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DISCLAIMER

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




L

T N\ UCRL-167T3

f' ,L.__.____,‘—w,, = e - . ) ~
é G Journal of Inorg and Nucl Chem. Letters } ‘(

7 S S . UNIVERSITY OF CALIFORNIA
(. ' |

fy I ’” o ~ ' ILawrence Radiation Iaboratory

¥ Berkeley, California
AEC Contract No. W-T405-eng-48
;
“ON TH:E "PRODUCTION OF NUCLIDES IN THE REGION OF % = 126 and N = 184
o L Toerorn Sikkeland, Jack E. Clarkson, Donald F. Lebeck
. and Albert Ghiorso ’
S April 1966-




.tlvely. Thls_ratlo increases with increasing f1SS10n barrier.

- quantitities for identification.

.. types of reactions:
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ON-THE.PRODUCTION OF NUCLIDES IN THE REGION OF Z = 126 and N = 184

Torbjorn Sikkeland, Jack E. Clarkson; Donald F. Iebeck
- and Albert Ghiorso

Lawrence Radiation Iaboratory
University of California

Berkeley, California

April 1966

In the region of the hypothetical shells at Z = 126 and N = 184, the’

_ f1s51on barriers, after becoming vanishingly small, rise once again to values

i of several MEV (1) meking these nuclei more stable against decay by spontaneous: -

h

,fission. Such nueclei might be produced in interactionS" between éomplex

uclel 1n whlch the cross sectlons are proportlonal to the ratlo T /(F + P ),

'where P and F are the level widths for neutron emission and flss10n, respec-

(2,3)

Hence,

the possibility arises of producing these super heavy nuclides in sufficient -

(1)

.'Although the existence of these magic numbers is rather questionable,

& quantitative evaluation of the cross sections for various production schemes
Tis justified pn'the gound that it might be a guide in future experiments ih the

field.

These supérheavy nuclei’aré possible products in the following three

238, , 238

1. Fission following a fusion of two heavy nuclei such as

U .

u7618h (flss10n)

'”This scheme ‘has the attractive feature that the»products-repreSent a wide

Variéty in 2 and N numbers. At low excitation, nuclidgs might be prpduced pre-

t‘ferentially in the region of the next double megic numbers irrespective of what



o- . UCRL-16773

thesé.numberé,might be. Here the cross sections could be of the order of 10—29

Cent (assuming the fusion cross section to be of the order 10_27_ém? and the fis-
sion yield of a particular nucleus to be of the order of one per cent).

- 2. Grazing reactionsg, in which nucleons are interchanged between

target and ion nuclei.

No model exists for this mechanism from which spallétion yields can be

.predicted. By extrapolating experimental results, involving relatively light
| (%)

ions and targets we deduce the cross sections for the production of nuclei iH

-; the neighborhood of Z = 126 and N = 184 to be less favorable for this type of
-.?reactions,than'for the spallatioﬁ reactions discussed as type 3'below. Howevér,A
fqr pfoduction of more neutron rich nuclei, grazing reactions might be feasible :

B and theif.cross sectionsg comparable to those of fusion-fission described as typebl.

3. Complete fusion of target and ion nuclei followed by neutron evaporation.

. iﬁ‘type of reactions shall be considered in some detail for the following

- three syétems:-

2520 (Oni, xn)?12 %16

232, (ke 20) 12 ¥126 (1)

lB?Hf(}BQXe,xn)Ble'x126

where ~x represehts ‘the number of neutrons emitted. In all three cases,
isotopes of element_126 with mass numbers around 310 are formed. These com-
‘binations have been choseh’to show the effects of Z of the ion.on the yield-

of the products. Furthermore, they should be representative for production

e

\'j-

23



'mula,(s) modified for fission competition
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‘_ schemes ieading to nuclides in the neighborhood of the double shells.

As a basis for the calculation of the cross sections, the Jackson for- -

(6) (7 |

and angular momentum effects,

 will be used:

B X l
. . e
oy = E:l Fﬁ/(Fn +Tp) 1 %;0 GEPx,z - (2)

where decay modes other than neutron evaporation and fission have been ignored;

" A brief outline of the definitions and calculations of the terms in equation (2)

" -follows in part a through d.

a. Values for Pn/(Fn + Ff) wére:con@utéd'from the forﬁula fpr
Fg/Ff as given in reference 2. It isvassumed tha£ thiéiratio L
is independent of the excitation energy,vE, ahd angularfmémentum,
»‘I; of the nucleus. :
b. The quantity o, is the cross section for the fth partial wave

(8)

- of the incident ion, and is given by:

o, = 45(21 + l)Tf'_ | ; ' , (3)

)]
where % is the de Broglie wavelength of the projectile, and TE

is the transmission coefficient of thé Wave. In the esfimation
of T2iwe used a parabolic approximation(g) to the real part of
the effective optical model potential with the following parés: i

meters: VO = =70 MeV, r_ = 1.25 fermis and d = 0.4k fermis;(lo>
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c. The Tast term in equation (2) is the probability of boiling

out exactly x neutrons and is estimated from the formula:(i) "rh
, A o AN
y“’
| v
Px = I(Ak,Ex-E) * 1(4&+1, 2x-1), where
I(Z,n) is the incomplete gamma function and
()

X
A = (B, +Q - % Bi - ER)/T
X+1

=(E_+Q- % B, - ER)/T |

'Ak+l ‘cm

Here Eém>is the center-of-mass kinetic energy of the ion, Q is the mass dif-.
- ference in MeV»between.the interacting nuclei and the nucleus formed in a CF

(complete fusion) processiBi is the binding energy of the ith neutron in the

¥cascade, Ex is, the rotational energy of the system and T is the nuclear tem-
. perature.. Values for nuclear masses and for.Bi were taken. from references 1

and 11  For the parameter.T, we used the value 1.3 MeV indépendent of E.(?’6>j e

v'.ﬁ}fhe fofaﬁiéhalvéﬁérgy i5 ecalculated from the equation:
R

| E = 5002 + 1)/2% o o _ (5)

-whére 3, the,moment‘of inertia, was rather arbitrarily taken to be equalltb

that of a spherical rigid body. In equation (5), we have ignored thé'anguiar.7

//K

e

-momentum carried off by an evaporated neutron. The summation in equation (2)'

is cut off at é,value lé of £ that is the lowest of either of the two values



“<of the rotational energy, ER’ for the nucleus at an angular,momentum lé.” That - ;

i on the right‘sideorepresehts the excitation energy E. Hence, for £ > lé,‘E'

fof the incomlng projectlle

'1the ratlo 0o}
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estimated from the following two equations:

.2‘ ooy = ’ |

| ol zc(rc +1)/o% = E,, *Q (6)
® 2,
.%goe /270, = Orcp/ogy ¥ 0-03 A (7)

¢ 0

b_vhere S, 'Cﬁ, and Q are, defined above and A_ is the mass number of the ion.

T
The physical 1nterpretat10n of the cut off value in equatlon (6) can

" be glven as follows

'The term on the left side of equation (6) represents the lowest value

R

would exceed E-which is physically impossible. Here, even though the whole ion
is transmitted through the barrier, a complete fusion is prohibited since there

. are-no states_available in the compound nucleus.

The out—off value'in equation (7) is a cOnsequence'of ICF'(incompletel.

fu81on) reactlons that take place from the hlghest L - waves (from E and up)

(1

) This equatlon is purely emplrlcal and is based |

: 238
on results from bombardments of. 5 U with ions of 10.4 MeV/ nucleon in which

ICF/UCF was found to be 0.33, (13) o. 43, (13) 0. 72(13) and l 0(14) for

~12, 16, 20

C, 0; Ne, and h Ar, respectlvely. It is then further assumed this,ratio

'1s 1ndependent of ion energy.

The calculatlons Were performed on an IBM- 709& computer. The results

are summarlzed in Table 1 where we have listed the max1mum values for ¢ <’ the

correspondlng bombarding energies E " and the FWHM of the peaks in MeV.. The

.calculatlons have not been extended past four neutrons. For comparison,.we
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“have also included in Table 3 values for the same quantities for the systems:
l528m(u8Ti,xn)200_¥Po ‘ - o , )

116Cd(8uKrlxn)200_be
_FOr.these reéétipns, the final products ére o emitters whose decay properties
are faifly,well known. Hence, the predicted values of Table 1 should be_testéd |
. for these prqducts.,' |
One‘infereSting feature of the‘system (Hf + Xe) is the relatively low
v'i6xcitation energies at Bombarding energies thatvdorrespond to the barrier. A
consequence of fﬁis is the pqssibility of obsefving nuClei;forméd in é CF reactioﬁ
followed by:v de—excitation only. Such a reaction takes place when E is less

than (Bn + ER) and its cross section, Oy is given by:
£ - : 5
o. =2 0, =20 (8)
0 * : -

i where the first and last terms are thé total cross sections for CF reactions

",ahd neutron out reactions, respectively. Values for 07 and Em foryﬁhis'SYStem

| re shown: in Tebled. The valuce for a, for the other systens sre several orders
Fof magnitﬂde-lower and have thus not been lisﬁed.

| ':.Ag.isléeéﬁ“frdm @able]ﬂ mostiof thevcroés sections are of:the Ofaef'éff .

;i@T?Zicﬁg (ﬁﬁ), rThis is to be'compafed toia cross‘sectidn o% thevorder'éfl ;

59 cm? for p}oduction»of lOé isotopes by the use of heavy ions.(l5’l6)

7

L

107 In

<

:.the latter cases, ion intensities of 10~ particle amperes were fouﬁd,tO'be.

?éufficiently high for identification of O emitters when target thibknesses of
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' ébout 500‘ug/cm? were used. Tor the systems listed in Table 1, due to larger

ranges of ‘the recoils, even thicker targets can be employed. Consequentiy,'

. ion - -currents as low as 10_19 particle amperes can be useful in initialvexperi—A

_menté.in thiS'very interésting region.
Krypton ions have been accelerated at the Berkeley HILAC and it is

hoped that the very small beam observed can be increased to a value sufflciently_??

sjhlgh to be able to start exploratory experiments soon. In addition to this
- possibility a new direction is under study at Berkeley in the form of a unique

accelerator{conéept,éalled the Omnitron. This unusual accelerator will make

possible the accelérafion of all atoms in the Periodic System to energies as

“high as 400 MeV per nucleon and will thus make possible a wide range of experi-:‘

“‘ments in many fields.
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“TABiELi. ANATYSIS OF CAICULATED EXCITATION FUNCTIONS FOR THE ISOTOPES 512- X106 AND.
R0,
| Spallation Pesk Cross  Ion Energy MeV FWHM
System Product’ Section (mb) - (MeV) Nucleon (MeV)
18040 4 132¢c 312106 95 708 5.4 ko
| Shie 7 73k 5.6 36
5;0126 | i o 5.7 b3
99126 59 773 5.9 55
3%8106 60 Tk 6.0 63
Tﬁ}+ 8OK:  511126 0.4 436 5.4
| | 51012¢ 19 L 5.5 12
30906 53 hsp 5.6 17
3% 69 e 5.9 26
252cf‘+‘5°ﬁi] f'511126 2 x 1@'5: 3l 5:7 8
310326 1 u6 58 9
309106 ez 350 5.8 13 .
308126 o 65 366 '6_..1' 26
’Cd -+ SAKrY . 1% 3x :Lo’lL 330 | 3.9 .81
’ _198Po | 2.3 | 531 3.9 - 13 .
N 9pe 50 51 b.1 .~ .25
. l%PO‘.,‘ . ieo ] .5'6'6': Ll-lb : 36 o
’.1528m,+'u8Ti> 9% < 1of4' - £~ -~
. 19,8130. _ 5 io__.}_-  203  g »4“‘2 9
9Tpo . 205 by 12
1%, 81 o1k k.5 20 N
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mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-

mation, 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 Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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