20 £20 '.15
3k Tﬁélium-ffaetion 7 l88 18 5 1 '1b4 £ 50 6
#These samples'were_produéed frpm 135 Kg of lead oré (seeitegt), 'Samplesi3o and. 31 are.énly 50%.
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Table 4, Selbty Lead Smelting and Refining Plant

Number Sample Weight Time Counts Normalized .
: Kg hours 4 4y Ran 5% counts /250h

35 Lead bullion 50 18 2 Lz 12 + 10

36 Blast furnace slag 19.5 76 8 N 3 19 = 11 -

37 Cintering dust (I) 16.1 65 1 2 1 hx 8

38 Cintering dust (II) 7.2 108 7 3 o S1z x5

39 Blast furnace slag II 12.5 87 1 ’l 0 -1+ 3

Lo ‘Dust from As,Sb, 5 - 11k 10 | 3 3 18+ 8

Sn, Cﬁ removal
b1 Dus£ of tin dross 13.1 72 5 2 0 6+ 6
42 Bismuth fraction 55 Th 4 1 2 13+ 8
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Fig,

Fig,

-3e-

1. (XBL 7111-h725)" The gadolinium loaded liquid scintillator detection
system,

2. (XBL 706-3251) The electronic system. The dashed lines describe the

._ portioh of thevsyétem thatvwas‘used tQ'identify the p-meson.induged mul ~

Fig.

Fig.

Fig.

Fig.

Fig.

tiplicities.

3. (XBL 706;32h9) The multiplicity distribution observed with a 22%cr

‘source placed in the center of the chambers . The 35 usec gate was ‘trig-

geréd by a fissibn fragment detector. ‘The average multipliciﬁy of this
case was 2.44 i.e., the efficiency ¢ is ¢ = 2.uh/§,= 65.5%; (v =.3.72).

k. (XBL 714-3245) The multiplicity distribution for metallic tungsten

‘sample. The abscissa N”is_the OBServéd‘muitiblicity (i.e. number of
events following a triggef). The Qrdinéte is N! ? counts of the N-th
v‘ﬁulﬁiplicify. The sfraiéht:iine'fepresents theipontributiOn of random‘
_multipliéities,_ | | |

5.. (XBL 71k-324k4) The multiplicity distribution of the détector without

any samplé;
6. (XBL. 7111-472%) The multiplicity distribution of the de%ectqr with

a lead ore sample,

7. (XBL.71h43243) ‘Calculated sensitivity of the system to detectvfission

lévents by detecting four neutrons following oné néutron which triggers

the system, as ajfunctionvqf';. ‘The shape of (v) is assumed to have the

. form of equation 3.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.
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