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YIELDS OF PRODUCTS FROM THERMAL-NEUTRON

INDUCED FISSION OF 2 3 5U

Part I

Experimental methods and treatment of data.
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Abstract

Methods for fission yield determinations at an ISOL-

system connected to a nuclear reactor have been developed.

The present report contains detailed descriptions both of

the experimental techniques and of the method used to correct

the experimental yields for the decay of short-lived nuclear

species in the delay between production and measurement.
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1. Introduction

Ever since the discovery of fission the determination

of product yields has been the subject of great efforts among

the nuclear chemists. The mass yield distribution has been

measured with great accuracy, but the independent yield

pattern was for a long time only known at limited regions of

the isotopic chart, even for the most studied fissile nuclide,

e 2 U. The reason is to be found in experimental diffi-

culties associated to the separation of a given short-lived

nuclide from a mixture of many hundreds of fission products.

The situation has recently changed drastically as a result of

the introduction of powerful on-line methods such as ISOL

("isotope separator-on-line")-systems ' and similar facili-
3 4)ties ' directly attached to nuclear reactors. At the same

time considerable progress has been made in the field of

developing rapid chemical separation methods (for a review,

see -=f. ) .

'he motivation for improving our knowledge about the

f i•>}on yield pattern is strong. In the first place it gives

visible information about the fission process itself. There

ar also important applications in reactor technology, con-

•7 rning both the efficient running of the reactor, safety

... oblems, and the handling of nuclear waste. In all these

c. ses fission yields are indispensable for the evaluation of

t;se abundances of the fission products and thus for the

c. Iculation of all kinds of macroscopic effects caused by the

bulk of decaying fission products.

235Excellent experimental data for U have now been obtained

with these new facilities, especially at the light-mass peak

of the fission products ~ . Also at the heavy mass peak

the situation has recently improved considerably ' ' , although

because of limited mass-resolution, some of the physical methods

are less efficient. All chese new experiments are backed-up
14-39)

by radiochemically determined yields '. Usually, these

radiochenical studies only cover a limited range of fission pro-

ducts, but the results are invaluable for normalization purposes.
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In the present work we have chosen to use the Studsvik

ISOL-facility "OSIRIS" J for a detailed mapping of the yield
235distribution from thermal-neutron induced fission of U.

In this facility there is a delay between production and

measurement, and the decay of the various products in this

delay must be corrected for. Thus, complementary studies

of the delay are indispensable. On the other hand, the range

of fission products within reach for measurements is very

large indeed and corresponds to about 98 % of the total fission

yield. Thus a rather complete yield study can be made.

Furthermore, the mass resolution is excellent over the whole

range of fission products, and nuclidic identification is

easily done. Since the radioactivity of the samples is

measured the technique also permits the determination of

isomeric yields which is usually not possible with purely

physical detection methods.

Various aspects of the experimental techniques used are

discussed in Chapters 2 - 5 . The resulting fission yields

will be presented in Part II of the report where they can be

compared to published values and to the recent file ENDF/

That part will also contain discussions of the isomeric yield

ratios and their systematic behaviour.

,40)

2. Outline of the experimental method

2/L Yield measurements

For the yield measurements it is essential that the

isotope separator is running smoothly and under stable condi-

tions over the whole experiment. The main idea is to compare

abundances of a range of isotopes of a given element, and

therefore the separator efficiency and the focussing condi-

tions should remain as stable as possible when the mass

range of interest is being measured.
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The stability of the running conditions were checked by

means of passing a 4TT -beta detector with a 1 mm collimator

stepwise across the ion beam corresponding to a monitor

mass (usually containing an isotope of the element under

study as a dominating component). A typical scan is shown

in Fig. 1. It gives a measure both of the focussing (peak

width) and the separator efficiency (peak integral). The

results of this monitoring technique can also be used for

a correction if changes should have taken place.

In the main measurement the mass of interest was adjusted
2

so as to pass through a rectangular collimator, 4 x 12 mm ,

in the direction of the measuring position. By opening a

shutter the beam was allowed to impinge onto an aluminized

mylar tape used as sample backing. At the same time the

measurement was started either with a Ge(Li)-gamma spectro-

meter or with a neutron counter, and it then continued for

a predetermined time. In order to reach satisfactory counting

statistics the measurement was repeated a suitable number of

times with the old sample removed before each measurement.

The timing was chosen so as to enhance one or the other of

the isobaric components in the sample.

2^2 Calibration_grocedures

The gamma spectrometer was calibrated by means of radio-

active samples of known strength. The dead-time of the spectro-

meter system was determined with a series of Cs-samples

of known relative intensities using the method described in
41)Ref. . It was found that the dead-time can be expressed

by the formula

T(VIS) = 15.94+ 0.0136 x (energy channel)

valid up to a counting rate of 20 000 cps. The fact that the

dead-time varies linearly with the energy channel means that

the average energy channel in the measured gamma spectrum can

be used for the determination of the dead-time.
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Figure 1. Profile of activities measured across the peak corre-

sponding to mass 134. Measured with a 1 x 12 mm

slit. Distance between consecutive masses about 11 mm,

background level.
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The neutron counter was the same as the one used in

and the energy dependence of the response curve

was taken from that reference.

Ref.42),

Since the sample strength increases during the course

of the measurement, the dead-time loss will also increase

with time. This effect was taken into account when analyzing

the results according to the technique described in a labora-
43)tory report .

3. Correction for the delay in the system.

3.1 Introductory__remarks

In all nuclear yield studies dealing with radioactive

species it is necessary to correct for the delay of the nuclides

between production and measurement. In certain facilities,

such as LOHENGRIN3* and HIAWATHA4*, this delay is of the

order of micro seconds, and a correction is only needed for

short-lived isomeric states and the like. In an ISOL-facility,

on the other händ, the delay may be many seconds. The fission

products have to diffuse out of the catching material (the

target or a special catcher), leave the catcher surface, move

to the ion source, get ionized in the source, and pass through

the isotope separator before they are collected in front of

the detectors for measurement. Certain of these steps, notably

the diffusion and surface release steps, may be rather time-

consuming even at the high temperatures usually prevailing

in the target-ion source assembly. A delay correction is

therefore necessary.

The delay problem was early recognized in the ISOLDE

work, and a detailed analysis is given already in the

"ISOLDE Report"44 . The problem has then been treated by

many authors, for instance Ravn and Skarestad '. In the

present work we shall follow the general outline presented

in two laboratory reports LF-6547* and NFL-2048* . The line
4 9)

of approach proposed by Winsberg ' is adopted. The distri-

bution of delay times is given by the function p(t)dt which
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is the probability that the delay is between t and t+dt,

counted from the time of production. The function P(t),

defined by

t

P(t) = f p(t')df (1)

then corresponds to the probability that the delay is between

o and t, provided that p(t) is normalized in such a way that

P(e°) is unity.

3̂ 2 The_delay__f unction

The first task is to find an expression for the delay

function p(t). Obviously, it will depend on the geometrical

target-ion source arrangement. It will be derived here for

the OSIRIS integrated target-ion source assembly where the

target consists of uranium oxide/carbide on a support of

graphite cloth, placed in the discharge chamber of the ion

source. A picture of the target is shown in Fig. 2 of Ref

That picture was taken after heating the target to 900°C.

At the ion source temperature of about 1500°C it is to be

expected that the uranium oxide is transformed into carbide,

more evenly spread out on the graphite fibres '.

The diameter of the fibres is 12ym which is shorter than

the range of the fission recoils. Therefore, the fission

products will be evenly distributed in the graphite fibres

(no distinction between uranium oxide/carbide and graphite

is made here; since the targets usually contain about the

same amounts by weight of uranium oxide and graphite and

since the fission products will be distributed over the two

phases in relation to their volumes, most of them will appear

in the graphite).

Let us first consider what happens in the gaseous phase

of the discharge chamber. The ionization efficiency of the

OSIRIS plasma source is quite low, rarely above 1%. Most of

the fission products will therefore get lost from the source

as neutral molecules effusing through the outlet opening

of area S. The number of molecules effusing per second can
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be written

SP,Aa SP A
a

T
g a

(2)

where M is the molecular weight of the compound to which

the nuclide under consideration is attached, R is the gas

constant and A Avogadro's number. The partial pressure in

the discharge chamber is denoted by P-,, and the absolute

temperature by T,. The partial pressure P outside of the

ion source (at temperature T ) is usually so low that the

second term of the expression for Q, can be neglected.

Defining the efficiency c of the ion source as the

relative amount of a certain nuclide that is extracted in

the form of ions, one finds that this nuclide will contribute

the amount

J = (3)
1 " C

to the beam intensity.

The collection rate of the nuclide under consideration

is equal to k J, where k is a proportionality constant taking

into account that the transmission through the separator is

less than unity, and that there might be formed other kinds

of ions of the same nuclide (for instance multivalent ions

or various kinds of molecular ions) beside the particular

one collected.

For the number N, of molecules present in the discharge

chamber the differential equation

dN

dt
Q -

1 - C
(4)

will hold.
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Using the gas law Eq. (4) can be written

dQ,

dt

with

* - « ,

K = & • (5)

and

5 =
- C

In these equations Q is the number of molecules released

per unit time from the solid target material by diffusion

and desorption. In treating the overall process two extreme

assumptions will be made, namely that either desorption

from the surface (and gaseous diffusion in capillaries

between the fibres), or diffusion through the solid material

will be time-controlling. This is likely to happen in

practical cases. It would be a rare case that both processes

are of the same importance for the delay.

3^2.^ Desorgtion-controlled_release_frgm_the_graphite

fibres

A total of N atoms are distributed uniformly in the

cloth which is supposed to consist of m fibres of length

L and radius R. Since the diffusion is supposed to be rapid

compared to the desorption there will be no concentration

gradient set up within the fibres, and the time-dependence

of the concentration c will be given by
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££ = - 2irRLac
dt

(6)

where a is a proportionality constant governing the desorp-

tion rate. (The concentration in the discharge chamber is

expected to be much smaller than the concentration in the

target because of the rapid effusion through the outlet

opening, and it has been neglected in Eq. (6)). The solu-

tion of Eq, (6) is

_Yt,
c(t) =

with y = 2TIRLO,

and the release per unit time is

Q = n»4nR2oc

(7)

(8)
R

This expression is entered into Eq. (5) which is solved to

give

Q = -2KNo_ / -yt . e-6t
d R(6-Y) ̂

(9)

One obtains for the collection rate

V 5 2KN

(l-OR(fi-Y)
(10)
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The collection rate is equivalent to the delay function,

and we can therefore write

p ( t) = (11)

with

y = Y = 2irRLo,

v =
K

- y,

The delay function, written in this way, is normalized to

give P(oo)=l.

It is important to notice that the process is governed

by only two parameters, y and v.

3^2^2 Diffusion-controlled_release_from_the_graghite_fibres

For a treatment of this cylindrical diffusion case

reference is made to the textbook by Crank , giving

JL- e-Dak2t'
in 2

(12)

where o, are the roots of J (Ra. )=0, J (x) being the Bessel
K O K O

function of the first kind of order zero, M. is the amount

of material having diffused out at time t, and M^ is the

amount initially present in the cylinder. D is the diffusion

constant. From Eq. (12) follows that

Q =
R t

k=l

(13)

which, introduced into Eq. (5), gives
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CO

VQd(t) = ILilDN y
 x . {e""uk " -e"01") (14)

In this case the delay function becomes

Pit) = -J2— Y -±— (l-e-V)e- V , (15)

with

vk =
K

Again, there are only two parameters, v, and v,, from

which pĵ  and v, can be derived.

^2^3 Other 2?2™tri®s

If it is possible to distinguish the uranium oxide/carbide

and the graphite as to separate phases, delay functions for

each phase can be written down. One then obtains one p-

parameter per phase. Also other geometries (plane sheet,

spherical) can be treated as shown in Refs. ^ and '.

3^2^ Value_gf _the_garameter_v

Experience shows that there is usually a very large

difference between the parameters \i and v. The former varies

from element to element with a large spread of values whereas

the latter is much larger and, besides, mainly governed by

ion source parameters. For the ion source in the fission

yield experiments the quantity K (Eq. (5)) can be calculated

to lie within the limits

10 < K < 15 s"1.
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Figure 2. Experimental arrangement. 1. Reactor. 2. Heavy

water container. 3. Shutter (Cd in air). 4. Neutron

sensor. 5. Reactor pool wall (Al). 6. Cd mask.

7. Target/Ion source. 8. Beam tube. 9. OSIRIS ana-

lyzing magnet. 10. Collector chamber. 11. Moving

tape for transport of collected activities. 12.

12. Neutron detector. 13. Gamma detector. 14. Beta

detector. 15. 4*6 detector» with tape transport.
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Since ( is usually <1% and p usually <<1 s , these

limits are also applicable for v. This means that v will

only affect the delay function at small times (it does have

the effect, though, that p(0) = 0 which should be the case).

3̂ 3 Experimental _§tudies_of _the_delay__£arameter__v_

Because of the importance of proper delay corrections

much effort has been devoted to the problem of determining

adequate delay parameters. The experimental method resembles

the one used already in the beginning of the ISOLDE project

The experimental arrangement used at the fission yield experi-

ment is illustrated in Fig. 2. The mass beam containing the

isotope chosen to represant a given element is allowed to

impinge onto an aluminized Mylar tape while the number of

particles is counted and the gamma spectrum measured. The

neutron flux on the target is also measured by means of a

detector of type SPN . After a predetermined measuring

time the sample is removed and the number of beta counts,

the gamma spectrum and the neutron flux value are stored.

A new sample is brought into position, and a new rate of

measurements starts. In this way consecutive samples are

measured until a satisfactory stability of sample counts and

separator running conditions has been ascertained. Then the

neutron flux on the target is momentarily brought to a very low

value by the combined effect of dropping a control rod in the

reactor and moving a cadmium shutter into position between

the reactor and the target. In this way the thermal neutron

flux could be lowered to about 2% of its original value within

0.3 s. The running of the separator and the sampling and

counting continues as before until the activity of the nuclide

investigated becomes insignificant.

3̂ 4 Analys is_of _the_delay__data

If the parent effect can be neglected, for instance

because of very short half-life or very low fission yield,

the situation to be analyzed is represented by Fig. 3.
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We assume that the sampling and measurement starts at time

0 but that the irradiation has started before that, at

time -t . The collection of the j:th sample starts at time

t and stops at time t, and the number of counts D(j) of

a nuclide with the decay constant A collected during the

measuring period is to be evaluated.

The production rate per second is given by no<|>(t)

where n is the number of target atoms present, o is the

formation cross section, and $ is the particle flux. The

number of nuclides produced in the time interval dt1 at

time t1 is evidently equal to no*(t1)dt'. The fraction of

these nuclides, which reach the measuring position in the

time interval dt" at time t", is given by the separator yield

n (= fraction of atoms in the discharge chamber which reaches

the measuring position) multiplied by the delay function and

is equal to np(t"-t' )dt" . Finally, the fraction Xe~A ̂ "'"^dt" '

decays in the interval dt" ' at time t"'. Introducing also the

counting efficiency e we find the number of counts in the

latter interval to be given by

dJD(j) = ' p(t"-t')dt" e dt (16)

D2(j)

-t.

-t

dt

Fig. 3.

dt
i I

dt" '
I I

dt' dt" dt"1 ,t
i i r i i i |

In order to get the total number of counts during the j:th

sampling period extending from time t to time t, we have

to integrate Eq. (16) . The variable t' runs from -t to t.

Since the collection has to take place in the interval from

tQ to t, the variable t" runs from the highest of t1 and

tQ to t. The variable f" , finally, runs from t" to t.
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Because of tne two different integration limits for the

variable t", it is convenient to divide the integral into

two parts, one corresponding to production before the start

of the sampling and the other to production during the collec-

tion of the j:th sample.

In order to proceed the delay funciton now has to be

chosen. It is assumed that the temperature of the target -

ion source system is constant during the whole experiment so

that the same delay parameter can be used. First, we choose

the simple delay function p(t) = ve~V , obtained from Eq. (11)

for v>>\i (which is fulfilled for half-lives longer than about

1 s). Then the integrations can be carried out except for

the one over t1 which requires the knowledge of the particle

flux variation. The results are

D(j) = + D2(j) , with

( X+v)
-1] -e + 1

A+p
(17)

where

At = t(j) - t Q(j),

and the particle flux is contained in the F-functions,

defined as follows:

• t o )

FR(j) = / •(t')dt1,

FX(ji;a) = J (18)

-t.

•(t 1)e" a ( t" t' )dt
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In the simplest case the flux is a constant, $ , until

it drops to zero at a given time, t,. Then, provided that the

drop occurs before the j:th sampling starts, both FR(j) and

FI(j;a) will be zero, and

o
FX(j,a) = r 2

a
( l - e ). (19)

Thus D(j) = D,(j) will decrease exponentially with an effec-

tive decay constant being the sum of p and x . The parameter

VJ is therefore easily obtained from the slope of a semi-

logarithmic plot of the measured counting rate versus time

after the drop of the flux.

In the general case the F-functions (18) are evaluated,

analytically or numerically, from the time variation of the

neutron flux and entered into Eqs. (17) to give D(j). The

delay parameter p is then determined by a non-linear least

squares method by equating the measured number of counts

A(j) to the calculated number using the relation

A(j) = D(j;v)=C X D'(j;p) = C X D'(j;p ) +
o

3 p V=Vo

(20)

where p is the first approximation discussed above and C

denotes the constant noen. This constant and the product

CAp are determined by the least-squares method applied to

Eqs. (20). A new value of the delay parameter is obtained

by adding Ap to p , and the procedure is repeated until the

parameter change gets smaller than the standard deviation

of the change. The delay parameter then obtained is con-

sidered to be the final value of u.



- 16 -

Por short-lived nuclides it may not be permissible to

neglect the effect of the parameter v. The extension to

include this parameter is simple to carry out, however,

because there will just be an additional series of terms of

a similar nature as the ones already derived (governed by

e-(v+p)t i n s t e a d o f e-vtu

So far, we have considered the case that desorption is

the time-controlling step. I instead diffusion should be

time-controlling we have to use the appropriate delay function

given by Eq. (15). Also this is a simple extension, however,

obtained by adding a number of terms of the same structure as

the ones derived above, one for each k-value in the sum

appearing in Eq. (15) . The series converges rather rapidly,

and it is usually sufficient to retain 10-20 terms.

3.4^2 Two-component case

If the parent effect cannot be neglected, the analysis

will be the following. For the parent and also for the part

of the daughter atoms formed directly in the nuclear reaction

the formalism of the preceding section is applicable. The

remainder of the daughter atoms have to be treated in a diffe-

rent manner. There are two situations to consider. The

first one (a) assumes the parent to be transported to the

sample. Both the parent and the daughter have to decay in

the sample in order to give a contribution to the number of

daughter counts. The second situation (b) occurs when the

parent decays in the target material. The daughter atoms

are then transported to the sample where they decay and contri-

bute to the number of daughter counts.

Decay_of_the_garent_in_the_samp_le

The differential equation describing the case is

<TD(j) = no en X u (t')dt'p (t"-t')dt"e df

(21)

where the symbols with subscript p refer to the parent.
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As before, the integration interval of the production is

ed into two parts, from'-t to i

The situation is sketched in Fig. 4.

devided into two parts, from'-t to t and from t to t.

Fig. 4

. d t .° d t .

t
| d t . | d t . | d t | |d t ' . | d t " . | d t " ' | | d t

Again, the simple delay function p(t) = ye v is used.

If needed, the extension to the diffusion cases can easily

be done. In terms of Eqs. (18) the two contributions to

D (j) can be written:
a

Da(j) = Dal(j) + D a 2(j),

j) = nopenpFX(j?

+ A[e p - 1] V p [e p p

te ( W

Ap - A ( A p + K p - A, ( A p - A)

D a 2(i) - nop Enp

(22)

j ; >p+Hp)]

A [ F I ( j ; A ) -
+ c
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(b)_ Decay_ of the_garent in_t-he target

For this case the following differential equation is

valid:

ä -X <t"-f)
d4D. - no tnXX •(t')df e p Cl - P(t"-f)] dt" ,

b P P -Mt"-t"> i v <23>
, pCf 1 - t")dt"« e dt l v.

It is convenient to divide the integral of Eq. (23)

into three parts as sketched in Fig. 5.

-t - 5
dt1"

A—\-

-t.

Db2(j): I I I'b2

dt" dt"1 dtIV

-t

D b 3(j):
dfr
«• ^ v tydt, ,dt7 ,dfK M 1 ri|

The same simple type of delay functions as above are

used. An extension to the diffusion case can readily be

made.

In terms of the formulas of Eq. (18) the contributions

to D.(j) can be written:

Db(j)

PX(j;:

xpn°p c"

V

[FX(J ;X+u) - e

P P - i]
(24)
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vvn u[FR(j)-FI(j;X

P nVT

- FI ;X +u )

(X + p) (X +w -X- - X •-Y
In the ideal case that the particle flux suddenly drops

to zero we can apply Eq. (19). It is then seen that D , (j)

and 0^2(j) will decrease exponentially, both with an effective

decay constant of A + p . The contribution D, , (j) will contain
P P Di

two exponential terms, one with an effective decay constant

of A +p and the other with the constant A+p while D _(j)
tr c cl A

and Dfa3(j) will be zero for zero flux. This means that the

number of counts of the daughter will show a composite

decrease with effective decay constants A + p and A+p.

Consequently, it should be possible to determine both u
p

and \i from an analysis of the decrease of the number of

counts. If the flux does not go abruptly to zero but never-

theless decreases rapidly, it is possible to derive approxi-

mative values of u and p to be used as inputs for a non-

linear least squares analysis which will then yield more

accurate values of these delay parameters.

As in the preceding section we equate the experimental

and calculated number of counts:

Da(j) Db(j) Vj)' (25)

where the last term disappears if a specific method of

counting the daughter only is applied. We split the contri-

butions into a constant of the form no en and the remainder,

which can be calculated provided that the flux variation has

been measured. Then

= C Cp [Dp(j;yp> + f-

(26)
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The constants have the following significance:

C = naen

CP
 =

Cpd

(27)

Eqs. (26) can be treated in a manner analogous to (20).

By an iterative procedure, using approximative values as

input, we derive the best values of the three constants

C, C , and C . and the delay parameters p and v, and obtain,

in addition to the delay parameters of the parent and the

daughter, also constants proportional to the fission yields

and separator yields.

It is quite obvious that a successful determination

of five quantities requires very good experimental data.

Otherwise the uncertainties of the quantities derived will

be too large. One possible simplification arises if the

ratio between the separator yields n and n is known. Then

the constant C , can be expressed in terms of n-, and C , and

the number of quantities to be determined reduces to four.

Other simplifications occur when one or the other of the de-

lay parameters are known from other experiments, for instance

were the parent effect can be neglected. By fixing the value

of the known parameter the number of unknowns to be determined

is reduced, and the accuracy of the derived quantities is

improved.

A more detailed description of the analysis of delay

data is giver) in Ref. . For carrying out the analyses a

computer programme "DELAY", based on the considerations above,

has been written in two versions, one-component case and two-

conponent case. It includes the effect of the v-parameter

and, as alternatives, treatment as a desorption case or as

a diffusion case.



- 21 -

The delay parameters y obtained in a series of fission

yield measurements are given in Table 1. It should be

stressed that th.j values are related to the target-ion source

performance at the particular runs. Another target-ion source

assembly, or other running conditions (especially temperature

changes) will presumably lead to ether parameter values. It

was found by experience that the parameters did not change

much over a period of six weeks with the same source. Never-

theless, as a precaution the delay parameters of the elements

under study were always measured on the same day as the yields,

both before and after the main experiment.

Element

Zinc

Gallium

Bromine

Krypton

Rubidium

Silver

Cadmium

Indium

Tin

Antimony

Tellurium

Iodine

Xenon

Cesium

Table 1

Delay parameters

Isotopes
studied

75Zn
75Ga, 76Ga, 78Ga
8 5Br, 86Br
89Kr
89Rb
116Ag, 118Ag
120Cd
123 123m.,.In, In
1 2 9Sn, 129mSn
132raSb, 1 3 3Sb •
134Te
134m, 136T

1 3 7Xe, 13*Xe
139Cs

p.

P, s-1

0.090±0.036

0.056+0.022

0.00373+0.00033

0.0051+0.0005

0.00179+0.00005

0.105±0.015

0.0051+0.0006

0.102+0.016

0.00336+0.00020

0.00367±0.00039

0.00076+0.00004

0.0130+0.0016

0.0119+0.0006

0.00149±0.00012

Time-controlling
release
mechanism

desorption

diffusion

desorption

diffusion

desorption

diffusion

desorption

diffusion

desorption
n

n

ii

diffusion

desorption
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The table shows large differences in delay properties

from element to element. Zinc, gallium, silver, and indium

are released fast and tellurium very slowly. The other

elements are in between these cases.

It is sometimes difficult to recognize the release

mechanism. Very good experimental data are required for an

unambiguous determination of the time-controlling step.

It is not easy to state with certainty which theoretical

distribution is the proper one to use. One reason for this

is that the first (and largest) term in the diffusion delay

function is the same as the delay function for desorption.

As will be shown later (Chapter 4) the half-life dependence

of the delay correction can sometimes be used to ascertain

the release mechanism.

3^6 Analy_sis_of_the_y_ield_data

It should be noted that the delay measurement also gives

a value of the yield o, or rather the product no en (cf. Eq. (20))

The number of target atoms and the counting efficiency can

be determined in a straightforward manner, but the separator

yield T\ is more difficult to measure to an acceptable accuracy.

Since the separator yield should be the same for all isotopes
54)

of the same element apart from a small mass effect , at

least relative cross sections can be determined by this proce-

dure. It is an advantage, however, to measure the yields

separately, as described in Chapter 2. The analysis follows

the same principles as the analysis of the delay data. Only

if the nuclide investigated is not fed by the parent, for

instance certain isomeric states, does one obtain an indepen-

dent yield from the measurement. Usually the resulting value

o1 contains contributions from the parent decaying either in

the target or in the sample. The two component version of

DELAY can be used to deal with these cases, but it turned

out to be better to write another code "FCORR" which trans-

forms the measured yield into a cumulative yield. For the
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case of a constant neutron flux <f> one can rewrite the

formulas of Section 3.4.2 (and their extensions to diffusion

cases) to give

o+o =

[i- a+B-ye-U+u)tx + 6e" ( AP+ pP } tx]
(28)

, _ (Number of counts of the daughter)

The constants a, 6, y, and 6 take different forms for the

different possible cases given below

Case

(1)

(2)

(3)

(4)

(5)

(6)

Parent

-

-

Desorption

Diffusion

Desorption

Diffusion

Daughter

Desorption

Diffusion

Desorption

Desorption

Diffusion

Diffusion

We have for D1:

Case (1)

Case (3)

Case (4)

D1 = Ae

(29)

" —1'
14- 1,-1
A+yJ

Case (2)

Case (5)

Case (6)

D1 =

N
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xe
-(x+uk)t

( 3 0 )

For a:

Case (3)

Case (5)

- X t

a =

1-e'

( o + o p ) (X+p) ( X p + p p ) C (31)

- X t

Case (4) a =

Mr

(o + o ) ( X+p)Df

(32)

C a s e (6) a = VP"1

- X t N

N „ NT
« , N 2 <r=

( 3 3 )

Case (3)]

C a s e (5)
B =

°PVP
(o+op)n(Xp+pp)D'

-x t

L ,
X - X ) X
p p

( x p - , ) x
(34)

-x t

Case (4)j

Case (6)J

°PVP
6 =

t - x(l-e

VY X)

Xp(

x(

1-e

V X)

) NT

(35)

N£ / a , v 2
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The expressions for y and 6 become very lengthy and are

not written out explicitly he-re. These constants are only

rarely of importance because they are multiplied by the

factors e" ( > + y ) tx and e ~
( X P + y P ) t x , respectively, and for tx

large compared to the half-lives of the parent and daughter,

these factors become negligibly small. The programme FCORR

contains the full factors. Both a and 6 contain the ratio

o /(o. ,+o ). In most cases those constants are much
p,cunv m d p,cum
smaller than unity. The procedure to follow is therefore an

iterative one. First, a ratio from other sources, for instance
40)the ENDF/B-V library or some experimental results, is chosen

as input. The first set of results then gives a new value of

this cross section ratio which can be used for the next cal-

culation. The procedure is repeated until there is no more

change of yields.

The method outlined hero is not useful if a and 6 should

be large, which may happen for a long-lived daughter with

small independent yield fed by a long-lived parent of much

larger cumulative yield. Such cases should be excluded from

the study.

4. Determine,xon of the release mechanism

4^1 §xp_ected_half-life_dep_endence_of _the_delay__correction

According to Section 3.5 delay studies are not

very useful for determining which of the release mechanisms

is the time-controlling one, desorption or diffusion. There

is an alternative way of doing this unambiguously, however,

provided that yields of fair accuracy are known for a few

isotopes with widely different half-lives. The ratio between

these yields and uncorrected yields obtained with the present

method, Fcorre is actually the correction necessary for

converting the yields for decay losses during the delay

between production and measurement.
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It is to be expected that F should tend towards

unity for large values of the delay parameter p compared to

the decay constant A because the products then arrive at the

measuring position before any appreciable decay has taken

place. The behaviour for p<< A is more interesting, however,

because it will be different for desorption and diffusion.

In the former case F will increase proportionally to A,

and in the latter case proportionally to the square root of A.

If one can evaluate the asymptotic behaviour, then one also

knows the release mechanism.

The statement above can be proven as follows. For desorp-

tion the delay correction is obtained from Eqs. (28) and (29)

and is simply (neglecting small terms):

A +
corr

(36)

Thus, F tends towards unity for A<<p and increases

as A for ^> > p.

For the diffusion case we obtain (from Eqs. (28) and (30)

corr
(37)

It is immediately seen that, for A<< p, F tends towards

unity. To work out the asymptotic behaviour for A>> p we need

an approximate value of the sum in the denominator of

Eq. (37) . This is obtained by replacing terms with A> j/̂  by

- and neglecting terms with A< p^ (those terms decrease rapidly

(as i2)).
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The number of terms to consider is taken to be that

for which

(38)

Now , Schafheitlin55} has shown that

(k - • £ • ) * < a k < (k - -g) ir ,

Putting aN ~ NIT, we get

N „ ll /T (39)

and, replacing the sum in the nominator of Eq. (37) by the

approximate value 0.21 a. , we finally obtain

Fcorr * 0.21*0^/777, (40)

ie F increases as— corr

TJ3erelease_mechanismforthef issionelements

An application of the findings of the preceding section

implies that a set of approximate yields are already known

for a string of isotopes of a given element. Then the delay

correction necessary to bring the uncorrected yield values

up to the known ones are proportional to F of Eqs. (36)
CO1T JT

or (37), and a plot of these correction factors against A

on a log-log scale will asymptotically approach a line with
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the coefficient 1/2 for the diffusion case and i for the

desorption case. Such analyses are being carried out for

all the elements included in the present study. Tentative

results are given in the last" column of Table 1. They have

to be confirmed, however, and this can only be done when the

whole set of yield values is available. A detailed discussion

will be given in Part II of the present report.

5. Normalization of the yields

The technique of present work gives relative yields of

strings of isotopes of the various fission elements. Absolute

yields are not directly obtained because the overall separator

efficiency depends on the element chosen and is likely to

change from day to day. Besides, it is very difficult to

determine with a satisfactory precision. For this reason

the relative yields have to be converted to absolute ones

by means of a comparison with fission products whose yields

are known on the absolute scale. This procedure is common

in nuclear reaction work where a monitor reaction is very

often used for normalization. Thereby, one avoids the special

precautions involved in measuring the beam intensity accurately.

The only difference is that a monitor is needed for each

element.

For a proper choice of normalization point certain condi-

tions should be fulfilled. First of all, the cumulative

yield of the monitor isotope must be well known. In the

present work the parent effect is taken care of in such a way

that the measured figures are transformed into numbers pro-

portional to the cumulative yields. In doing so, a correction

factor has to be applied, and a second requirement is that

this correction factor should be close to unity so that no

appreciable error is introduced by the correction itself.

This is the case if the parent mainly decays in the target

The fission products chosen for the normalization are

collected in Table 2. In most cases, averages of published

yields are used for the normalization purpose. Note that

also the parent yields must be known in order to find the

cumulative vields.



Table 2

Yields used for normalizing the experimental results.

Element

Zinc

Gallium

Bromine

Average yields, %

Krypton

Rubidium

Silver

Cadmium

79

80

80

88

88

88

Zn:Y± = 0.00164±0.00067

Zn:Y± = 0.00037+0.00024

Ga:Y. = 0.0125 ±0.0026

Se:Y. =

Br:Y. =

89

89

89

Se:Yi =

Br:Yi =

Kr:Y4 =

0.037 ±0.018

0.248 ±0.029

1.44 ±0.04

0.038 ±0.015

1.06 ±0.04

3.47 ±0.04

93

93
Kr:Y. =

Rb:Y. =

0.50

3.12

±0.03

±0.05

117

117
Pd:Yc=

Ag:Y±=

0.0066 ±0.0007

0.0035 ±0.0005

References Resulting
cumulative yield, %

9 79Zn:Yc = 0 .0016±0.0007

Comment

40
8,9

9

7,8,9

6,7,8,

7,8,9

6,7,8,

6,7,8,

4,6,8

4,8,9,

25

25

9,

9,

9,

11

14

14

10

,12

8°Ga:Yc =

88Br:Yc -

89Kr:Yc -

93

117* „Aa:Y =

0

1

4

3

0

.0129±0

.73 ±0

.57 ±0

.62 ±0

.0101+0

.0026

.05

.06

.06

.0008

to

120Cd:Yc= 0.0121±0.0013 From systematics,
see text

Indium 124In:Yc= 0.023 ±0.003 From systematics,
see text



Tin

Antimony

Tellurium

Iodine

Xenon

Cesium

130Sn:Y = 1.00 ± 0.10c

131

131
Sn:Y = 0.80 ± 0.07c
Sb:Y.= 1.54 ± 0.10

134Te:Y = 6.80 ± 0.24c

138

138
Te:Yc= 0.08

I:Y± = 1.41 ± 0.10

139Xe:Y = 5.26 ± 0.11c
140

140
Xe:Y = 3.72 ± 0.06c
;:Y.= 2.84 ± 0.12

Table 2 (cont.)

22,24 1 3°

24

24

17

6

6,14

6,20

6,20

11

Sn:Y = 1.00 ± 0.10c

131Sb:Yc= 2.34 ± 0.12

134Te:Yc= 6.80 ± 0.24

138I:Y = 1.49 ± 0.10c

139Xe:Yc= 5.26 ± 0.11

140Cs:Y = 6.56 ± 0.13c

OJ

o
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For cadmium no good monitor isotope wi*h measured yield

is available. We therefore have to resort to systematics.

From the ENDF/D-V data40) it is seen that the independent

yields of the indium isomers of mass 120 are only ~ 2 % of

the cumulative yield of Cd. This effect is neglected,
120and the cumulative yield of Cd is set equal to the total

yield of mass 120, or (0.0121±0.0013) %.

The situation is similar although somewhat less favour-

able for indium. According to systematics the sum of the

cumulative yields of the indium isomers of mass 124 should

be 88 % of the total mass yield ((0.0259 + 0.0028)%). Thus the
124

sum of the yields of the In isomers is normalized to

(0.023±0.003)%.

It should be noted that if we utilize two normalization

points per element, we will have the possibility to determine

not only the absolute yields but also the delay parameter p.

The technique is then to calculate the yield Y. or isotope î

as a function of v a n d then to plot the ratio Yi(p)/a. versus p

where a. is the yield value used for normalization. Two curves

are obtained, one for each normalization isotope. These curves

are approximately linear on a log-log scale and have slopes

which depend on the half-life of the isotope. Their crossing

point can therefore be used for a determination both of the

parameter p and of the factor for absolute yield normalization.

This method has the great advantage that the delay is determined

in the same series of experiments as the yields themselves

and therefore under nearly identical conditions of the ion

source of the isotope separator. It will be further elaborated

in Part II of the report.

6. Fission products yields

For the resulting set of fission product yields, including

the yield ratio of many isomeric pairs, the reader is referred

to Part II of the present report.
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