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Lawrence Radiation Laboratory
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Abstract
The-spbntaneoﬁsly-fissioning isomers of Am and heighboring elements
have been explained as nuclei trapped in a secondary minimum in the fission .

barrier profile. " Some recently published calculations suggest the‘possible

- existence of another group of such shape isomers near Z = 85,‘N = 118. An

~.. attempt was made to produce isomers of Po, At, Rn, and Fr.by bombardment of

¥Th with beams of llB, 12C,‘;hN, l6O-from the Berkeley HILAC and to observe

their fission mode with Si semiconductor detectors. The cross section limits

3

were set at 7bvnanobarns or less for thé half-life range.2 X 10—9Ato 2 %X 10
seconds. An attempt was also made to observe fissiqn-fragments from nuclei
decaying in flight after recoiling out of targets of.Ce,‘?r, Tm, and Au bom-
barded with heavy ions. ©No fission fragments were obser&éd from products in

9

the half-life range 10 ~ to 5 X 10—8 seconds above. a cross section limit of

v 50 nanobarns. The possible existence of isomers decaying primarily by y-transi-
tions to the first minimum was not excluded in either set of measurements. The
apparatus was tested with known isomers produced by the reactions

2 A2u8U 2h3m

385(a,pn) 238 (200 ns) end (*2¢,030)%*®cn (38 ns).

% :
Work performed under the auspices of the U. S. Atomic Energy Commission.
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- Permanent Address: Niels"Bohr. Institute, Risg pr. Roskilde, Denmark. . . = -.



-2-  UCRL-19905

1. intfoduction

The dlsoovery of a series of americium isomers decaying by spontaneous
fission is by now a well known story ). The interest in these isomers has
‘w1dened with the observation of many more examplese—h) among the 1sotopes of U‘
Pu, Cm, and Bk, which establlshes the ex1stence of an island of this new type
of isomerism in the 1sotop1c chart w1th1n the Z limits 92-97 and ths N limits -
lhl;lﬁ9. The explsnation of this phenomenon is based on theoretical calcu-
lationss’6) of the fission barrier piofile‘by a model which adds to the average
liquia—drop energy a correction dﬁe to the non-uniform single—particie level
densities. ;Aocofdingpto.ihﬁsegealculationsiiheffissionhbairier;for nucléi;in~.
the region.thre the isomers\havé been obServsd is double-humped, and the mini-
mum between the humps is.so deep'that nnclei can be caught in fhe minimum. This
explanafionvis gaining gquantitative support from ths detailed analysis of pro~
ductionvcross secfions, isomer half.liﬁes, etc. In most cases, decsy by spon-
taneous fission seems to dominate and it is therefors inferred that penetration
of the outer barrier,‘leading to fission, is favored nelative to penetraﬁion'of
the inner barrier, which would lead to y-decay.

The qusstion arises whether other.islands of“fission isomerism exist.

7,8)

Theoretical- calculations ;inaicatejfhat & secondarysminimum=in-the-

fission barrier lying 4-6 MeV above the ground state minimum might also be
Vexpected in the region around Z = 85, N N = 118. 1In this region the calculaféd
barriers surrounding_the second minimum favor the Y—deoay mode; but the uncer-
tainties of the calculations seem to justify a search for delayed fission decay,

which can be measured with much greater sensitivity than decay by delayed

Y-rays.

-
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| The purpose of the investigation reported in this paper was to determine

‘the properties of fission isomers which might exist in.this region. . The study

was stimulated by reports of the apparent observation’*10)

29

produced with cross sections of the order of 10

of fission isomers
2 . . .
cm  in the interaction of

heavy-ion projectiles with targets of Ba, Ce, Tm, Au and other elements. The

‘half -lives were reported to lie in the nanosecond regibn.: In these experiments

. tracks were observed in mica and plastic detectors when they were eprsed in

such a way thatvonly'particles originating from a voluﬁe‘downstream from the

 target could reach the detectors.

It seemed appropriate to study these isomers by a differént'detection-“
téchniQue which offered the possibility for a more detailed investigation of the

fission charactefistics. With this in mind we performed’ experiments with sets of

Si-semiconductor detecters in a similar geometry and under an experimental con-

figuration which would permit registration of high-energy heavily-ionizing par-
ticles in coincidence. The details of the technique and the results are given below,

but we may summarize by the statement that in no case has it been possible to-detect

fdelayed.fission,.except for cases which fall in the previously well-established

‘island at Z = 92-97. 'The eross section limits for all other trial cases were

31 cm2, and, for products in the range Z = 84-87, N = 116-122, the half

9

life limits were 2 X 10~ to 2 X lO+3 seconds. This does not prove that there
are no shape isomers in this region, as theoretically.?rédicted, but it indicates

that if they exist, the dominant decay mode is y-emission.
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2.‘ Experimental Techniques

| The experiments wére.performéd,at the Berkeley heavy ion linear accelera-
tor, HILAC, with the target'and detection systeﬁ shown.iﬁ fig. i. The appaiatus
wés desighed.éo,that pfbmpt fissién occurring in the targef.coﬁld not be regis-
tered by the detectors. On the other hand fission Which‘océﬁred in.nuclei which
were ejected from the target and travéled into.the sensitive volume of thé detec-
tion system cduld'be detected with high efficiency. EXperimehté of two genefal
vtypeé were performed. In the first series a recoil éétéﬁer foil was inserted
between the detectors (fié{ 1). It consistéd of a'225'ug/cm2 plagtic'foil
(Makrofol) supported by four Be pins. Since the angular épread of the recoils
is appreciably larger than the spread in the beam angle after traversal of the
target, a céntral hole was left in the catcher foil to aliow the beam to pass
_unobstructed.. In this way possible background diffiéulties due to prompt fis-
sion induced by the beam in minute amounts of térget maﬁerial‘transferred to
the catcher, wére avoided. The use of the recoil cbllector aliowed us té covér
the half life rénge of 2 X 10-9 . to 2 x lO3 seconds. FIn the second series of
éxperiment-v né_foil was used to stop the reéoilé and fission was observed only
for those nucleivwhich decayed during flight through the detector system. The
velocity of the recoils was of the order of 2 mm/ns‘which means that coincident
fission fr&gmehts could be detected in the nanqsecond £ime range.

The‘détector system consisted of four fan-shaped P-diffuéed Si wafers,
cut from circular discs. The depletion layer was 50 um thick, sufficient to
Stop 100 Mev fiésion fragments. The total sensitive,aiea was -11.3 cm2. Adjacent
pairS‘of,de$eéths were connected to two amplifier systems and the output sig-

nals from these were in turn fed to a time-to-amplitude converter, operated in

the 150 ns time range. The prompt time resolution was 2T = 30 ns. For each
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recorded event 1nformat10n on the energy of the two fragments and the tlme between
them was stored on magnetic tape. In some measurements the pulses from the two '
ampllflers were added and this sum plus the time between the two fragments were

» stored. After the experiment the data were sorted accordlng to selection cri-
'terla on the energies or the tlme.i

The sens1t1v1ty of the measurements was cruc1allykdependent upon the
elimination of background from beam scatterlng For thls purpose the beam was
well collimated before it entered the target. The beam had a cross sectlon of
Lo x 4, 0_mm whlle the target backing was supported by an Al target frame of
4.5 x 4.5 mm. The downctream aperture (flg 1) had an opening of 6.0 X 6 0 mm
and a length of 6 mm.

Projectlles scattered at an. oblique angle into the detectors gave rise
to a background of single counts with energies approachlng the full beam energy.
The singles count rate for thls background was at tlmes substantlally higher than
the count rate expected for true fission events but the 001nc1dence requirement
eliminated this background entirely when the vacuum was_below 10 3 mm of Hg and
the discriminator levels were set at 35 MeV. For the rare earth cases somewhat
lower dlscrlmlnator levels were used to ensure that no f1s51on events were lost.

Another source of background was electrons knocked out of the target,
but this was eiiminated by applying a magnetic field of 3 kG in the space
between the target and the detectors.

The maximum energy of the HILAC beam is 10.3 MeV/amu.. Lower beam ener-
gies were obtained by inserting stacks of 1.7 mg/cmézAl foils in the beam.
Northeliffe's range—energy calculationsll) were used»to'determine the energy

degradation in the foils.
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Some targets were prepared by evaporation of the metal or ox1de onto Al

2 (238

backings in thlcknesses of 0.025 mg/cm U) or Q. 5 to 1.0 mg/cm (Ce and Pr)

The Au, Tm, and Th ta.rgets were self—-supportlng rolled meta.l f01ls. The U tar-

get used for heavy ion bombardments (0.8 mg/cm ) was prepared by palntlng an

organlc solutlon of uranyl nltrate on a Be backing.

e

-
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3. Results

3.1. TEST OF SYSTEM WITH KNOWN ISOMERS.

The system was given a preliminary check and célibration»with fragments

from the spohténeous fission of “2°Cf, but: it seemed-dééirablé to test it under

beam condltlons w1th some known 1somers. We worked with the catcher foil 1nserted

and chose for this purpose 200 ns 238mU and 38 ns_2h3mCm made by the reactlons

12, a3n)2h3mCm respectlvelyh 12 20)

Ve We“estlmate;from
these half 11ves and from the recoil velocities that 70—80% of the isomers
detected reached the collector foil before decay. _Figpre'Q shows'the results

of test runs..

It is a'well-known property of fission that the total kinetic energy
' 1/3

~of the fragmehts varies as ZQ/A . Assuming that the distributions across the

catcher foil of:the recoil products in these two expériments Weré roughlyvsimi-
lar we can conclude that the measured mean total klnetlc energy of the frag-
ments_do reflect the dlfference in the value of 2 /Al/3. Although the widths
of the energyvdistributions.afe large, it is readily'p0851ble to define a mean
klnetlc energy on the basis of 100 events clearly dlstlngulshlng Z = 92 from

= 96 (fig. 2). From thiS»observation, it is then possible to extrapolate to
the positions roughly expected for fission of lighter (énd heavier) elements,
as indicated on the flgure by black triangles. |

2h3mCm 1somer also serves to callbrate the

The measurement of the

efficiency of the detector. Originally, this 38 ns activity was ascribed’z)“to

Ccf through the reaction Cf. Collimation of the recoils was
used to digeriminste against_reactions with a wider angular distribution of

recoils and under this condition the cross section was foundlg) to be _
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Lo, =31 2 B : \
1.0 x 10 3 cm~. Later, the 38 ns fission activity was reassigned ’

made by the reaction ?38 (12 23

L 13) to 2h3Cm

C,a3n)" “Cm, which has a wider recoil distribution.

Taking that iﬁto=account, the correct_eross section is estimated to be (4 + 1)

=31 2 ’ . . . . . .. )
3: cm and from this the detection eff1c1ency for‘any spontaneously fis-~

"X 10
s1on1ng product formed in a target thinner than the re001l range, is found to

be (h 1)7. Geometrical considerations. 1nd1cate this to be a reasonable number.'

3.2; SEARCH FOR ISOMERS WITH CATCHER.FOILS IN‘PLACE;
The search for isomers in the island around Z'?»BS, N = 118 was made

l97Au target with iomns of llB 120, th- and 16O

by irradiation of a 2.2 mg/cm2
ﬁith energies fromjthe Coulomb barrier to fﬁli energy (lO 3 MeV/amu) the incre-
ments in‘bombardihg energy (no. of steps) were;chOSeﬁ small enough to ensure. that
all isotopes between ﬁhe lightest and the heaviesf_possible were produced. The
thlckness of the Au target was larger than the longest recoil range. In esti-
mating the cross section llmlts, table 1, an effectlvevtarget thickness equi-
valent to the range in the catcher was used;;réf, 1}).7'The-tab1e also_givesche
estimated iimit of the fission isomer ratio R' ='GIi'/oI i.e., the ratio of iso-
mer yield leadinévtovspontaneous fisaionlto that of thedéround state. (The symbol
UII is reserved as notatdonvar the total isomer yield,.irrespective of decay mode.)v
The ground state cross sectiods are taken from refs. }A?15’16) or crudely evalueted
from consideration of the competition between fiseioh”and neutron eVaporatioh,

17).

ref.

3.3. SEARCH FOR ISOMERS - NO CATCHER FOIL.
A series of measurements was made under conditions-closely similar to-

those of refs. 9’10) except that mica or plastic track .detectors were replaced

e
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by the semiconducfor:coﬁntérs operated in coincidence, figr 1. The recoil
~velocities vgr;éﬁ.fromvo.lG to 0.30 cm/ns (except in deﬁterén and alpha pérticle
“ bombardments). - Fréﬁ_this it was estimated by a folding'proéedure based on the
decayain—flight.equation and the gebmetrically calculated=détection efficiency
that possible fission isomers with lifetimes between = 1 and ¥ 50 ns are déteéted
in coincidence with .at ieast (2 + 0.5)% effiéiency.' Singlévfission fragments have
tyﬁicallyv20%:probability of being detected, but the distinétion of these from
scattered beam‘particles was at times ambiguous.

The résuits which are presented in Table II give no positive indication
of fissioh events in the new regions under investigatiqﬁ, An ﬁpper limit of a
few'nanobarns.could be set in most cases for théaformdtion of isomeré decaying-‘
isétropicaliy bj delayed fiésion. A tendency forvpreferenﬁial forwapd;backward
emission from_aiigned high-spin reaction recoils eould increase that limit by a.
factﬁr of at most fi&e.(see e.g. ref. 17).p. 390 £f). -

-While this work was in preparation for puﬁliéafioﬁ we learned of new
studies done by mica techniques by the authors of refb 9)'in which new. and lower

: : : N RN L2122
1limits were-set on the. occurence ‘of spontaneously fissioning isomers 72

.. -These
negative'results.alsbiagree'with;those bbtained:in“avcbncurrgnt'study'done by
Flerov'gi §1;13)7with mica detectors.. Altogether, there is presently nd-positive

eviderice. foi:fission isomeriem except. for the U-Bk region.
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. Discussion.

As a.first_and'crude approximation'it may be essumed'tnat the relativel
probablllty R fot ‘the population of the two mlnlma, i e., the isomer and the
ground state, 1n ‘a compound reaction is a matter of the den51ty of flnal states
avallable in the two Wells, evaluateu at an eneréy somewhere between the neutron
separetlon energy and the fie51on barrler, i.e.,; at T—ll.MeV above the. ground _.
state. The difference in level density primarilykdenends'on thelenergy'dif_
ference, EII - 15 between the two minima. Us1ng Lang and LeCouteur s level.

den31ty expre551on 9) with the standard parameter a A/ll one finds the following

relation to be approximately valid

_ ~ o Jo o~ 10-(0.T £ 0.1) (B - E) .
R = GII/OI’ pII./pI- 10 . II I .

This is equivalent to a constant temperature level den51ty law with T = 0.6 *. 0.1 MeV.
A llmlt of 10 -6 for R is equivalent to the statement that

EII - E 2 8.5 % 1.0 MeV

In fig. 3 the calculated values ’7) of (EII - E ) are shown in the form
of a contour plot A large number of nuclldes produced are calculated to have
& second minimum 3 5 MeV below the estimated 8.5 £ 1.0 MeV, yet they have not
been found in the present experiment.
Several_factOrs.iinfluence‘of shell effects on'tne'level-densities, a
large difference ln the height of the twolbarriers, or a-large differenCeibetween~the
neutron separation energy,and-the%barrief heights - can modify the first order esti-

_ L ) v

mate by one .or.two orders: of magnitude. .By far the most serious factor; however, is
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thevexponentially.dependent competition betweeﬁ barrier penetration of the
inner and the oufer barrier, i.e., 5e£ween Y~-decay anQ épontaneous'fission.
The most straightforward conclusibn;isftheréférerthét  |
dlthough there might well be an isl#nd of shape isém¢£svééound‘z = 85, N = 118,
the isomers do not decay by spontaneous fission. S =

vMueh‘lafger values‘df EII_— EI are‘expected ini£he rare éarth regiop,
‘because here”tﬁe liquid drop barrier is 20—&0 MeV high;_compared to Q’l’OIMe.V
for Z = 85, ﬁven if there were shape isomers in-thié régionvwhiCh.décéyed by
spontaneous fiséidn with the right haif life, one‘w6§¥dgeXpe§t the‘crbss

sections to lie well below=therékperimenfal“limits”iﬁwtable;2;
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' Table I. Measurements With Catcher Foil o
(2 x107 5 <ty ¢ 2 x10%)
Most Probable. Cross section, Oyrp' Fission isomer-ratio Reference
Product -30 .2 - : o ' .
10 -oemT . = N
Opp'/Op =R
Tu + 5, 50 - 114 wev, 13 steps
200, < 0.02 < 10“6'h a)
201p, < 0.02 < 10767 |
202, < 0.02 < 10"6'_7
- 203p,, < 0.02 <1079
2045, < 0.02 <;1o'710
97y +’l2C, 6L - 125 MeV, 17 steps _
20y < 0.05 < 1076‘0 b)
202, , < 0.05 <-lo—'5-9' :
203y, € 0.0k s_lofé‘o‘
2084 < 0.05 < 1076+3
2O5At < 0.05 RS 10‘6f3
IThy 4 th,'72';>1h6 MeV, 1k steps B e
202Rn < 0.06 <.l70—5'5 c)
203kn < 0.06 <1077
20k, < 0.06 < 10763
205gn < 0.06 < 10763
2060, < 0.06 < 10_76‘5
2OTRn < 0.06 < 10‘6‘5
Tpu + 160,_85'—'165vMeV, 18 steps.
20k, < 0.07 <1072 T a) i
2055y < 0.07 < 10"3‘3v
206py. < 0.07 < 1072+2
20T < 0.07 <1071

(continued).
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Tablé I. Continued

Most Probable :*. Cross section, 0 ’ Fission'iéomér ratio Referénce
o . II . '
Product ' -30 2 o . '
. _ : cm g /GI = R
085, - < 0.07 - <10 6.4
2 . . . N
09Fr Lo < 0.07 . < 10 -6.L
2 AT : : -
05 . < 0.07T < 1072°
238 + B, S and 63 Mev
M2 - 0.05 * 0.02 : - S e)
243 0.10 + 0.03 -
2385 4 4, 20 Mev
> -
238, 1 f)
238, 120, 70 Mev
2h3Cﬁ , o (0.14) calibration o v—b R g)

a) Isomer ratio based on ref. 17
b) Isomer ratib based on ref. 14
c¢) Isomer ratidvbased on ref. 15
d) TIsomer ratio based on ref. 16
he 2% cross section opp' is (0.1 # 0.05) x 10

f) Th 238U cross section. orr' is (10 % 2) x 10~30cp? according to ref. 20.

=30 2 according to ref. 18 .

The lower yield observed in theypresent work is ascribed to poor target quality
which prevents recoils from escaping in this particular low-momentum transfér
process. .

g) The 2h3Cm cross section O..' is (0.1 * O 05) x 10 -30
II

_cm2 according’to refs,

12, 13 see text for discussion.
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© Table II: Measurements without Catcher Foil

(1 % 10_‘9s'_<tl/2 <5 % 10'85.) :

o o min Emﬁx No.. 6f> tgiz‘wgiiss sécZiﬁZr | : . -0
Target Pro;eetile MeV MeV Steps 10”39¢m2 > lO'3Ocm2 lRéference
Wee 16 119 2 < 0.50
natioe 12C._ 16 119 2 < 0.06
mate, My oy 13 3 < 0.02
nate 16, 121 12 6 < o.09' 
e . T T <0.09
169, My a1 113 3 < 0,02  

T Mg 93 113 5 < 0.0k
PTay By 115 129 > <o0.05
¥, Yo 10 138 <0.05
#3%mn Ly 53 s8 2 <008 -
232, | Lhy o 60 87 2 < 0.08 -
232m, 16 86 122 L < 0.02 -
238U .FHéf , o8 - 1 > v _ 40 ' 3)®)
238 12, 70 T3 2 0.50 + 0.20 0.4 * 0.10 12)°)

a) The discrepancy between the L x 10‘3Ocm2 measured for the lLns 2h0m?u isomer
in this work and the LO x 1073%m? found in ref. 5) is ascribed to poor target
quality which in the present work prevents recoils from escaping'iﬁ'this par-
ticular low—momentum.transfervprocess. ' |

b) cf. footnote g of table 1 and text.
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Figure Captions
Fig. 1. _Detector{target arrahgement. The catcher fodl'(hatched), shaped as a
truncated tyramid, is shown in-place. A rec01l nucleus (R) is indicated
q ' flylng out- of the target, stopped in the catcher foil » and decaying into
two f1s31on fragments (f) H N
Fig. 2. Measurement of the total energy deposlted in. the‘two fission fragment
counters (flg. 1) from spontaneous fission of two dlfferent isomers caught
on the catcher foil. These experlmental spectra dlffer from the true total
energyvdlstrlbutlons because of degradatlon in the catcher foil; The hatched
columns indicate the’values of the directly measured wmean total kinetic
energies,hihcludingmstatisticalZuncertainties;
Fig. 3. Isotope chart show1ng the island of nuclides produced in the experlment.
The contour llnes represent the energy dlfference in MeV between the iso-~
meric andvground state minima, calculated by Pashkevich' ) (dashed lines)
and Tsang anvailssons)_(full lines). The barriers surrounding the secondi

T.8y).

minimum are always several MeV high (not shown, see‘refs.

¢
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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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