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ABSTRACT 

The mass and kinetic energy distributions of fission fragments from 
the spontaneous fission of the newly discovered nuclide 2 5 9 M d have been 
obtained. Mendel eviuin-259 was identified as the E. C. daughter of 2$%o 
and was found to decay entirely (>95%) by spontaneous fission with a 
95-min half-life. From the kinetic energies measured for 397 pairs 
of coincident fragments, we derived a mass distribution that is 
symmetric with a = 13 arnu. Mendelevium-259, together with 258p m a n (j 
" 9 p m ) form a select group of three nuclides whose mass division in 
spontaneous fission is highly symmetric. Unlike the total-kinetic-
energy (TKE) distributions of " 8 F m and 259p m 5 which peak at -240 
MeV, this distribution for 2 5^Md is broad and is 50 MeV lower in energy. 
Our analysis of the mass and energy distributions show that events near 
mass symmetry also exhibit a broad TKE distribution, with one-third of 
the symmetric events having TKE's less than 200 MeV. The association of 
low TKE's with symmetric mass division in the fission of very heavy 
actinides is anomalous and inconsistent with theories based upon the 
emergence of fragment shells near the scission point. We assume either 
three-body fragmentation or peculiar fragment shapes as the cause for 
the large consumption of coulomb energy observed for a significant frac­
tion of symmetric fissions in 2 5 9 M d . 

*Work performed under the auspices of the U. S. Department of Energy by 
the r— -^ ;~—"" ' "hnratnyy u n c| e r contract number W-7405-ENG-48. Hips 
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INTRODUCTION 
During the past decade, the mass and kinetic energy distributions 

have been measured for numerous spontaneously-fissioning (SF) nuclides in 
the region 92sZsl00. With the exception of " 8 p m a n cj 259p m > t n e m a s s 

divisions were found to be decidedly asymmetric with the most probable 
total kinetic energy (TKE) increasing slowly from =180 to =200 MeV 
with increasing Z of the fissioning nucleus. The mass distributions for 
the SF of 258p,n a n c| 259p m > o n the other hand, are strongly symmetric 
and exhibit TKE's that are 40 to 50 MeV higher than predicted by 
systematics [1,2]. This rather abrupt change in fission properties, 
beginning with the heavy Fm isotopes, has brought about significant new 
insights concerning the fission process and has provided a new testing 
ground for fission theory. A major result has been to stress the 
importance of the part fragment shells play in the mass and energy 
division during fission. 

The progress of nuclear fission theory in recent years has centered 
around the double-humped fission barrier caused by the stability of 
several nuclear shapes in the actinide region. The double-humped feature 
arises from shell corrections superimposed upon a smoothly varying, 
rotating liquid-drop potential [3]. Some believe that the inner barrier 
is responsible for symmetric fission and the outer barrier for asymmetric 
fission [4]. Calculations by Randru'p et al. [5] suggest that the outer 
barrier disappears in the heavy actinide region, which could account for 
the observed transition from an asymmetric to symmetric mass division in 
the heaviest Fm isotopes. On the other hand, if the mass division is 
governed by the potential energy surface in the vicinity of scission, that 
is, the decent to the scission point is adiabatic, then the shell structure 
of the nascent fragments would determine the mass division [6]. According 
to this argument, the anomalous fission behavior of 258pm a n <j 259p m W Ould 
be due to their ability to fission into two ultra-stable, Sn-like fragments, 
Z = 50, N=82. 

Currently, fragment shell structure is viewed as the dominant 
factor in determining the fission mass split and the TKE. The TKE is 
traced to fragment shells because the TKE appears to be related to the 
ability of the fragments to remove deformation energy. However, the 
fission properties of 2 5 8Fin and 2 5 9 F m represent too limited a test of the 
validity of this or other possible hypotheses. The fission properties of 
the lighter Fm isotopes and a wide mass range of Cf isotopes have been 
examined to supply a baseline of systematic behavior. But to provide 
more extensive tests of the influence of fragment-shell structure or the 
effects from the disappearance of the second barrier on fission, we need 
SF data from selected nuclides in the transfermium region. In this 
region, it is particularly important that the neutron-rich nuclides be 
investigated because only here are the effects of the outer barrier fully 
suppressed. Also, if the fragments are to approach the N = 82 shell, then 
the fissioning species must be very neutron-rich. 
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We have started a systematic study of fission in this region with 
an investigation of 2 5 9 M d , and we plan to continue with studies of the 
millisecond isotopes, 2 5 8 N o and 2 6 0[104]. The nuclide 2 6 2[105] provides 
the only other case directly relevant to fission theory in the Z>100 
region [7]. The mass distribution from the fission of 2 6 2[105] was inter­
preted to be probably asymmetric, although less than 200 events were 
observed, together with a high background from the fission o f 2 5 6 F m 
coproduced in the bombardments. By studying the fission of 2 5 9 M d , which 
has the same number of neutrons as 2 5 8 F m , we have begun to follow the 
trend in fission properties from symmetric fission in 2 5°Fm to possibly 
asymmetric fission in 2 6 2[105]. 

Our first experiments were aimed at identifying the source of 
spontaneous fission activity which was earlier thought to belong to the 
decay of 259|\|0 [8]. We chemically identified this activity as arising from 
Md following the E.C decay of 62-min 2 5 9 N o . After establishing a half-
life for this new nuclide, we characterized the decay modes and partial 
half-lives for both 2 5^Md and 2 5^No. The SF properties of ""Md were next 
investigated and these results are the main subject we treat in this paper. 
It should be noted that fission studies of these very heavy nuclei are 
exceedingly difficult and the results are by no means predictable. 

EXPERIMENTAL 
In a l l experiments, we i n i t i a l l y prepared a pure sample of the 

parent, 62-min ^%o, from which the "^Md Would grow following E.C, 
decay. The 2 5 9 No was produced by the bombardment of a target of 2^8cm 
with 96-MeV 1 8 0 ions from the 88-in cyclotron at the Lawrence Berkeley 
Laboratory. Products of the ( 1 8 0 , a3n) reaction recoil ing from the target 
were collected on a th in f o i l of either Pd or Au positioned d i rect ly 
behind the target. At the end of a bombardment typ ica l ly 2-h long, the 
recoil f o i l was dissolved. The Pd or Au from the dissolved recoil 
col lect ion f o i l was removed by adsorption on an anion-exchange colum.i. 
The eluate, containing mainly No 2 + and other t r iva lent actinides, was 
evaporated to dryness, redissolved in O.i j*[ HC1, and eluted from a 
chromatographic-extraction column consisting of HDEHP dissolved in n-
heptane, adsorbed on a f luoroplastic powder. This column adsorbed a l l of 
the t r ivalent actinides, including 2 5°Fm, 2 5 4 Fm, 2 4 sCrn transferred from 
the target, and any other potential SF contaminant. We thus were assured 
of producing an isotopical ly pure source of 2 ^Md SF ac t i v i t y . Final ly, 
we eliminated most of the inactive mass contamination, such as Ca or 
Mg, by means of a small cation-exchange column. 

In the ident i f icat ion experiments, we evaporated samples of the 
purif ied " 9 N O parent onto Pt disks which were then pulse-height analyzed 
using surface-barrier detectors. The output from the counting system was 
routed through an ADC to a PDP-15 computer which recorded the energy and 
time of occurrence of each alpha and f ission event on magnetic tape for 
subsequent o f f - l i ne data analysis. A decay curve of the SF ac t i v i t y 
coining from samples of isolated Md is shown in Fig. 1 and indicates a 
single component decaying with a h a l f - l i f e of 95 min. 
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To characterize the SF decay properties of 2 5 9 M d , we arranged two 
coincidence counting systems, eacn consisting of two 450-mn2 surface-
barrier detectors mounted facing one another inside a vacuum chamber. 
Samples of 2 5 9 N o - 2 5 9 M d evaporated on thin VYNS films (typically 
25-35 pg/cm2) were placed between the detectors. Fission fragments 
from an event were detected in coincidence and the kinetic energy of 
each fragment was measured. As before, the output from the counting 
system was processed by the PDP-15 computer, which recorded the fragment 
energies and event times on magnetic tape. The mass of each fragment 
was derived from kinematic considerations. 

We used a 2^ 2cf SF source to calibrate the fragment-energy response 
of the detectors, and employed the mass-independent calibration procedure 
of Schmitt, Kiker, and Williams [9]. The 2 5 2 C f source on VYNS film was 
similar in thickness to the 2^ 9Md sources, which reduced our calibration 
errors due rto differing source thickness. Shortly after collecting the SF 
data for 2 5 9 M d , we prepared sources of 2 5 6 F m (2.6 h, 9d% SF) and " 7 F m 
(101 d, 0.2% SF) on VYNS film and analyzed these in our coincidence 
counting system. The kinetic energy and mass distributions of these two 
nuclides are already known [10,11] and they, therefore, served to verify 
our calibrations. The mass vs TKE distributions for 256pin a n d 257p m j as well as that obtained for-^52r,f, are shown in the contour plots of 
Fig. 2. 
RESULTS AND DISCUSSION 

We became aware that 2 5 9 No did not possess a spontaneous f ission 
mode of decay when no SF act iv i ty was found in samples of 2 5 9 No immedi­
ately after chemical separation. But as the 2 5 9 No decayed with a 1-h 
h a l f - l i f e , SF act iv i ty grew in and eventually decayed with a nrw half-
l i f e of 95 crin. The 95-min SF act iv i ty was proven to be associated with 
259Md by chemical separation of Md from puri f ied No and observation of the 
95-min decay of spontaneous f issions in the Md f rac t ion. Mendelevium was 
repeatedly separated from a sample of pure 259NO and from this we were 
able to show that the growth period for 2 5 9 Md corresponded to the 1-h 
h a l f - l i f e of 2 5 9 No . An a-decay branch in 2 5 9 Md was not observed in 
the a spectra obtained with pure Md samples. These data would allow an 
upper l im i t of 5% for a-decay by 2 5 9 M d ; thus, the predominant decay mode 
is spontaneous f i ss ion . The decay sequence is summarized as fol lows: 

Md ( t 1 / 2 = 95 min) 

SF 
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Our experiments do not rule out the possibility of 2 5 % ! decaying by E.G. 
to 1.5-s 259pm, w n i c h would then be the source of the observed SF activity. 
However, this seems unlikely because most (but not all) massrequations [12, 
13] and closed decay-cycle calculations [14] indicate,that 2J9MCJ is stable 
with respect to decay toward 259p m andt indeed, that 259p m is f$" unstable. 

Following the identification of the new isotoje 259^, we performed 
eighteen separate bombardments in which 259^ 0 w a s chemically separated, 
deposited on thin films, and the energies of coincident fission fragments 
measured. A total of 397 fragment pairs was obtained from which we 
calculated mass and kinetic energy distriDutions. The mass distribution, 
illustrated in Fig. 3, is seen to be highly symmetric; however, there are 
indications of a small asymmetric component. This symmetric mass division 
is most comparable with the symmetric fission of 258p m a n {j 259pm, the only 
other nuclides found so far that yield highly symmetric mass distributions. 
In the way of further comparisons to 259^, both the SF and neutron-induced 
fission of 257p m [11,15] contain a much larger component of asymmetric mass 
divis ion. 

The distribution of total kinetic energy (TKE) is shown in Fig. 4. 
The most probable TKE is 188 MeV while the average TKE is 185 MeV. The 
most probable TKE's measured for the nuclides 256p m a n (j 257p m w e r e 

found to be 195.0 MeV and 187.5 MeV, respectively, which can be compared 
with the post-neutron TKE's of 194.8 MeV and 195.1 MeV measured for 
these Fm isotopes by Unik et al. [10] and Balagna and co-workers [11]. 
Although our TKE for 257p m j s ] 0 W , t n e 256p m v a i u e is easily within the 
error limits of the measurements and we are satisfied with the accuracy 
of our calibrations. 

As a result of comparing the SF properties of 2 5 9 ^ w j t n 

those of 256p m through "9p, n 5 w e ^i nd that 2 5 9 M d is unique. Although 
the mass distribution is closely comparable to the symmetric 
division in 258p m a n cj 259p,nj t n e m o s t p r obable TKE is =50 MeV 
lower than found for these heavy Fm isotopes. The 259MO" TKE is 
most comparable to those of 256pra a n cj 257pm. s u c n a ] o w JK£ associated 
with symmetric mass division is unusual and is inconsistent with current ";.. 
fission theory in which fragment shells appear to govern the fission 
process. Symmetric division of the heavy Fm isotopes leads to fragments 
approaching the magic nucleon numbers Z = 50, N = 82 which, due to their • 
spherical rigidity, possess low deformation and internal excitation 
energy. Therefore, fissions with near-symmetric mass division exhibit 
correspondingly higher TKE's than those with asymmetric division, which 
yields fragments that are soft toward deformation. 

To determine the extent of this deficit in TKE for 259^, w e sorted 
our coincident events with respect to selected bands of TKE or mass. We 
then estimated the extent of correlation between symmetric mass division 
and high TKE. In the shaded section of Fig. 4, we see that events very 
close to mass symmetry have an average TKE about 20 MeV greater than the 
most probable TKE observed for all events. These high kinetic energy events 

< 
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seem to support the two-spheroid model of Schmitt and Mosel [16] , based 
on fragment shell effects. However, about 35% of these highly symmetric 
f issions s t i l l exhibit TKE's less than 200 MeV. I f broad energy cuts are 
taken for those events above and below 200 MeV, the mass distr ibut ions 
shown in Fig. 5 are obtained. The greater portion of symmetric mass 
divisions result in higher than average TKE's, but a s igni f icant percent­
age are associated with low kinetic energies. Final ly, in Fig. 6, where 
the 259̂ 01 mass distr ibut ions are compared with those of " 6 p m a n ( j 257p[Tla 

we f ind that only 259^ yields a symmetric mass d is t r ibut ion in f iss ion 
with TKE's under 200 MeV. 

In sum, our analysis indicates we are observing a unique f iss ion 
mode in the SF of 2 5 9 Md. To account for the 40-50 MeV loss-i<B-TK£ .for 
about a th i rd of the symmetric events, i t would be necessary,to admit 
about 60 MeV of internal excitation and deformation energy°in the frag­
ments or to hypothesize three-body fragmentation whereby „a l i gh j fpa r t i c le 
and two heavy fragments are emitted at the scission^point. The storage 
of 60 MeV internal energy in the fragments is much more than ;cc?rj Se 
accounted for by col lect ive motions, angular rotation? or irjternal heat­
ing. Highly deformed symmetric fragments, in pr inc ip le, can incorporate 
such a large potential energy. However, there is no evidence of such 
events ( i . e . , sizeable symmetric f ission with TKE's <200 MeV) in the 
nearby Fm isotopes. Most f iss ion studies have indicated a maximum excita­
t ion energy of =10 MeV in each fragment [17] . On the'other hand, we 
estimate that l igh t -par t ic le emission would remove at least 25 to 30 MeV 
from the f issioning system and would be energetically favored i f the 
part ic le is hydrogen-like (p ,d , t ) . The emission of a Z = 1 part ic le 
obviously provides the opportunity for the remaining mass to divide 
into two Z = 50 fragments, which would be stabi l ized by f i l l e d proton 
shel ls. A test of th is hypothesis is underway, but we expect i t w i l l 
require another long series of experiments to detect and ident i fy l igh t 
particles coining from the SF of 2-'9Md. 

A trend toward mass asymmetry in the SF of nuclides with atomic 
numbers greater than that of Fm is barely discernible. The f iss ion of 
262[]05] is very probably asymmetric but 259^-'-j S o n ] y s l igh t ly less 
symmetric than 258pn, a n c j 259pm. therefore, ; t might be expected 
that neutron r ich nuclides between Kri and element 105 would show a sharp 
reduction in symmetric f ission properties,.'but the present evidence is 
s t i l l too sl ight to offer th is as any more than a prediction. Only 
after the f iss ion properties of other neutron-rich nuclides such as 
2 5 8 No and 2 o 3 [ 1 0 4 ] have been measured can a trend be established. 

Reference to a company or product 
name does not imply approval or 
recommendation of the product by 
the University of California or the 
U.S. Department of Energy to the 
exclusion of others that may be 
suitable. 
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FIGURE CAPTIONS 

Figure 1. The decay of spontaneous f ission ac t iv i ty in samples of Md 
chemically separated from 2 5 9 N o . 

Figure 2. Contour diagrams of counts versus fragment mass and tota l 
kinetic energy for three nuclides used in cal ibrat ing the 
surface-barrier detectors. Numbers on the contours refer to 
the number of events. 

Figure 3. Provisional mass distr ibut ion for the spontaneous f iss ion 
of 2 5 9 Md. 

Figure 4. Postneutron total-kinet.c-energy (TKE) distributions for 
the spontaneous f ission of 2 5 9 Md. The most probable TKE is 
187.5 MeV. The shaded reyion is the TKE dis t r ibut ion for a 
5-amu wide band of f ission events at mass symmetry. 

Figure 5. Provisional mass distr ibutions for the spontaneous f iss ion 
of 2 5 9 Md separated into two groups according to the total 
kinetic energy. The lower curve clearly shows a symmetric 
mass dist r ibut ion for f ission events with low kinetic 
energies. 

Figure 6. Provisional mass distr ibutions for 259Md, 257p,nj a R C | 256pn, 
sorted into groups as a function of the i r total kinetic 
energies. Each curve shows the mass d ist r ibut ion for f ission 
events with tota l kinetic energies within a 40-MeV band. Only 
259|K|d retains a semblance of a symmetric d ist r ibut ion in low 
kinetic-energy f iss ion. 
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