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ABSTRACT

An analysis is given of experimental data on the average kinetic
energies of fission fragments for a fixed mucleonic composition and fixed
excitation energy of the fissioning muclei. The numerical data are
referred to a common standard. This type of data on the average kinetic
energies of fission fragments is needed for a large number of practical
applications. A major part of the energy resulting from fission appears
as kinetic energy in the fragments. The ranges of these fragments in
condensed media are measured in microns. The thermal energy resulting from
the slowing down of the fragments will therefore be released at almost
the same point where the fission occurred. The spatial distribution of
the instantaneous energy release will thus be proportional to the product
of the fission number density and the kinetic energy of the fragments.

An important problem in measurements of the energy dependence of fission
cross—sections is the efficiency with which the fission events are recorded.
This recording efficiency depends on the angular anisotropy and the kinetic
energy of the fission fragments., The need therefore arises for data on

the energy dependence of the kinetic energy of these fragments.

In cases where it is difficult to get direct measurements of the
average number of prompt neutrons per fission, information about the
energy dependence of the fragment kinetic energy can be used to derive

the energy dependence of Vv.

This information on the energy characteristics of fission fragments
is also required in analysing the radiation stability of fuel claddings
subjected to the effect of such fragments,

A vast amount of experimental material on the kinetic energies of
fission fragments has already been accumulated., However, the variety of
measuring techniques and energy calibration standards used makes it

difficult to compare the results obtained by different authors. When the



excitation energy of compound nuclei exceeds the threshold for a fission
reaction with preliminary neutron emission, neither the excitation energy
nor the mucleonic composition of the fissioning nuclei are single-valued.
It is not always possible in such cases to determine the kinetic energy

corresponding to a particular fissioning nucleus and a fixed excitation

energy.

The first part of this paper contains an analysis of the existing
experimental data on average fragment kinetic energies for a fixed
nucleonic composition and fixed excitation energy of the fissioning
nuclei; reference values are selected and their errors are estimated.
All the numerical data on the fragment kinetic energies are referred to

a common standard.

In the second part of the paper, we analyse the experimental data

obtained from fission reactions which admit preliminary mucleon emission.

Most of the results on fragment kinetic energies have been obtained
from measurements where either the spontaneous fission of californium-252
or the thermal-neutron-induced fission of uranium-235 are used for cali-
brating the fragment energy scale. In view of the fact that it is
convenient to work with californium targets and that the spontaneous
fission neutrons from californium-252 serve to standardize v measurements
and fission neutron spectra, we decided to use the kinetic energy of
fragments from the spontaneous fission of californium-252 to standardize
the information on the average kinetic energies of fragments from other
nuclei, The average fragment kinetic energy in the thermal-neutron—

induced fission of uranium-235 was taken as an additional standard.

PART I. Table 1 compares the average kinetic energies in spontaneous
fission of californium-252 measured by various authors. All the results,
apart from those in Ref. [1], show good agreement within the indicated
limits of error, The most likely explanation for the low value of Ek in
Ref. [1] is scattering of the fragments on the walls of the flight tube.
The same authors have given a different value for the fragment kinetic
energy from spontaneous fission of californium-252 in a later paper [2].

We have therefore excluded the results in Ref. [1] from further consideration,

The values of the average kinetic energies given in Table 1 were

obtained by two methods: 1) measurement of the time of flight of the



fragments and 2) measurement of the ionization produced by the fragments
in semiconductor detectors, These two methods give results which agree
within the indicated limits of error. However, it is interesting that the
results obtained by the first method give systematically smaller values
for the fragment kinetic energy. It should be noted that the statistical
error of the measurements in all the references quoted is extremely

smalls & = O/VN, where 0 is the dispersion in the kinetic energy distri-
bution of the fragments and N is the total rumber of events recorded.
When N = 104, & z 0,10 MeV, so that the error indicated by the authors

is in fact the estimated systematic error of the method of measurement.

Table 2 lists the values of the fragment kinetic energy obtained by

averaging the results of the various authors.

We have taken the average weighted value (186.3 + 1.0) MeV as the
standard since we believe the relationship hetween the measurement errors
quoted by the amthors (2.0 MeV for the time of flight and 1.0 MeV for

the semiconductor detectors) to be fairly correct.

Table 3 gives the average fragment kinetic energies for thermal-
neutrorn—induced fission of uranium-235 obtained by various measurement
techniques., The accuracy of the calorimetry measurements [8, 9] is
insufficient because of the various corrections that have to be made for
the radiation accompanying the fission process, We have therefore

excluded these results from consideration,

We have also ignored the early work in Ref. [7], where the time-of-
flight method was used. The results of Milton and Fraser [1] are lower
than they ought to be because of scattering of the fragments on the walls
of the flight tube. However, knowing that the average fragment kinetic
energy in the spontaneous fission of californium-252 as measured by
Milton and Fraser is 3.6 MeV lower than the value taken as the standard,
we can correct their results for other fissioning muclei [1]. We thus
have three results for the average fragment kinetic energy in the
thermal-neutron—-induced fission of uranium—-235 which can be compared
with each other: (171.9 + 1.7) MeV ~ the corrected value from Ref, [1],
(171.9 + 1.4) MeV [4] and (172.7 + 1.0) MeV [6]. These results show good
internal agreement. In order to derive the recommended value of Ek’ it

is convenient to use the difference between the fragment kinetic energies



in the spontaneous fission of californium-252 and the thermal-neutron—

induced fission of uranium—235 so as to get a value of Ek relative to

the chosen standard for californium-252. Table 4 shows the values of the
. 252 23 . .

difference AE, = Ek( cf) - Ek( X + nth) obtained by various methods.

The average value of the difference AEk is (14.1 1_0.4) MeV, We
thus get Ek = (172.2 t_0.4) MeV for the average fragment kinetic energy
in the thermal-neutron-induced fission of uranium-235. The relative

measurement error is shown. The absolute error is + 1.4 MeV.,

Average kinetic energies in the spontaneous fission of heavy muclei
are shown in Table 5. As a rule, only one or two sets of resulis are
available for each mucleus. In these cases there is no point in averaging,
so the table gives just the original results corrected to the various

standards.

Table 6 lists average fragment kinetic energies for thermal-neutron-
induced fission, In those cases where the information on the Ek values
congists of result{s from several independent sources, the table shows
the recommended values of Ek' The recommended values for thermal—neutron-
induced fission of uranium-233, plutonium—-239 and plutonium-241 are
(171.5 + 0.3), (178.6 + 0.9) and (179.0 + 0.6) MeV, respectively.

The following tables list the measured values of the fragment

kinetic energies for fast—-neutron—induced fission.

PART II. This section contains an analysis of the existing experi-
mental data on the average fragment kinetic energies for fission induced
by various particles. The experimental data obtained in fission reactions
admitting preliminary mucleon emission are systematized. We believe it
to be incorrect to determine the most probable mucleonic composition and
fissioning muclei excitation energy from the existing model representations
since this work is too particular and individual and the results of the
calculation depend on the particular concepts used. Table 19 therefore
shows only the original experimental data: the target mucleus, the incident
particle and its energy. All the experimental data have been referred to
a common standard, namely the average fragment kinetic energy in spontaneous
2%t fission, The choice of the recommended value E_= 186.3 + 1.0 NeV

is justified in the rirst part of the paper.



Table 1

Experimental wvalues of the average fragment kinetic energy in the
spontaneous fission of californium-252

No. E_ (MeV) Method of measurement Reference Comment
1. 182,7 + 1.7 Flight tirme 1 Large scattering
of fragments in
the walls of the
flight tube
2. 185.4 + 2.0 Flight time 2
3, 185.7 + 1.8 Plight time 3
4. 186.5 + 1.0 Semiconductor 4 Calibration with
detectors heavy ions and
allowance for
mass
Se 184.9 + 2.0 Flight time 5
6., 186.7 + 1,0 Semiconductor 6 Calibration
detectors with heavy ions
and allowance
for mass and
charge
Table 2

Averaged values of fragment kinetic energy in the spontaneous

fission of californium-252

No. Method of measurement

B, (MeV)

1, Average over results obtained by the time-
of-flight method [2, 3, 5]

2. Average over results obtained from semi-
conductor detectors [4, 6]

3. Arithmetic mean from the two types of
measurement

4. Weighted mean from the two types of
measurement

185.3 + 2.0
186.6 + 1.0
186.0 + 1.0

186.3 + 1.0

Recommended value: (186.3 + 1,0) MeV



Table 3

Experimental values of average fragment kinetic energy in
thermal-neutron~induced fission of uranium-235

Yo, Ek (MeV) Method of measurement Reference Comment
1. 165 + 2 Flight time 7
2. 167 + 1.6 Calorimeter 8
3. 174 + 4 Calorimeter 9
4. 168.3 + 1.7 Flight time 1
S 171.9 + 1.4 Semiconductor 4 Calibration with
detectors heavy ions
6. 172.7 + 1.0 Semiconductor 6 Calibration with
detectors heavy ions and
allowance for
charge

Table 4

Measured difference between average fragment kinetic energies
in spontaneous fission of californium-2952 and in thermal-
neutron-induced fission of uranium-235

Fo. Ek (MeV) Method of measurement Reference

1. 13.8 Time of flight 1

2, 14.6 Semiconductor detectors 4

3. 14.0 Semiconductor detectors 6
14.0 + 0.4 Average value

The recommended value of ithe average fragment kinetic energy in

thermal-neutron-induced fission of uranium—235 is Ek = 172.2 + 0.4 MeV.



TABLE 5

Average fragment kinetic energies in spontaneous fission

! Fi - Referred to Fi Referred to
: 581?211128 Z, (MeV) qomino Reference 1m%£g iy (MeV) ol Reference
—
2% - 3,5 % | Iee, 71,4 10 246, 195,£72,0 198,6%2,0 22
i -4.0 1c,7® | 158,2%1,1 I e T
i ‘ 28 83,0%3,0 189,3%3,0 20
| -1.5%9,5% | e | I ot Ie4. 5% 183,6%2,7 | 2l
o o TH) T +o
| 2405, + 372, 82-3;4'5 3 250 187,0%0,5 187,3%0,5 38
i + 0,74, 4% | ms,311,0 40 > 2 ’
i 52ce standard 186,3%1,0
;242 ¢ l2 m9,0%2,0 16 ,
i femy - z’b.'_a,zx) IaI’szo’z 15 186,9:0.5 I87,3:0,5 38
L 254 185,0%2,7 184,3%2,7 21
{ 204, 183,7%2,0 185,1%2,0 5 cr 185,0%2,0 I8g,3%2,0 20
| 188,5%1,5 188,911,6 18 185,1%2,8 187,9%2,8 22
K 185,0%2,7 184,3%2,7 2
| 245 184,272,7 154,5%2,7 I9 !
P 183.9%2,5 184,2%0,5 38 253g, 188,0%1,0 I91,3%3,0 20
| 182,2%C,9 182,5%0,9 38 -
248 vy I8 *2 282,3%2 20
e 179,0%2,0 182,3%2,0 20 _24m
1 2560, 197,9%0,5 198,2%0,5 38
t
‘ 2500m I7,8%2,7 I79,1%2,7 21 2525, 202,441,2 202,241,2 39
TABLE 6
Average fragment kinetic energies in thermal-neutron-induced fission
- Referred to Referred to
Target | 3, (MeV) compion Reference l;[;l%r et E, (MeV) common Reference
229, 163,6%0,5 163,9%0,5 38 169,5%2,0 173,5-2,0 27
170,4%2,5 I74,0%2,5 %
167,61,7 I71,21,7 1 W 179,6%0,8 I79,4%0,8 | 25
m1I,7%0,3 171,7%0,7 w 178,7%0,5 I78,70,5 24
233 72,0%0,5 171,8%0,5 29 Recommende: .
I71,2%0,8 71,5%1,2 23 valie 179,006
I71,5%0,2 171,5%0,6 24
Recommended 24, I78,4%2,7 182,0%2,7 26
value I71,5%0,3
245, 184,2%0,5 184,5%0,5 38
Refommended .
235y value I72,220,4 249,, 189,10,5 189,4%0,5 38
175,0%1,7 178,617 I 2514, 162,1%2,7 185,0%2,7 | 28
I79,3%1,0 179,6%1,4 23
2395, I77,7%0,8 177,5%0,8 25 2540, 194,3%0,5 194,6%0,5 8
178,8%0,5 178,8%0,9 24
Reggnmended | g 62,9 255m 192,5%2,9 195,7%2,9 | 28




TABLE 7

Average fragment kinetic energies in neutron-induced
fission of thorium-232*

! Referred to
En MeV) Ek (MeV) Rscetéa%;r:g ¥ Reeggre- “n (MeV) EK(MCV) stan au-él Reference
el oI,43%0.25 ) 101,43%0,28 | 41 1,90 162,67%0,1¢ 162,610,115 35
MY I21,7470,13 :3:..:-0.10 41 1,90 169, 03%G,05 168, 8320, 00 36
i, 121,3470,15] IoI,81%0,15 | 4l 2,01 162,71%0,15 162,710,115 41
1,22 131,232c,22 | 151,36%0,22 | 35 2,09 162,35%0,15 102,33%0, 15 41
1,42 152,19%0,I5 1 I52,I9%0,15 | 41 2,14 182, 13%0,15 162, I3%0, 15 41
1,47 152,034,181 182,03%0,15 41 2,24 62, 77-0 15 162,77%0, 15 41
1,02 132,0420,353 | 182,04%0,I5 | 41 2,37 163,40%0, 16 163,4010, 16 35
1,70 152,0450, 151 I52,2410,15 | 4l 2,87 153,12%0,22 1583, 12%0,22 | 35
1,35 102,4420,I3 1 I£2,4:80,15 | 41 2,97 139,73%0,05 169,53%0,03 35
1,53 132,83%0,15 1 I62,83%0,15 | 35 3,30 153, 10%0,18 153, 10%0, 8 35
1,70 152,57%0,15 | I52,57I0,1I5 | 41 4,07 170,20%0,10 170,0 0,10 36
1,76 152,63%0,15| 162,83%0,15 | 41 4,81 I70,42%0,04 170,22%0,04 36
1,86 152,55%0,15| 162,5520,1I5 | 4I 5,60 163,570,118 163,570, 18 35

%/ References [35, 41] and [36] quote the error in the measurement of the average
fragment kinetic energy relative to Ek 162,6 MeV for thorium-232 figsion
induced by 2,9 MeV neutrons and to Ey = 170,2 MeV for fission induced by 4,07 MeV
neutrons, respectively,

TABLE 8

Average fragmemt kinetic energies in the neutron-induced
fission of protactinium-231

Reactor 165,8% | 1s7,I*2 23

neutrons



TABLE 9

Average fragment kinetic energies in the neutron-induced
fission of uranium-233

Er (MeV) Ex (MeV) Referrifag%;:l%mmon Reference
Thermal 5§fl?é11mended 171,5

0,026 - 0,090, 13%) I7I,41%0,13 32
0,05 0,060, 15%) 71,5610, 15

0,07 172,02%0,1 171,52%0,1 35
0,10 0,260, 1% 71,7650, 11 32
C,15 0,400, I2%) ™1,90°0, 12

0,20 0,370, 16%) 71,87%9,16

0,22 172,25%0,1 171,75%0,1 35
0,29 172,39%0,1 I71,0950,1

0,30 0,230, 12%) 71,750, 12 32
0,30 0,810,24% 172,3550,24 31
0,40 172,46%0,1 I71,9510,1. 35
0,40 0,340, 16%) T, 84120, 16 32
0,40 0,62%0,24%) 72,1240, 24 al
0,50 0,670, 37%) 172,1740,37

0,50 0,44%0, T7%) 171,940, 17 32
0,52 172,55%0,1 71,8550, 35
0,60 ¢, 380, I9%) 71,860, 19 2
0,63 17.2,42%0,1 171,92%0,1 45
0,70 0,34*0, 15%) I71,84%0,15 a2
0,76 0,00%c,21%) 171,500, 21 3
0,78 172,29%0,1 171,79%0,1 3t
0,80 0,21%0, 16%) 171,71%0, 16 32
0,95 172,28%0,1 171,76%0,1 35
0,95 0,650, 34%) 2. 1540, 34 at
1,00 0,260, 29% I71,76%0,29 32
1,04 172,36%0,1 71,8640, %
1,09 0,5410, 28% 172,040, 2¢ 31
1,13 I72,33%0,1 71,8350, 35
1,24 I72,26%0,1 I71,7650,1

1,28 0,70%0,26%) I72,20%0,26 3t
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(Table 9 conmtirmed)

Epn (MeV) By (MeV) Referrsetiggacégmmon Reference
1,35 172,48%0,1 171,98%0,1 35
1,45 I72,38%0,1 171,88%0,1
1,53 0,67%0,20%) 172, 17£0, 20 a1
1,56 172,33%0,1 171,83%0,1 35
1,73 0,730, 21%) 172,230, 21 31
1,74 172,3540,1 171,8510,1
1,89 172,3620,1 171,8610,1
I,92 0,96%0, 37%) I72,48%0,37 31
1,94 172,36%0, 1 171,85%0,1 35
2,14 172,3610,1 171,86%0,1
2,16 0,91%0, 34%) I72,4I%0,34 31
2,36 I72,31%0,1 171,81%0,1 35
2,54 172,37%0,1 171,87%0,1
2,75 I72,23%0,1 I71,73%0,1
2,94 172,38%0,1 171,88%0,1
3,15 I72,2240,1 171,72%0,1
3,34 172,36%0,1 I71,86%0,1
3,55 I72,19%0,1 171,69%0,1
3,75 172,30%0,1 171,80%0,1
3,86 172,24%0,1 7I,74%0,1
3,98 172,15%0,1 171,65%0,1
4,70 0,2910,24 I71,7910,24 31

%) Difference between the average kinetic energies for fission
induced by fast and thermal neutroms,

The values shown represent the measurement errors relative to Ek
for thermal-neutron-induced uranium-233 fission,
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TABLE 10

Average fragment kinetic energies in the neutron-induced
fission of uranium-235

Ep (MeW Ex (MeV) Refer ":fa;% ;:r%mmon Reference
Thermal 72,2 72,2 35
0,08 - 0,38%0,32%) 71,8250, 32 3I
0,12 T72,40%0,1 172,40%0, T 35
0,12 0,0 *0,4% 172,20%0,4 34
0,2C 172,3620,1 172,36%0,1 35
0,20 - 0,10%,21% 172,10%0, 21 33
0,28 172,31%0,1 172,31%0),1 35
0,28 - 0,550,23%) I71,65%0,23 31
0,30 172,350, 1 172,35%0,1 35
0,30 + 0,26%0,20%) 172,460, 20 33
0,35 - 0,71%0,30%) 171,49%0, 30 31
0,35 + 0,05%0,18% 172,25, 18 33
0,40 I72,25%0,1 172,25%0,1 35
0,40 + 0,I9%0,19%) 172, 33%0, I9 33
0,45 - 0,05%0,20%) 172, 150,20 33
0,48 - 0,08%0,23% 172, 120,23 31
0,50 I72,27%0,10 172,27%0,10 35
0,50 - 0,12%0,21% I72,08%0, 21 33
0,50 - 0,15%0,4 ¥ 172,050, 40 e
0,60 I72,40%0,10 772,40%0, 10 35
0,60 + 0,13%t0,20%) 172,32%0,20 33
0,68 + 0,I7%0,32% 72,37%0,32 3
0,70 172,49%0,1 172,49%0,1 35
0,70 - 0,05%0,2¢%) I72,15%0,24 33
0,75 I72,52%0,1 I72,52%0,10 33
0,77 + 0,33%0,32% 72,530, 32 ax
0,80 172,1720,1 172, 17%0,1 35
o.87 + 0,07%0,23%) T72,27%0,23 a1
0,90 I72,34%0,10 I72,34%0,10 B
0,90 - 98,03%0,25 T/2,X7%0,25 33
1,00 I72,35%0,1 2,350, 10 35
1,09 + 0,05%0,42%) 172,250, 42 a1
1,10 172,35%0,10 I72,350,10 35




(Table 10 continued)
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E, (MeV) Ex (MeV) Referrs%gnt a[c mmon Reference
1,20 172,310, 10 172,31%0,10 35
1,30 172,310, 10 I72,31%0,10 35
1,35 172,440, 10 172,44%0,10 35
1,40 I72,35%0,10 172,35%0,10 35
1,45 + 0,I7%0,25%) 172,37%0,25 3I
1,50 I72,38%0,10 172,38%0, 10 35
1,60 I72,50%0, 10 I72,50%0,10
1,70 172,46%0,10 172,46%0,10
1,75 I72,49%0,10 172,49%0,10
1,80 172,27%0,10 172,27%0,10
1,85 I72,20%0,10 I72,20%0,10
1,90 I72,30%0,10 172,30%0,10
1,50 - 0,03t0,33%) 172, 1740, 33 31
2,00 T72,22%0,10 I72,22%0,10 35
2,25 172,28%0,10 I72,28%0,10 35
2,30 I72,37%0,10 72,57%0,10 35
2,46 - 0,10%0,37® 172,10%0,37 3I
2,53 172,110,170 I72,11%0, 10 35
2,75 172,330, 10 172,33%0,10
3,00 I72,22%0,10 172,22%0,10
3,50 I72,22%0,10 I72,22%0,10
5,00 I71,79%0, 10 I71,79%0,10
5,00 - 0,150, (5% 72,0510, 15 ar
6,00 171,46%0, 10 I71,46%0,10 35
6,00 - 0,50%0,20%) T71,70%0,20 34

x)

Difference between the kinetic energies for fission
induced by fast and thermal neutrons,

The values shown represent the measurement errors

relative to
uranium-233

for thermal-neutron-induced
1ssion,
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TABLE 11

Average fragment kinetic energy for neutron—induced
fission of uranium-238

En, (MEV) EK (MeV) Referrc;.gag%;:ro mont peference
1,3 172,65% 0,25 172,865%0,25 37!
1,4 172,50% 0,20 172,50%0,20
1,5 172,55% 0,15 172,55%0, 15
15 172,34t 1,0 172,6411,0 3454
1,9 172,48% 0,15 172,48%0, 15
2,22 172,50% 0,15 172,4820, 15
2,31 172,63% 0,15 172,630,135
2,43 172,38% 0,15 72,3610, 15
2,72 172,35% 0,15 172,350, 15
2,90 172,23% 0,15 172,235, 15
3,35 172,25%0, 15 172,2550,15
3,85 172,04 0,15 Ivz,oaio,lq
5,30 171,63% 0,15 I71,53%0,15
5,6 170,0 £ 0,7 170,3 0,7

Reactor neutrons 170,11 % 2,0 170,4 2.0 23

*) The measurement error relative to for uranium-238

figsion induced by 1,9 MeV neutrons is given,

»x) Average values for given neutron energy,
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TABLE 12

Average fragment kinetic emergy for neutron-induced
fission of neptunium-237

Srn (MeV) 3, (MeV) REfe”"ggafl% Somon Reference
0,7 175,480, 15 175,480, 15 3s%)
1,0 175,536%0,15 175, 38%0,15
1,3 175,400, 15 175,40%0,15
1,6 175,42%0,15 175,42%0,15
2,1 175,21%0,15 175,210,115
2,55 175,23%0,15 175,23%0,15
4,8 174,97%0,15 I74,97%0,15
4,5 174,52%0,15 174,52%0,15
5,4 174,36%0,15 174,36%0,15
Reactor neutrons 174,0 12'0 4,3 t2,0 23

%) The measurement error relative to = 175,38 MeV for
neptunium~-237 fission induced by 1.0 MeV neutrons is given,
The measurement error relative to the chosen standard
E§ = 172,2 MeV for thermal-neutron—-induced fission of
uranium-235 is 40,3 MeV, Relative to the californium
standard, the error is +0,7 MeV,
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TABLE 13

Average fragment kinetic energy in neutron-induced
figsion of plutonium-235

En (MeV) T, (MeV) Referred t ), CpMMON [Reference
Thermal I177,7 178,6 35
0,08 177,67%0,1 178,57%0,1
0,I6 177,790, 1 178,69%0, I
0,28 177,79%0,1 178,69%0,1
0,40 177,6580,1 178,55%0,1
0,50 177,62%0,1 178,52%0,1
0,60 177,63%0,1 i78,53%0,1
0,72 177,44%0,1 178,34%C,1
0,82 177,4510,1 178,3610,1
0,91 I77,4050,1 178,380, 1
I,0I 177,40%0,1 178,30%0,1
I,1I I77,4610,1 178,36%0,1
I,2I 177,27%0, 1 178,17%0,1
1,31 177,22%0,1 178,13%0,1
1,41 177,28%0,1 178,16%0,1
1,51 177,26%0,1 178,168%0,1
1,61 177,29%0,1 178,19%0,1
I,72 177,30%0,1 178,20%0,1
1,82 177,15%0,1 178,0540,1
1,92 177,20%0,1 178,10%0,1
2,02 177,13%0,1 178,03%0,1
2,12 177,10%0,1 178,00%0,1
2,22 177,00%0,1 177,90%0,1
2,32 177,00%0,1 177,90%0,1
2,52 176,9910,1 I77,89%0,1
2,72 176,98%0,1 177,89%0,1
2,92 177,00%0,1 177,90%0,1
3,07 I76,85%0,1 177,75%0,1
3,20 176,75%0,1 177,65%0,1
3,3 I76,70%0,1 177,60%0, I
3,50 176,61%0,1 177,51%0,1
4,00 176,22%0,1 I177,12%0,1
4,45 176,15%0,1 175,90%0,1
5,30 175,00%0,1 175,9010, 1

The measurement error given is relative to the kinetic
energy for thermal-neutron-induced fission of plutonium-239,
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TABLE 14

Average fragment kinetic energy for neutron—induced
fission of plutonium--240

Bp (MeV) B, (MeW Refe“:fg,f arg mon Reference
Q,85 177,850, 15 177,850, I5 37%)
1,03 78, 410,15 178,14%0,15
1,23 178,490, 15 178,49%0,15
1,33 i78,24%0,15 178,24%0,15
1,44 178,11%0, 15 178,11%0,15
1,54 178,13%0,15 178,13%0,15
1,59 178,14%0,15 178,14%0,15
i,64 178,000, 15 178,00%0,15
1,69 178, 15%0, 15 178,15%0,15
1,74 178,20%0,15 I78,20%0, 15
1,80 178,14%0,15 178,14%0,15
1,85 178,15%0,15 I78,15%0,15
I,94 178,03%0,15 178,03%0,15
2,15 177,97%0,15 I77,97%0,15
2,35 I77,59%0,15 177,590, 15
2,55 177,68%0,1I5 177,68%0,15
2,75 I77,71%0,20 I77,71%0,20
2,80 177,64%0,20 I77,64%0,20
2,95 177,76%0,20 177,76%0,20
3,15 177,07%0,30 177,070, 30
3,30 176,70%0,30 176,70%0,30
4,90 176,79%0,20 176,79%0,20

%) The measurement error given is relative to 5( = 178,2 MeV
for plutonium-240 fission induced by 1,3 MeV meutrons,
The measurement error relative to the standard
= 172,2 MeV for thermal-neutron-induced fission of
uranium~235 is +0,5 MeV, Relative to the californium
standard, the error is +0,9 MeV,
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TABLE 15

Average fragment kinetic energy in the neutron-induced
fission of plutonium-241

Ern (Mé) E, (MeV) Rde";‘:‘;gacrgmm‘m Reference
Thermal 179,6 179,0 37x)
0,28 179,27480,1 178,6710,1
0,40 179.42%0,1 178,82%0,1
0,55 179,2430,1 178,64%0,1
0,70 179, 170,1 178,57%0,1
0,85° 179,290, 1 178,69%0,1
1,00 179,24%0,1 178,6410,1
1,33 I79,18%0,1 178,580, 1
1,54 I79,05%0,1 178,455, 1
1,74 I79,10%0,1 178,50%0, 1
1,94 178,78%0,1 178,18%0,1
2,15 178,99%0,1 178,359%0,1
2,36 178,8710,1 178,27%0,1
2,56 178,82%0,1 178,224, 1
2,74 178,64%0,1 178,04%0,1
5,00 178,3910,1 177,79%0,1

%) The measurement error given is relative to the
fragment kinetic energy for the thermal-neutron-—
induced fission of plutonium-241,
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TABLE 16

Average fragment kinetic energy for neutron—-induced
fission of plutonium-242

En (MeV:)= L, (MeV) Referrsetiégaigmmon Reference
0,7 72,7610, 15 78,7650, 15 24%)
0,92 379,05%0,15 179,0520,15
1,12 178,65%0,15 178,65%0,15
1,45 178,500, 1 178,500,

i,75 i7e,65%0,15 178,650,115
1,94 173,60%0, I° 173,60%0,15
2,14 178,60%0,15 178,60%C, 15
2,57 178,79%0, 15 178,79%0,15
2,56 178,50%0,15 178,50%0,15
2,55 178,29%0,15 178,29%0,15
2,85 178,550,315 178,55%0, 15
2,94 178,3550,15 178,350, 15
5,15 173,370,315 178,35%C,I5
5,07 178,2020, 15 178,20%0,15
3,95 I75,233%C, 15 178,33%0,15
4,40 I77,04%0,15 I77,04%0,15
4,90 177,25%0,15 177,25%0,15

%) The quoted measurement error is relative to B,
for plutonium-242 fission induced by 1,1 MeV
neutrons, Relative to the californium standard,
the error is +0,9 MeV,
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TABLE 17

Average fragment kinetic energy for radium-226 fission

in the (3He,pf) reaction
Eexc (MeV) Ek (MeV) Referr%gah%;:ro mol Reference
7,80 157,3%1,0 157,6%1,0 30
&,90 159,0%0,75 159, 340,75
9,90 158,5%0,80 158,810,70
10,90 157,1%0,50 157,4%0, 50
11,90 I57,5%0,35 157,6%0,35
9,90 147,2%2,0 “17,5%2,0
10,90 150,1%1,0 .20,4%1,0
11,90 149,9%0,50 150,2%0,50
TABLE 18

Average fragment kinetic ener,

for radium-226 fission

in the (3He,tf reaction
EeXC(MeV) Ek (MeV) Referrgga}l%ggénmon Reference
7,10 158,7%0,5 159,0%0,5 30
8,00 159,0%0,45 159, 3%0,45
9,00 158,7%0,30 159,0%0,30
10,1 157,8%0,35 158, 110, 35
II,I 157,5%0,35 157,8%0,35
12,1 157,040, 40 157,3%0, 40
13,1 155,4%0,40 155,740, 40
14,1 154,0%0,55 154,0%0,55
9,0 150,0%1,6 150,3%1,6
10,1 149,8%1,0 150,1%1,0
I,I 149,820,775 I50,1%0,75
2,1 148,8%0,50 149,1%0,50
13,1 149,8%0,30 150, 1%0,30
4,1 150,541,0 150,8%1,0
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TABLE 19

Average fragment kinetic energies for charged-particle~
induced fission

-

E&éﬁgﬁg particle ;P(élﬁlz%cle BEA (v : ét%%dpted “ (I.aY)é Reference
i i P ; : :
141p, 16, 153,0 1I1,2%5,6 185,7 111,8%5,6 42
159, 124 125,0 1I7,5%4,8 1I8,1%4,8 42
199, 169 156,0 124,3%4,4 I24,9%4,4 42
165y, 124 125,0 122,0%5,2 I122,615,2 42
1694, 12,4 125,0 22,3%4,2 122,5%4,2 42
1694, 164 16G,0 132,2%4.0 132,8%4,0 42
1705, 16, 66,0 127,0%5,0 86,0  I27,3%5,0 43

151,0 128 €%5,0 128,335,0
135,0 4,0%5,0 I24,3%5,0 43

120,0 124 05,0 124,3%5,0
naty p  ICCC,0 106,C%3,0 86,0  105,3%3,0 44
14y 24 125,0 120,0%5,0 129,3%5,0 43
1Ty, 12, 109,0 127,0%5,0 127,3%5,0 43
1751, 12, 125,0 131,4%4,0 185,7  132,0%4,0 42
75, 16 16,0 137,8%3,9 185,7  138,4%3,9 42
182, 45 120,0 128,0%4,0 186, 0 128,3%4,0 43
1824 4, 100,0 125,0%4,0 5,3%4,0 43
nat p  1000,0 111,5%3,0 I1I,8%3,0 44
182y 164 165,0 147,0%4,0 185,0 I47,3%4,0 43

144,0 146,0%4,0 146,3%4,0

127,0 146,0%4,0 146,2%4,0

115,0 144,0%4,0 144,3%4,0

102,0 144,0%4,0 144,3%4,0
197,, ? 1000,0 126,5%3,0 126,843,0 44
197,, e 25,5 140,3%2,0 185,7  140,9%2,0 45
197, 4g, 43,0 138 04,0 138,6%4,0 46
197, oo 70,0 42,1%4,0 185,7  142,7%4,0 43
197,, 4g,  120,0 143 04,0 I86,0  143,3%4,0 43

120,0 143,0%4,0 143,3%4,0

100,0 141,0%4,0 I41,3%4,0

80,0 140,0%4,0 T40,3%4,0

80,0 140,0%4,0 140,3%4.0
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Tarﬁieésipamde EPe%rgcle B A v(mf’Vié&%eo%tredd; 5 2 A 1=V :Reference
nue ! . (Me&, S . Eg : ¥ :
197 pn 4He 70,0 142,04,0 186,0  T42,3%,0 43
60,0 138,0%4,0 138,3%4,0 43
197, 1% 125,0 147,2%3,6  185,7  147,8%3,8 42
197,, 16 166,0 155,6%3,4 156,2%3,4
198p, 124 77,2 151,6%2,0  Is6,0  15I,9%2,0 47
rat ke 25,5 141,7%2,0 I8I,9  146,1%2,0 45
natpy 440 43,0 143,0%5,0 18,7  143,0%5,0 46
206y, 35e 25,5 145,4%2,0  I8I,9  149,8%2,0 45
206p, 45, 39,8 143,8%5,0  186,0  1I4I,1%5,0 47
50,9 145,1%3,0 145,4%3,
63,8 147,0%3,0 147,3%3,0
nat py, 4He 43,0 146,0%5,0  18%,7  146,615,0 46
209g, 2 21,5 143,015,0  185,7  143,6%5,0 46
2095 P 27,0 142,9%2,0  186,0  143,2%2,0
39,3 143,7%2,0 185,0 144,0%2,0
52,7 145,0%2,0 186,0 I45,3%2,0
36,1 148,8 186,0  I49,1 48
1000,0 137,2%2,0 196,0 137,5%2,0 49
2900,0 133,0%2,0 133,3%2,0 49
209y, 3, 22,1 146,5%2,0  I8I,9  150,9%2,0 45
25,5 147,3%2,0 151,7%2,0
2095 4y 42,0 150,0%3,0  185,7  I50,6%3,0 50
43,0 148,0%4,0  I8%,7  I48,6%4,0 45
120,0 148,04,0 I86,0 148,3%4,0 43
120,0 152,0%4,0 152,3%4,0
100,0 147,0%4,0 147,3%4,0
100,0 150,0%4,0 150,3%4,0
80,0 148,0%4,0 148,3%4,0
80,0 148,0%4,0 148,3%4,0
65,0 150,0%4,0 150,3%4,0
60,0 147,0%4,0 147,3%4.,0
40,0 146,0%4,0 1453,3%4,0
209p; 12, 125,0 158,7%3,0 1r5,7 159,3%3,0 42
209y, 16, 165.0 166,3%3,0 166,9%3,0

226, % 9,8  155,8%2,0 18I,9  160,2%2,0 45
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rﬁ%rl%%ts: Particle :Pe%nret:%de : BEA (Vi étcacn?gr%dEE ¥ A (MsV) Reference
N . (Me&’ M K . . K .
: : J- i Bx G :
226p, P 13,0 I56,1 i83,0 156,4 51
9,0  158,0%) 86,0  158,3%) 52
11,0 156,0% 156, 5%
13,0 154,09 154, 3%)
13,0  154,8%) 86,0  I55,I%) 53
16,0 153,2% 153,5%
2260 ol 16,0 I54,5%) 154,8%)
19,0 154,57 154,8%)
226, Iie 23,5
22600 (Haipf) " exe.
780 I,3%1,0 186,0 157,6%1,0 54
€,20 I59,0%0,75 159, 3%0,75
9,90 158,5%0,70 158,8%0,70
iC,° 157,110,950 157, 440,50
11,90 157,3%0,35 157,740, 35
9,80 1I47,2%2,0 147,5%2.0
10,90 I50,3tI,0 150,4%1,0
II,90 149,9%0,50 150,2%0, 50
Z?GRN (jHe,tf) Fﬂexc
7,1 158,7t0,50 186,0  159,0%0,50 54
8,0 159,0%0,45 159,340, 45
9,0 158,7%0,30 159,0%0, 30
10,1 157,840,35 158,1%0,35
ii,I 157,5%0,35 157,8%0,35
12,1 157,0%0,40 157,3%0,40
i3, 1 155,410, 40 155,740, 40
11,1 154,0L0,55 154,3%0,55
9,0  150,0%1,6 150,2%1,6
10,1 149,8%1.0 150,1%1,0
11,1 149,8%0,75 150,1%0,75
12,1 143,2%0,50 149,1%0,50
13,1 149,0%0,30 150, 10, 30
14,1 1:0,541,0 © I50,8I,0
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S%et, Particle : Pamcle :
nuc :E

FA (11aV): : stanaread

{i75V) Reference

» “ UK . .
226p, 2y 11,7 154,9tz,o 18,9  I30,7%2,C 45
14,0 154,922,0 159,512,
226p, 3y, 20,9 167,7%2,0 I8I,9  Ir2,1EZ,0 45
23,9 158,9%2,0 133,3%2,0
23,4 158,9%1,6 163,55I,3
226y, 4y, 20,9 157,741,6 162,721,5
22,1 159,72,0 ::;,‘-:,s
27,1 160,3%2,0 I64,752,5
30,8 165,0%, 181,9 *u9,ﬂ_-.o 50
38,7 165,0%4,0 139,454,0
2304, R 6,8 152,4%2,0 181,9 ic6,812,0 43
8,0 i62,6%2,0 I67,022,0
2304, 2y 12,0 166,3%2,0  I85,7  106,9%2,0%) 53
14,0 167,3tz,o 5.7 167.9%2,00%9) 5
14,0 165,081, 4 185,7 165,551, 4 57
230, 4y, 257  I67.5%2.0 1657  108.1:2.0%0) 45
29,5 166,0%2,0 166,6%2,0
25,7 169,6%2,0 185,7 170,2%2,0 58
29,5 166,0%2,0 166,6%2,0
232y, 2 13,2 159,0%3,0 165,0  106,2%3,0 o6
2324y, 8 13,0 164,45%1,4 186,5  154,25%1,4 59
20,6 164,221, 4 164,02%1,4
27,0 164,00%1,4 163,80%1,4
35,0 167,7711,4 167,5711,4
40,0 160,00%1,4 169,40%1,4
45,0 161,22%1,4 161,021, 4
53,0 160,7741,4 150,571,4
2324y Ag, 21,4 I72,543,2  185,7  173,1%3,2 &0
22,1 170,5%3,5 71,1%3,5
25,7 171,3%3,2 171,013,2
33,0 170,%%3,5 9L, 1,5
65,0 ice,0%4,5 In6,554,0
21,8 169,1%2,0  165,7  Ioo,7i2, ¥
25,7 158,2%2,0 109, 01-2,0
29,5 167,052,0 17,080
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eapsls { Particle : Barticle : p * A (MaV): AGSRSY B ta (M3V) ‘Reference
: AR Ptk 1 F ;
232y, 4, 22,1 171,4%2,0 185,7  172,012,0 58
25,7 I71,4%2,0 172,0%2,0
‘29,5 170,7%2,0 171,3%2,0
26,4 164,0%3,0 165,0  I7I,2%3,0 56
23,5 - 0,9%0,6 171,3%0,6 61
27,0 -~ 1,9%0,5 170,3%0,5
30,0 - 2,0%0,5 170,2%0,5
33,0 - 2,2%0,5 176,0%0,5
35,0 - 2,6%0,5 169,6%0,5
38,0 - 2,8%0.5 169,4%0,5
24,0 168,67*3 186,5 168,47“’ 62
257 168,007 167, 80%
30,0 167,239 167, 13%)
35.0 167,009 166,80%
2325, 123, 125,0 176,3%8,8 185,7  176,9%8,8 42
232, 16, 166,0 190,1%8,8 150,7%8,8 42
232, 18, 12,5  178,8%) 186,0 179,1% 63
1256  178,2% 178,5%) 63
2334 ? 7,00  I73,50%) 85,0  173,80%) 64
8,50  I72,75% 173,05%
11,50  I71,26%) 171,56%)
10,00  I72,08% 172,36%
13,00  170,94%) 71, 24%
233g 2y 14,00 178,4%1,8 185,0  178,7%1,8 g7
233y L' 25,7 174,9%2,0 185,7  I75,5%2 55
21,8 176,3%2,0 176,9%2,0
29,5 174,2%2,0 174,8%2,0
25,5 170,3%2,0 181,9  I74,7%2,0 45
22,1 175,5%2,0 185,7  I76,1¥2,0 58
25,7 174,632,0 175,242,0
29,7 173,9%2,0 174,5%2,0
235, 2y 13,0 T2, 1f2.0%)  186,0 Tr2,4t2,0%) 65
235y P 8,0 172,754 18,0 173,055 64
8,80  I72,19%) 72, 49%)

9,50 I72,1i3%) 12,43
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nuci%eus- Particle : Pgr{telrde ‘I +A (w;;ji st%(r:l%gt%d {E. X A (Mc¥) Reference
- e : ! g :
235 P 10,50 I71,88%) 186,0 172,109 64
II,56  I7I,06% 7T, 3%
12,50  I70,76% 71,067
13,00 170,36 0,80%)
235y 43, 23,5 3,4%0,7 I75,6%¢,7 6
27,0 2,55C,7 74,707
30,0 2,550,7 I74,770,7
35,0 I1,3%0,7 i74,050,7
28,0 I,9%0,7 74,1%0,7
235y (¥.£) 25,9 170,6%2,0 86,0 170,572,066
238y 13,0 I72.502.09  186.0  I72.0%%. ') s
13,2 W7,003,0%  165,0  I74,283,09 68
238 ? 8,00 I74,0 ' 186.0  I74.30%) 64
8,50 ;74,00") 74, 50%)
9,00  I72,81%) e, 1T%
9,25  I73,83% 74,157
9,50  I72,81%) 174, 11%)
9,75  173,83% 4, 13"
10,00  173,69%) I73,99%)
10,25  I73,56%) 173,66%)
10,50  I72.50%) 173,80%
16,75 I73.25%) 173, 55%)
1,00 73 13%) 73, 43%
11,50  I72,94%) 173,24%)
12,00 1I72,75%) 73,05%)
12,50  I72, 38*) 72, 68%
13,00  T72,19%) 72, 49%)
1000,0  I6I,0%4,0  186,0 IGI,3%4.0 49
2900,0  162,0%2,0 162,3%2,0
238y 4y, 25,7  I76,0t3,2 1857 1I76,6%3,2 60
33,0 174,7%3,5 175,3%3,5
65,0 173,044,0 I73,614,0
27,8 175,0%5,0 81,9 179,435,060 &7
30,4 175,0%5,0 179,4%5,0
32,6 I175,0%5,0 179,4%5,0

24,2 176,0%5,0 160,435,0
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I;Il;%r %tsg Particle %%E%;re EKIA (MaV) Eét%%e i ExiA (Ms¥) éReference
H P . : LK M :
238; 4, 35,6 177,0%5,0 181,4%5,0
29,4 173,0%4,6  185,7 173,6%4,0 50
42,0 17:1,0%4,0 171,6%4,0
26,4 176,0%3,0 I74,0 181,0%3,0 56
2,4 I9,505 186,0 19,805 68
27,0 5,6%0,7 177,8%0,7  6IX
30,0 4,1%0,7 176,3%0,7
35,0 4,0%0,7 176,2%0,7
38,0 4,007 176,2%0,7
2385y 124 125,0 183,2%4,0 185,7 183,8%4,0 42
238y 16y 165,0 185,6%4,0 186,2%4,0
238y (¥.,0) 25,0 I70,9%2,0 186,0 I71,2%2,0 66
33,0 170,0 186,5 169,8 69
YTy, 2 13,0  1I81,2t0,2%) 186,0 181,6%C;2%) 70
(a.2n) 182,9%0,25%) 183,2%0,25%)
13,0  182,3%2,09 186,0 182,6%2,0%) 65
239, 13,0  18I,0%2,0%) I86,0 181,3t2,0% 65
240p 13,0  183,2%2,0%) 186,0 183,5%2,0%) 65
240p, 2y 7.6 176,2%3,6  185,7 175,8%3,0 57
9,0 178,0%2,0 I78,62,0
11,4 178,5%1,0 185,7 179,It1,0 57
14,0 175,8%1,0 176,4%1,0
260 124 25,0 135,6%4,6 185,7 186,2%4,6 42
240, 16, 155,0 152,7%4,6  185,7 193,3%4,6 42
242p, 3y i7,0 144,02%0,04 186G,0 184,3310,04 7I
242p, (a,2n) (s.£) 173,1¥2,0 185,7 me, 72,0 57
2425, 2y 14,0 179,2%1,4  105,7 179,8t1,4 57
2, 2y 15,0 185,0
(2,p1) E xe
4.3 131,2:50,37 182,1%0,37 71
5,4 102,000,87 182,510,507
5,3 162,000, 37 182,3%0,37
T e, 6,07 132,050,327
o8 Taz,0i0,57 102,910,357
7oA peontn ar 102,520,337
241, (a,n8) 7,8  182,0%0,%7 Ie2,3%0,37
8,4 132,0%0,37 182,3%0,37
8,8 I8I,75%0,37 152,05%0,37
9,4 i61,3%0,57 161,650,357
9,8 181,2%0,37 181,5%0,37
10,4 130,8%0,37 i81,1t0,37
1¢,8 180, 4%0, 57 180,710,537
11,5 160,220,37 180,5%0,37
246, 18, 93,7 167,1% 185,0 167, 4%/ €3
102,5 188, 7%) oy, 0%
105,2 187,09 187, 3%
25,6  185,9%) 166, 2%)

%) ©No correction for neutron emission from the fragments
has been introduced into the value of Ek‘

%) Time of flight.,
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