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ABSTRACT 

We have measured the mass and kinetic-energy distributions of fragments 

from th·e spontaneous fission of 256No produced via the 24Bcm( 12c,4n) 

reaction. The production cross section using 71-MeV 12c projectiles was found 

to be 250 nb. lhe tota I kinetic energy for spontaneous fission of 256No is 

·196±3 MeV. The mass distribution is very broad (full-width-at-half-maximum of 

-50 mass numbers) with no appreciable decrease in yield for symmetric mass 

division. 256No seems to be the transition nucleus between the asymmetric mass 

division observed for SF of the lighter No isotopes and the symmetric mass 

division observed for the heavier No isotopes. Its properties are similar to 

those of 257 Fm, the isotope at which this transition occurs in the Fm isotopes, 

but the 25bNo mass distribution is broader than that for 257 Fm, and its 

average total kinetic energy for symmetric mass division is about 1; MeV lower. 

We determined the half-life of 256 No to be 2.91+0.05 s by measuring its a 

decay. We measured a spontaneous fission to a ratio of 0 0053+0.000o which . -0.0003 

gives a partial half-life for spontaneous fission of 550~~~ s. An energy of 

8.448±0.006 MeV was measured for the a-partie le decay to the ground state of 

252 Fm, a I lowing us to ca leu late the mass excess for 256No as 87820±8 keV. 



The energy of the 2+ rotational level in the 252Fm daughter is 47±5 keV and 

the intensity of the 8.402-MeV a-group populating this level is (13±2)%. 

aPresent address: Department of Nuclear Engineering, National Tsing Hua 
University, Hsinchu, Taiwan, R. 0. C. 

This work was supported in part by the Director, Office of Energy 
Research, Division of Nuclear Physics of the Office of High Energy and Nuclear 
Physics of the U.S. Department of Energy under Contract DE-76SF00098. 
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I. INTRODUCTION 

Studies of the spontaneous fission (SF) properties of heavy actinide 

isotopes in the region of Fm (Z~lOO) are of particular interest because of the 

sudden transition from the asymmetric mass division observed using SF of al 1 

the lighter actinides to the very symmetric mass division accompanied by 

anomalously high tota I kinetic energy (TKE) found in SF of the heavier Fm 

isotopes. This transition was first found., to occur in Fm between 256 Fm and 

258Fm, 257 Fm being a transition nucleus with much enhanced yields and high 

TKE's for symmetric mass division. Mass-yield and kinetic-energy distributions 

have now been measured for seven isotopes of Fm, the lightest being 246 Fm and 

the heaviest 259 Fm. The ~ransition from asymmetric to symmetric mass division 

for the Fm isotopes is shown schematically in Fig. 1, together with mass-yield 

curves for SF of other trans-Bk isotopes. Double-humped mass-yield 

distributions, typical of the asymmetric mass division of the low-energy and 

spontaneous fission of the lighter actinides, and TKE's consistent with the 

linear function of z2tA113 (Fig. 2) obtained for the lower Z actinides are 

observed up· through 256 Fm. However, 257 Fm shows a large increase in the 

yield of symmetric mass division, and symmetric mass division with very high 

TKE becomes the most probable mode for 258 Fm and 259 Fm. With the recent 

measurements 7 of 262 No, the most neutron-rich nuclide so far identified, 

information for three No isotopes is avai fable and a transition (see Fig. 1) 

similar to that observed for the Fm isotopes is seen: 252 No shows an 

asymmetric mass distribution with "normal" TKE; 258No shows predominantly 

symmetric mass division with near norma I TKE., but with some evidence for a 

higher energy component; 2b2No shows a narrowly symmetric mass-yield 

distribution with high TKE, but with some evidence for a component with lower 

TKE. The TKE d i stri but ions for 258No and 262No, together with those for some 

other heavy trans-Es isotopes, are shown schematically in Fig. 3. 
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As can be seen from Fig. 1, the transition from asymmetric to symmetric 

mass division in the No isotopes must take place somewhere between N=150 and 

N~156, apparently at a somewhat sma1 fer neutron number than in the Fm 

isotopes. Thus it is of interest to examine the fission properties of 256 No 

(N="l54) to determine whether it is indeed a "transition .. nucleus simi far to 

257 fm (N..,157). 

Ghiorso et ., 8 a . produced using the 248cm( 12c,4n), 

248cmc 13c,5n), and 24 bc.m( 13c,3n) eact1·ons Wl.th c ss se t1· f 0 74 r ro c ons o . , 

0. 75, and 0.09 pb, respective·ly. They measured 8.43±0.02-MeV a partie les in 

all three reactions and obtained a-half-lives of 2.9±5 sand 3.2±0.2 s in the 

first two reactions, respectively. They estimated the SF/a ratio to be 

-1/400 in the first reaction although they indicated that the mass assignment 

of the SF activity was not cone I us i ve. F I erov et a l. 9 produced a 3. 7±0. 5-s, 
242 18 . 238 22 . 

8.43±0.03-MeV a activity in the Pu( 0,4n) and U( Ne,4n) react1ons 
256 and attributed it to No, but stated that they regarded their previous 

measurement of the partial SF half-life of -1500 s as only a lower limit. 

We have used the 248 cm( 12c,4n) reaction to produce 256 No and have 

measured the SF-to-alpha ratio, the a-and SF-half-lives, and have confirmed 

the assignment of a 2.91-s, 8.448-MeV a activity to 256 No by correlation 

with its 252 Fm daughter activity. From measurements of the kinetic energies 

of coincident fission fragments, we have derived the TKE and mass-yield 

distributions. We have also measured the energies of the a transitions to 

the ground state and 2+-excited state of 252 Fm. 

II. EXPERIMENTAL PROCEDURES 

256 No was produced at the Lawrence Berkeley Laboratory 88-Inch Cyclotron 

via the reaction. In initial experiments, single 
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248cm 0 targets (containing either 0.66-mg/cm
2 

or 0.49-mg/cm2 248cm, 97% 
2 3 

"10 
isotopic purity), deposited by the molecular plating method in a O.o-cm 

diameter on 2.75-mg/cm
2 

Be foil were used. In subsequent experiments, because 

of the small production cross section and smal I fission branch for 256No, we 

11 . 248 
used our multiple target system w1th two em targets to maximize the 

production of 256No. When a single target was used, the beam energy was 

chosen so as to result in 12c4+ energies of 70 to 72 MeV (laboratory system) 

on target, close to the maximum of 71 MeV for the 4n excitation function 

reported by Si kke land et a l. 
12 

The 
12

c
4
+ beam from . the eye I otron passed 

. 2 2 
through a 1.8-mg/cm HAVAR entrance window, 0.2-mg/cm N2 cooling gas, the Be 

target backing foi I. (2. 7~ mg/cm
2
), and into the first target containing 0.54 

mg/cm
2 

cm
2
o

3 
(0.49 mg/cm

2 
of 

248
cm). When a second target was used, the beam 

then passed through 0.36 mg/cm2 of He, the second Be target backing foi I (2.08 

2 2 2 mg/cm ), the second target containing 0.75 mg/cm cm2o3 (0.66 mg/cm of 

248cm), and finally a second zone of 0.36 mg/cm2 of He, before passing 

through a Be volume limiting foil. ·rhe_ resulting beam energies for .12c4+ 

ions entering the first and second targets were calculated to be 75.8 and 10.4 

MeV, respectively~ in the laboratory system. The beam currents were typically 

about 0.8 PlJA. 

Reaction products recoiling out of the targets were thermalized in He at 

a pressure of 1.2 bar and transported out of the target chamber via a He-jet 

gas transport system containing KCI aerosol. The aerosol-loaded helium was 

drawn through 1.2-mrn i.d. polyvinyl chloride capillary tubing to the vacuum 

13 
chamber of our horizonta I rotating wheel system, the MG, located about 10 m 

away. The 25. 4-cm radius· hori zonta I whee I of the MG has 80 equal I y spaced 

collection positions about its circumference. A steel ring with a 0.63-mm 

i .d. 
2 

hole, which was covered with a 40+15 llg/cm film of polypropy-lene, 
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was Rlaced in each collection position. The efficiency of t~e He-jet system 

f t ti d d •t• ·1· 256N t th f.l or ranspor ng an epos 1 1 ng reco1 1 ng o a oms on ese 1 ms was 

estimated to be about 75%. This estimate was based on a comparison of 

Fm-isotope yields from the He-jet system with yields of Fm isotopes determined 

in separate 1-hour irradiations in which recoiling products were deposited in 

Au catcher foils placed directly behind the target. The actinide fraction was 

separated from these foi Is and analyzed according to the procedure given by 

Kratz et a1. 14 

The wheel was rotated at 3-s intervals o as to move the foi Is 

consecutively from the collection site into position between pairs of 

passivated, ion-implanted planar si Iicon detectors. These detectors had a 

depletion depth of 300 microns and an active surface area of. "100 mm2 . Six 

pairs of detectors were used to measure the kinetic energies of the fission 

fragments and alpha particles. The foils were changed every 20 minutes (5 

revolutions of the wheel) in order to minimize the accumulation of any 

possible longer-lived activities. The source-to-detector distance of about 2.0 

mm gave an efficiency for the detection of a partie les in a given detector of 

30%. Since each detection station consisted of two detectors at 180° to each 

other, one above and the other below the wheel, the efficiency for the 

detection of a particles or coincident fission fragments was about 60%. The 

typical a-particle energy resolution was 25 keV for the top detectors and 

35-40 kev for the bottom detectors because of the interposed polypropylene 

collection foil. Off-line a-energy ca1:orations were obtained by measuring 

the known a groups 212 81. from and 2-12 Po in equilibrium with a 212 Pb 

source. On-line a-energy calibrations were made using Ra and Po activities 

produced from a smal I amount of Pb in the target. - 2~2 -Sources of Ct on 

similar polypropylene foi Is were used for the energy calibration for SF 

fragments according to the calibration procedure of Schmitt, Kiker, and 

,, 
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Wi lliams 5 (SKW) using revised constants recently determined by Weissenberger 

et a1. 6 This gives kinetic energies for fission fragments which are lower by 

·1-2% and yie·lds a post-neutron emission average lKE. of 181.03 MeV for 252ct 

vs. ·184.14 MeV from the original SKW constants. A comparison of our results 

for 256 No obtained using the original. SKW parameters and the Weissenberger 

parameters was made. 

Pulses above 5 MeV triggered the storage of the signals from a given 

detector station. Pulses from a particles between 5 and "10 MeV and fission 

fragments up to 200 MeV from each detector were digitized by octal Aoc•s and 

stored in list mode on magnetic tape by our real-time data acquistion and 

· graphics 1 5 system (RAGS). The timing requirement for coincident fission 

fragments was 2 lJS. Pulses indicating the times of rotation of the whee·l and 

the beam intensity were also recorded. 

II I. RESULTS 

A. Half-life determination 

The best value for the 256 No half-life was obtained from analysis of 

the decay of the a spectrum measured in the top detectors. The measured 

ratios of 256 No a activity to 214 Ra a activity (t
112 

= 2.46±0.03 s) 16 as a 

function of time, R(t), can be used to accurately determine the half--life of 

256 No from the relation: 

the decay constants of 

~No = ~Ra 
2 !> 6No and 

- d[lnR(t)J where ~ 
dt No 

2"14 Ra, respectively. 

and ~Ra are 

This method 

eliminates errors due to uncertainties in detector efficiencies and possible 

changes during the course of the experiments. The best value of the 

half-life, found by performing an error-weighted least-squares fit to 

ln[R(t)], .is 2.91±0.0~ s. fhis value is considerably more ~ccurate than those 

of 2.9±0.~ s, 3.2±0.2 s, and 3.7±.5 s reported 8 •9 previously. 
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A least-squares fit to the decay data for coincident SF fragments 

measured 1n the first 5 detector stations gave a half-life of 3.0±0.2 s, 

consistent with the half-life obtained for the o decay. There was no 

evidence for longer-lived SF species. 

The production cross section for 256 No for 71-MeV 12c projectiles was 

measured to be 250 nb based on a He jet transport yield of -/5% and an 

effective target thickness equa I to the range of the No compound nucleus 

2 products of about 0.40 mg/cm Our cross-section value is much lower than 

that of about 740 nb measured by Ghiorso et a1.
8 

for 71-MeV 
12c ions. We do 

not know the reason for this rather large discrepancy as they estimate their 

beam energies to be accurate to ±2 MeV and their excitation function shows 

248 
little change in cross section between 68 and 73 MeV. If our Cm target is 

much thicker due to extraneous mass then we might get too low a value although 

this does not appear to be the case. The measurement of absolute cross 

sections was not the object of this work, but this discrepancy needs to be 

investigated further in experiments with thinner targets. 

B. 
. 256 

SF branch of No 

F-rom a comparison of the measured SF coincidences with the number of 

256 No o particles detected in the bottom detectors (which more closely 

approximates the efficiency for measurement of SF coincidences), the SF/o 

ratio was determined to be 0.0053 with a statistical standard deviation of 

0.0003. Corrections to the number of 256No alphas were made for the small 

214 214 amount (2. 7%) of Fr (produced from decay of Ra) and for an estimated 

1% of 25 bNo o decay to other than the 0+ and 2+- I eve Is of 252 Fm. The 

finite size of the sources may cause the efficiency for detecting fission 

coincidences to be somewhat less than twice the o-particle · detection 

• 

• 
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efficiency in the bottom detectors. Consequently, we estimate the error in 

the SF/~ rat1o of 0.0053 to be +0.0006 and -0.0003, which gives a partial SF 

half-life of 550+JO seconds. -40 

C. Confirmat1on of the assignment of the 2.9~s alpha act1v1ty to 256No 

The confirmation of the assignment of a 2.9-s, 8.448-MeV ~ activity to 

256No was made by an indirect correlation with its 252 Fm daughter activity 

(t112 = 25.4 h, E~ = 7.039 MeV). 17 The recoil momentum of 0.134 MeV imparted 

to the 252 Fm daughter by ~ decay of 256 No is sufficient to eject the 252 Fm 

atoms from the deposited source and implant them in the top detector face. 

The wheel is stepped at 3-s intervals so the distribution of these 252 Fm 

recoi Is in the successive top detectors is related to the 256No half-life. 

At the end of one series of irradiations, the 252 Fm activity which had 

recoiled onto the top detectors was measured for severa I days. lhe a energy 

and half-life of this activity were consistent with the known values for 

252 Fm and the distribution of 252 Fm in the top detectors was consistent with 

our measured value of the 256 No half-li.fe. The number of 252 Fm recoils on 

the top detector surfaces after the bombardment indicated that 33±4% of the No 

a-decays resulted in the implantation of the 252 Fm daughter in the top 

detector faces. This implantation efficiency is consistent with our 

source-to-detector distance (a efficiency) and indicates very little 

absorption of the recoi Is in the KCI of the sources and the He gas between the 

foi Is and the detector. This is the first definite assignment of the 2.9-s, 

8.448-MeV a activity to the decay of a No isotope with mass number 256. 

Based on the consistency of the SF half-life of 3.0±0.2 s with that of 

the 256No a-half-life of 2.91±0.05 s' the relative constancy of the 
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SF/a ratio from different runs at somewhat different 12c energies, and the 

. absence of any indication of longer-lived SF activities, we also attribute the 

observed 3.0±0.2 s SF activity to 256No. 

o. 256 No alpha-energy spectrum 

A plot of the a spectrum taken With the station 2 top detector from 

3.15 to 6.00 s after after the end of collection of the activity from a 

18.8-pJJAh bombardment is presented in Fig. 4. The activities in the Bi-Ra 

region are due to the interaction of the 12c beam with a small amount of Pb 

in the target. The energy of the rna in peak of the 256 No spectrum was 

determined by analysis of the data in the top detectors. An interna·l linear 

calibration of energy vs. channel number was obtained using the known-16 ·-18 

alpha peaks from the decay of 214 Ra (E =7136±3 keV) and 211 mPo (E. =8885±5 
a a 

keV). From this calibration an energy of 8448±6 keV was obtained for the a 

particle emitted in the transition to the 252 Fm ground state. This value is 

19 considerably more accurate than the previous best value of 8430±20 keV and 

gives a Q of 8582±6 keV. Using 58449±2 keV for the mass excess 20 of 244cm, 
a 

the 248cf Qa of 6361 ±S keV 17 , the 2S2Fm Qa of 7153±2 keV 11 , and our value 

for the 256 No decay energy, we obtain a va I ue of 87820±8 keV for the mass 

excess of 256No. 

The rotational structure in the 256 No spectrum was not easily visible 

in these experiments at high geometry (30% of 4~sr). In order to improve the 

resolution, a separate irradiation in which the source-to-detector distance 

was adjusted so that the detectors subtended only 3.2% of 4~sr was performed. 

This significantly reduced the effects of summing of a particles with beta 

particles emitted from the source and of summing of a partic.les 
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from - the 256 No decay popu I at1· ng ·the .·2+ I· l f th 252f d eve o . · e m groun -state 

rotational band with conversion electrons from the deexcitation of this 

I eve I. ·1 he a-parti c I e energy reso I uti on measured in these experiments was 2·1 

·• keV FWHM for. the 7136-keV 214 Ra peak. The <k peaks from the decay 'of 256No 

• 

• 

+ + 252 to the 0 and 2 rotational states in the Fm daughter were f1t with an 

error-weighted, non-linear least-squares procedure21 as shown in Fig. !l. lhe 

peak shape parameterization used in this fit was a Gaussian function smoothly 

joined to an exponentia I tai I on the low energy side. The Gaussian width and 

the exponential slope for this fit were fixed at values which were determined 

from the 214 Ra alpha peak in the same spectrum. (See Fig. !>.} Based on the 

energy difference between the two peaks .of 45.9±1.2 keV, we calculate that the 

energy of the 2+-rotational level in 252 Fm is 46.6 keV. We estimate the one 

sigma error in this value to be 5 keV to allow for the possibility of a small 

contribution from interfering activities in the region below the low-intensity 

<k peak. Because of the method used for energy calibration, energy 

differences over a sma II energy range can be ca I cu·lated more accurately than 

absolute energies. Based on this measured energy difference, we calculate the 

energy of the <k-group populating the 2+ level to be· 8.402 MeV with an 

estimated error of ±8 keV. The relative intensity of this group obtained 

from the fitting procedure is 13±2%. The relative intensity of the a branch 

of 256No to the 4+-rotational state in 252 Fm is expected to be less than 1% 

and was obscured by a particles from the decay of 26-s 257 No, also produced 

in the bombardment. 

E. Kinetic-energy and mass-yield distributions 

The kinetic-energies of 346 pairs of coincident fission fragments were 

measured. The pre-neutron emission TKE distribution is shown in Fig. 6. lhe 
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energy calibration is based on the SKW method 5 using the recently determined 

constants of Weissenberger et al. 0 This results in a TKE about 3.4 MeV lower 

(about 1. 7 MeV lower for both the high-and low-energy fragments) than if the 

original SKW constants are used. An average number of neutrons emitted as a 

I function of fragment mass, v(M), similar to that used by Balagna et al. for 

257F m, was used to correct the measured post-neutron emission fragment 

kinetic energies and derived masses to pre-neutron emission values. Several 

types of Gaussian plus ·exponential fits to the TKE. distribution were made. 

The best fit gave a most probable pre-neutron emission TKE of 195.7±2.9 MeV 

with a FWHM of 42 MeV. 
. 22 

Contrary to TKl measurements of some heavy 

actinides, there is no evidence for more than one component in the TKE 

distribution. 

The pre-neutron emission kinetic-energy distributions for the high- and 

low-energy fragments from SF of 250 No are shown in Fig. 7. A summary of the 

kinetic-energy measurements .I for 250 No and a 252Cf standard measured in the 

same system is given in Table I, together with similar measurements1 for 

257 fm, normalized to the new constants. From the kinetic-energy coincidence 

data, the pre-neutron emission mass-yield distributions shown in Fig. B(a) and 

8( b) have been derived. The mass-yield data are norma I i zed to 200% fragment 

yield and expressed as mass yield (%) per mass number. If a saw-toothed v(M) 

distribution similar to that measured 23 for 252cf and used for 257 Fm with 

the average number of neutrons per fission, vT, normalized to 3.77 (the 

measured value24 for 2 ~ 7 F-m) is used, a mass-yield distribution with a small 

decrease in yields near symmetry results as shown in Fig. B(a). The 

distribution is very broad with a FWHM of about 50 mass units. The mass-yield 

distribution. obtained with a flat ~(M) = 2 function results in a much smaller 

decrease in yields for near symmetric mass division and is shown in 

• 

• 
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Fig. 8(b) for comparison. The_ peak-to-valley ratio for the mass distribution 

of the 252cf standard measured in our system is about 5 to 1 whereas it was 

about 10 to 1 for the system in Ref. 1 and the FWHM of our TKE. distribution 

was about 37 MeV compared to 30 MeV for 252cf in Ref. 1. 

A contour plot of the pre-neutron-emission TKE distributions as a 

• function of mass fraction for SF of 256 No is shown in Fig. 9(b). The 

• 

• 

contours are lines of relative numbers of events in 6 equal increments of 10 

events each. Because only 346 coincident pairs of fragments were measured, 

rather coarse data groupings of 10 MeV x 0.04 units of mass fraction were 

used, and a smoothing procedure was utilized to obtain intermediate values and 

help define the contours. The average TKE over intervals of 0.02 units of 

mass fraction (5.1 mass units) is also shown in Fig. 9(b). A similar type of 

plot for 257 Fm is shown in Fig. 9(a) for comparison; in this case, nearly 

18,000 events were measured1 so the statistics are much better and the smaller 

data groupings of 5 MeV x 0.01 units of mass fraction give significantly 

better resolution. 

IV. DISCUSSION 

We have added our mass-yield distribution for SF of 256 No to the 

schematic representations shown in Fig. 1 for the SF of trans-Bk isotopes. The 

mass distribution for 252 No is asymmetri/
5

, similar to those observed for Fm 

isotopes with N~156 and its TKE appears 11 normal 11 in Fig. 2. The progression 

from asymmetric to symmetric mass division for the No isotopes appears to be 

similar to that for the Fm isotopes, but based on our measurements for 
256

No, 

it appears that the transition occurs at N:c-154 in the No isotopes (254 No with 

N=l52 has not yet been measured), three neutrons fewer than in the Fm isotopes 

where the transition occurs at N=l57. It is of interest to compare the SF 

properties of 256 No with 257 Fm, the transition nucleus between asymmetric and 
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symmetric mass division in the Fm isotopes. From Fig. 8, it can be seen that 

the mass-yield curve for 256 No is very simi Jar to that for 257 Fm. The major 

difference is that the FWHM of the 256 No mass distribution is about 50 mass 

units while that of 257 Fm is only about 44 mass units. This may be due· in 

part to our relatively poorer resolution resulting from non-uniformities in the 

thickness ( 40±5 lJg/cm2) of the po lypropy I ene foi Is and our source-to-detector 

distance of only about 2 mm and from the necessity for averaging over larger 

mass and energy intervals because only 346 coincident events were measured. 

Both nuclides show nearly the same peak-to-valley ratios of 1 to 1.4, depending 

on the neutron correction used. 

The most probable pre-neutron emission TKE for 256 No is 195.7±2.9 MeV 

with a FWHM of 42 MeV. This TKE appears to be rather low on the plot of TKE 

vs. z2tA113 shown in Fig. 2. It is nearly identical to that of 194.7 MeV 

(Tab 1 e 1) with a FWHM of 36 MeV measured 1 for 257 Fm and similar to that of 

202.4 MeV (199 MeV corrected to the Weissenberger constants) measured for 

252 No by Berni s et a I. 25 . It is somewhat I ower than that of 204 MeV measured 

for 258 No by Hulet et a1. 22 who find ev.idence for a very low intensity (5%} 

higher energy component around 232 MeV, shown schematically in Fig. 3. They 

have also decomposed 22 the distributions for 258 Fm, 259Md, and 260Md into 

two Gaussian distributions of varying intensities, one centered around 200 MeV 

and the other around 235 MeV. They have ca 11 ed th1 s "b1moda 1" symmetric 

fission---postulating that one symmetric mode leads to nearly spherica·l 

fragments with anomalously high TKE due to the higher Coulomb repulsion and the 
.. 

other to elongated fragments with lower lKE. The high energy mode may be • 

associated with the new, second va I ley to fission leading to near-spherica I or 

compact shapes, and thus higher total kinetic energies, shown in recent 

calculations of Cwiok et a1. 26 and Moller et a1. 27 •28 . The "old" valley leads 

to elongated fragments and lower kinetic energies. lhe TKE distribution for 
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262No has been similarly decomposed by Lougheed et a1. 5 into two Gaussians 

centered at 237 MeV (65%) and 200 MeV (35%), respectively. Our TKE for 256No 

is dramatically lower than that for 262No. It shows no evidence for a high 

energy component (Fig. &) and is fit best with a single Gaussian. However, the 

TKE distribution for 257 Fm (Fig. 3) does show a "bu.lge" on the high energy 

side which is more evident in the contour plot shown in Fig. 9(a). The 

variance of the TKE for synvnetric mass division is extreme·ly large, indicating 

shapes ranging from near-spherical with TKE's approaching the Q value, to 

deformed shapes with low TKE.. This appears to be "multimodal", rather than 

just bimodal, symmetric fission. Indeed, calculations of Paskevich 29 for 

264 Fm have shown three valleys on the potentia 1-energy surface for synvnetric 

fission in the region of the scission point. Our contour plot for 256 No (Fig. 

9(b)) appears to be qualitatively different from that for 257 Fm, inasmuch as 

there is a rather large region of nearly constant TKE extending from symmetric 

mass division to a mass fraction of about 0.58 (A=148). The average TKE. for 

synvnetric mass division for 257 Fm is about 220 MeV compared to only about 205 

MeV for 256No although the TKE's are nearly the same for both nuclides for 

very asymmetric mass division, i.e., for MH/A~.56 

Our data imply that the fragments from symmetric division of 256No are 

more deformed and thus have lower TKl:.'s than those from symmetric fission of 

257 Fm. 256No, with 102 protons and only 154 neutrons, apparently is not 

influenced as much by spherical shells in the fragments as is the case for 

257 Fm and heavier Fm isotopes in which symmetric mass. division approaches the 

doubly magic Z=50, N"'82 configuration. I 256N n o, we see both symmetric and 

asymmetric mass division with about the same lKE, consistent with TKE va·lues 

extrapolated from lighter actinides as shown in Fig. 2. The extremely broad 

mass distribution with a FWHM of about 50 mass numbers measured for 256No is 
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reminiscent of the liquid-drop type fission observed in the preactinide region 

and 1n the higher energy fission of lighter actinides in which the extra energy 

is sufficient to overcome the shel 1 effects which tend to stabilize asymmetric 

division. It is perhaps somewhat surprising that there is so little indication 

hi h t · f. . . 2!> 6N b t th. . . of any g -energy, mass-symme nc ·1ss1on 1n o, u 1s 1s cons1stent 

with one Z="'50 fragment with too few neutrons (N less than 78) to be spherica I 

and a complementary fragment with Z=52 and N=76, also not likely to be 

spherical. In the Fm isotopes, the high-energy, narrowly symmetric mode does 

not become most probable unti I 258 Fm whose symmetric mass division can give 

two Z=50 fragments with N=79. Again, we see how sensitive the fission 

properties of these heavy actinide isotopes are to changes of only a nucleon or 

two, and the stringent demands that such dramatic and abrupt changes place on 

the theoretical models. 

• 

• 
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TABLE I. Properties of the measured (post-neutron-emission) and calcu­
lated initial (pre-neutron-emission) fragment kinetic-energy distributions 
for 256No (this work) and 257Fm (Ref. 1). Energies are given in MeV, based 
on the SKW calibration method (Ref. 5) with the Weissenberger constants 
(Ref. ~! which give 181.0 MeV for the post-neutron emission average TKE for 
SF of 2cf. 

Pre-n 

Total kinetic energy 

Average 
Most probableb 
a 
FWHMc 

195.1 
195.7 
17.7 
41.6 

Heavy fragment energy 

Average 
Most. probableb 
a 
FWHMc 

86.7 
86.9 
13.1 
30.8 

Light fragment energy 

Average 
Most probableb 
a 
FWHMc 

108.4 
108.2 

9.3 
21.9 

Post-n 

192.1 
192.1 
17.1 
40.2 

85.7 
86.8 
12.6 
29.6 

106.4 
106.8 

9.4 
22.1 

252cf 

Pre-n 

184.3 
185.6 
16.0 
37.6 

79.6 
79.6 
11.4 
26.8 

104.8 
106.1 

9.7 
22.8 

Post-n 

181.6 
183.3 
15.7 
36.9 

78.6 
78.7 
11.3 
26.6 

102.9 
104.2 

9.6 
22.6 

Pre-n 

194.3 
194.7 
15.3 
36.0 

86.8 
86.3 

107.3 
108.9 

Post-n 

191.3 
191.8 
15.5 
36.4 

85.9 
85.3 

105.1 
106.9 

aThe kinetic energies for SF of 257Fm from Ref. 1 have been normalized to 
the Weissenberger constants for comparison with 256No. 

bstandard deviation of the most probable values from the Gaussian fits is 
about 1.5%. 

cFull-width-at-half-maximum, calculated from 2.35a for Gaussian fit to the 
top half of the peak. 

•• 

• 
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FIGURE CAPTIONS 

1. Schematic of mass-yield distributions. normalized to 200% fission 

fragment yield. for SF of trans-Bk isotopes (from Ref. 2.). 

2. TKE vs. z2
!A 

113. Solid line is linear fit .of Viola; 3 dashed line is 

from Uni k et a I. 4. Most measurements from so 1 id-s tate detectors were 

based on the SKW5 calibration parameters. Our value for 25&No is based ~ 

on the calibration parameters of Weissenberger et a1. 6 which results in 

TKE•s about 3-4 MeV lower. Points designated by • are for SF; point 

designated bytt is for electron-capture delayed fission. 

3. Schematic of TKE distributions for SF of some heavy trans-Es isotopes 

(from Ref. 2). 

4. 256 Alpha-energy spectrum for No decay measured with station 2 top 

detector for a 18.8-p~Ah bombardment of 248cm with 
12

c ions. 

5. (a) Fit to high resolution 256No spectrum showing the a groups which 

decay to the o+ and 2+ states in 252 Fm. (b) Fit to 214Ra peak which 

6. 

1. 

8. 

was used to determine the shape parameters for 256 No fit. 

Gaussian fit to pre-neutron-emission TKE distribution from SF of 256No. 

Gaussian fits to pre-neutron-emission distributions for high and low 
256 kinetic-energy fragments from SF of No. 

256 Pre-neutron-emission mass-yield curves for No ( 346 events) obtai ned 

using (a) v(M) function simi"lar to that used by Balagna et a I. l for a 
25 ., 

with \ir=3. 11, and (b) constant v(M)=2. (Curves added Fm a are 

only as a visual aid.) (c) Pre-neutron-emission· mass-yield curves for 

257 Fm (17,951 events) from Ref. 1. 

:~ 
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Contour diagram for fission yield as a function of pre-neutron-emission 

TKE and mass fraction. (a) 257 Fm. Contours are lines of relative 

numbers of events based on data groupings 5 MeV x 0.01 units of mass 

fraction; (b) 256No. The contours indicate equal numbers of events 

based on data groupings 20 MeV x 0.04 units of mass fraction. Contours 

labeled 1 through 6 represent 10 through 60 events, respectively. 
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