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ABSTRACT 
" , (', " 

. Cross sections for the production of 242Cf, 243Cf,' 244Cf, 245Cf, and 

238U have 

,','. ' 

246, '. . 12 23":t- 234 235 '236 J Cf in react~ons between . C and 4U, U, U, U, and 

, ' 6 12 
been measured in the energy range of 0 to 110 MeV for C. , " ' 

, .. ' ' ,.' 

A good f·it is obtained to the peaks of the cross section curves. The' 

, fit involved 1.) calculation of the' compound nucleus cross section by the 

, " use of the parabolic approximation to the real part of the, optical model, 

2.) modification of Jackson's formula for P to include fission and angular x . 

momentum effects, 3.) use of the, r n/r f formula by Fujimoto and Yamaguchi. 

The analysis suggests that the value of rn/rf is independent 'of the 
, 12 
energy of C. The formula by FUjimoto and Yamaguchi reproduces the 

• 

. experimental rn/rf values with a standard deviation of 16% • 

.' ,-:: 
'. 

"", ' 

: ,,:' 
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I. INTRODUCTION 

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

'compound nucleus followed. by neutron emission, constitute a powerful method 

for producing and identifying neutron, deficient nuclid(~s ~ The exei tat ion 

'functions exhibit sharp peaks and their positions depend upon the number, 

x, of neutrons emitted and can therefore be used for mass assignments. 

In a region where fission and charged particle emission can be 

ignored the cross section, a , 
x 

as a function of energy fits well the ~ormula:l 

a = a P 
x C~x 

(I} 

where aCN is the cross section for the formation of' the compound nucleus, 

and P is the probability for the emission of exactly x neutrons and is 
x 

" 2 
calculated according to the Jackson formula modified to include angular 

momentum effects. 
1 

In the heavy element region the cross sections are strongly Influenced 

by fission competition. li'ormula (1) must then be modified to include this 

effect. Fission may take place at each step in the cascade and the cross 

section can then be written as: 3,4 

vlhere r nand r l' are levE?l widths for neutron emission and fission~ 

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

The last term in: Eq. (2) represents the fraction of nuclei that survives fission 

through the cascade /01' x ,neutrons. 

The present work w~s undertaken in order to investigate in some ietail 

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

the ratio r n/r l' and its Variation vii th various nuclear quanti ties. 

Similar studies have been undertaken in the heavy element region with 

. -,oJ 
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d a !+,5 d} "'a "r "011S 3,6,7,8 a,.s 'pro,"Ject':·,Lf~S. p, , , an .le . Vl.C J, .L - For mOBt of these 

cases the lTackson fornn.tla has been successful in reproducing the experimental· 

data and the ratio r n/r'f has been foul1d to be indep('!ndent of the energy 

18 19 22 2?8 
of the ion. In a recent work with 0, F, and Ne incident on .J U, 

Donets et aL concluded that Pn/Pf increased with increasing ion energy. 7, 
1 :: 

233 234 235 236 238 . We chose U, U, U, U, and U as target nuclel "rhich were 

12 bombarded with C of energy up to 110 MeV to produce known californium 
, '242 24? 

nuclides with mass number from 2)+2 to 246. (The nuclides Cf and ,JCf 

" , 

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), and mass nu.rnber of cascading nuclei (243to 250). 
"., . 

The systems 238
U(12C, 4n), 238u(12C, 5n), and 238U(12C, 6n) had 

,:' . - 't. ," 

previously 

been measured,3,6 but were included in our experiments to minimize relative 

errors. 

II. EXPERIMENTAL 

The targets were made by molecular plating, from an isopropyl alcohol 

2 solution, uranyl nitrate onto 5-mg/cm Be foils to a thickness of about 
•• •• 1 

2 
0.5 mg/cm. The amount, of uranium on the target was determined by pulse 

height analysis. 

Beams of 124-MeV l2C from the Hilac were, after magnetic deflection 

throue;h 30 deg, degraded to the desired, energy by the use of weighed Be foils' • 

'l'he range-energy curve of 12C in Be, as, measured by Walton, was used to 

. 11 
estimate the energy. The degraded energy spectrum was also measured by the 

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 decreasing energJ 

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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'rhe collimator in front of the tarl.;et had a diameter of 0.6 cm. 

'r'he ctverae;e beam current was about 1.5 x 10-6 A. At these intensities 

the degrader foils had to be in contact with a water cooled copper surface. 

The yield of the various ex emitting californium isotopes was 

determined by the use of an ex grid chamber in conjunction,with a 200-channel 

pulse-height analyzer. The decay of the various ex groups was generally 

followed through several half-lives. 
5 

As energy calibration standards the 5.80 and 7.6£3 IvieV ex group from 

2J+4C d 21~,p t . 1 d m an 0, respec'lve y, were use. 

Two methods were used to measure the cross sections. In one the 

relative cross sections were determined as a function of ion energy by the 

use of the recoil technique as described in Ref. 9. The recoil atoms 

produced in the reaction were slowed down in helium at a p'ressure of about 
, . 

700 torr contained ~nside a cylindrical chamber of diam. 2. 51 cm and length 

4.4 cm. A Faraday cup for beam intensity 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-nun orifice through which the helium gas with the 

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

one torr. The recoils were collected on a platinum disk placed in front' 

of the orifice at a distance of about 2 nun. After bombardment, ,the foil· 

was flamed to remove ~ and ex activities of volatile elements produced 

from the Be foils, and Pb and Bi impurities. The time between end of 

bombardment and start of analysiS was about one min. 1 
The overall yield of this recoil technique was determAed by measuring 

the absolute cross section at the peak o:f the reaction 238U(12C ,4n) 246Cf • 

In this experiment the 238U target was facing the beam such that the recoil 

products vlere caught in the targeti tself or in its bac1dng. The actinides 

"'+ were separated from beryllium by the use of a NaOH precipitation with Fe J 

.'. 
.' .. 1 



,',,, 

• 

\ UCHL-l~(588. Rev.· 

-J-

· as carrier and from uranhun and iron by the use of an ion-exchange 

colwnn, and were finally electroplated from a NH1j.· Cl solution onto a 

2)~4 
Pt d:i.sl\: and then apulse-heie;ht analyzed. Cm tracer was added in 

the dissolving step to check the overall chemical yield. 

We found the cross section for this system to be 59 ± 6~b which is 

to be compared to the values 28IJ.h 3 and 62IJ.b 6 as determined by other 

experimenters. The yield of the recoil technique was lCP/o and was reproduced 

with a standard deviation of 25%. 

The possibility that the yield of this method varied with bombarding 

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 23
8u as target we find the ratios 0"4/0"6 and 0"4/0"5 

to have the values 4.1 and 0.60, respectively, which are, within errors, 

in agreement with the values 5.4 3 and o.i obtained in earlier experiments 

indicating no systematic change in yield. 

In the analysis we assumed the following values for the ex energy, half 

242 . 
life) and ex branching for californium isotopes: Cf, 7.39 MeV, 3.4 min, 

9~43 . . 10 244 10 245 
100%; ," Cf, 7.05 MeV, 10 min, 10%; Cf, 7.21 MeV, ;20. min, 100%; . Cf, 

7.14 MeV, 45 min, 66%; 12 246cf, 6.75 MeV, 36 hI', 100%. 12 

Since no chemical separation was performed we considered possible 

interference from other nuclides with similar decay properties. We found 

· that the following two series 12 in some cases hampered .the analysis: 

228 9.3 min> 
U 6.6 r

{ MeV 

224R 3.64d 
a 5.68 MeV 

224 1 sec> 220 O.O~ sec.,. 
. Th 7.13 MeV Ha 7.lJ.3 MeV 

220Rng~2§ ~:~~ 216p 0.16 sec ~ . 
o 6.78 MeV 

6 -4 
21 Rn 10 sec> 

8.01 MeV 

Hith 228U present, the ex groups in this series could interfere with 

21-1-2 243. 244 245 ' , , 224 
Cf, Cf, Cf, and Cf actlvltlGS, and with Ra present the 6.78 MeV 

rv Id 't f 'th 2J+6Cf t' 't T" f 228 u. group cou ln e1' ere Wl ac :L Vl y. rie presence 0·· U '\vas 
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., 

spotted by the 8.01 and 8.78. MeV groups. The excitation functions for 

the production of 228U were not determined.' We observeq, this series with 

all targets used. The threshold for its production increases with increasing 

, A of the target from about 70 MeV 12C with 233u to about 110 MeV with 238
U• 

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

functions for 242Cf and to some extent for 24 3cr, 244cf, and 245Cf • For 

the latter three a more dLfficult problem was the separation of their a 

groups at 7.05, 7.14, and ,(.22 MeV in the cases when one of them was dominating. 

In such cases questionable data were eliminated. 

Th . t f f th 224 .. t' hI· f 246' , e In er erence rom e Ra serles In e ana YSlS. 0 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 contribution from 216po 

is not ruled out. 

III • EXPERIMENTAL, RESULTS 

The experimental cross sections are plotted versus the bombarding energy, 

Ei , in Figs. 1-4. Typical errors are indicated by error bars and include 

(1) statistical erro:rs in the counting, (2) standard deviation of 2% in 

recoil collection efficienty, and (3) uncertainty in target thickness. The 

maximum cross sections for a and the corresponding energies for E. are given 
x l 

in Table I. 

The effects of energy spread of the beam on the width ot the excitation 

functions were not taken into account. ,Such a correction might make some of 

the peaks as much as 2 MeV narrower u 

',' '" 

\-' 
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IV Discussion 

We shall make the assumption that'r n/r f is' indep':mdent of the bombarding' 

'..; energy. According to Formula (2) this implies that the shape of the cross 
i 

section curve is determined by the product PxcrCN only. We shall therefore 

separate the analysis into two parts. In part A ,.,e shall attempt to fit 
.1-

the shapes of crCNPx.to those of the experimental curves. In part B experimental 

values for r n/r f are derived from :F'ormula (2) by the use of calculateo_ crCNP x 

values and experimental a values. FinallY,calculated r Ir
f 

values shall be 
x . n 

fitted to the experimental values. 
, 

• 1,1'" 

A •. The Shape of the Excitation Funct·ion. ":'., . 

Attempts were made to fit the shapes of the experimental curves by the 

use of the original Jackson Formula that do not include angular momentum 

2 
terms. 

It turned out that the main part of a particular fUnction could be 

. , fairly \'lell reproduced y,i th a value for T that was independent of the ion· 

energy •. However, T had to be increased as we increa~.ed x. Similar effects 

have been observed by Tarantin. 13 Typically a temperature of about 1. 2 MeV 
. '. 

was required for a 4n reaction whereas a value of 1. 5 MeV had to be used for 

a 6n reaction. The main part of the peak. of the former is at a lower bombarding 

energy than that of the latter. We felt it was inconsistent not to use, at 

* the same value of E , the same temperature for various xn reactions. Modified 

to include angular momentum effects
l 

the expression for 0CNPx is: 

.eCN· 

crCNPx = ~ a.ePx,.e 
./ko 

(3) . 

A brief outline of the clefill~tions and calculations of the terms in equation 

(3) follows in part a through c. 

. ': . '. ~ . 
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a. C1 is the cross section for the .e-th partial wave of the incident 
.e 

ion. Using the optical model of the nucleus this cro:.:s section is given by 

14 
the formula: ' 

2 
cr .e = rc~ (2.e + 1) T.e (4) 

where 1< is the de Broglie wavelength of the projectile, and T.e is the 

transmission coefficient of the wave. In the estimation of T.e \"e use a 

parabolic approximation· 15 to the real part of the effective optical mod.el 

potential with the following values for its parameters: V 0 = -70 MeV, ro =1.24 

fermis and d = 0 .. 48 1~ermis" 

These values for the optical model parameters were obtained in Ref. 16 
00 

by fitting the sum ~ C1.e ' defined as the total interaction cross' section, 
bO 8 

to the measured total fission cross sections for the system 23 U( 12C, f) 

from the barrier up to l21l- MeV • 

b. .e
CN 

is a cut-off value above which only surface reactions 
£eN . 00 

take place" 

and is adjusted such that the value· of the ratio 2: 
lbO 

/ is 0.8. 

This value is empirical and is based on results froID'i'ragment-fragment angular 

correlation measurements for the system 238
U + 124 MeV l2C .17 It is then assumed 

18 that the value is independent of ion energy. 

c. The last term in Eq (3) is the probability for boiling out exactly 

x neutrons from a compound nucleus of angular momentwll .e and is given by 
1 

P n=I .. (~ x, AI . ..X 
2x - 3) -I(~x+l' 2x-l), where 

I(Z,n) is the incomplete 
I 

gamma function and 

* 4 = (E -x . 

* ~ = (E -x+l )/T 
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* Here E is the excitation energy of the com[>ou,nd. nucleus (;),:3 estimated from 

the jon enerL~y and. maSSes involved; B. is the binding rmergy of the i-th 
~ 

neutron in the cascade;' E
f 

is the fission barrier of the product nucleus vlher'3. 

f 
E

f 
< Bi ; ER and ER are some average values of the rot:~tional energies of the 

cascading nuclei at the equilibriwn am1, saddle configurations, respectively; 

T is the nuclear temperat1lre and it is asswnecl that th" temperature for fission 

is equal that for neutron evaporation. 

The calcl11at:i.onS of a _-.P were performed on a CDC 6600 computer. ,Values CN- x 

for the nuclear masses and B. were taken from the Tabl(~s by Foreman and Seaborg.19 
J. 

Their valUes are in excellent agreement with the known decay data in this 

region. 
.. ; 20' 

Values for the fission barrier shall be taken from Viola and WJ.lk~ns 

who obtained their values from an analysis of spontam;ous fission half-life. 

The nuclenr temperature was used. ,as an ad,justar.ll'= paramc,ter. 

The values for the rotational energies depend on the angular momentum 

., ,. distrlbutions and the moments of inertia of the nuclei in the neutron cascade. 

'rhe £ distributions depend mainly on .the variation of' rn/f
f 

with £ since 

the average anG;lllur momentLull carried off by u neutro;~ i~s negligible, and y 

emission presumably does not compete favorably with neutron emission and fission 

when the excitation enerLTY is larl2:er than B. and E ~ 
t.:> ~ l f 

We shall make the extreme asswnption that fn/rr: is independent of £. At' .', 

etwh step in the cascade the £ - distribution of the lluclei i8 then equal to 

that of the compowld nucleus. In the fraro.ework of thc~ simple model, 

1', ' 21 
rn/ff is predicted,to be proportional to exp(ER - ER)/T . when 

E~ = E
R

• The latter enerG"Y can be estimated from the expression (11
2 /ZJ) £( £+1), . 

wh(~re 'j is the effective moment of inertia.
2l 

We shall use ~ 0 /::~ as 3.n a.djustable " 
.... ' 

* 0 parameter ar:lSIJJYK:d to b() independent of E and.e. Here ~~ :Ls the rigid bo~ly 

Ji1();;l8IJt of inc t·ti.l'l. of a :.:; pher:i.cal nucleus oJ' cons\.;unt tlcnsity ,~lnd. is I.~jvcn by 

o 2 ·)tJ 

:~ ,~(;>/','nltt' I\'-'.J. 1IJh,·y',·, M nnd I\. o.r" thc'~ nucleicl'ic maus and ,lI1C1.~;t; 
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number, respectively, and r is the radius parameter for which we used the 
o 

-13 . 
value 1.22xIO cm. 

Best overall f'i t was obtained with T = 1. 20 MeV and ~ 0 ts = 1. 25 with an·, 

uncertainty of 0.05 MeV and 0.25, respectively., ".: . -... " 

The calculated curves for cr P are compared to the experimental cr values 
CN x x 

in Fig. 1-4. For each curve the peak value for cr -~ is normalized to that for CW-x 

cr. The energy scales of the calculated curves have been displaced a certain 
x 

amount, D. E, relative to those of the experimental ones. The values for!::' E 

are listed in Table I. They were never larger than two ~eV which is within the 

experimental uncertainties. 
. "'" 

As is seen from the Figures, when data are available, the experimental 

curves exhibit a tail that is not reproduced by the calculated ones. The . '" 

effect is small; i.e;, 
; 

the cross section 
,'0"- • 

at the tail is of. the order. of. one 

... 
~. , , . .. . ' . 

: 
" ...... 

. ' .. "". 

percent of that at the peak. However, the discrepancy is regarded as signifi ... ·, .. 

cant. 

. . 238 ·(12 4) 246 
S~milar tails were observed for the reactlons U C, n Cf I"here 

2"·6 ,. 
the yield was determined after chemical separation.' It is believed that 

the tails can not fully be explained by the presence of low energy carbon . 
ions in the beam. The discrepancy is due to 'a breakdm'ffi of either the Jackson 

formula or the asswnption that rn/rf is independent of E
i

• 

1. Experimental rnJrf Values 

W d f · o' f r Ir· 4 e e lne a mean value n f as: 

r /1' 
n f aiel-G) (9) 

., ' 

-' 
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HereG is a mean value of rn/(rn+rf) defined as: 

[ J 
l/X. 

G = -A r /( r +rf ) . 
n n ~ i=l (10) 

I 

that according to Eq (2) is given by: 

G • [cr)(crCNPx~l/X (11) 

Values for r n/r f' estimated at the peak of O'x an(~ O'CNP x' are listed 

in Table I together wi t~ the q:uanti ty Aav which represents the mass number 

of the intermediate fissioning nucleus halfway along the evaporation chain. 
~. . 

The errors for rn/r
f

, given in Table I, include experimental errors 

in O'x' uncertainties in O'CN (arising from an error of 0.02 fermis in ro 

and d), and in P x (due to uncertainties of 0.05 MeV in T and 0.25 in r;s a f.s) • 

It is apparent from the Table that r n/r f within error,s is independent of E .• 
.' . ~ 

2. Semi Empirical Formula for rn/rf 

In the estimation of Px,£ we made the assumption that rn/rf is 

independent of £. A sufficient condition for r jr to be independent of E, 
n f '.,' 1~ . . . ~ 

will then be that rn/rf also is independent of the excitation energy. A 
. , , 

formula that expresses such an· independence of excitation energy.and angular 

momentum is the following one, that was developed by Fujimoto and 'Yamaguchi, 22. 

and modified by Vandenbosch ~nd Huizenga5 to'include odd even effects: 

r /r of' = (2T/K )A 2/3 exp (E
f
' -13 n _ 0 n 

, 
)/T (12) 

Here T is the nuclear temperature, 

for even-even fissioning nucleus 
for even-odd " 'I 

B = B +a6 '(1 == 
, {' 2 for even-even nucleus after emission of one neutron. 
n n n' 1 for even-odd" " " "" " 

) 
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. ,.,' 

and ~f and ~1 are the paring energies at saddle and eq'lilibriwn, respectively: 

and are ass'lllned to be constants. It is then asswned that the exponential lev( i .. 

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 that . 
• 

f t t ' 21 o· neu ron evapora lone 

In a cascade of x neutrons the geometric mean value for rn/rf can be 

written as: 

where 

r If.n f 
c A av 

2/3 

c == (2T/Ko)exp(1.5/T)(L\-t~) == const., 

0, n == n 
(nee andn . are the nLL'Ilbers of ee eo 

eo 
r3 == 1, n > n even-even and even-odd nuclides 

ee eo in the cascade, respectively). 
-1, n > n 

ee eo 

/!:.== (~f + f'j, ) /2T = const. 
n 

Values for r nl r f calculated according to this ··,formula were now fitted 

to experimental ones by adjusting the constants, c, f'j"and T. Taking 

values for Bn and E
f 

from Refs. 19 and 20, respectively, we obtained a best 

fit "nth c==0.33, .6=1.5, and T==0.59 MeV with which experimental values l'!ere 

reproduced ,.,i th a st. dev. of 16%. Calculated and experimental r nl r f values 

are compared in.Table I. 

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

parameters used in Eq (13). 

..... 
." 
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c. It has been suggested from spontaneous fission systematics that 

!::, has the value 1;2 MeV
20 

and b, is about 0.7 MeV. Inserting these r n 

values and T = 0.59 and K = 9.8 MeV into the expression for c, we estimate 
o 

its value to be 0.43 as co~pared to 0.33 found in the analys is. This 

good agreement is to be regarded as fortuitous. Considering the uncertain~ 

ties in the values of the parameters in the expression for c its estimated 

value must have an error of at least 5Cf'/o. 

b,. The first exponential term in Eq(13) represents the odd-even 

effect. The importance of this term.is demonstrated by the fact that, 

. .'! 

for the cases where x is an odd nwnber, the average deviations of calculated 
and. 

: ", ,>" 

rn1tf' values from experimental ones, with I without that term, were 16% and 

3c$, respectively, 

, ',,"::" 
.;. I 

1.8 for the sum (b,f + !::'n) that is in agreement with the. expected value of. ":":. ,,: 

1.9 MeV. t 
t 

T. Our value for this parameter is in' excellent ~greement with the· 
.. 5 

value of 0.6 MeV obtained by Vandenbosch and Huizenga in a similar analysis, 

using experimental r Ir
f 

values from p, d, and a induced reactions u . n 

V ~ CONCLUSION 

A good fit has been obtained to the peaks of measured cross section 

cm'ves using formulas that are based· on the assumptions that the temperature 

is independent of excitation energy, that the temperature for fission is 

equal to that for neutron evaporation and that r n/r f is independent of angular 

momentum. Angular momentum effects have to be introduced into Jacksons formula 

for P when used in the heavy element region as w'as the case in the rare x 

earth region. l 

. . . ' . 

.,' , 
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We shall make a few remarks about some of the quantitive results·of oUy' 

analysis. 

The value of the nuclear temperature as used in the formula for P is x,£ 

l.20±O.05 MeV·, ivhich is significantly higher than that of O.?9±O.05 MeV 

found to fit the r n7rf data. I.t is interesting to note that the former is 

the average temperature of the nuclides that survive fission through the 

cascade, \'lhereas the latter is the corresponding one 0:E' all nuclides except· 

the product nucleus. In the framework of the level density formula. rg: tfoexp(a~/A)1/2 
this difference in the temperatures suggests that r nIT /: increases vIi th increa:ling 

;:;3 
excitation energy. The same level density formula does in fact predict 

')1 
such an energy clepenclence. w_ 

The assumption that the angular momentum distribution is the same at ea,~h 

step of the cascade is not necessarily valid. In our analysis the adjustment 

of the value for ~ o/C;S can compensate for any breakdovm of this ·as s Llmpt ion •. 

However, the value of 4.5 keV obtained for the quantity 'fl2/'GJ is not unreasonable. 

2 0 . 
The value for the fi /z:s is 3.6 keV for A = 250 •. The deformed nuclei. in th:Ls 

region of the periodic table,. have 1'1
2/ZJ values,. as ded~ced from the rotational 

energies near ground state, of about 7 keV. 
. 21·· f 

If, as is predicted, ER is 

smaller than ER, and thus r n/r f~ decreases with increasingi'-, the value for 

2 
TI /Gj will be less than 4.5 keV. 

It is apparant.from these results that one can not, on the basis of 

excitation functions, draw any detailed quantitative conclusions about the effect '" 

of angular momentum,and'excitation energy on the level widths for neutron 

emission and fission. However, the usefulness of the formulas for P and x,£ 

rn/r:'f should be evident. They have few adjustable parameters, are relatively 
,. 
I 

easy to use and can be dsed in mass assign;ments and in the prediction of cross 
~, 

sections in nucleo-sysn~hesis. 
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, .... 

1I.s annal note w,e shall make a few remarks" reg:J,;L'ding the.conclusion 
...... 

.. ,: -

'. ::~ 

, ':', :,r( 
dra1m by Donets et 0.1 that, r n/r f ipcreased , with increaid_ng exci tation energy. 

'" -, 

They used the Lmmodified Jackson Formula and val'Lies for ':O'CN ta1:en from 

,,' 24 '. '~", ". r 

those calculated by Thomas, usipg the, square v1ell model. These values are' 

. 13 too high at the barrler, This error d.ecreases with increasing E. ,As 
" 1 

shmm in' calculo.tions25 this will result in experim~nt;11 f n/ft values that 

are too high for the lowest x,i.e", for the lowest c:ccitation energ:tes, and 

,'" * 
I:;J1,!_lS give the app.s,rent effect thCl.t fn/ff increases with E,. We beUeve that 

~- ' , 

a variation of r n/f f vlith E , has not yet been experimentally demonstrated in 

reactions bet,';een heavy elements and heavy ions. 

: ,~ .. 

, ..... '- .. 

',.' 
" .'.; 

. '. ' .. ::. 
~ " .' . 

. :.: ~, 

.:." '. -"'.'.'.'1." 
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Table I. Results of the analysis of experimental maximum cross sections obtained in 
U(12C, xn)Cf reactionS. Symbols not defined in the text are, At = mass number 
of target nucleus Ap = mass n'U.'!lber of the product nucleus. The calculated 
values for (aCl'TPX)~X a?d r nlrf were obtained 'by the use· of the formulas by 
Jackson (rnocIified:) .' and Fuji.'!loto and Ya'!laguchi, respectively. The values 
for E. and a 'were taken from the curves in Figs. 1-4. J.,max x, max 

At x A E. ' a ~ ~aCNPx)max A av' rn/rf p J.,max x, max 
(MeV) (~b) (mb) (exp) 

238 4 246 61.5 62 2.0 26 248.5 0.28±0.03 

238 $ 245 13.5 100 1.5 260 248 0.26±0.01 

238 6 244 83.5 15 ' 0 400 241.5 0.22±0.01 

238 1 243 -95 3.0 0.5 550 241 0.2l±0.01 

238 8 242 -115 0.29 1.0 520 246.5 ' 0.20±0.01 

236 3 245 61.5 2.5 0 1.5 241 0.13±0.03 

., 236 4 244 70 22 0 48 246.5 0.11±0.02 

236 5 243 71.5 9.8 0 300 246 0.15±0.01 , 

236 6 . 242 88 ,2.1 -1.0 42,0 ' 245.5 O.15±0.Ol 

235 3 244 61.5 ,"1.5 0 0.75 246 0.14±0.0+ 

235 ' 4 243 70.5 8.8 0 80 245.5 0.11±0.02 

235 5 242 77.5 5.0: -0.5 210 245 0.13±0.01 

234 4 242 v 12 ' 4.0 ·1.0 90 244.5 0.089±0.009 

233 3 242 67 9·31 -1.0 2.0 244 0.OSo±0.016 

, . ,. , 

; -'-' 

-~~----# ", .... -.. _-_ ... -.... 

: 
.. - . -,~ 

- " , f 

..'~ 

r;;rrt: 
(calc) 

0.30 

0.25 
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0.11 . I .... 
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0.19 
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0.17 
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0.14· 
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0.12 
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0.098 ~ " 
1 • 
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Fig. 1. Experimental cross sections, a , plotted versus .. . x.. . 
12 

'C energy, 

23-=t- 12·· . '242 ~ 234 12· ' 
for the systems --u( c, 3n) .Cf (6) and U( C,4n) 21+2Cf (0) . 

The curves represent the function 0CNPx normalized at the peak to the 

experimental points. The energy scales for the curves are disulaced tE MeV . . ~ 

r("lative to th;:~tof the Figure. Valuc~s for LE are c:i.ven in 1'able I. 

li'ig. 2. Experimental cross sections, CJx,plottcd versus 12C energy;· 

E i ' th 235U(12C, xn)247-x Cf reactl·ons. Th 1 1 1 d' . i' . or e e sym10 s am correspon lng 

'.,', 

values of x for the experimental points are, .6, 3n; 0; 4n; 0) 5. The curves 

represent the function 0crtx normalized at the peak to the experimental points. 

The energy scales for the curves are displaced IE MeV relative to that of the 

Figure. Values for LE are. given in Table 1. 

E. , 
1 

12 
Fig. 3. Experimental cross sections, ax, plotted. versus C energy, 

, 236 (12 ) 247-x . . . 
for U C, xn Cf reactlons. The symbols and corresponding values 

of' x for the ex:perimental points are, &, 3n; 0, 4n; 0, 5n; +, 6n. The curves 

represent the vunction lTCNP x normalized at the peak to the experimental points •.. 

The energy scales for -the curves are displaced .LE MeV relative to that of the 

. Figure. Values for LE are given in Table I. 

E. , 
1 

4 12 " 
Fig. . Experimental cross sections, ax, plotted versus C energy, 

238 12 ) 250-x .. ' 
for . U( C, xn Cf reactions. The symbols and corresponding values 

f'or x for the experimental points are, 0 ,4n; 0, 5n; +, 6nJ .6, 7n; G, 8n. 

The curves represent the function CrCNP x normalized at ,the peak to the experimental 

points. The energy scales for the curves are displaced LE MeV relative to that' 

of' the Figure. Values' for LE are given .in Table I. 

." ," 
,~ '. 
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