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 ABSTRACT R R
L Croéélséctiéns for thévproductionAof ahzCf, 2h3Cf;‘2thf 2u50f4 and :
‘ 2h60f'1n reactions between 12C dnd 233U 23& 235 ,0236U, an$-238U have

}f been measured in the energy range of 60 to 110 MeV for 12C.

A good fit is obtained to the peaks of the cross section curves., The

i‘l'fit involved 1.) calculation of the compound nucleus cross section by the

’iuse_of the parabolic approx1mat10n to the real part of_the_optlcal model,“

,"2.) modification of.Jéckson's formula for Px‘to‘include fissionvand‘anguléf

momentum effects, 3.) use of thell"n/l"f formula by fujimoto and Yamaguchi.:
The analysis suggests that ﬁhe value of ?;7F; is independent of the

o 1 _
energy of 2C. The formula by Fujimoto and Yamaguchi reproduces the

- ;'experimental F£7Pf values with a standard deviation of 16%.




_2_
I. INTRCDUCTION

 Heavy ion reactions, that are characterized by the formation of a

- ‘compound nucleus followed by neutron emission, constitute'a‘powerful methpa:_ .

- for producing and identifying'neutron_déficient nuclideé); The excitation
 [funétions exhibif sharp peaks‘and'their positions depend upon the numbef,
”At'x, of neutrons emitted and can therefore be used for mass assignments.

In a region where fission and charged particle emission can be

1

“ignored the cross section, 0. 28 & function of energy fits well the formula: Lffw'

o - GCNP.'X .. | R . (l)

where o, 1is the cross section for the formation of the compound nucleus,

CN
and PX is the probabiiity for_thé emission of exactly»xlnéutrons and.is
- calculated according to‘%he Jackson forﬁglaz_modified to include éng@ldr
 ﬁomentum effects.l

In the heavy celement region the cross sectioné are strongly influenced
by fission competitioh. Formulé (1) muét then be modified to include this -

effect. Fission may take place at each step in the c§scgde and the cross ‘.

section can then be written as:-3’h'
P Y T

where Fn and I' are level widths for neutron emission and fission,

f

respectively. Again other modes of decay have been ignored during the cascade. -

The last term in Eq. (2) repfesentsvthe fraction of nuclei that survives fission‘ 

through the cascade of x neutrons.

The present work wus undertaken in order to investigate in some detail

the velidity of Eq. (2). Special emphasis shall be placed on the study of . SR

the ratio Pn/f‘f and its variation with various nuclear gquantities.

Similar studies have been undertaken in the heavy element region with ..

UCRL-17588 Rev. © .
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Y 3 . [} '
p, 4, a;L’b and heavier ions ° as projectiles. TFor most of these

cases the Jackson formula has been successful in reproducing the experimental

data and the ratio Pn/Ff has been found to be independent of the energy

of' the ion. In a recent work with 180, 19F, and zaNe incident on J8U,

7

Donets et al. concluded that I‘n/l‘f increased with increasing ion energy.
We chose 233U, 23&U, 235U, 236U,'and 238U as target nuclei which_were,

bombarded with 12C of energy up to 110 MeV to produce known californium

' . , i - ca 2h2 243,

nuclides with mass number from 242 to 246. (The nuclides ¢f and Cf

were discovered during these investigations and their decay properties

have been reported elsewhere. 9’10) This gives us the possibility of

studying reactions with a wide range in x (3 to 8), excitation energy,

(30 to 80 MeV), end mass number of cascadlng nuclei (Zh3 to 250)

23 | e
The systems U(lZC kn), 23 (120 5n ), and 23 u(tee, 6n) had preV1oulel{f¢'
3,6

been measured, but were included in our experiments to minimize relative
errors. | |
1L EXPERIMENTAL

The targets were gade by molecular plating, from an isopropyl alcohol
solutlon, uranyl nitrate onto S-mg/cma Be foils to a thlckness of about |
.0.5 mg/cmg. The amount, of uranrum on thc target was determlned by pulse
height analysis.
| Beams of 124 -MeV 120 from the Hilac were, after magnetic deflection
through 30 deg, degraded to the desired energy by the use of weighed Be forle}.f“ :
The range-energy curve of 2C in Be, as. measured by Walton, was used to
~estimate the eﬁergy. 11 The degraded energy spectrum was also measured by.the :fft
" use.of a diffuse-junction Si detector and was very nearly.Gaussian in shape. i  
The full width at half'maximum increased almost linearly with decreasiné energf

- from 0,7 at 110 MeV to about 2 MeV at 60 MeV. The most prObable energy is

believed to be accurate to within 2 MeV.
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The collimator in front of the torgot had a diameter_of 0.6 cm.
The éverage beam curreot was about 1.5 x lO"6 A. 'At‘these intensities
the degrader foils had to be in contact with a water cooled copoer surface;..

The yield of the various a emitting californium isotopes was
determined by the use:of an o grid chamber in conjunction,with a ZOO—cﬁanﬁel
dpulse-height analyzer. The decay of the various ¢ groups was generally |
followed through several half-lives. : |

As energy calibration sﬁandafds the 5.80 and 7.58 MeV o group From
2)‘L_Manand Ztho, respectively, were ueed.

Two_methods were used to measure the cross sectioos. In one‘the
relative cross sectione were‘determined as a functiondof‘ion eﬁefgy-by thédi
use of the recoil technique asvdescrioed io.Ref. 9. The reeoilvatoms_'
produced in the reaction were slowed down in heiiuﬁvat a ofeesure of aoodt
700 torr contalned inside a cyllndrlcalchamber of dldm 25%<mland length
L.k em., A Fazaday cup for beam 1ntenslty measurement was located at the
end of that ‘chamber. In the middle of the chamber wall and vertical to
the beam axis was a 0.2-mm orifice through which the helium gas w1th the

recoils flowed into a larger chamber that was kept"atna pressure of about

one torr. The recoils were collected on a platinum disk placed in front;:-ﬂ

of the orifice at a distance of about 2 mm. After bombardmenﬁ,ethevfoil*
was flamed to remove B'and_a activities of volatile elements produced

from the Be foils, and Pb and Bi impufities. The time between end of
' ¢

bombardment and start of analysis was about one min.

-
The overall yield of this recoil technique was determihed by measuring

'238U( * hn )246

the absolute crose section at the peak of the reaction

238

In this experiment the U target was facing the beam such that the recoil’fo‘l”
products were caught in the target itself or in its backing. - The actinideS;f:fjfﬁ.

were separated from beryllium by the use of a NaOH precipitation with FeJ+



[V S
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‘as. carrier and from uranium and iron by thé use of an ion-cexchange

column,'and were finaliy electropiated from a NH&'Cl solution onto a
Pt disk and then « pulse-height analyzed. Zuqu tracer was added in
the dissolving step to check the ove:all chemical yield.
We found the cross section for this system to be 59 * 6ub which‘is p

to be compared to the values 28ub-3wand 62ub 6 as detefmined_by other

experimenters. The yield of the recoil technique was 10% and was reproduced"_~ S

with a standard deviation of 25%.

The possibility that the yield of this method varied w1th bombardlng

energy was not checked directly. The geometry of the chamber and the pressure

of He were such that all recoils should have been stopped in the gas and

‘not on the walls., With 238} as target we find the ratlos oh/c6 and cu/c

’ to have the values 4.1 and 0.60, respectlvely, Whlch are, w1th1n errors,

6 .
in agreement with the values 5;h3 and 0.7 obtained in earlier experiments

1nd1cat1ng no systematic change in yleld

In the analysis we assumed the following values for the o energy, half f I

22 Cf, 7.39 MeV, 3.4 min,

, - ' 1
100%;?2“3Cf, 7.05 MeV, 10 min, 10%;0 2

12 246

Cf, 7.21 MeV, :20 min, 100%;

7.14 MeV, 45 min, 66%; Cf, 6.75 MeV, 36’hr; 100%. 2

Since no chemical separation was performed we considered possible -

E

interference from other nuclides-with similar decay properties. ”We found

,that the following two series lzvin some cases hampered the analysis:

lOv2h5Cf"'
?

228 9.3 min 224 ., 1 _sec 220 0.03 sec. 216_ 10 4sec '1 ?xldqse
e S Seml Sl e A
U7 mev.  Rolizmev,  Re 743 MoV Rn 8751 MV~ “Po 8. 78 Me
224 3.644 220, 51.5 sec 216 Q 16 sec
- Ry *Rn 6.28 McV5 78 MeV
. 28
With 2 U present, the o groups in this series could 1nterfere w1th

o) 4 _ 224
heg, 3 Bl oo 49

a group'could interfere with 6Cf activity. The presence of.228U was

cf act1v1t1es, and with Ra present the 6. 78 MeV._
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spotted by thé_S.Ol and 8.78 MeV groups. The excitation functions for
. 28 , s o

the production of 2 U were not determined.’ We observed this series with

all targets‘used, The threshold for its production incréases'with increasingfﬁjr

12

- A of the target from about 70 MeV C with 233U to about 110 MeV with 238 .:'

The interference from the 228U series wés serious only at the tails of the

2h2 243Cf"zuu 245 p

._ functions for Cf and to some extent for Cf, and . For

the latter three a more difficult problem was the separation of their «
groups at 7.05, T.l%, and 7.22 MeV in the cases when one of them was dominating.
In such cases questionable data were eliminated.

The interference from the ZZMRa series in the analysisvof ?h6

Cf was never . =
serious over the main part of the peak.',The possibility that at the highest
energies, i.e., at the tail of the curve, we have a'contfibution from 216Po"'

is not ruled out.

ITTI. EXPERIMENTAL RESULTS :
The éxperimental cross sections are plotted versus the bombarding energy,
Ei’ in Figs. 1-4. Typical errors are indicated by error bars:and include
(1) statistical errors in the counting, (2) standard deviation of 2% in
. recoil collection efficienty, and (3) tuncertainty in target thickness. The -
- maximum cross sections for O and the corresponding energies for Ei are given
in Table I. _ ' S P
The effects of energy.SPread of the beam on the width of the excitation
functions were not taken into account. .Such a correction might maeke some of’

the peaks as much as 2 MeV narrower.
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IV Discussion

We shall make the assumption thatiPn/Ff is independent of the bombarding:
energy. According to Formula (2). this implies that the shape.of the crossv.v-‘w

" section curve is determined by the product P_o.. only. We shall tharefore

X CN

separate the analysis iﬁto two parts. In part A we shall attempt'to £it
- the shapes of GCNPX to those of the experimental curves. In part B experimental

values for Fn/Ff are derived from Formula (2) by the use of calculated Oty
~values and experimental‘cx values. Finally,calculated Pn/Pf values shall be

fitted to the experimental values.

A. .The Shape of the Excitation Function.

Attempts were made to fit the shapes of the-experimental cofvesvby:theo5f

~use of the original Jackson Formula that do not include_angular-momentum ‘f"

2
terms.

It turned out that uhe main part of a nartlcular functlon could be

- fairly well reproduced with a value for T that was 1ndependent of the 1onw
energy. However, T had to be 1ncreaeed‘as we 1ncrea§ed"x. Slmllar effects 
havé been observed by Tarantin.13 Typioally a tempefature of aboutﬁi.z MeV
was requlred for a hn reactlon whereas a value of 1.5 MeV had to be used for
a 6n reactlon The main part of the peak of the former is at a lower bombardlog-? 'f
ene“gy than that of the latter. We felt_lt_was inconsistent not to use, at

the same value of E s thevsame temperatﬁ?e for variousrxhﬂfeactions; Modified'

to include anguiar momen tum effectsl the expression for ¢ P is:

CN™ x
C g..P =X ¢gP o
CNF % IEO‘._‘“J, ,(3‘)"'

A brlef outline of the aefxnltlons and calculatlons of ‘the terms in equatlon

(3) follows in part a through c.
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 §. Gﬂ is the cross section for the £-th partial wave of the incident’
ion. Using the optical model of the nucleus this cross section is given by -

the formula:lh

| c? = nxz(_zz + 1)'1_2_ - o f ()
where X is the de Broglié wavelength of the projéctile, and Tg is the
transmission coéfficient of the wave. 1In the estimation of Tz we use a
parabolic approximationll5. to the_reai part of the effective optical model_
potential with the following values for its parametgrs} V0 =._7O MéV, T = 1.2h;;

fermis end d = O.48 fermis.

These values for the optical model parameters were obtained in Ref. 16

) 0 : .
- by fitting the gum Z Ty s defined as the total interaction cross section, )
' £-0 o 238,12
to the measured total fission cross sections for the system u(~%c,f)

from the barrier up to 124 MeV.

b. £y is a cut-off value above which only surface reactions take placé:;"‘

' :- Ko e - P
and iS ad,jus'ted S'u_ch that the Value Of the ratio. Z / Z, o‘z is o°8...
| ’ =0 . £=0

This value is empirical and is based on results from' fragment-fragment angular  f}

238 'lZC.l7

correlation measurements for the system U + 124 MeV It is then aésumed

-~ that the value is independent of ion energy.’
"c. The last term in Eq (3) is the probability for boiling out exactly
% neutrons from a compound nucleus of angular momentum £ and is given by

- - 2) - ' ‘-
, Px,z = I;T(A{XV 2x - J). I(£§+l’ 2x=-1), where

I(Z,n) is the incomplete gamma function and

* X ‘

A=(E - Z B -E)/T.
i=1 ) :

B =_(E - il?i “Bp Ep )T



e g et

UCRL- 17)88 Rev. -«

-9-
; .

Hére E* is the ﬁXCLLJLJON energy 01 the compound nuvlcuu a3 o:tlmdted irom
the ion enefgy and masses involved; Bi is_the blndlng onergy of the i-thv
neutron in_the casca.de;Ef is the fission barrier ofvthe pyoduct»nucleus whgfe;g
' Ef < Bi 5 ER and Ef are some averége va;ues.of the rotational energies of tﬁe.
cascading nuclei ‘at the cqulllbrlum and saddle conflguratlonu, respectively;
T is the nuclear temperature and it is assuned that the temperature for fission . -
is equal that for neutron evaporation. |

The calcu]abuonu of o NP were pcrformed on a CDC-66OO computer. -Values”‘. o
for the nuclear masses and B ‘were taken from the Tabjus by Forcman and.- Seaborg.39. 
Thelr values are in exceLLent agreement with the known décay data -in this |
region. Valués for the fission barrier.shall be taken from Viéla:and‘Wilkinszo
who obtained tﬁeir values from an énalysis of spontanedus fissioﬁ hélf-life;

The nuclear temperature‘was used -as dn adjustable parwnefer.

The values for thé rotational energies depend.onVthe éﬁgu1ar_momentumv:
distributions and the moments of.inertia of the nuclei'in the neutron cascaé¢¢ﬁ”v

’Tﬁe 2 - distributions depend mainly on the vafiation of‘F-/F .with )/ sincépj :* 
thb average angular momcntum carried off by a neutron 1s neglelble, and. v o

emission presumably does not compete favorably w1th ncutron emission and fleblon ;*5

when the excitation energy 1s larger than Bi and Ef.

We shall moke the extreme assumption that Fn/FP is independent of E.-,Atfffgifof

each step in the cascade the £ - distribution of the nuclei is then equ&l to
that of the compound nucleus. In the framework of the simple mbdel,

Fn/rf islpredictéd to be proportional to @xp(Ef - B )/T ZL whon v
E; = ER’ The latter energy cen be estimated from the. expresgLon (n /3%)£(ﬂ+l),

.,

where § is the effective moment of 1nert1audl We shall use S /‘ as an adjustablui7

* . o)
parameter assumed to be independent of E and £ . Here % is Lhﬁ rigid body
monent of dincrtia of a sphericul nucleus of constant density and is fiven by

O fnsivgn? a2/3 o
e o)W AT wutiera M oand A e e 1o oS b e e e oyl nuy e e
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number, respectively, and ro is the radius parameter for which we used the . .

-13
-~ value 1.22%10 cm.

Best overall fit was obtained with T = 1.20 MeV and 5%/ = 1.25 with an -

uncertainty of 0.05 MeV and O. 25, respectlvely
The calculated curves for GCNP are compared to the experlmental o"veluesif A:i*
in Fig. 1-4. For each curve the peak value for GCNP is normallzed to that ror
O The energy scales of the calculated curves have been'dlsplaced a certain -
amount, ACE, relative to those of the experimehtal ones} The values for A.E
are listed in Table I. They were neverilarger'than two MeV ﬁhich is wdthin.toefﬂ?,:iﬂ
experimental uncertainties.
As is seen from the Figores; when data are arailable,bthe experiﬂentdl
curves exhibit a tail that is not reproduced by the caiculated oﬁes. The

effect is smail;'i.e:, the cross sectlon at the tall lS of the order of one @o

percent of that at the peak. However, the dlscrepancy is regarded as signifif_w
cant.

2Lu6

Similar tails were observed for the reactions U( C, hn ) cf where-i?:di*
the yleld was determlned after chemlcal separatlon.2’6 It is believed that |
“the talls can not fully be explained by the presence of low energy carbon

ions in the beam. The dlscrepancy is due to a breakdownoof elther the Jacksonf:l

formula or the assumption that l‘n/I‘f is independent of E,. . = -~ | S
. i -

B. T /I, Systematics , | . R

1. Experimental Pn/Pf Values

o

We define a mean value Of I‘n/Ff as:

7T = §/(1-8) | : (9)
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Here G is a mean value of Fn/(Pn+Ff) defined as: 7 o
G=I'II‘/(I"+I") | 10)
=l . S
that according to Eq (2) is éiven by: ' N . . .:;'
| i 1/x N S
G [ /(cCN )jl AP (11)
Values. for Pn7If’ estimated at the peak of dx and GCNP , are lisﬁed
in Table I together with the quantity Aév which represents. the mass number
of the intermediate fissioning nucleus halfway along the evaporation chain; 
The errors for T 7Ff,'given'in Table I, include experimental errors
in ¢ <’ uncertalntles in 9on (arising from an error of 0102 fermis in ro
and d), and in P_ (due to uncertalntles of 0. 05 MeV in T end 0.25 in /%)

‘It is apparent from the Table that 7 W1th1n errors is 1ndependent of E .

2. Semi Empirical Formula for Pﬁ/Ff

In the estimation of P_ , we made the assumptlon that h /F
. b
' independent of £, A sufflclent condltlon for T 7 to be 1ndependent of E

~will then be that r /P also is 1ndependent of the ex01tatlon energy. A

formula that,expresses such an-lndependence of excltatlon energyoand angular g

momentum is the following one, that was'deVeloped by Fujimoto and Yama'guchi,22

and modified by Vandenbosch and Huizenga5vto'inelude odd even effects:

. -

' _ ) 2/3 | ot o :
rn/rf __(zt:/KO)A exp (Ef 5Bn v)_/T (12)

"Here T 4is the nuclear tempereture,' : .

' - ' . S

K ™~ 9.8 MeV,

0
S . 2 for even-even fissioning nucleus

E = E_+0d = e n
£ 1 for even-odd _

B' - B -3'_a _§2 for even-even nucleus after emission of one neutron.
n - ’ 1 for even-odd " " Lo o "

2
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E3
\

and A? and Al are the paring energies at saddle and equilibrium, respectively,

i

and are assumed to be constants. It is then assumed that the exponential lev«lffi;;ﬁ

density dependence on excitation energy is determined from the mass surface

of the odd-odd nuclei, and that the temperature for fission is eQuaL to thdtt
. 2 : : : .
of neutron evaporation.
In a cascade of x neutrons the geometric mean value er Pn/Pf can be‘_  R
written as: _ ‘ _ o v
T/ = c A 2/3 exp (leyx) exp(Z E-Z B_)/(xT) "(13);-
.n f av =N S A o ' o
where ‘ - - o | '

c = (ET/KO)exp(l,S/Tj(Z%—A%) = cbnsé.,

o, n__=n ‘ , ’ o L
’ “ee eo - - - (n and n - -are the numbers of
, : . ee e0o : T
B =!1, nee > neo T . ... - even-even and even-odd nuclides.
. : ' ©.  in the cascade, respectively).'
-l, n >n S
Tee eo

' = A A = ,'
a=( e n)/2‘1‘ . const |

_ Vaiues for T;7f; calculatéd éécd#ding tovthismfofmuia ﬁérg'n?w‘fittédv
to experimental ones by adjusting,thé cbﬁétants,'é, Zg;and_T.v ,Taking
values for Bﬁ and Ef from Refs._l9 andl?O,_reépeét;veiy; wé §b§ained a best ,
fit with ¢=0.33, £&1.5, and T=O.59vM¢V wiﬁh which experiﬁental values were
reproduced with a st. dev. of lé%.. Calculated and expgrimental_T;7T;: values :' “
are coﬁpared in Table I. | |

We shall in the following make a few comments about the values of the

!

parameters used in Egq (13).
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.c. It has been suggested from spontaneous flSSlon systematlcs that t{
é% has the value 1.2 MeV20 and Ah 1s_about 0.7 MeV. Insertlng these
values and T = 0559 and KO = 9;8 MeV into the expresslon for‘c? we estiuate
its value to be 0.43 as compared to 0.33 found in the‘analysis. Tnis‘.
good agreement is to be regarded as fortuitous, Considering the uncertainr:
ties_in‘the values of the parameters in the expression Tor ¢ its estimated
ralue must hdve an error of at least 50%.

A . The first exponential term in Eq(lé)jrepresents'the.odd-even.
effect. The importance of this term is demonstrated byﬁthe fact that
for the cases where x is an odd number, the average QLV1athnS of calculated

~and .

Fn7rf values from experimental ones,_w1th ,/w1thout that term, were 16% and

32%, respectlvely,

From the values of 1.5 for Asand O 6 MeV for T me obtaln the value ;dj;‘l

1.8 for the sum (A + A ) that is in agreement with the expected value of

1.9 MeV.

|
i .
T. Our value for this parameter is in excellent &greement with the

B

Value of 0.6 MeV obtained by Vandenbosch and Hulzenga5 in a Slmllar analysls,':'f

using experimental Pn/l‘f values from p, 4, and & induced_reactionsu

V. CONCLUSION

| A good fit‘hasnbeen obtained to;the peaks of measured cross section
curves using formulas that are based'on the assumptions that tne temperature'
is independent of excitation energy, that thevtemperature<for.fission is
equal to that‘for neutron evanoration and that I‘n/f‘f is.independent of angularit:
momentum.' Angular momentum effectsvhave.to be introduced into Jacksons formula -
forvPX when used in the heavy element region as was the case in the rare

earth region.l
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" We shall make a few remarks about some of the quantitive results of our pg;j"’
analysis.

The value of the nuclear temperature as used in’ the formula for PX N

. . 4

1.20%0.05 MeV, which is significantly highervthan that Qfl0;59i0.05 MeV |
found to fit the T;7f} data. It is interesting to note ﬁﬁet the former‘isﬁ

the average temperature of the nuclides that survive fission through the

cascade, wherea the latter is the corresponding one of all nuclides eyceot'

the produet nucleus. In the framework of the level densl’ry formula, @- ?exp aE/A)l/2

this dlfference in the temperatures suggests that T /F ;ncredses with 1ncreau1ng e

23

excitation energy. The same level density formula does in fact predict .

o

. such an energy dependence.
The assumption that the angular momentum distributidn is the same'at'eech.:“ef
step of the cascade 1s not necessarl ly valid. In our analys1s the adgustment

of the value for /% can compensate for any breakdowe of thls assumptlon. B

However, the value of L. 5 keV obtalned for the quantlty h /Z"q is not unreasonable,fe;j
‘The value for the % /zs is 3. 6 keV for A = 250 - The deformed nuclel 1n this

.reglon of the perlodlc table, have il /‘2.‘-‘é values, as’ deduced from the rotationul

21 i
R

smaller then Ep, and thus r /F decreases w1th 1ncreas1ng ﬂ the value for

‘energles near ground state, of about 7 keV. If as is predlcted is
n /25 will be less than 4.5 keV.

It is apparant.fromvthese resultslﬁhat oneucan not' on the basis.of
excitation functions, draw any detailed quantltatlve canclu31ons about the ef ‘ect
of angular momentum,andrexc1tatlon energy on the level w1dths for neutron
emission and fission._ However, the usefulness pf the formulas for P 2 and:
I‘n/l"f should be eviden#. They have few adjustable paremeters, afe.relatively
easy to use'and can be &sed in mass aésigﬂments and in the predictidn of cross

§
sections in nucleo—sysnéhesis.
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e

- shown in calculations 5‘th1s.W1ll result in experimental Tn7ff»va1uesithatx:~'
~‘are too high for the lowest x, i.'e., for the lowest excitabion energies, and

: ' o R S * L o
~thus give the uppsrent effect that Ph/Pf.increases with E . We believe that. .

_reactions between heavy elements and heavy ions. - ~°

UCRL;-J.~758,8' -ﬁie{r.,

;i5_

;-.&é a finél npteva éhail'maké_d'féﬁ reﬁafgé;%eéawéiﬁgiﬁﬁélégnéiﬁgiéﬁ¢
drawﬁ by Donefs ;t-al tha£lfn/Ff inéféa%ed,w;ﬁh:ipéieéﬁiﬁé exéiééfioﬁléﬁéréQ;T
They used thg gnmodifigd-Jadksbﬁ‘formulé;ahd Q?lﬁééifqr thﬁ:;¥ t§ken_fromw 
those,calcgléted by Théméé,us;ngfthe'sqﬁare.ﬁeilim¢éel,2F;,TﬁégéLQalues afé?:

: o 1 , A R
too high at the barrier. 3. This error decreases with. increasing Ei.‘.As o

- o B N D PR
a variation of"I‘n/I‘f with E , has not yet been experimentally demonstrated in .
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Table I. Results of the a.na.lys:Ls of exoerlmental maximum cross sections obta.lned in
' U(12c, x)Cf reacticns. Symbols not defined in the text are, A4 = mass number .
of 'ta.rget nucleus, Ap = mass number of the product nucleus. The calculated
values for (o ,sz x and I'p /Tt were obtained by the use of the formulas by
Jackson (mos 1 fied - and Fujimoto and Yamaguchi, respectively. The values o
for E, and o were taken from the curves in Figs. 1-k4. . ‘
i,max X, max _
At_ X Ap _ Ei,m'a.x' Ux,ma.x aE ;(,UCNPx)ma.x Aav : Pn; I1f I1n; f
; (MeV) (ub) (mb) (exp) '(caIC)
238 T4 246 67.5 62 2.0 26 248.5 0.28t0.03 0.30
238 5 25 73.5 100 1.5 260 08 . o’.zsto;01‘ Vo.zs_’
238 6 2 83.5 15° 0 - 400  247.5  0.22¢0.01  0.23_° -
238 7 243  ~95 3.0 0.5 550 27  0.21#0.010 0.20-. - -
238 8 242 ~115  0.29 1.0 520  246.5 . 0.20t0.01 0.17 . 4
236 3 245 = 67.5 2.5 0 . 1.5 . 2 , 0.13t0.03 = 0.19 - :
L23% 4 24 70 22 0 48 u6.5 0.17£0.02 017
2% 5 23  77.5 9.8 0 300 26 - 015£0.0L . 0% . ,_
2% 6 . a2 8 21  ~1.0 k20  25.5  0.15t0.01 013 |
235 3 2k 675 L5 0 075 &6 0.ur0.04 . 015
235 4 243 70.5 8.8 0 - 245.5 0.11+0.02 0.13 - o
235 5 22 7.5 5.0 -0.5 270 245 © 0.13t0.01 0.1z |
23k L 22 « 72 + 4.0 1.0 . 90 24,5 - 0.089+0.009 0.098 E%
233 3 2h2 67 0.37 1.0 2.0 2%  0.060:0.016 0.087 - 8§ ‘
. !
. o i
Co. . .4 {
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Fig. 1. Experimental cross Serlono, Opr plottcd vers ‘C energy,
- -
B, for the systems 33U(laC 3n) 2“2c1 (&) ana 23y(*3, un) 2*PCf .

The curves represent the functlon 0P normallzed at the peak to the

CN x
experlmental.p01nts. The energy scales for the curves are displaced &8 MeV
rolative to that of the Figure. Values.for o are'gLven in Table I.

g, 2. .Experimental cross sectlons{ O @lotted versus‘lZC energy;’
| E., for the 2?5 ( xn)247_x Ct reactions. .ThevsymbOls and corresponding

values of x for the experimental p01nts are, 4 3n; [] hp (),5. The curVesv -'

represent the functlon GCNP normallzed at the peak to the experlmental p01nts._l
The energy scales for the curves are displaced & MeV relatlve to that of the
Figure. Values for /& are,given in Table I;

Fig. 3. Experlmentdl cross sectlons; UX, flotteolversus lZé energy,
. 236 xn)2u7 -X

E., for
i

U( C cf reactlens: The‘symbol‘ and corre8pond1ng valuescl
of x for the experimental points are, ég 3h; Cl,‘an; 5. On; v,,6n. The curves'ﬁxv
represent the vunction QCﬁPX normalized at the peak to the experimental.p01nts.;ﬁtf{”'
.The energy scales for-the curves are displaced £E MeV relative to that cf the:"'
"Figure. Values for & are éiven in Table I. : ‘M-ﬁ.;" |

Fig. b. Experimental cross sections, o, plotted versus lzC'eﬁergy,
12 Xn)ZSO—X-

E,> for 8U( Cf reactions. The symbols and corresponding values ]l*FV:”

for x for the experimental points are, O, lm; O, 5n; +, 6n; A, Ty ©, 8n.

The curves represent the function UCNPx normalized at the peak to the experlmental

points. The energy scales for the curves'are displaced AY MeV‘relative to that ‘ ‘_ﬂ*

.r

of the Figure. Values for 48 are given in Table I.
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