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INVESTIGATION OF MASS AND TIME DISTRIBUTION OF DELAYED NEUTRONS
IN THE THERMAL FISSION OF 235U BY AN ON-LINE MASS SEPARATOR

by
E. Roeckl

ABSTRACT
235

The delayed neutron emission in the thermal fission of U
was investigated with a helium-filled mass separator. The neutron
sctivity was measured in coincidence with the B decsy srising from
neutron emission. From the measurement of the sctivity buildup,
the neutron yield for vsrious times after fission wss determined,
and the half-life was obtained from the measurement of the activ-
ity decsy. The mass distribution of these msgnitudes was deter-
mined in the totsl fission yield rsnge. The totsl neutron yield
of light fission products is 1.05 neutrons/100 fissions, snd that
of heavy fission products is only 0.53 neutrons/100 fissions. The
measured mass and time dependence was compared with the previously
published vslues for identified neutron emitters. Previously un-
identified fractions of the activity in the msss rsnge from 85 to
88 (half-1ife of 1 sec) and the mass rsnge from 96 to 100 (hslf-
life of 1.5 sec) are discussed. The yield variation between light
and heavy fission products is indicated on the basis of the sys-
tematics of the delayed neutron emission, and the previously un-
identified activity was assigned to the mother nuclides 98Y and

99y,

1. INTRODUCTION
Since Roberts, Meyer, and Wangl discovered

the delayed emission of neutrons in nuclear fis-
sion, in 1959, this theoretically and practically
interesting phenomenon has been the subject of
numerous investigations. Study of this rare type
of radioactive disintegration contributes to un-
derstanding of the disintegration mechanism, of
the structure of neutron-rich nuclei, and of the
energy-mass trough and provides data for design of
particular reactor typea.z

Delayed neutron emission is possible during
B decay of a fission product (parent nuclide) when
the state of excitation in the daughter nucleus
exceeds the neutron binding energy of the daughter
nucleus (neutron emitter). The half-1ife of
neutron emission i8 that of the preceding £ disin-
tegration., The decay of delayed neutron activity
was measured for numerous fission processes, and
classified into six groups characterized by aver-
age half-lives of 55, 22, 5.4, 2.3, 0.51, snd 0.19
sec. Although relative and absolute yields of

these groups differ substantially from one fission
process to another, the average half-lives remain
approximately equal. The contributions of indi-
vidual neutron emitters to these half-life groups
are not yet sdequately known.
Radiochemical separstion methods have been

successfully used to identify delayed neutron emit-
410 pagic aif-

ficulties in these methods are limited separation

ters and to determine their yield.

speed, differentistion of chemically related ele-
ments, and mass correlation within an isotope ser-
ies. These problems can be solved by using on-line
separators to study delayed neutrons: the separ-
ation time is negligibly smsll compared to the
half-lives, and mass correlation is unambiguous.
On-line msss sepsrators that combine rapid
radiochemical separation and separation by a mag-

netic field have been developed.m-12

In contrast
to these separstors, a helium-filled on-line mass
separator can separate a beam of chemically non-

presorted fission products according to mass. Use



of this apparatus to study delayed neutron emission
was proposed by Cohen and l’-‘ulmer13
1958.

as early as

This report presents measurements of time and
mass distribution of delayed neutron emission in
235U fission performed with the helium-filled mass
separator of the Julich FRJ-2 resesrch reactor.

2, THE MASS SEPARATOR
2.1, Operating Principle.

Charged particles are deflected in a magnetic

field, B, in accordance with the expression

Av
Bp ~ =% ,
P~ 1 (e

where

p = the ion path's radius of curvsture in the

magnetic field,

A = ion mass number,

v = {on velocity, and

q = ion charge number.

Let the deflection path along the magnetic
field be filled with gas. The ion charges change
through collision with the gas atoms. A single
ion's deflection in the magnetic field is then pro-
portional to the average charge, 9, of all ionic
charge states that this ion assumed on its path
through the field. With s high enough number of
impacts, 9 becomes equal to the average ion charge
number, q, of all ions of equal mass and nuclear
charge in the gas. The average ion chsrge, ;, of
heavy ions passing through mstter may be described
by the following empirical relationship given by

15

Heckman et al.la and confirmed by Betz et sl.

a(v, 2) = 2[1- C exp -<v"z,,>] ' @
o

where
Z = stomic number of the ion, snd
v, = I§7 (c = veloeity of light).
C and Y are parameters that are independent of vel-
ocity and vary only slowly with the stomic number,
Z, of the ion snd with the nuclesr chsrge of the
moderator. C = 1, and ¥ = 2/3 yields for v < vozV

the genersl relstionship postulsted by Bohr16 for
¥ o>
v

[+]

v, 7y = 2 2/3 . ®
o

Substitution of this expression for the ion
charge, q, in Eq. (1) shows that Bp is independent

of v. Grueter's melsurementsl7 of 94

Sr ions from

the mass separstor beam using helium as the charge-

transfer gas have shown, however, thst C and Y de- .
viste from the values assumed in Eq. (3). Never-

theless, deflection in the magnetic field is in-

dependent of the fission product velocity snd of

its ionic-charge states over a wide range of vel-

ocities. One may therefore use relatively thick

fission sources that have a greater spread thsn

the (A!

v FWHM
The thick fission source and the deflection's in-

= 6.57%) initially present in fission.

dependence of the ion-charge stste give the high
radistion intensity that is the helium-filled mass
sepsrator's most importsnt advantage.

Equation (2) applies to the average fission-
product ion-charge number, ;. Despite the lsrge
breadth of the ion-charge distribution (Aﬁ FWHM =
25%) originally present in fission, msss sepsrstion
with feir resolution becomes possible because of
the gas-filling of the deflection path. The fol-
lowing fission-product interactions with the gss
must be taken into account: changes in the ion-
charge state caused by charge-altering collisions,
changes in the flight direction caused by elsstic
nuclear collisions, snd energy decrease by ioniz-

ation, i.e., by intersction with the electrons of

the gss stoms. The ion-charge distribution, 9
sveraged over the psth in the magnetic field becomes
nsrrower a8 the charge-altering collisions increase;
i.e., resolution increases with increasing gss
pressure., On the other hand, spreading of the beam
by multiple scattering increases as the number of
collisions and energy loss increase; i.e., resolu-
tion decreases with incressing gas pressure. Be-
cause of this combination of processes, resolution
expressed as a function of gas pressure passes
through s wminimum. This pressure functionality
remains even if all other effects on resolution are
taken into account. Of the various light gases,
helium has provided the best Bp resolution ob-

tsined so fsr.17 .

2,2, Design,

A helium-filled mass seplrafor operating on
the principle outlined by, and similsr to those
built by, Cohe?slnd Fulmer! in 1958 st Oak Ridge,

snd Armbruster  in 1961 at Munich, is now operated




at the Julich (FRJ-2) research reactor.19 Figure
1 shows the separator layout; Fig. 2 shows the in-
stallations outside the biological shield viewed
from the top of the reactor.
235 2

U (1 mg/cem ) at the hot end of
the radiation tube in a lola/cﬁ?-.ec s°! thermal-

A layer of
neutron flux provides a source strength of 5 ° 1012
fission products/sec. Fission products falling
into the solid angle of the evacuated (1.4 Torr)
radiation-tube collimator enter a magnetic de-
flection system and are separated outside the bio-
logical shield from the neutron and Y-radiation ab-
sorbed in the beam catcher. The stigmatic focusing
deflection system which deflects the fission pro-
duct beam by 33° consists of two magnets with al-
ternating field gradient. Thin VNS foil (70-ug/
cmz) separates the helium sector in the magnetic
field from the vacuum components of the apparatus.

The detector assembly suitable for a particu-
lar study is set up at the focal point of the de-
flection system. The intensity of the fission-pro-
duct radiation beam separated according to mass at
the focal point is lola/cmz-sec for high-yield
fission products. Fission-product flight time
from source to focal point, and thus the delay time
compared to the fission event, is 1l usec.

2,3, Mass Calibration.

Mass calibration of the separator, i.e., cor-
relation of the Bo value and fission-product mass,
A, according to Eq. (1), is performed experimen-
tally using long-lived fission products that can
be identified by their known half-lives and the

energy of pronounced Y lines. The methodzo' 21

is
similar to the decay method described in Sec. 3.2.
In the mass separator, the Bp range of interest is
covered by changing the magnetic field, B, at a
constant radius of curvature fixed by the ion op-
tics of the apparatus.

The intensity of a known Y line as a function
of B to 1/10 of its maximum can be described by a

Gaussian curve:

1
2T

2
£(B) - exp [-(B - B°)2/20 ) %)
The center of mass, Bo’ of the line configuration,
f(B), is attributed to the mass, Ai' of the emit-
ting nuclide; its spread is a measure of the sepa-

rator's resolution capacity. The relationship of

AB
standard deviation, 6(B), and relative FWHM (_E)FWHM

is
AB
o(B) = —B— (—) . (s
2/20m2 B/FWHM
The relative FWHM (AE) of the Gaussian curve was
B’ FWHM

measured for various light gases as a function of
the pressure in the charge-transfer chamber. Opti-
mum operating conditions, i.e., optimum resolution
capacity, for light fission products was attained

with helium pressure of 6.7-mm Hg.19

Both mass
calibration and all measurements of light fission
products were made under these conditions.
AB
The relative ( B)FwHM

computed from the measured Bp-resolution capacity:

(A-:)mm - I‘I(\_A) (A-g)mu ' ©

where I" is the mass dispersion,

T(A) = —l—gfli ) 1<)

on the mass scale can be

Figure 3 summarizes the separator character-
istics for light fission products as a function of
mass, The mass-calibration curve, (a), Fig. 3, was
determined by a computer program that computes one
mass-dispersion value, (b), Fig, 3, from each five
neighboring calibration points., The relative Bp-
resolution measurement gives a constant value of
4,37 for the entire mass range. The straight line,
(c), Fig. 3 is the result of a computer fit assuming
linear behavior. (d), Fig. 3 shows the relative
mass-resolution capacity computed by Eq. (7).

The best heavy fission-product resolution was
obtained with 4.4-mm Hg helium pressure., Figure 4
summarizes the characteristic data for these oper-
ating conditions at which all heavy fission-product
measurements were performed, Here the relative Bp-
resolution capacity is 6.1%. Combined with the ap-
preciably poorer mass dispersion for heavy fission
products, this gives a mass-resolution capacity
about three times poorer than that for light fis-
sion products.

In using the mass-calibration curve, one must
remember that the mass separator has nuclear charge
dispersion as well as mass dispersion, in accordance
with Eq. (2). The long-lived nuclides used for

calibration are produced cumulatively by § disin-



Fig. 1. Layout of helium-filled mass separator.

1. Reactor core

2. 235y fission source
3. Collimator

4, Shutoff

5. Biologic shield

tegration of short-lived parents rather than pri-
marily in fission. Separation in the mass separa-
tor occurs in short times compared to the £-dis-
integration half-life. The atomic number appli-
cable to the calibration nuclides, which according
to Eq. (2) affects the deflection in the magnetic
field, is therefore not their own nuclear charge,
but rather the center of mass, ZP(A), of the pri-
mary nuclear charge distribution in the mass chain,
A. The mass calibration curve shown in Figs. 3 and
4 (a) applies to all fission products not produced

by primary fission. However, the deflection of a

6. Vacuum

7. VYNS window

8. Charge-transfer chamber, ~1-mm Hg helium
9. Beam catcher

10. Image plane

primary fission product is governed by the average
atomic numbers of the parents including the nuclide
being studied. Let this average be smaller than Zp
by AZ, As shown explicitly in Ref. 20, the corre-
sponding mass dislocation, AA, of a nuclide of mass

A and nuclear charge Z is

T(A) -1.4.
AA:—T(.—()A)——- 20z . (8)

A
Since AZ £ 0 and EF— <0, we have 8A 2 0; i.e,, the

mass separator indicates excessive mass for primary

fission products.




Fig. 2. Mass separator viewed from the top of the reactor.

2.4, Fission Rate at the Focal Point.

The fission rate at the separator focus was
recorded as a function of the magnetic field, B,
for the following reasons.

1. Comparison of measured distribution in-
volving convolution of radiochemically determined
yleld distribution with the apparatus resolution
capacity tests the applicability of convolution
that will be repeated several times in similar
form,

2. Radiation intensity must be known for the
tests described below.

The fission rate was measured using a semi-
conductor detector mounted at the focal point and
connected to a charge-sensitive preamplifier
(ORTEC). Fission rates were recorded as a function
of Bp value both at 6.7-Torr helium (optimum pres-

sure for light fission products) and at 1l.4-Torr

helium (optimum for heavy fission products). PFig-
ure 5 shows uncorrected counting rates at the semi-
conductor detector as they occurred in testing.
Only the straight-line portion of the test curves
is used hereafter because calibration is available
for these portions (Figs. 3 and 4 (a)).

Figure 5 shows that the separator clearly sep-
arates light and heavy fission products. In con-
trast, the ratio of maximum yield (mass 95) to
minimum yield (mass 120), which is ~600 for the in-
itial yield distribution, is only 10 for the meas-
ured fission-product distribution. The maximum,
corresponding to the heavy fission-products, 1is
relatively narrow despite the poor Bp resolution
because of the low mass dispersion in this mass
range (see Fig. 4).

To compare the measured fission-product dis-

tribution with the radiochemically measured mass
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Fig. 3. Typical mass separator data for light fission products.

(a) Mass-calibration curve

(b) Mass dispersion

(c) Bp resolution capacity

(d) Mass-resolution capacity

distribution, the convolution of the latter func-
tion and the apparatus resolution capacity is
formed by taking the mass-calibration curve into
account, The convolution was formed by use of a
computer program in accordance with Eq. (A7) de-
rived in the Appendix. The radiochemically meas-
ured fission-yield values were taken from Farrar
Convolution according to Eq. (A7)
yields a distribution related to a constant de-
tector interval, Axo, which can be directly com-
pared to the test curve shown in Fig. 5. However,
we will make comparisons using "undistorted" dis-
tributions, i.e., distributions related to a con-
stant AB interval (see Appendix). Figure 6 shows
the measured fission rates after 1/B correction as
open circles, and the convoluted radiochemical dis-
tribution as a continuous curve. In addition to

the magnetic field, B, Fig. 6 shows the average

mass, K, i.e., the center of the mass mixture at

the focus for a particular B. The values of A were
computed according to Eq. (A8). The measured data
and computed distributions, which in each instance

were fitted to the rates of the maximum, agree well.
The dash-dotted lines indicate the ranges wherein

agreement is better than 107. Within these ranges,
both mass correlation and comparison with a com-
puted distribution can be considered reliable. The
deviations along the legs of the distribution
curves, clearly visible in Fig. 6, presumably occur
because the configuration 18 not a pure Gaussian
curve as was assumed in forming the convolution.
For reasons of ion physics, the configuration may
be expected to be unsymmetrical toward larger Bp
values. However, this leg of the configuration,
which would at least partially explain the devia-

tions, could not be confirmed by Y spectroscopy be-
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(a) Mass-calibration curve

(b) Mass dispersion
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cause the Y lines at respective distances from
their BP maxima are obscured by the background or
by concurrent lines.

The intensity at the focus is less for heavy
than for light fission products because of differ-
ent multiple scattering. This intensity difference
can be generally described by a mass-dependent loss
factor. However, the convoluted distributions can
be made to agree with the test values by one fit
that is the same for all light fission products,
and by another for all heavy fission products (Fig.

6). It is therefore safe to assume one constant

loss factor for light fission products and another
for heavy fission products,

To evaluate the measurements, only the rela-
tive fission-rate distribution at the focus, not

the absolute rates, need be known as a function of

the magnetic field. Using the above assumption
about the multiple-scattering loss factor, it is
sufficient to determine the intensity ratio, k, of
light and heavy fission products. k is obtained
from the measured fission-product distribution by
separate integration of the two mass ranges. We

assumed that the two mass ranges are always sepa-



Fission Rate ———»

6.7 Torr HJ 14 Torr He
N\ \
10 \/
7 4
/ e, \
[ / IV
’ o‘
;
3 ’ //( \
[s+] ,’ o1 \.L
3 | + e GRENIN = —\—
=] 4 \
'?n‘ 107 / ! .‘\'
b 0 l' i T <, \
el )
3 ’ . _ ]
]
!
1 -
!
4
sp 55 6p 65

Magnetic Field B(kG) —=

Fig. 5. Fission rate at the separator focus as a function of Bp value for
1.4- and 6.7-Torr He in the charge-transfer chamber.

Average Mass A _—

8 %0 37

.f lf

| N

§7 Yolrr He 34 Torr He

ol |

| |

| |

o |
|

i o
®,
-~
45 50 55 §0 &5 70

Magnetic Field B(kG) —

Fig. 6. Comparison of measured (0) and computed (-) fission-product distribution.



rated by the distribution trough. This yields:

K = Eg _ Intensity of Hesvy Fission Products / 1.4 Torr He - 0.61 )
k, Intensity of Light Fission Products / 6.7 Torr He ‘ :

An attempt to determine the rstio k by absolute
counting of known-energy Y quants emitted by the
fission products yields only inaccurste results.
However, the correctness of the messured absolute
fission rates, k, ;Zd k., was checked by s B-chain
length measurement in the mass separator. In
this measurement, the number of P-psrticle fissions
is determined from the B rate counted in 4N geo-
metry and from the fission rate measured by a semi-
conductor detector. The result sgreed well with
other authors' values, which may be taken as con-
firmation of the result of Eq. (9).

3. NEUTRON=-ACTIVITY INVESTIGATION METHODS

3.1, Activity Buildup.

The activity buildup can be used to deter-
mine yields because the separator's separating pe-
riod is short compared to all B-disintegration
half-lives, and because the separation method is
continuous. This method, first used by Alzmann,25
has successfully measured fission-product B-chain
1engths.26

Let a beam of parent nuclides whose properties
are identified by the subscript i be collected by
a foil, with the number, 8. of particles impacting
per second being constant over time. Let the neu-
tron activity building up in the foil over time be
ri(t). At time T after the start of irradiation,
the activity is

ri(T) = stzni(T - t')dt’ . (10)
where ni(T - t') is the neutron activity at the
instant of observation, T, of nuclides collected in
the foil at time t' after the start of irradiation.
Because of the short flight time of fission pro-
ducts in the separator, t' also indicates the in-
stant of the corresponding fission process. In-
troducing t = T - t' yields

T
r (T) = si.L n, (£)dt . (11)

The fission rate at the focus is taken as
- .y (1)
si ke Y(:
(s)

) (12)

where Yc(i) is the cumulative fission yield from
the parent nuclide. ke and k' are factors which

1)

from the Yc produce the actual intensity of

light or heavy fission products at the focus; they
are governed by the fission rate at the source, by
the solid angle covered by the apparatus, and by
the multiple fission-product scattering losses in
the charge-transfer chamber and windows.

In Eq. (12), we set

T
£ a,(t)de = p (D 1 v, (£)de , (13)

1)

where Pn is the branching ratio of neutron and
B disintegrations and vi(t) describes the time
buildup of neutron activity and is normalized to
unity.

From Eqs. (12), (13), and (14), it follows
that

T
T (D) =k, pn(‘) . vc(i’:[ v (Ode . (16)
(8) °

Without considering the scale factor ke or
ks' the neutron activity at time T after start of
irradiation is the number of neutrons emitted af-
ter fission up to time T.

When the fission-product beam of the mass
separator i8s collected at a known Bp value on a
foil (breadth Axo) mounted at the focus, a mass
mixture is present because of the moderate reso-
lution capacity. Equation (14) is now replaced
by a sum for all i neutron emitters that contri-
bute to activity, convoluted with the separator
resolution capacity. The neutron activity per Axo
interval is found from Eq. (A7) when the fission
yields, ﬂi, mentioned in the Appendix are replaced
” P () Y (i).f v, (t)dt

n c o1 ¢
If the irradiation time, T, is chosen fairly
long compared to the half-lives of the parent nu-

clides that characterize the neutron emission,

_7 vy (t)dt approaches 1 for all i. In this case,
°



the neutron activity is directly proportional to
the absolute neutron yield, PnYc, convoluted with
the separator resolution capacity. The time be-
havior of a particular emitter (which depends on
the decay of generally unknown ancestors) no longer
enters into the expression,

By measuring this ''saturated” neutron activity
as a function of Bp value and taking into account
the different radiation intensities of light and
heavy fission products, the integral may be joined
over the entire mass range to the well-known ab-
solute value of all delayed neutrons per fission.
This amounts to absolute calibration of the detec-
tor which need not be operated in 47 geometry. For
this purpose one need not know the absolute fission
rate, only its relative behavior.

Figure 7 shows the experimental apparatus used
for buildup measurement. The collimated fission-
product beam {8 released by a fast magnetic shutter
(opening period 30 msec) and collected at the sepa-
rator focus in a thin nylon band which is part of
the transport device described in more detail in
Sec. 3.2,

ciated increased random coincidence background are

Increasing ® contamination and the asso-

avoided by always removing the exposed section of

the transport band on completion of an exposure.

3.2. Activity Damping.

The neutron yields at a specific time after
fission, or at saturation, can be obtained from the
buildup measurement described in Sec. 3.1. 1In
principle, the buildup curve also contains informa-
tion on all half-lives present in the mass mixture.
However, measurement of activity damping is better
suited to half-life analysis of the mass mixture ex-
isting at the separator, or to investigating the
decay of a particular nuclide. An intermittently
operated transport device that is a further devel-
opment of that described by Hovestadtlo was used for
this purpose.

Figure 8 shows the transport system and detec-
tor astembly for damping measurements. In contrast
to the apparatus for buildup measurements, irradi-
ation and detector sections are here separate. A
6-cm2 portion of a 500-m-long nylon band is ir-
radiated for a preselected period and then trans-
ported rapidly into the detector section. Trans-
port time, short compared to the irradiation time,

T is a minimum of 0.1 sec. While the decay e-

B.
vents of the irradiated part of the band are being
registered, the irradiation section is again used

for irradiating. The irradiation period, TB' is
therefore identical to the time available for meas-

8.

5 - Neutron shield
- Fission-product beam

1. / / l
TR
e ;
3. ] é}‘ OIX
1 Z
/ )(/
//i
4.
Fig. 7. Experimental apparatus for buildup measurement.
1 - 3He counter-tube assembly
2 - Polyethylene 6
3 - Cadmium absorber 7 - Fast shutter
4 - B proportional counter 8
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- Intermittently operated transport band




10.

Fig. 8. Transport system and detector

- Compressed wood shield

- Polyethylene

B counter tube

- Irradiation position

- Fission-product monitor (semi-
conductor detector)

wHwN -
'

urement and is subsequently referred to as the
cycle time for the transport device irradiation-
measurement cycle.

Activity is measured in the detector section
135 2Ty
after termination of irradiation. For a nuclide

during the time interval t, to tz(o <t

with the decay constant A, the amount, h, of the

nuclides applied by irradiation in the irradiation
gection during time TB' which decays in the detec-
tor section during the interval t

by

1 tz, is given

ho=gi (1- M) (e 0

XTB

- e-th) , (15)

in2

A\ = T1/2 .

11.

assembly for damping measurement.

6 - Intermittently operated transport band
7 - Vacuum chamber

8 - 3He counter tube bank

9 - Cd absorber

10 - Counting position

11 - Fission-product beam

where T1/2 = half-1life.

In Eq. (15) we assume that the particular nu-
clide is exclusively of primary origin, or that the
half-lives of all parents are small compared to

T Figure 9 shows h plotted as a function of

1/2°

t =

2

T
-2 for the special case t, = 0.14 * T,
Ts 1 B

T
0.90 « T,. h/'--LLz can be considered the time-
B \ 'I‘B

regolution function of the intermittent transport
system. For a fixed cycle time T, there is pref-
erence for a specific half-life (T1/2(°pt) =
0'6TB)' and both smaller and greater half-lives
are suppressed. However. this resolution function

is very wide (FWHM = 4.5 - T (OPt)). As shown b
Yy 2 y

1/

11




A

02

ar

o!

Half-Life

10 10

Irradiation Period

Fig. 9.

Hovestadt,27 maximum values of h = 40% are obtained

for tl =0, tz = TB'

intensity than is obtainable with a continuously

i.e., four times greater

operating transport band.
3.3. n-B Coincidence.

Delayed neutrons, which have average energies
of about 500 keV,zs-30 are slowed down in poly-
ethylene and detected in an assembly of 2-in.-diam.
by 4-1in. ®He-counter tubes (Texlium Corporation).
By use of pulse-height discrimination, the neutron
detector is made insensitive to Y rays and eiec-
trons. By use of a strong 6000 source, we deter-
mined a discriminator setting at which the detector
does not react to Y rays. Perfect discrimination
is vitally important for all delayed-neutron in-
vestigations because the number of B-disintegration
events with subsequent Y decay is substantially
greater than the number of B-decay events with sub-
sequent neutron emission.

The best neutron-energy measurements available,

29

those by Batchelor et al., give nearly continuous
spectra for the various time groups, with the fol-
lowing centroids:

250 keV for group 1 (55 sec),
460 keV for group 2 (22 sec),
405 keV for group 3 ( 6 sec),
450 keV for group 4 ( 2 sec).

12

Time-resolution function of the transport system.

Groups 1 and 2 differ most with respect to energy
(by a factor of 1.8).

section differs by a factor of 1.4 because of its

Here the aHe(n,p)aH cross
1/v relation. In the 10-mm-thick polyethylene mod-
erator between source and ®He counter tubes, the
neutrons are subject to an average of about six
collisions. Energies on leaving the moderator
plate are about 40 keV (group 1) or 70 keV (group
2). The ®He counter tubes are already 'gray" for
these energies, so there is a 207 difference in de-
tection probability for groups 1 and 2. The counter
tubes are 'darker' for the neutrons scattered by
lateral and rear moderator walls, so 20% is a high
estimate., One should further note that the ener-
getically lower half-1life group 1 (essentially
87Br) contributes only about 4% to the total yield,
whereas the energetically equal half-life groups 2
th -ough 4 constitute 81%. At least for saturated
neutron-activity measurements, the %He counter
tubes can therefore be assumed to have approxi-
mately the same detection probability for all de-
layed neutrons, independent of energy.

Since each delayed neutron decay is initiated
by a precursor ? decay, the neutrons are emitted in
coincidence with £ particles, This fact can be

used to improve the signal-to-background ratio by




operating 8 B detector of good configurstion (in
the present csse a proportionsl counter tube with
methane circulstion) in coincidence with the 2He
counter tubes. Figures 7 and 8 show the geometric
layout of n snd B detectora for buildup and damping
measurement.

Before entering the sensitive volume of the B-
proportional counter tube, the B psrticles psss
through the following absorbers (see Fig, 7):

nylon transport band, thickness 10 mg/cmz;

Hostaphan-vacuum window, thickness 11 mg/cm

Hostaphan foil, vapor-coated with aluminum,
used as,counter-tube window, thickness
1 mg/em”™,

From the energy-rsnge relationship it follows
that the detectable P energy has a 170-keV lower
limit for the entire 22-mg/cm” surface density.,
The electronic threshold can be neglected by com-
parison.

The maximum energy available for B decay is
the difference of the Q value, Qs, for 8 decay of
the parent nuclide and the neutron-binding energy,
Bn' in the neutron emitter. Por the known neutron
emitters, the difference,

Qﬁ - B, averages 2.8
42 n
MeV,

The maximum possible P energy is reduced by
the 400-keV average neutron energy to 2.4 MeV. As-
suming an allowed P-decay spectrum, the counting
loss for this energy and the threshold mentioned
would be 57%. Corresponding computations for the
extreme (Qg - Bn) cases of 4.0 and 2.0 MeV yield
counting losses of 1 and 12%, respectively. Accord-
ingly, the detection probability of the B-propor-
tional counter is assumed to have a maximum devi-
ation of + 67 from the average.

To determine the optimum coincidence resolu-
tion period, neutron time-of-flight spectra were
produced for different arrangements of moderator
and cadmium shield. During a number of test cycles,
the neutron time-of-flight spectra were recorded in
a 1024-channel TMC multichannel analyzer using the
time-of-flight module. The pulse from the B count-
er started, and that from the neutron detector
This de-

termination of coincidence resolution time takes

stopped, the time-of-flight measurement.

into account both the electron collection time in
the proportional counters and the neutron modera-
tion time. Figure 10 is an example of a time-of-

flight spectrum (resolution time 0.25 wsec). Zero

time is shifted by including a fixed delay in the

neutron branch, so that even the ascending leg can
be clearly examined. The time-of-flight measure-
ments lead to the following optimum conditions for
coincidence measurement:

thickness of the polygthylene moderator be-
tween source snd "He counters: 10 mm;

cadmium shield directly around *He counters;

delay of the (faster) P-counter tube as com-
pared to the “He counter tubes: 10 usec;

coincidence resolution time;: 27 - 14.0 usec.

The number of random coincidences is governed
by the single rates Rs and Rn in both counters.
R3 is determined by the time and mass ;glationship
of the fission-product P-decay events, Rn de-
rives from the constant reactor-hall background (1
pulse per sec) and from two time- and mass-depend-
ent rates--the neutron-emission rate from the ir-
radiation section, and the emission rate from the
testing section. In each instance, only one of the
latter contributions leads to real coincidence e-
vents; all other contributions must be considered
in the random-coincidence correction. The many
B particles that do not lead to neutron emission,
although they are emitted by fission products from
the source, and the large coincidence resolution
time require a correction for random coincidences.

Although the coincidence requirement reduces
the counting rate by a factor of 2 to 5, this dis-
advantage is more than balanced by improvement in
the signal-to-background ratio. The ratio of real
to random coincidences reaches a maximum of about
100. Under favorable conditions the ratio is two
orders of magnitude better than that without the
coincidence requirement,

3.4. Electronic Equipment and Control.

The electronic equipment shown in Fig. 11 was
used for buildup and damping measurements. The
pulse from the ®He counter tubes is transmitted
directly to the coincidence stage, that from the
B counter tubes with a 10-psec delay. The coin-
cidence stage resolving time is approximately ad-
justed to the l4-usec optimum resolving time. Its
exact value is determined from the random coinci-
The coin-

cidence signals are registered by the multiscaler

dence rate of two radioactive specimens.
module of a 1024-channel TMC multichannel analyzer.

At the beginning of a buildup measurement cy-

cle, the central electronic clock opens the rapid

13
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Fig. 10. Neutron time-of-flight spectrum.

shutter and simultaneously sets the zero point for
time analysis in the multiscaler. After the time,
T, desired for buildup has been reached, the clock
stops the multiscaler, closes the rapid shutter,
and gives an order to the transport device. Dur-
ing an irradiation cycle for damping measurement,
the clock gives orders for transport (time 0) at
the beginning (time tl) and on completion (time tz)
of the multiscaler analysis.

These measurement cycles are repeated at a
fixed magnetic field, and the data registered in
the multiscaler are added until the rate statistics
are satisfactory. After the appropriate number of
cycles, the multichannel memory is automatically
read out, and the magnetic field is set to a new
value. By changing the magnetic field, one can
cover the entire fission-product mass range. All
single rates and coincidence rates are registered
by scales and printed out at regular intervals.
These rates serve for checking proper measurement
performance, and the single P rate permits determi-
nation of the uranium foil burnup which cannot be

neglected for the long measurement periods.

14

The time functions of the single rates Rﬁ
and Rn are recorded under identical conditions for
each Bp value for which a coincidence multiscaler
spectrum was measured. The time-dependent rate,
2TR3Rn' of the random coincidence was computed from
the single rates and the measured coincidence re-
solving time, 2T, and subtracted from the coinci-
dence rate. The number of cycles necessary for
single-rate measurement is governed by the signal-
to-background ratio and the error of the measured
coincidence rate, and therefore differs for dif-
ferent time ranges and BP values.

4. MEASUREMENT

4.1. Buildup Measurement.

The apparatus shown in Fig. 7 was used to
perform buildup measurements for 10 different Bp
values each for the light and heavy fission-product
groups, in each case under optimum separator oper-
ating conditions. The neutron activity buildup was
registered in a cycle until 100 sec after opening
of the high-speed shutter. At this time all of the
identified neutron emitters (see Sec. 5.2) are sat-

urated except 87Br, 88Br, and 1371, which have
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reached 71, 99, and 947 of saturation activity, re-
spectively. This means that after 100 sec the
known neutron emitters have reached 98% of their
saturated activity.,

Figure 12 is an example of a multiscaler
spectrum after 300 buildup cycles in the mass 92
range. The coincidence events registered in the
linearly consecutive multiscaler time channels were
combined so that equidistant points were obtained
in a logarithmic time scale. Furthermore, all
counting rates for this example and for all damping
curves shown below were standardized to a uniform
counting time of 103 seconds. Total measuring time
required to obtain the coincidence spectrum shown
in Fig., 12 was 9.5 h., The random-coincidence time
distribution of this Bp value was computed from
the measured single-rate buildup and subtracted

from the measured effect,

7 - Preamplifier
8 - Linear amplifier
9 - Coincidence stage

10 - scaler

11 - Rn scaler

12 - R . scaler
coincidence

Figure 13 presents all buildup curves meas-
ured for light fission products after random-coin-
cidence correction, and Fig. 14 shows the corre-
sponding heavy-fission product data. Because nei-
ther the % correction nor the radiation-intensity
correction (which differs for light and heavy fis-
sion products) has been made, the light fission-
product buildup curves (Fig. 13) cannot be com-
pared with those for heavy fission products.

In Figs. 13 and 14 are shown the statistical
errors that result from the measured coincidence
rate and random-coincidence correction. Compared
to these errors, detection-probability deviations
for the neutron and f detectors are negligible (see
Sec. 3.3).

radiation, particularly for the saturated activity

For long periods after the end of ir-

at 100 sec, there are many superimposed single

activities, so that the maximum deviations of de-
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Fig. 12. Typical buildup curve.

Rcoinc

= measured coincidence

rate, ZTkgRN = computed random-coincidence rate.

tection probability mentioned in Sec. 3.3 are sub-
stantially reduced.
4.2, Damping Measurement.

The assembly shown in Fig. 8 was used to ob-
tain damping curves at 18 Bp values for different
irradiation periods. Cycle times for light fission
products were 152, 52.8, 18.8, 3.42, and 1.23 sec,
and those for heavy fission products were 44.8,
7.78, and 1.88 sec. PFigure 15 shows, as an exam-
ple, the damping curve in the mass 88 range after
1700 cycles of 18.8 sec each, as well as the cor-
rection for the computed random-coincidence rate.
The counting interval per test point and cycle for
the 18.8-8ec cycle is 1 sec; accordingly, the total
counting time per data point for 1700 cycles for
the example shown in Fig. 15 is 1700 sec. For all
damping curves shown below, the total counting time
pef data point has been normalized to 103 sec. For
the 18.8-sec cycle this is equivalent to standard-
izing the number of cycles at 1000.

Figure 16 is a three-dimensional plot of all
damping curves for light fission products as a

function of Bp value. In addition to the Bp co-

16

ordinate, the figure also gives the average mass,
Z, resulting from convolution of the radiochemical
yield distribution with the apparatus resolution
according to Eq. (A8), Standardization of the
rates to a counting time of 103 sec per data point
gives a standardized number of cycles for each
cycle duration, which is shown at the ordinate in
each case. The random-coincidence correction has
been made. Net counting time for the damping
curves shown in Fig., 16 was about 14 days. The
uranium source burnup during this period cannot be
neglected. For this reason, we checked the radi-
ation intensity at regular intervals, both direct-
ly by means of a semiconductor counter, and through
the B activity of the collecting foil (single B
rate). All damping curves are corrected for burn-
up.

Figure 17 shows the data from damping meas-
urements for heavy fission products, processed in
the same manner. The distributions shown in Figs.
16 and 17 are neither corrected for 1/B, nor ad-
justed to equal radiation intensity. Furthermore,

the damping curves contain systematic errors be-
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cause of the differences in detection probability
for neutron and B detectors described in Sec. 3.3.
These errors are discussed in Sec. 5.2,
5., RESULTS AND DISCUSSION

5.1. Measurement Evaluations.

The necessary corrections for burnup, deple-
tion by recoil, and beam intensity were applied to
the buildup curves recorded in Figs. 13 and 14;
then the activities at 0,1, 1, 10, and 100 sec
after the start of irradiation were subtracted for
each Bp value. The results are summarized in Fig.
18,

until 0.1 sec after start of irradiation was omit-

Investigat ion of heavy fission-product buildup

ted because of insufficient yield or excessive
measurement error. The average mass, Z, is again
given in addition to the magnetic field, B.

As stated in Sec. 3.1, with appropriate cali-
bration, the activity value for time T after the
start of irradiation is the number of neutrons

emitted T seconds after fission. Because calibra-

tion is performed on the basis of the saturated

activity reached 100 sec after the start of ir-

radiation, this distribution is discussed first.
It represents the mass distribution of the total
yield.
sec test values as a function of the magnetic
field.
heavy mass ranges shows that 67 + 37 of all de-

Figure 19 shows again the corrected 100-
Separate integration of the light and

layed neutrons are emitted by light fission pro-
ducts, and only 33 + 3% by heavy fission products.
The entire mass-range integral is made to agree
with the total yield of 1.58 + 0.05 delayed neu-

trons/ 100 fissions as given by Keepin37 for ther-

235U. Note that the neutron activ-

87Br, 88Br 137I

mal fission of
ities of the parent nuclides , and
are not completely saturated 100 sec after the
start of irradiation. This means that on the basis
of the neutron yields of these nuclides (see Sec.
5.2, Table III) the integral should be set equal

to 1.55 neutrons/ fission for calibration. This

17
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ylelds absolute values of 1.05 + 0,06 and 0.53 +
0.04 neutrons/ 100 fissions of light and heavy fis-
sion products, respectively.

Integrating the distributions summarized in
Fig. 18 in a similar manner gives the neutron yield
at different times after fission and for corre-
sponding time intervals, separately for light and
heavy fission products. The results listed in
Table I indicate, for instance, that most delayed
neutrons are emitted from 1 to 10 sec after fis-
sion.

An obvious analysis of the damping curves
shown in Figs. 16 and 17 would be to resolve the
complex decay curve into its separate components.
However, such analysis 18 not possible because of
the large errors in the test points. Instead, the
curves are characterized by the following variables:

1. Total intensity under the damping curve,
integrated with respect to decay duration, and

2, Average half-life EI;;. This is deter-
mined by a least-squares-fit of the test data per-
formed assuming only one half-1ife.

Figure 20 shows the resulting integrals of
intensity for the different damping curves. The
integral rates are standardized for a counting
period of 10“ sec., This condition means different
""normalized" cycle numbers depending on cycle du-
ration; in each instance the products of ''normal-
ized" cycle number and counting period for a cycle
are shown along the ordinate. In addition, the

irradiation time, T

B and the representative aver-
age half-life, T1/2, are shown for each distribu-
tion.

The behavior of EI;; expressed as a function
of the Bp value will be discussed in the next sec-
tion. All distributions are corrected for burnup
and recoil depletion, but the results for light
and heavy fission products cannot yet be compared
with respect to intensity.

In passing within the light fission-product
group from a 152-sec cycle duration to shorter ir-
radiation periods, the intensity distribution in-
creases both in magnitude and width. Whereas neu-
tron emission for an average 35-sec half-life occurs
only in the 86 to 91 mass range, the yield distri-
bution in the second range extends over practically
the entire light mass range. Because of the in-

ferior mass dispersion, only a small shift of the
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TABLE I
NEUTRON YIELDS FOR DIFFERENT TIMES AND TIME INTERVALS AFTER FISSION
Neutron Yield (neutrons/100 fissions)
Time after Fission Time Interval
(sec) (sec)
0.1 1 10 100 0.1-1 1-10 10-100
Light
Fission 0.06 0.39 0.80 1.03 0.33 0.41 0.23
Products +0.06 40.11 40.07 40.06 +0.13 10.13 40.09
Heavy
Fisslon 0.09 0.37 0.52 0.28 0.15
Products 40.04 10.04 +0.04 40.05 +0.06
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in the six-group analysis of gross neutron yield.3

5.2. Comparison With Known Neutron Emitters.

Various authors have identified a number of

ﬁver,fge “l;IaSi’A nuclides as parents of delayed neutron emitters.
I These are summarized in Table III, as of early
’/J\\‘ ! 1968, to the extent that yield determinations are
\\ i ::2: available in addition to mere identification, and
|

N\ to the extent that identification can be consid-

1\\\\ ered reliable.
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> For ~As, we accepted the mass correlation by
Del Marmol et al.,6 and the yield is the average of

8

LR
_1___§_.-_4p__ A

[

D

their results and Tomlinson's.7
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two methods are available for determination of

PnYc. The first is based on the branching ratios,

Pn' as computed by Aaron et al.s and, together with

the computed cumulative yields, Yc' gives a set of

n-B Coincidences
néﬁdUut

PnYc values., The computation of Yc (see Table III,

I
T

S RENE

400~

10000 column 2) was based on the centers, Zp' of primary

atrse nuclear charge distribution computed by Reisdorf,31

which agree well with more recent tests performed

with the Julich mass separator.zq Following a pro-

© [*] [ “

“
Magnetic Field B (kG)

posal by Wah1,32 we assumed the shape of primary
charge distribution in a mass chain to be a Gaus-
Fig. 20. Mass distribution of the damping-inten- sian curve with the breadth parameter c = 0.86.

sity integral for different cycle dura- Because of discrepancies among the nuclear charge
tions. distributions given by different authors, a devi-
ation of + 0.2 charge units from Reisdorf's value

was allowed for Zp' This deviation leads to the

22




TABLE

II

NEUTRON YIELDS FOR DIFFERENT HALF-LIFE RANGES

Light Fission Products Heavy Fission Products
Test No. 1 2 3 4 5 6 7 8
Irradiation
Period 152 52.8 18.8 3.42 1.23 44.8 7.78 1.88
TB (sec)
Average
Half-Life 35 12 5.4 2,2 1.0 17 4.1 1.9
T1/2 (sec)
Yield
neut rons/100 0.11 0.30 0.55 0.92 0.84 0.21 0.26 0.25
fissions

errors given for Yc. contribute to the above group yield,

The second set of PnYc for 87-893r is ob- Del Marmol's evaluntionSa was used to deter-
tained from the relative yields determined for mine the unambiguity of an identification. Ac-
these parent nuclides by Perlow and Stehneya and cordingly, we did not include in Table III the par-
Herrmann et a1.9 Following a proposal by Keepin,3 ent nuclidea 91Kr and 92Kr reported by Day et al.11

87

the yield of ""Br is taken as equal to the abso-

lute yield of 0.058 neutron/ 100 fissions for the
55-sec group as obtained from gross neutron activ-

ity analysis. This addition is suggested by tests

by Williams et 81.32 which show that less than

0.5% of the 55-sec group are due to a parent nu-

87

clide other than Br. The last column of Table

III shows the PnYc averages for 87-89

Br determined
by the two methods.
The yield of °°

relative yield.

Br can be obtained only from
Pn measurements by Amiel et

and Amarel et al.lz are
90-96

Herrmann et al.,9

93Kr and

al..lo
available for Rb; these, together
with the computed cumulative yields, give the val-
ues of P Y shown.
ne
The following were used in the heavy fission-

137 138

I and I,

could again be determined in two

product group:
for which PnYc
ways; 1391; and 1“01, which Herrmann et a1.9 re-

the iodine isotopes

cently identified as a parent nuclide. Agreement
of relative iodine yields with the 0.220-neutron/

100 fissions yield that Cox et al.33
252

measured for
Cf fission is
As in Ref, 33, we assume that the
heavy fission-product neutron yields for zsch
235U fission,
and that light fission products do not appreciably

the 20-sec group in spontaneous
established.

fission are the same as those for

although they later reported35
277 B_ yield for 92

find no evidence of

a conspicuously high
Kr, whereas Amiel et al.lo

-91Kr and 92Kr neutron activity.

could

The systematics of delayed neutron emission are

91Kr and 92Kr being parent

161Xe and

12
and Amarel et al.
Finally, 134

Sb, re-
cently identified by Tomlinson et al.,8~and

another point against

nuclides.
142

Slight neutron activities for
Cs observed by Day et al.ll

were not considered either.
1358b

’
reported by Tomlinaon et 81.7 and Del Marmol et
al.,6 were not included in the set of identified
parent nuclides because neutron-yield data are not
available.

The neutron yields listed in Table III show
errors of between 20 and 100%. The yields deter-
mined by different methods differ in some cases by
of

We

a factor 2 to 3 which far exceeds the reported

errors, could find no explanation for the dis-

crepancy in different authors' data. The following

computation is based on the yields listed in the
last column of Table III; however, the absolute
values must by systematically reduced as will be
shown,

To compare the neutron activities measured by
the mass separator using known neutron yields, the
ylelds are convoluted with the resolving power of

the apparatus on the basis of the mass-calibration
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TABLE III

IDENTIFIED PARENT NUCLIDES

Psrent -4, |Relative Addition -4, |Assumed
Nuclide Pn(Z) Yc(Z) PnYc(m ) Yield PY (10-6) PnYc(m ) Value Reference
nc =4
PnYC(IO )
85,, 5.9 + 1.6
4.8 + 1.2 5.2 + 1.0 |6, 7
87 ¢.37 + 0.08
Br | 3.1 +£ 0.6 2.0 + 0.3 (6.2 +1.7 |0.4 5.8+ 0.7 |5.8+ 1.4 6.0+ 1.1 (3, 4, 5, 9
88 1 6.0+ 1.6 2.0 + 0.5 | 12.0 + 4.4 |1.00 15.7 +3.8/16+3 |4, 5 9
89 1.9 + 0.4
Br |7 +2 1.4 +0.6 9.8 + 5.1 |1.7 28.2 + 7.1 |16 + 4 4, 5,9
90
Br 1.5 + 0.6 22,7 + 9.8 |23 + 10 4, 9
9%r | 3.9 £ 0.6 0.4 + 0.4 | 1.6 + 1.4 1.6 + 1.4 |10
93 "~ | 1£ 0.5
Rb | 2.6 + 0.4)1.7+ 0.33.7 +0.9 [6.3 4+ 1.9 6.3 + 1.9 {9, 10, 12
1+ 0.5
10 + 5 ‘
9“Rb 54 2.5 7.5+ 2.812,0 + 0.8 {15.0 + 8.2 15+ 8 9, 12
95
Rb | 6 +3 0.8 + 0.5 |4.9 + 3.8 S+4 12
96
Rb | 10 + 5 0.2 + 0.2 |2 + 2 242 12
1371 3.0 + 0.5 3.9 + 1.1 [11.7 + 3.8 |[1.00 22,0 + 2.4 (22,0 +3.3[18 + 3 3, 4, 5, 9
138 0.47 + 0.05
I]1.94+0.5 2.5 + 0.9 4.8 +2.,1 0.5 10.3 + 1.5|8.5+ 1.3 |4, 5, 9
139 0.38 + 0,05
I 0.8 13.2 + 4.6 | 13.2 + 4.6|4, 9
140, 0.5 11+.11 |[11+11 |9
curve, In so doing, one must ususlly consider time for primsry chsrge distribution. The msss disper-

factors for the known parent nuclides which de-
scribe the effect of half-1life on the contributions
made by the particular sctivities. For convolution
(explained for fission-product distribution in the
Appendix) using the mass-cslibration curve (Figs.

3 and 4 (8), each of the known parent nuclides is
assigned the Bp value thst governs deflection in
the sepsrator. For this,one must first compute the
sppsrent mass shift, AA, of these nuclides accord-
ing to Eq. (9). The primsry chsrge distribution
enters into the computstion through the term AZ;

here agsin Reisdorf's31 snd Wlh1'032 dsts were used

24

" for them sre substsntislly grester:

sion, I', is taken from (b) Figs. 3 and 4. The
shift, AA, in msss units, for instance, of the three
strongest emitters in the light fission-product

is 0.3 for 89Br, 0.6 for 9oBr, snd 1.1 for

Becsuse of the sppreciably grester mass

group,
%gb.
dispersion for hesvy fission products, mass shifts
3.3 for 1371,
snd 7.3 for 1391.

As mentioned in Sec. 3.1, convolution for the

buildup method csn be performed sccording to Eq.

(A7) by substituting B Dy (1) . Zvi(t)dt for the



term ﬂi in that equstion. The yields listed in the
lsst column of T;ble IIT are used for Pn(i)Yc(i).
The time factor.€ v,(t)dt cen be replaced by

(1 - e-kT) by assuming that the neutron-emitting
nuclide (decay constant \) is exclusively of pri-
mary origin or that the decay constants of all par-
ent nuclides are large compared to A.

Figure 21 shows the messured "satursted"
distribution together with the result of convolu-
tion. As in Fig. 19, the measured values are shown
by open circles as a function of the magnetic field
or of average mass. The computed distribution is
shown by dashed lines, and the known errors result
from squared superposition of the yield errors
listed tn Table III.

The requirement that the computed distribu-
tion not exceed the measured distribution leads to
the fit at the highest point of the measured dis-
tribution. This fit to the set of known yields
means a4 further calibration. To obtain agreement
of the integrals with the allowable 1.58 neutrons/
100 fissions (see Sec. 5.1), the yields that formed
the basis of convolution must be reduced. We per-
formed this reduction as follows: assuming thst
the yields listed in Table III were in correct re-
lation to each other and that their relative dis-
tribution was unchanged, we reduced all absolute
light fission-product yields by 16%, and all abso-
lute heavy fission-product yields by 21%. With the
existing errors, this is entlirely possible.

Comparison of the two distributions shows
that the difference between measured and identifjied
heavy fission-product activities is not clearly
outside the limit of error. The difference may
therefore be explained by appropriate increase of
the known yields; there is no compelling indication
of unknown activity in the mass range of heavy fis-
sion products. By contrast, part of the light fis-
sion-product group in the 95 to 100 mass range re-
mains unidentified despite the considerable uncer-
tainty of known yields. Table IV lists the iden-
tified and unidentified parts of the light and
heavy fission products. Of the 1.05 neutrons/ 100
fissions emitted by light fission products, 0,77
can be considered known, and 0.28 + 0.10 are not
yet identified.

An earlier publication37 on part of this

study reported s substentislly lsrger unidentified
portion. This portion hss since been psrtislly
assigned through identificstion of the psrent nu-
clides 93Kr and 93-96Rb.9'm'12

Figure 22 shows the sctivity buildup test
values 0,1, 1, 10, snd 100 sec sfter stsrt of ir-
radiation, together with the convolution of the
known neutron yields for light snd hesvy fission
products. The unidentified psrt of the 95 to 100
mass range is being built up msinly in the interval
from 0.1 to 1 sec. In this interval are also in-
dications of slight unidentified activity in the
85 to 88 mass range, but this activity no longer
shows in the saturated distribution.

Figures 23 and 24 compare the intensity inte-
gral and average half-life from the various damping
measurements, expresaed as a function of the Bo
value, with the corresponding variables for known
emitters. In each case, the measured intensities
from Fig. 20 are plotted together with the computed
intensity distribution in the upper halves of these
figures, Convolution is performed according to

Eq. (A7), with the yields, T , replaced by terms of

i.
(1), (1) (1)

the form Pn Y, hi T1/2 /'I‘B . The time factor,

hi' takes into account how much a parent nuclide of

half-1life Tl/Z(i) contributes to the activity in-

tegral at cycle duration T The value of hi is

B
computed from Eq. (15), and the half-lives,
1)

T1/2 , are taken from Ref, 35, The average half-

lives, T1/2' are plotted in the lower halves of

Figs, 23 and 24. The open circles indicate the
result of a least-squares fit to the damping curves
shown in Figs. 16 and 17. The half-lives shown by
dashed lines are obtained when damping curves con-
structed for the identified neutron emitters are
also described by the above least-squares fit.
Figure 23(a) shows the results for light fis-
sion products at 152-gec cycle duration. In the
Bp range studied, the known parent nuclides used
for comparison (in this case essentially 55.7-sec
87Br and 15.9-sec 88Br) lead to average half-lives
of between 42 and 23 sec. The measured half-lives
agree well with these values. The computed inten-
sity distribution for the 152-sec cycle was fitted
at one point to the measured intensity distribution
[see Pig. 23(a)] , which amounts to absolute cali-

87

bration of the counter by means of the Br snd

888r ylelds. This calibration is maintained for
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Fig. 21. Measured (o) and computed (---) mass distribution of saturated neutron yield.

TABLE IV
IDENTIFIED AND UNIDENTIFIED PORTIONS OF NEUTRON YIELD

Light Fission Products Heavy Fission Products
Percent of Absolute, Percent of Absolute,
Total Yield n/100 Fissions Total Yield n/100 Fissions

Total Yield
(1.58 + 0.05 67 + 3 1.05 + 0.06 33+3 0.53 + 0,04
n/100 Fissions)

Identified '

Portion 51+ 10 0.79 + 0.15 25+ 6 0.40 + 0.10
Unidentified

Portion 16 + 7 0.26 + 0.10 847 0.12 + 0.11
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Fig. 22, Measured (o) and computed (---) mass dis-
tribution of neutron activity 0.1, 1, 10,
and 100 sec after start of irradiation.

all light fission-product damping measurements.

The nonconstant detection probabilities of the
neutron- and £ detectors was not considered in the
buildup method. However, this effect cannot be
neglected in the damping measurements because only
a few neutron emitters are contributing in each
case. In the 152-sec cycle for which the intensity
calibration is performed, the parent nuclides 87Br
and 88Br are present in a mixture of about 1:1.
Both parent nuclides show a difference, (QB - Bn)'
which averages about 2,8 MeV for all known parent
m.u:lides.l‘2 From this aspect the calibration is
representative and not affected by the B-detector
threshold.

Further, the effect of neutron energy on neu-
tron-detector detection probability must be ex-

amined.
87

The neutron energy of the parent nuclide.
Br, which is responsible for half-life group 1, is
smaller than the average neutron energy of the re-
maining groups. According to the estimates made in
Sec. 3.3, the detection probability for the existing
mixture of 87Br and 88Br is therefore about 10%
above the average. However, this effect is not
subsequently considered because it may lead to even
greater increase of the unidentified portion of
activity.

The good agreement between measured and com-
puted intensity distribution in Fig. 23(a) also
remains for cycle durations of 52.8 sec [Fig. 23
(b)] and 18.8 sec [Fig. 23(c)]. Also, the average
half-lives agree within the limits of error both
as absolute values and as a function of Bp. This
shows that for light fission products with T1/2 >s
sec there is no further unknown neutron activity of
significant yield.

The measured intensity for cycle durations of
3.42 sec [Fig. 23(d)] and 1.37 sec [Fig. 23(e)] is
higher than that computed. Therefore, the differ-
ence between measured and already identified inten-
sity (i.e., the unidentified portion) of these two
damping measurements was plotted in the middle sec-
tions of Figs. 23(d) and (e). The unidentified
part of both measurements is primarily in the 95 to
100 mass range, with a smaller part in the 85 to 88
mass range. The appearance of unknown activity in
the 95 to 100 mass range agrees with the buildup
measurement results (see Fig. 21), which also in-

dicated unidentified activity in the 85 to 88 mass
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range (see Fig, 22).

Basically, the average half-life of the un-
identified part can be determined by comparing
measured and computed half-life distribution; for
this purpose, the mixing ratio of identified and
unidentified activity can be found from the inten-
sity curves. However, statements about half-life
become more difficult for short cycle durations
because the counting time in these cases is smaller
than T1/2.
large, and the unreliability especially increases

As a result, the error in T1/2 becomes

toward long half-lives [unsymmetrical error band,
see Fig., 23(e)]. The upper limit of TI;; is some-
times better defined by a longer cycle duration,
and has therefore been adopted.

In the half-life distribution for the 1.23-sec
cycle, Fig. 23(e), in the 85 to 88 mass range, the
measured value (1.3 sec) is smaller than that com-
puted (2.4 sec). Based on a 1:1 ratio between

measured and computed intensity, this leads to an

32

unidentified activity half-life of about (0.2 f 3.2)
sec. A corresponding calculation for the 3.42-sec
cycle, Fig, 23(d), gives (2 f ;) sec, and the av-
+ i) sec. The
absolute yield of this activity is found to be

PnYc % 0.08 neutron/100 fissions.

erage for both measurements is (1

An obvious explanation for the unknown activ-
ity in the 85 to 88 mass range lies in increased
neutron yield of the identified parent nuclide,

85As.

2,1-sec From the intensity curves, Figs.,
23(d) and (e), one would expect a PnYc value of
0.10 neutron/100 fissions for this nuclide. This
is in contradiction to measurements by Del Marmol
et 31.6 and Tomlinson7 (see Table III). From Reis-
dorf's31 and Wah1'832
86As and 86-888e are therefore to be accounted for
The fol-

lowing half-life measurements are available for
86

primary yield distribution,
as still unidentified parent nuclides,

these nuclides: 16 sec for Se or 87Se according

to Sattizahn et al.,38 < 8 sec for 87Se according



to Notea et ll.,39 and 6 sec for 87

Se according to
Tomlinson.“o These data do not permit unambiguous
limitation of the number of the nuclides mentioned.
It is, furthermore, possible that at least part of
the unknown activity can be attributed to a greater

yleld of 4.5-8ec 893r than that shown in Table III,

The half-life of the unidentified activity in
+ 1.0)
- 0.7
) sec for

+ 1.8y oo
- 1.5

The absolute yield of this activity is PnYc ~ 0,20

the 96 to 100 mass range is found to be (0.7

sec for the 1.37-sec cycle, and (2,7 T ;'3

the 3.42-sec cycle, or an average of (1.5

neutron/100 fissions, which agrees with buildup
measurement,
On the basis of half-1ife and mass range, the

94-96

known parent nuclides Kr are a possible expla-

nation. The neutron yields measured by various
authors (see Table III) and general yield consid-
erations preclude explanation by means of these
known parent nuclides. With respect to primary
yield, half-life, and masa (the latter under con-

sideration of '"Z-shift"), the nuclides 978
97-99 99-100
Y, and

r.
Zr can be considered parent nu-
clides of as yet unknown neutron emitters,

Eiden321 has reported the following measure-

ments and estimates of half-lives: =~ 0.4-sec 97Sr

97Y, ~ 0.8-sec 99Y, 2.4-8ec 99

100z

1.1-sec Zr, and

~ l-gec r. All these values are consistent
with the measured 1,5-sec half-1life within the lim-
its of error.

Figure 24 shows the intensity integral and
average half-life for damping measurements with
44.8-, 7.78-, and 1,88-sec cycle durations per-
formed with heavy fission products. The computed
intensity distribution for the longest cycle dura-
tion is fitted to the left leg of the measured dis-
tribution. The measured intensity exceeds that
computed for all cycle durations, but the differ-
ence 18 not clearly outside the limit of error.
This state of affairs confirms that found in build-
up measurement, The measured and computed half-
lives agree well; as for light fission products,
the half-1ife decreases toward higher masses. For
the 7.78- and 1.88-sec cycles the measured values
This

means that either the yields of the known iodine

seem to deviate toward longer half-lives.

parent nuclides must be shifted toward long half-
lives, or that the wmissing part is a relatively
long-lived nuclide not considered in Table III,

13I‘Sb.8 Further ststements about heavy

e.g. ll-sec
fission products are not possible because of the
large dispersion in this msss rsnge.

5,3. Systematics of Delayed Neutron Emission.

The messurements and comparison with known neu-
tron emitters show the following possible new parent

nuclides:

86 86-888e

As and
+ 5
T1/2 = (1 [ ]) sec, P Y =« 0.08 neutron/
100 fissions
97-988r, 97-99Y. and 99-100Zr

+ 1.8
Tz = (o5 4s
PnYc =~ 0,20 neutron/100 fissions.

) sec,

This allocation was made according to mass position
and half-life of the unknown activity and consid-
ering the yield distribution. We will now examine
whether the systematics of delayed neutron emission
permit a selection among the above nuclides.

41, 42 3, 43

Pappas et al. and Keepin '’ first at-

tempted to compute neutron yields. The systematics
applied herein are a modification of a recent study
by Tomlinson.ao

With increasing distance from the stable mass
trough, the neutron binding energy decreases along
an isobaric line, whereas the mass difference of
neighboring nuclei, and thus the B-decay Q value,
increase. The delayed-neutron emission threshold
is the "contour"” for which the Q value, QS(Z,N), of
the parent nuclide B decay equals the neutron
binding energy, Bn(Z 4+ 1, N - 1), of the emitter,
Qﬁ and Bn for nuclides far from the stable mass
trough are generally not measured; only in a few
cases can one obtain Qe and Bn from measure-

31, 44

ments or by semiempirical extrapolation ac-

cording to Way and Wood.aa Wing and Fong'sas mass
formula was employed 1n all other cases. The Qs
and Bn computed by this formula are available in

46 The difference between com-

the form of tables.
puted and measured mass differences in the mass
range examined averages + 0.5 MeV for a distance of
three charge units from the mass trough.

The resulting delayed neutron emission thresh-
old is shown in Fig. 25 and 26 for light and heavy
fission products, respectively. Because of the
effect of pairing energy on Qs and Bn' the neutron-
emission threshold differs for parent nuclides with

even and odd Z. The threshold of parent nuclides
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Section of nuclide chart in the light fission-product mass range.

Fig. 26.
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Section of nuclide chart in the heavy fission-product mass range.
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with odd Z is about two chsrge units closer to the
stable mass trough for all masses thsn that of ps-
rent nuclides with even Z,

Neutron emission is possible with respect to
energy only when the parent nuclide is located on
the "uphill side' of the threshold. Because of

99Zr and 100

this energy criterion, Zr are clesrly
eliminated from among the parent nuclides that
might be considered on the basis of measurement.

The absolute yield, PnYc' will be determined
for parent nuclides for which neutron emission is
energetically possible. Y 18 computed according
to Reisdorf31 and Wah132 a: done earlier in Sec.
5.2. The center, Z_ , of primary nuclear-charge
distribution31 is pgotted in Figs. 25 and 26. The
branching ratio, Pn' between neutron- and P-decay
events depends essentially on the spin and parity
of the participating levels and on the distance,
(Qﬁ - Bn)' from threshold.

In addition to the energy criterion, the ab-
solute value of PnYc is used as a second selection
criterion. For clarity, only ''strong' neutron
emitters will be considered, i.e., yields > 0.02
neutron/100 fissions. Because of the large dis-
crepancy among various theoretical values of
P .41, 43

n

distance from the threshold given by Tomlinson is

the semiempirical Pn-value increase with

adapted for PnYc computation.
The following nuclides are located 'on the
threshold" and show an average difference, Qﬂ - Bn'

of + 0.5 MeV: S%as, 87se, 92kr, P2Rb, sy, 9y,

IOSZr, 102Nb and 1368b. 136Te, 136xe. 140C8
147

La. None of these were considered "strong” pa-

, and

rent nuclides, even in the few cases where the com-
puted P Y barely exceeds 0.02 neutron/100 fissions.
The justification for this assumption is that the
available 0.5-MeV energy is inadequate to make the
B decay sufficiently "fast."” Of the nuclides men-

tioned, 92Rb could be excluded as a parent nuclide

16008 i8 out of the question

because of its half-life.

by experiment,12 and

In contrast to the nuclides mentioned, 87Br
1371 have (QB - Bn) values of 2.5 and 1.7 MeV,
respectively, and are therefore already on the "up-

hill side"” of the threshold. Accordingly, heavy

and

contributions from these nuclides are already pos-
sible.
The effect of spin and parity on delayed neu-

tron emission hes so fsr been discuased only in
special csses; for instance, Psppas et al.l‘2 com-

puted P vslues for the psrent nuclides 85As, 87Br,

and 1351 which sgree well with the messured values.
However, the necessary dsta for nuclei thst are far
from B stability are generally not sufficiently
known. Accordingly, it might, indeed, be shown by
the aid of spin snd parity for initial and final

B-n-decsy conditions of the parent nuclides 97Sr

and 97

Y, which are of special interest here, that
8 neutrons can be emitted only after a forbidden

B decay. However, since p neutrons already con-
tribute at an evergy of 50 keV above the thresh-
old,l‘2 and because p neutron emission is possible
in these cases after permitted B-decay events, a
limitation of the Pn values 18 not possible on the
basis of this consideration.

The resulting "possible and strong’ parent
nuclides for light and heavy fission products are
plotted in Figa. 25 and 26, respectively. For
light fission products, all 10 known parent nu-
clides (see Table III) also appear from systematics
as "strong possible'' parent nuclides. This fact
justifies the at first somewhat arbitrary choice of
the lower limit for PnYc. In addition to the iden-
tified parent nuclides, systewmatics yleld further
possible parent nuclidea. By comparing these nu-
clides with the mass range possible on the basis of
the measurements, we attribute the 1.5-sec activity
in the 96 to 100 mass range (PnYc = 0.20 neutron/
100 fissions) that has not been identified so far
98Y and 99Y

to the parent nuclides . However, for

the activity in the 85 to 88 mass range, we cannot
86As and 87
small contributions in addition to the known parent

85As and 893

clarify unambiguously whether Se provide

nuclides r., Furthermore, in agreement

with the list of known parent nuclides given in

93

Table III, systematics yield Kr as the sole pa-

rent nuclide with even atomic number.
137-1100I a

In the heavy

nd 161-16608

are possible as strong parent nuclides according to

fission-product case, only

systematics. All possible parent nuclides are

identified (see Table III). Slight neutron activ-

142 143

ity has been reported for Cs and

lélcg and 144

Cs; for
Cs no activity could be proven.12

The experimental finding that light fission
products emit about twice as many delayed neutrons

as do heavy fission products is qualitatively cor-
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rectly represented by systematics. By simply
counting the possible strong parent nuclides in the
two mass ranges as a meaaure of neutron yield, one
The differ-
ence in neutron yields hss the following causes

(see Figs. 25 and 26):

obtains 17 light and 8 heavy nuclides.

the widening of the mass
trough with increasing mass number causes the neu-
tron-decay threshold of heavy fission products to
be about one charge unit further away from £ sta-
On the
outside, the Zp distribution in botgamgis ranges 1is
’ Although
the difference in the threshold positions is psr-

bility than that of light fission products.

sbout equally far from B stability.

tially compensated by the effect of neutron shells
50 and 82, this effect moves the odd-Z threshold of
heavy fission products into the vicinity of the Z
For light
fission products, however, the odd-Z threshold and

distribution in only a small range.

Zp distribution agree throughout the entire yield
range,

The difference is accentuated because the in-
crease in Pn with distance from the threshold was
assumed to be about twice as strong for light as
for heavy fission products, as in Ref. 40. We can-
not check this assumption sdequately with the few
measured Pn values, but the overall balsnce would
not change appreciably even if the Pn trend were
the same for both mass ranges. The governing ef-
fects for delayed neutron emission systemstics are
the threshold position and the position and shape
of the Zp distribution.

Our systematics for delayed neutron emission
provide qualitatively similsr results to those pre-
pared by Tomlinson, although he assumed a somewhat
different Zp distribution. The conclusions from
these systematics contradict Keepin's prediction
that parent nuclides among light fission products
occur only up to 97Rb. This obsex‘vm:ionl‘3 is bssed
on both 8 different mass formuls and a different
Zp distribution.

Strong neutron emission by the I'-psrent nu-
clides further contradicts a result obtsined by
Cowan et a1.67 which was confirmed by Herrmsnn et
a1.9 Cowan et al. conclude from diffusion meas-
urements that s large portion, possibly 80% or more,
of the delayed neutron activity comes from bromine
and iodine psrent nuclides. Our messurements show,

however, that only 65 + 8% of totsl yield is st-
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tributsble to bromine and lodine parent nuclides.
6. POSSIBILITIES FOR IMPROVEMENT OF THE METHOD

Construction of s new mass separstor thst will
have better resolution and higher intensity than
the spparatus described here is plsnned. Becsuse
of its better resolution, the new separstor would
permit more exact mass correlation, particularly
of heavy fission products, and better ststistics
for damping curves would allow breakdown into sev-
eral half-life components.

The transport device and electronic equipment
might be improved ss follows: an endless transport
band could be used in the intermittently opersting
transport device to eliminate the rewinding which
must be done every 30 min for l-sec cycles using
the existing 500-m-long band. Simultaneous regi-
stration of the various rates by s suitsble multi-
channel analyzer would be better than consecutive
recording of time spectrs per coincidence rstes snd
single rates in the multiscaler,

The most important improvement would consist
of messuring delsyed-neutron energy. The energy
spectrs for gross neutron activity hsve so fsr been
28-30 and

spectrs for single neutron emitters hsve not been

recorded with only moderate resolution,
measured st all. Apsrt from genersl interest in
energy spectra, energy measurement using s mass
sepsrator has the advantage that a third psrameter,
in addition to mass and hslf-life, becomes avsilsble
for differentiation of neutron emitters, The
method would then be equivalent to that used for
identification of short-lived nuclides on the basis
of their ¥ linel.zo An energy resolving power of
107 would be sufficient for differentistion if esch
neutron emitter were characterized by s well-de-
fined neutron energy, and if these energies for
various emitters differed by sbout 10%. Such reso-
lution capacity might be achieved with a neutron-

time-of-flight lpectrometer37' 48

triggered by the
B psrticle thst precedes neutron emission, ss in
the time-of-flight measurement described in Sec.
3.3..

SUMMARY

Delsyed neutron emission in 235

U thermsl neu-
tron fission wss investigated with s helium-filled
msss sepsrstor. Neutron activity was messured in

coincidence with the neutron emission thst precedes

B decsy. Neutron yields st different times sfter




fission were obtained by measurement of activity
buildup, and half-1life distribution was obtsined by
measurement of activity damping.

The mass distribution of these variables was
Total light
fission-product neutron yield is 1.05 neutrons/100

determined for the entire yield range.

fissions, but that of heavy fission products is
only 0.53 neutrons/ 100 fissions. Measured mass
dependence and time dependence are compared with
published yields of identified neutron emitters.
Unidentified portions of activity in the 85 to 88
(half-1ife 1 sec) and 96 to 100 (half-life 1.5 sec)
mass ranges are discussed. The yield difference of
light and heavy fission products is explained using
delayed neutron emission systematics, and the so-far
unidentified activity is attributed to the parent
nuclides 98Y and 99Y.
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APPENDIX: CONVOLUTION OF MASS-YIELD DISTRIBUTION

To compare the rates measured at the separator
focus with absolute yields, one must either sepa-
rste the measured curves into single yields con-
sidering the resolution function of the apparatus,
or convolute the known yields with the resolution
function, We chose the second method and illus-
trate it for the example of fission rate.

In all mass-separator measurements, one bas-
icslly measures a counting rate at the focus ss s
function of the magnetic field, B. We examine first
8 known magnetic field, Bo' in which ions of mass
number Ao pass through the separator's magnetic
field in 8 stable orbit with radius of curvature,
Poe Because of the moderate resolution, not only
fission products of the stsble msss Ao, but rather
s mass mixture composed of contributions by neigh-
The fol-

lowing sketch illustrstes the situstion for two

boring masses is detected at the focus.
neighboring mssses. The x-sxis runs from the focus
normsl to the stsble orbit, snd in the deflection

plane. We want to know the sum of sll contribu-

tions (cross-hstched sress) to the fission rste,
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AN, in the intervsl Axo determined by the fission-

A
product detector. Then the variable Z%— corre-

sponds to the rate messured at the msss sepsrstor.
The computstion is performed with the fol-
lowing conditions:
1. The general relationship x = x(p), deter-
mined by the ion optics of the system, is developed
for p = po. To first spproximation. s chsnge in

the rsdius of curvature

P =P+ bp 8p << p
and the corresponding chsnge in x
x = x_ + BOx
o
are related by:
Ax.cp-Ap . (AL)

2, ¥For s known msss number, A, we hsve
(Bp)A = const = £ (A). (A2)

The values of f£(A) can be obtsined from the msss-
calibration curve (Fig. 3s). From Eq. (A2) it

follows thst

21 - [ :
Blp,A = const p!B,A = const

from Eq. (A2) from Eq. (Al)
(A3)

g
%x i B,A = const .

3. Of the variables in Eq. (A3),
AB/B DA = consti' measured directly (see Sec. 2.3).
Measurement shows that this value can be set con-
stant and independent of mass for light and heavy
fission products, respectively ({b) Fig. 3 or 4).
Thus it follows from Eq. (A3) that
= I-A—:I = const = R (A4)

|4
Bip,A = const B,A = const

The relstive resolution cspscity, R, for the two
msss rsnges st the respective optimum helium pres-
sures in the chsrge-trsnsfer chsmber is

4.5% for light fission products, 6.7-Torr He

R= 6.1% for heavy fission products, l.4-Torr He °

The stsndsrd devistion. O(xi)’ of the reso-

lution function (see sketch) is

o(x,) =0 _ . x, . (A5)
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1.6% for light fission products, 6.7-Torr He

°  2v2rn2 6.17% for heavy fission products, l.4-Torr He

4. The line configuration is described by a
Gaussian curve as a function of the variable x (see
sketch). This assumption is valid provided that
the resolution function measured as a function of
B is a Gaussian curve (see Sec. 2.3). 1In a trans-
formation from x to B, the line configuration re-
mains Gaussian.

Using these assumptions, we can represent the

Although the terms X, in Eq. (A6) are unknown.
the magnetic-field values, Bi' corresponding to
known Ai can be determined from the measured mass-
calibration curve. Therefore, Eq. (A6) is trans-
formed from x to B by use of the relationships

B

o(x,) ——— o_ ii

fission rate, AN, passing through the detector win- and
dow, Axo, by: B -B
(x, - x ) —e o i
i o B
o
x, + Axo/z
N _ w3, [k exp - [ex, -x)%/20(x,)2 Jax (A6)
Axo 1 i o(xi) i “o i ’

x - Ax /2
(<) (<)

where ni are the mass yields originally given in
fission and the proportionality constant K accounts
for the source strength, the solid angle covered by

the apparatus, and losses from multiple scattering.

Considering finally that the integration over the
detector integral for Axo < Ooxo can be approxi-
mated bv the value of the resolution function at

the location x, or Bo. Eq. (A6) becomes
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AN B
— = K Z: o 2
b, Ty o B, exp - [(Bo - B /2(°031)7]. (A7)

The sverage mass, Z, of the mass mixture present at
the focus is

_ EAini 5 B exp -{
A= L

Z:ﬂi Py B{ exp -

| W
|
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To determine the fission-product mass distribution,

the rate is measured at the fission-product detec-

tor focus as a function of the magnetic field.

The measured razes may, in each instance, be com-
N

pared with the B computed from Eq. (A7).
o

For constant Axo, both the measured and computed
rates sre defined. This condition corresponds to
a AB window increasing proportionslly to B, so thst
the curves plotted against B are distorted. The
true shape, that related to a constant AB intervsl,
of the distribution plotted against B is obtsined
by % correction of the distribution (''distortion

correction').



