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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 de-

scriptions 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. The methods have been applied

to the determination of the fission yields of 40 fission

products including 2 isomeric pairs in the light mass

region and those of 99 fission products including 25

isomeric pairs or triplets in the heavy mass region. For

64 cases this is the first determination published.

•Present address: EIR, CH-5303 Wiirenlingen, Schweiz



1. Introduction

Ever since the discovery of fission the nuclear

chemists have put great efforts into the determination of

product yields. Mass yield distributions have been

measured with great accuracy, but the independent yield

patterns were for a long time only known at limited

regions of the isotopic chart, even for the most studied
235fissile nuclide, e.g. U. The reason is to be found in

experimental difficulties associated with 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 sepa-

rator-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 Ref. ).

The motivation for improving our knowledge about

the fission yield pattern is strong. In the first place,

it gives valuable information about the fission process

itself. There are also important applications in reactor

technology concerning both the efficient running of the

reactor, safety problems, and the handling of nuclear

waste. In all these cases fission yields are indispen-

sable for the evaluation of the abundances of the fission

products and thus for the calculation of all kinds of

macroscopic effects caused by the bulk of decaying

fission products.

Excellent experimental data for 235U have now

been obtained with new facilities, especially at the

light-mass peak of the fission products . Also at the

heavy mass peak the situation has recently improved

considerably6'11'*2'57' although some of the physical



methods are less efficient because of limited raass-

resolution. All these new experiments are backed-up by

radiochcmically determined yields "'"' . Usually,

these radiochemical studies only cover a limited range of

fission products, but the results are invaluable for

normalization purposes

In the present work we have chosen to use the

Studsvik ISOL-facility "OSIRIS"2) for a detailed mapping

of the yield distribution of thermal-neutron induced
235

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 indispen-

sable. 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. Further-

more, 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 Chapters 6 - 9 where

they can be compared to published values and, where

published values are lacking, to the recent file
40)

ENDF/B-V . The cumulative yields are dicussed in

Chapter 10 and the isomeric yields in Chapter 11. The

application of the new set of yield data to delayed-

neutron yields is described in Chapter 13 finally, some

results concerning the technique (separator efficiencies,

delay data) are given in Chapters 1.4 and 15.



2. Outline of the experimental method

2^!__Yield_measurements

For the yield" measurements it is essential that

the isotope separator is running smoothly and under

stable conditions 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 conditions should remain as stable as

possible when the mass range of interest is being

measured.

The stability of the running conditions were

checked by means of passing a 4n-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). The scan

gives a measure both of the focussing (peak width) and

the separator efficiency (peak integral). A typical

monitor curve is shown in Fig. 1 which gives the relative

efficiency of detecting mass 139 as a function of time

for a specified day. The efficiency "fluctuations" are

generally rather small. In most cases a given mass number

was measured several times over a day of experiment.

Efficiency fluctuations are then partly responsible for

the spread of values and are included in the evaluation

of the error. In cases with only one measurement a

systematic error of + ^0\ was assigned to account for the

uncertainty caused by efficiency fluctuations (the

average spread (standard deviation) of all the monitor

measurements was found to be 9.8 »). In the main measure-

ment the mass of interest was adjusted 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



Time of the day

Fig. 1 Soparitor fluctuations on a specific day. Mass 139

measured with a 4n-detector



tape used as sample backing. At the same time the mea-

surement 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_ii_Calibration_procedures

The gamma spectrometer was calibrated by means of

radioactive samples of known strength. The dead-time of

the spectrometer system was determined with a series of

Cs-samples of known relative intensities using the
41)

method described in Ref. .It was found that the

dead-time can be expressed by the formula

T(MS) = 15.94 + 0.0136 x (channel number)

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

the dead-time varies linearly with channel number means

that the average channel number in the measured gamma

spectrum can be used for the determination of the dead -

time.

The neutron counter was the same as the one used
42)

in Ref. , and the energy dependence of the response

curve was taken from that reference.

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
43)

described in a laboratory report



3. Correction for the delay in the system

3^1_I^troductoryremarks

In all nuclear yield studies based on radioactive

decay it is necessary to correct for the delay of the

nuclides between production and measurement. In certain

facilities, such as LOHENGRIN3' and HIAWATHA4J, this delay

is of the order of microseconds, and a correction is only

needed for short lived isomeric states and the like. In an

ISOL-facility, on the other hand, 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 measure-

ment. Certain of these steps, notably the diffusion and

surface release steps, may be rather time-consuming even at

the high temperatures 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
44)

"ISOLDE Report" . 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-2O48). The line
49)

of approach proposed by Winsberg is adopted. The distri

bution of delay times is given by the function p(t)dt which

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) - \ p(f)df (1)

o

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(«) is unity.
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3^ 2_The_delay._ function

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 (Ref. ).

The diameter of the fibres is 12 urn 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

of graphite is made here; since the targets usually

contain about the same amounts by weight of uranium oxide

and of 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 be written

SP A

/2ffMR Tj /2trMR T

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
Cl cl

outside of the ion source (at temperature T ) is usually

so low that the second term of the expression for Qd can

be neglected.

Defining the efficiency 7, 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 - 5 2 A
W (3)

to the beam intensity.

The collection rate of the nuclide under con-

sideration 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 mo-

lecular ions) beside the particular one collected.

For the number N. of molecules present in the

discharge chamber the differential equation

dt

will hold.

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

dQ-
^ - KQ - 8 0 d ,



with

K =

ö =

(5)

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.

i 2 Q l ? 9 D £ 9 § _ _ f r o m _ t h e

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 (L>>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

(6)
dt " R

where a is a proportionality constant governing the

desorption rate. (The concentration in the discharge

chamber is expected to be much smaller than the
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concentration in the target because of the rapid effusion

through the outlet opening, and it has been neglected in

Eq. (6)). The solution of Eq. (6) is

c ( t ) - N

2
innR L (7 )

2a
with "Y = p'
and the release per unit time is

-Yt
Q =

2N<*e ( 8 )

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

to give

2KNa

One obtains for the collection rate

(9)

C
2KNa [ _ -Yt (10)

The collection rate is equivalent to the delay function,

and we can therefore write

P i-e~vt (11)
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with
2a

p - -y =
R

K
v - -(j .

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

give P(<» ) = 1 .

It is important to notice that the process is

governed by only two parameters, M and v.

from the graphite

fibres

For a treatment of this cylindrical diffusion

case reference is made to the textbook by Crank ,

giving

00

-I R2 2

k=l a k

-De, 2t,
k

where a. are the roots of J (Ra. ) = 0, J (x) being

the Bessel function of the first kind of order zero, M

is the amount of material having diffused out at time t,

and MM is the amount initially present in the cylinder.. D

is the diffusion constant. From Eq. (12) follows that

2
4DN ^~ D ak t

Q = i S 5 _ \ e K , (13)I
which, introduced into Eq. (5), gives

oo i

k=l k



In this case the delay function becomes

- ± - (l - e'^l e ^ (15)

with

vk =

1-5

Again, there are only two parameters, p. and v.,

from which y. and v. can be derived.

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.47) and 4 8 ).

Experience shows that there is usually a very

large difference between the parameters M and v. The

former varies from element to element with a wide 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
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-1
10 < K < 1 5 s 1 .

Since Z 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).

3^3 Experimental studies of_the delay.parameter y

Because of the importance of proper delay correc-

tions much effort has been devoted to the problem of deter

mining adequate delay parameters. The experimental method

resembles the one used already in the beginning of the
52)ISOLDE project .The mass beam containing the isotope

chosen to represent 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 set 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 activi

ty of the nuclide investigated becomes insignificant.

An alternative method to determine the delay

parameter is by means of a normalization procedure. This

is further elaborated in Chapter 5.



3.4 Analysis of the delay data

3.4.1 One-component case

If the parent effect can be neglected, for instance

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

the situation to be analyzed is represented by Fig. 2. We

assume that the sampling and measurement ..tarts 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 dt' at

time t1 is evidently equal to no*(t')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 Ae 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

d3D(j) = no£n**(t')dt'p(t"-t')dt"e~X(t"'-t''dt"1. (16)

Fig. 2

-tv dt1 t dt" dt"

In order to get the total number of counts during thr j : t;h

sampling period extending from time t to time t, we have to
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integrate Eq. (16). The variable t' runs from -t to t.

Since the collection has to take place in the interval from

t to t, the variable t" runs from the highest of t' and t

to t. The variable t"', finally, runs from t" to t. Because

of the 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 collection of the

j-.th sample.

In order to proceed the delay function 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) = pe y ,

obtained from Eq. (11) for u>>u (which is fulfilled for

half-lives longer than about 1 s). Then the integrations

can be carried out except for the one over t' which

requires the knowledge of the particle flux variation.

The results are

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

( ill - e + il,

r • ( 1 7 )

D~ ( j ) = naeni- — -FI(j;A) +
A+u

+ FI(j; A " "

where

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

and the particle flux is contained in the F functions,

defined as follows:
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FR( j) - / *[t' )df ,

o
FX(j;a) = / " *(t')e a ( t" t" }dt', (18)

t(j= J (f)e~ a ( t~ t' )dt 1 .

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

Thus D(j) = D.(j) will decrease exponentially with an

effective decay constant being the sum of w and \. The

prameter M is therefore easily obtained from the slope of

a semilogarithmic 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 u 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

= D ( J ; M ) = C D ' ( J ; M ) = CD'(j;M o)

(20)
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where p is the first approximation of p (determined

under the assumption of a constant flux until the drop

occurs and then zero flux) and C denotes the constant

noer). 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

M , and the procedure is repeated until the parameter

change gets smaller than the standard deviation of the

change. The delay parameter then obtained is considered

to be the final value of M•

For short-lived nuclides it may not be permissible

to neglect the effect of the parameter v. The extension to

keep this parameter is simple to carry out, however, because

there will just be another series of terms of a similar

nature as the ones already derived (governed by e v y

instead of e p ).

So far, we have considered the case that desorption

is the time-controlling step. If 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.

5^4^2 Two^comgonentcase

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 which is formed directly in

the nuclear rection the formalism of the preceding section

is applicable. The remainder of the daughter atoms have to

be treated in a different 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
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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 contribute to the number of daughter counts.

in the sample

The differential equation describing the case is

n o p e n p A p H ( t ' ) d t ' p p ( t " - t ' )dt"e p dt1" x

- A ftiv-t"') iv
x e A* 'dt , (21)

where the symbols with subscript p refer to the parent

Again, the integration interval of the production

is divided into two parts, from -t to t and from t

to t. The situation is sketched in Fig. 3.

Fig. 3

i t oi d ti' fdt'"i i d t i

-tv tn dt
1 dt" dt"1

p 1°| I» II M

As before, the simple delay function p(t) = ue~v is

used. If needed, the extension to the diffusion cases can

easily be done. In terms of the formulas (18) the two

contributions to D (j) e n be written:

Da(j) -
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(A -fp ) At

Vp le
 p P - 1)

p At . (Jt+u -X)At

i X[e P - I] y p [e P P (V 2)

P I

X - A J

ib)_DecaY_of_the_earent_in_the target

For this case the following differential equation
is valid:

A "" A

d Db = n o p £ n u * ( f ) d f e Ptf'-f^ _ p(t..tl) j dt,, ^

-X(tlv-t") (23)
« P(f" t")df" e dtlv.

It is convenient to divide the integral of Eq.
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(23) into three parts as sketched in Fig. 4

Fig. 4

D.,(j): I r'l H ~ J 1 ' I . |

>v
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 contri-

butions to D. (j) can be written:

—É-J2

(Xp4lip)4t

» V 1 1 I W(t + W) (*p*wp> *

P P

f "^l""1^!
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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

D. ?(j) will decrease exponentially, both with an effective

decay constant of A 4p . Tho contribution D,,(j) will

contain two experimental terms, one with an effective decay

constant of A + p and the other with the constant A+p while
P P

D n(j) and D.-(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 ^ +M_ and

A+p. Consequently, it should be possible to determine both

p and p 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 p 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 experimen

tal and calculated number of counts:

A(j) - D(j) + D (j) + D. (j) + D(j), (25)
ct D p

where the last term disappears if a specific method of

counting the daughter only is applied. We split the

contributions into a constant of the form noen and the

remainder, which can be calculated provided that the flux

variation has been measured. Then

- C D((j;p)+Cp [0p(J;Mp) + -~

(26)

The constants have the following significance:
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C = no t q

CP ' n°pepnp < 2 7 )

c
Pd

 = nV n-

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 M D

and p, 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 C and C , and

the number of quantities to be determined reduces to four.

Other simplifications occur when one or the other of the

delay 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 given 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-component case. It includes the effect of the

v-parameter and, as alternatives, treatment as a desorption

case or as a diffusion case.

3^5_Resulting delay parameters

The delay parameters yi obtained in a series of

measurements are given in Table 1. It should be stressed
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that the values are related to the target-ion source per-

formance at the particular runs. Another carget-ion source

assembly, or other running conditions (especially tempera-

ture changes) will presumably lead to other parameter

values. It was found by experience that the parameters did

not change much over a period of six weeks with the same

source. Nevertheless, as a precaution the delay paramters of

the elements under study should always be measured on the

same day as the yields, both before and after the main

experiment.
86

The technique is exemplified for one case ( Br -
R 9

Fig. 5) with beta measurements and another ( Rl> - Fig.

6) where the time variation of the 1032 keV gamma ray has

been followed.
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Table 1

Element

Delay parameters v.

Isotopes
studied

W s-1 Time-controlling
release
mechanism

Zinc

Gallium

Bromine

Krypton

Rubidium

Silver

Cadmium

Indium

Tin

Antimony

Tellurium

Iodine

Xenon

Cesium

75Zn
75Ga, 76Ga, 78Ga
85Br, 86Br
89

89
Kr
Rb
6

120
116Ag, 118Ag

1 2 3 ln ,
129Sn, 129mSn
1 3 2 mSb, 133Sb
134Te

134m
I

139Xe
139Cs

0.09010.036
0.05610.022

0.0037 i0.0003
0.005110.0005

0.0018 10.0001

0.11 ±0.02
0.005110.0006

0.10 10.02
0.0034 10.0002
0.0037 10.0004
J. 0007610.00004
0.013 10.002
0.003910.0018

0.0015 10.0001

desorption

diffusion

desorption

diffusion

desorption

diffusion

desorption

diffusion

desorption

*)

•)

*)

*)

•)

*)

diffusion

desorption

*) Probable release mechanism
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The table shows large differences in delay
properties fro» element to element. Zinc, gallium,

silver, and indium are released fast and tellurium very

slowly. The other elements are in between these cases.

.1 _..; usually difficult to recognize the release

mechanism. Very good experimental data are required for

an unambiguous determination of the kind of time-con-

trolling step. 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 .Analysisof theyielddata

It should be noted that the delay measurement

also gives a value of the yield a, or rather the product

no£f) (cf. Eq. (20)). The number of target atoius and the

counting efficiency can be determined in a straight

forward manner, but the separator yield n is more diffi-

cult to measure to an acceptable accuracy. Since the

separator yield should be the same for all isotopes of
54)the same element apart from a small mass effect , at

least relative cross sections can be determined by this

procedure. It is an advantage, however, to measure the

yields separately, as described in Chapter 2. The ana-

lysis 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 independent yield from the measurement.

Usually, the resulting value a' 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 transforms the
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measured yield into a cumulative yield. For the case of a

constant neutron flux $ Q one can rewrite the formulas of

Section 3.4.2 (and their extensions to diffusion cases)

to give

o+o =
P

-(x+u)t - U +ii )t
1-ct+B-Ye x+«e P P (28)

o,= (Number of counts of the daughter).

The constants a, S, 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) A * |»

(29)

Case (2)

Case (5)

Case (6)

D1

N
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e )te (30)

For_a :

Case 3'
Case 5

VP!

- x t _

(o+o +p ) (31)

Case 4 a
(o+o

(32)

-At

Case 6: a «=

Np N

(o+op)D' Jeter I
(33)

2 < — *— "•• -i' * p
k = l X = l

Case 3|
Case 51

°PVP
(o+op)n()p+wp)D-

- A t
, ( l - e )

< A p - A ) A
(34)

-At

Case
Case

>(>„•>)
(35)

(o+o )oD'
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The expressions for *r and 6 become very lengthy

and are not written out explicitly here. These constants

are only rarely of importance because they are multiplied

by the factors e "
( A + u ) tx a nd e " ' ^ V ^ ,

respectively, and for t large compared to the half-lives
Ä

of the parent and daughter, these factors become negligibly

small. The programme FCORR contains full factors. Both a and

£ contain the ratio o /(o, .+a ). In most
p,cum ina p,cum

cases those constants are much smaller than unity. The

procedure to follow is therefore an iterative one. First, a

ratio from other sources, for instance the ENDF/B-V lib-
40)rary 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 calcu-

lation. The procedure is repeated until there is no more

change of yields.

The method outlined here is not useful if a and 0

are 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. Determination of the release mechanism

§^.l_?xE§?t§d_l}alfilife_dependence ofthedela^

correction

As noted above delay studies aie 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, Fcorr» is actually the correction

necessary for converting the yields for decay losses

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

unity for large values of the delay parameter M 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 M<<A is more interesting,

however, because it will be different for desorption and

diffusion. In the former case F will increase
corr

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

desorption the delay correction is obtained from Eqs.
(28) and (29) and is simply (neglecting small terms):

F = X+V (36)
corr y

Thus, F tends towards unity for A<<y

and increases as A for A>>p.

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

and (30)):

coirr '
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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 > M V by 1 M and n«vj?ecting terms with A<pv

(those terms decrease rapidly (as 1/k )).

The number of terms to consider is taken to be

that for which

A 2 p k, _i.e.

ct,\2 (38)

a, < a. /—
k 1 v

Now, Schafheitlin ' has shown that

Putting ow ~ NIT, we get

N i T «. (39)
TT M

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

approximate value 0.21 c^2, we finally obtain

F 0.21fa,/T7ir, l4

corr 1

5e F increases as »>.
-- corr
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The rele§se_mechanism for_the_fission_elements

investigated

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 ele-

ment. Then the delay correction necessary to bring the

uncorrected yield values up to the known ones are pro-

portional to F of Eqs. (36) or (37), and a plot of

these corretion factors against X on a log-log scale will

asymptotically approach a line with the coefficient 1/2

for the diffusion case and 1 for the desorption case.

Because of this great difference in half-life dependence a

determination of the release mechanism requires the

knowledge about approximate yields only. These are divided

by the raw results (i.e. without any delay correction) from

the present study to provide values of Fcorr, which are then

plotted ygrpua the decay constant A on a log-log scale, and

the asymptotic behaviour of Fcorr tox large X-values is

determined- Such analyses have been carried out for most of

the elements included in the present study (cf. Chapter

6-10). The results are given in the last column of Table 1.

The method outlined above is expected to work

best if the delay constant of the parent is unimportant.

5. Normalization procedure

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 satis-



factory 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

conditions 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

proportional to the cumulative yields. In doing so, a

correction factor has to be applied, and a second require-

ment 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 (*p>>M )•

The determination of the delay parameter p can

be done by means of delay experiments as described in

Chapter 3. There is one drawback with this kind of experi-

ments, however, namely that the measurement is carried out

with the neutron flux reduced to a small fraction of its

value at the yield determinations. This means a cut-out of

the heat generated in the target material by the fission

process and, consequently, a colder target. Since the

desorption and diffusion rates are expected to increase

strongly with temperature, the delay parameters determined

in the delay experiments may be too low and not representa-

tive for the yield measurements. There is a way to circum-

vent this difficulty by choosing two published yields Y

for a normalization procedure which gives both a normali-

zation constant and the delay parameter. The two norraali-
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zation points should be such that the delay is important in

one case (short half-life) but not in the other (long

half-life). For each of these isotopes a quantity

R (= a + a ) is determined as a function of the delay

constant using the method of analysis outlined in Section

3.6. This quantity is the product (cf. Eq. (28)):

R = n*ooon JY.^+Y (1-P )+y p ~\, (41)

J id cp np en nnj'

with

n = number of target atoms

• = neutron flux unit (neutron flux at the

target position for 1 kW of reactor power)

o = fission cross section corresponding to 1

yield unit

H = separator efficiency for the element under

study

Y., = independent yield of the isotope under study

Y = cumulative yield of its isobaric parent

P - delayed-netron branching ratio of this

parent

Y = cumulative yield of the non-isobaric parent

which feeds the isotope studied via de

iayed-neutron emission

P = delayed-neutron branching ratio of thenn
non-isobaric parent.

The ratio R(u)/Y is calculated and plotted

yersus M for both normalization isotopes as bands of

width 1.4 standard deviations. The overlap between the

two bands is used to define the p-value. In addition, a

normalization constant n* o nr thus proportional to the

separator efficiency, is obtained.



oftheelements

The quantity R in the preceding section is equal to

the number of counts of the nuclide under study divided by

the product

D' (M) x[ia(p,M )

-f(M,Mp) e
 x +6(M,Mp)e

This means that the delay constant p of the parent should

be known before the constant M can be determined. Thus the

elements should be analyzed consecutively starting with a

case where A >>p so that the parent decays almost comple-

tely in the target before it can be released.

Selenium is not separated at OSIRIS, probably

because it is held back as uranium selenide. Its delay

constant must be very small and a suitable group of elements

for analysis is

(a) Bromine - Krypton - Rubidium
59)Copper isotopes have been seen at OSIRIS . They

were not measured in the fission experiment, however, and at

the present time we neglect the influence of the copper

release, i.e.. we assume \ >> p for copper. This assumption

may later be exchanged for a more proper treatment including

copper isotopes when data are available. Thus we analyse:

(b) Zinc - Gallium

Palladium isotopes have not been seen at OSIRIS. We

expect the release to be very low and assume \ >> yi . This

gives us the third group of elements:

(c) Silver - Cadmium - Indium - Tin - Antimony - Tellurium

- Iodine - Xenon - Cesium.
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6. The elements bromine, krypton, and rubidium

6.1 Bromine isotopes

The three consecutive elements bromine, krypton, and

rubidium are analyzed first. This is done partly for illu-

strative purposes; they are well suited to demonstrate the

methods used in the analysis with examples both of desorp-

tion-controlled release (Br, Pb) and of diffusion-controlled

release (Kr). Furthermore, the bromine parent selenum does

not seem to be released at all from the target probably

because of the formation of little volatile selenides with

uranium. Thus the release constanr p can be put equal to

zero in the bromine case.The F versus X plot for bro-
corr w

mine, obtained using literature yields given in Table 2, is

shown in Fig. 7. It is seen that a constant value is reached

for small X, and that the angular coefficient approaches the

value unity for large X-vaiues. This is typical for desorp-

tion-controlled release, a behaviour not unexpected for

reactive species such as atomic bromine which might easily

stick for long periods to the surfaces in the ion source.

§:1^?._N°rmalization_grocedure

The best "long-lived" isotope for a normalization is

Br(T1/9 = 1908 s). There are good data published for the
84

yield of wads Br (averge value 1.028+0.018 %). These

yields correspond to the sum of the ground state yield and

the isomeric state yield. The present mesurement separates

these two states, but for the sake of normalization their

yields are summed.

As the second normalization point is cho&en Br, for

which the published yields give an average of 1.73+0.06 %

(see Table 2).

The R/Ycn-values for these two normalization points

form two bands overlapping for p = 0.00238+00023 s 1 (Fig.
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8), thus smaller than the earlier result 0.0037+0.0003 s

obtained from separate delay experiments. As it should be

more representative for the ion source conditions during the

yield experiments it is used for the analysis of the bromine

isotopes.

6.K3_Yields of bromine isotopes

As noted before (Section 3.5) the separator effi-

ciency may vary from one day to another. Therefore, experi

mental yields obtained at runs at different days, or with

different detection methods if the geometries and detecting

efficiencies are not known on the absolute scale, have to be

converted to given "standard" conditions. An example of this

te<
91,

89 90
technique is the conversion of the yields of Br, Br, and

Br, which were measured by means of neutron counting, to

the standard conditions for the other bromine isotopes,

measured by gamma spectroscopy. The conversion factor is
87 88obtained from the (y)/(n)-ratios of Br and Br, which

were measured both with a neutron counter and a gamma

spectrometer.

The bromine fission yields are collected in Table 2.

The half-lives and branching ratios used in the analysis are

given in this and similar tables. The gamma-branching ratio

is usually a weighted average of published values and new

determinations. A detailed report is forth-coming
o c

The result for Br seems to be high compared to the

cumulative yields of this isotope deduced from the results
7 ft 9}

of the experiments ' ' . The reason is unknown.
The yields of 8 6Br, 8 7Br, and 89Br agree with

90 91published results. Those of Br and Br are surprisingly
equal. Published yields for these isotopen scatter consj-

90derably. The prr-ucrH reoult for " Br agrees with that of

Refs. 7' 8 ) but is smaller than that of Refs. 6 < 9 - 1 8 )
f while

9 1the present yield of Br agrees within limits of error with

that of Refs. 6' 1 8 ) (and also with the ENDF/B V file405) but

is larger than that of Refs. 7 / 8 ),
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Decay constant in s"1

Fig. 7 Con ! i->n f a c t o r F versur
corr —*

'•cay constant.

Piomn.o: Open circles and solid curve.

Krypi on: Closed circles and darh<--i curve.

Rubidium- closed squares and dol !.'•<.] curve.
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Table 2. Yields of bromine isotopes

Iso-
tope

84Br

84»Br

85Br

86Br

Measure-
ment

802

1898

3336

425

1463

802

919

924

1565

2751

keV t
M

M

keV f
H

keV -f
M

H

keV i
M

Half-life
s

19O8

360

172

55.7

1

2

Branching
ratio

6.74+O.52a'b)

5.3 +0.5 a' b )

2.83+O.3Ob)

100b)

97 b )

2.45+0.12a'b)

O.66+O.O5a'b)

1.57+O.O9a'b)

52+7a,d,e)

1.2 +2.1d)

Fission yield, %
This work

Cumulative Independent
From literature
Cumulative Independent

1.01+0.06i)

1.92+0.18

1.61+0.30

0.0166+0.0014

1.02+0.03

1.02+0.03

1.05+0.03

j)

k)

1)

1 .31+0.04

1 .26+0.03

1.24+0.04

j)

k)

1)

1.95+O.O4j'm)

1.89+O.O6k'm)

1.85+O.O5l'm)

87Br 1419 keV T 55.6

1476

neutrons

21.5+O.8a'C'd'e) 2.03+0.26

8.O+O.4a'e)

2.48+0.11f)

1 .91+0.
k )1.79+O.O5

1.88+O.O61)

2.08+0.1n)

88
Br 775 keV

802 "

neutrons

16.0 63.2+2.7a>d'9)

14.1+O.8a'C'h)

6.6+0.3f)

1.70+0.19i) 1.74+0.05

1.70+0.06

j)

k)

1.90+0.08

1.53+O.1n)

1)

1.50±0-27

1.56+0.3p)

o)



2. C ontinued

Iso-
tope

Measure-
ment

Half-life
s

Branching
ratio

Fission yield, \
This work From literature

Cumulative Independent Cumulative Independent

89
Br neutrons 4.38 14.0+0.7f) 0.88+0.15 1 . 11+0.05

1.00+0.06

1.32+0.08

1.14+0.08

j)

k)

1)

n)

1.53+0.31

1.23+0.25

o)

P)

90Br neutrons 1.92 23.5+1.4f) 0.36+0.06 0.29+0.02

0.38+0.06

j)

k)

0.60+0.04

0.65+0.1n)

1)

0.69+0.08

0.66+0.12

o)

P)

91Br neutrons 0.542 19.2+1.3f) 0.34+0.09 O.O71+O.O2O j)

0.054+0.024

0.24 ±0.031)

k)
0.21+0.06

0.19+0.05

o)

P)



Tab!o 2 cont.

a)

b)

< • )

<. i )

f )

g)

h)

P..--f

K . - f .

K - ' t .

R- f .

Ref.

Ref.

Ref.

60)

6 1 )

f,2)
OJ)

65)

&6)

67)

i) Used in the normalization procedure.

j) Ref. combined with sum of independent yields from

Ref. and delayed neutron branching ratios from Ref.°
8)

k) Ref. adjusted as above.
9)

1) Ref. adjusted as above.
ft fifn

m) The measured yield contains also the isomeric state Br

n) Ref.6)

o) Ref.68)

P) Ref.14>
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The yield of Br is reported here for the first.

time.

6.2 Krypton isotopes

6 . 2 ^

The F -values deduced using published yields are

plotted in Fig. 7. It is seen that the slope of the curve

for high A-values is much smaller than for bromine. A line
91

of slope 1/2 fits well the points corresponding to Kr -
04 aa on

Kr. The values of Kr and Kr seem to be high, this

point will be discussed in Section 6.2.3. At any rate, the

diffusion mechanism seems to be time-controlling. This is t<

be expected because there should be no tendency for a noble

gas to stick to the surfaces in the target-ion source

system.

6^2^2 Normalization_procedure

8 8
For the normalization the long-lived isotope Kr

(T 1 / 2 = 10080 s) and the short-lived one
 91Kr (8.57 s) are

chosen. For the former a cumulative yield of 3.52+0.05 % is

deduced (average value of all cumulative yields of Table 3

except the one given by Ramaswami, Natarajan, and Iyer
9 1which seems to be low). The average cumulative yield of Kr

is found to be 3.40+0.04 % (from the yields given in Table

3). The R((j)/Y -values obtained are plotted in Fig. 8. The
c n _ 1

overlapping range corresponds to u = O.OO69+O.OO15 s , in

agreement with the value O.OO51+O.OOO5 s obtained from

delay experiment. Although the error is larger the former

value is chosen for the analysis, in line with the approach

to determine the delay parameter under the same ion-source

conditions as the yields.

The normalization procedure gives a constant which,

when compared to the corresponding constant for bromine,

yields the ratio



Table 3. Yields of kryoton isotoDt

Iso- Measure- Half-life Branching
tope sent s ratio

Fission yield, \
This work From literature

Cumulative Independent Cumulative Independent

8änKr 151 keV

304 keV

16130 75.1+5.5

13.7+1.0

a)

a)
2.26+0.25 1.35+0.04

1.28+0.03

1.27+0.04

i)

j)

k)

87Kr 403 keV y 4580

2554 keV y

51.8+3.3

9.2+0.6

a,b)

a)
2.56+0.36 2.62+0.04i)

2.40+0.06 j)

2.38+O.7J

2.62+0.1
1)

2.48+0.12m)

88Kr 196 keV y

2392 keV y

10080 26.5+1.4

35.0+2.0

a,b)

a)
3.52+0.28h) 3.55+0.08

3.51+0.07

3.63+0.11

3.45+0.17

2.86+0.16

i)

j)

k)

1)

m)

89
Kr 221 keV y

577 keV y

586 keV y

190.8 21.2+1.7b'C'd)

5.65+O.34b'C'e)

17.8+O.9b'C'e)

3.40+0.3: 4.51+0.06

4.50+0.08

4.59+0.12

4.63+0.17

i)

j)

k)

1)

3.26+0.19n)



Table 3. Continued

Iso- Measure- Half-life Branching
tope nent s ratio

Fission yi*»ld, %
This work

Cumulative Independent
From literature

Cumulative Independent

90Kr 121 keV t 32.3

1118 keV T

45.2+6.6

45.9+3.0

b,c,e,f

b,c,d)
3.50+0.50 5.O2+O.O7i} 3.7O+O.4On)

4.86+0.10

5.09+0.07

4.88+0.18

j)

k)

1)

91
Kr 506 keV y 8.57 17.8+1.1a'b'g) 3.41+0.53h) 3.44+0.11

3.33+0.08

i)

3)

3.43+0.07
,1)

k)

3.40+0.1

3.51+0.36o)

92Kr 142 keV y 1.847 52.5+5.6

1218 keV t 43.8+3.5

b)

b,d)
1 .99+0.38 1 .57+0.06

1.95+0.09

j)

k)

1)1.75+0.07

1.48+O.O7p)

93
Kr 253 keV

324 keV

1.29 52.2+3.4

19.8+2.1

b)

b)
0.55+0.09 0.45+0.05

0.67+0.08

0.47+0.03

0.53+0.03

j)

k)

1)

P)



Table 3̂  Continued

Iso- Measure- Half-life Branching
tope sent s ratio

Fission yield, %
This work From literature

Cumulative Independent Cumulative Independent

94Kr 220 keV

629 keV

0.208 38+11b)

5H-19b)
0. 114+0.034 O.O85+O.O2O

0.20+0.05

j)

0.26+0.02P)



Table 3. Continued.

a) Ref. 6 1 )

b) Ref 6 0 )

c) Ref. 6 9 )

d) Ref. 6 2 )

e) Ref. 7 0 )

f) Ref. 7 1 )

«) Ref. 7 2 )

h) Used in the normalization procedure,

i) Ref. combined with sum of independent yields from

Ref.40) and delayed neutron branching ratios

j )

k)

1)

m)

n)

o)

P)

Ref.

Ref.

Ref.

Ref.

Ref.

Ref.

Ref.

8)

9)

6)

17)

10)

20)

19)

from Ref

adjusted

H

65)

a s

i l



nBr/nKr = ° ±

It should be remarked that such a ratio may change from

day to day depending on the ion-source and target condi

tions .

6.2^3_Yields_of kryptonisotopes

The yields of the krypton isotopes are given in

Table 3. When compared to the published results the

following points are noted.
p

The yield of Kr is high compared to published
85

results but is consistent with the high value of Br. The
87 92 93

present results for Kr, Kr, and Kr are in agreement
89 90with other publications while those of Kr and Kr are

94lower. In the case of Kr widely different yields are found

in the literature.The present value agrees with those of

Refs.8) and 9 ) but is definitely lower than that of Ref.19).

6 L3_Rubidium_isotoges

6^3^_1_Release_mechanism

The F -values have been plotted versus \ in Fig.

7. A line of slope 1 can be fitted to the points for large

X-values, which proves that rubidium is similar to bromine

as far as the release mechanism is concerned. It is un-

doubtedly controlled by desorption. This is not a surprising

result taking into account the reactivity of rubidium atoms.

The only long-lived isotope suitable for norma-
89

lization is Rb (T 1 / 2 = 909 s). Its cumulative yield is

4.77+0.06 % (average of published data, see Table 4). As a
93

suitable short-lived isotope is chosen Rb (T 1 / 2 = 5.85 s)

with the cumulative yield 3.53+0.13 % (average value, cf.
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Table 4). These isotopes give R(g)/Y -curves (plotted in

F i <j. 8) with civer lapping regions corresponding to M =

O.OO45+O.OOO6 s 1, and this value was used in the analysis.

It may be compared to the value 0.0018+0.0001 s found in

special delay studies.

The normalization constant gives as separator

efficiency ratio

nKr/nRb = °

6^3^3_Yields_o|_rubidiu«_isotopes

The yields of the rubidium isotopes are collected

in Table 4. The following points should be noted.
90

The yields of the two isomers of Rb have been

measured. Their sum is lower than expected, however. There

seems to be a discrepancy with the results of the measure-
7 8 9) 91

ments ' ' . Also, our Rb-result is low and corresponds
more or less to the parent effect.

90 90m
There is no obvious reason why the Rb + Rb and

91
the Rb-yields should be low. The masses 90 and 91 have

been measured repeatedly on three different occasions,

always with similar results. Also the branching ratios used

seem to be well determined. They have been measured at

different laboratories, with results agreeing within limits

of error.

All the ui .,- •: .;. it:. ., j r , -., . n t i a l l y in a g r e e m e n t
97

with published values. For the isotope Rb those scatter

strongly. Our result falls in the middle of the range of
98

values. As for Rb the published values vary with a factor

of 25. Our value indicates that the very low result given in

Ref. is in error.



iotopes

Iso-
tope

Measure-
ment

Half-life
s

Branching
ratio
\

Fission yield, %
This work From literature

Cumulative Independent Cumulative Independent

89Rb 1032 keV y 909

1248 keV t

64.7+0.9

47.7+3.3

a,b,c)

a,b)
4.77+0.36

k) 4.76+0.07

4.85+0.10

4.83+0.13

4.40+0.20

1)

,m)

n)

P)

90Rb 1061 keV y 153

9OmRb

91

1375 keV ̂ 251

Rb 93 keV y 58.2

2564 keV y

9.4+0.6a,b)

20.0+1.6

33.9+1.5

12.5+1.0'

a,b)

a,d)

I .44+0.19

0.89+0.15

2.71+0.46

5.88+0.10

5.90+0.12

5.94+O.Oe

1)

m)

n)

5.79+0.14

5.64+0.11

5.67+0.09

1)

m)

n)

92Rb 570 keV y 4.50

1383 keV y

O.87+O.O6a)

O.57+O.O5e>

4.34+0.76 4.7O+O.O9m)

4.95+0.14n)

93Rb 432 keV t 5.85

9 86 keV T

15.8+0.9a.f.g)

6.01+0.23
a.f.h)

3.52+0.53k) 3 . 44+0 . 09'

3.72+0.13n)



Table 4. Continued

Iso-
tope

Measure-
»ent

Half-life
s

Branching
ratio

Fission yield, %
This work From literature

Cumulative Independent Cumulative Independent

94Rb 837 keV t 2.66

1578 keV y

75 +5a,c,f)

23.3+3.2a,d,f)
2.09+0.37 1.73+0.08

1.82+0.10

m)

n)

95Rb 204 keV y 0.384

352 keV i

neutrons

14.8+1.0J

57 +4 £ )

8.5+0.3j)

1.58+0.26 Yi 0.95+0.11n)

O.89+O.O5P)

0.89+0.10q)

0.54+0.05m)

96Rb 814 keV y 0.201

neutrons

73 +6f)

13.3+0.5 j)
0.46+0.10 Yi 0.31+0.06

0.36+0.06

0.19+0.01

0.35+0.06

n)

m)

P)

q)

97Rb neutrons 0.170 25.1+1.3 j) 0. 144+0.028 Y c ~ Yi 0.21+0.06

0.21+0.06

m)

n)

0.037+0.004

0.10+0.02q)

O.O46+O.O15

o)

r)

98Rb neutrons 0.119 15.1+1.2 j) O.O97+O.O19 Yi
O.O52+O.O34

0.052+0.034

O.O36+O.OO9

m)
n)

q)

O.OO22+O.OOO9r)



Table 4. Continued

a) Ref.60)

b) Ref.69)

c) Ref.62)

61)d) Ref.

ulated from <p (
61)

e) Calculated from <p (570 keV T ) of Ref. and intensity

ratio given in Ref.

f) Ref. 6 3 )

g)

h) Ref. 7 3 )

i) Ref. 7 4'

j) Ref. 6 5 )

k) Used in the normalization procedure.

1) Ref. combined with sum of independent yields from
40)Ref. and delayed neutron branching ratios from

Ref. 6 5 )

8)
m) Ref. adjusted as above.

9)

n) Ref. adjusted as above.

o) Ref. 1 7 )

P) Ref.11>

q) Ref. 1 2 )

r) Ref. 1 3 )



1,0

7. The elements zinc and gallium

The elements zinc and gallium are rapidly released

from the target-ion source. For zinc there are no measure-

ments published, and the normalization has to rely upon

chain yields. To a certain extent this is true also for

gallium. Another difficulty is the treatment of the parent

effect. A number of copper isotopes have been found at

OSIRIS, and there is reason to believe that copper is

released quite rapidly in analogy with silver for which the

p-value is as high as 0.11 s~ (diffusion-controlled re-

lease) . In the absence of measurements of copper yields the

zinc data are treated putting the parent yield to zero. The

error caused by neglecting the copper effect will be small

provided that the separator efficiency for copper is similar

to that for zinc and that the half-lives of the copper

isotopes are considerably shorter than those of the zinc

isobars. Nevertheless, the yields otained should be consi-

dered as preliminary until more information about the copper

isotopes has been obtained and the analysis can be rerun

with a more proper treatment of the parent effect. It is

important to get these preliminary zinc yields already now

because they will serve as input for the analysis of gallium

yields.

7.1 Zinc isotopes

mechax\ism

Since no published data are available it is not

possible to determine the release mechanism according to the

method developed in this work. Nor is it possible to find

two good normalization points for the determination of the

delay parameter. Therefore, for the time being the results

of delay studies will be used, yielding a delay parameter of
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O.O9O+O.O36 s for desorption-controlled release. The

latter assumption may be questionable because of the magni-

tude of the delay parameter, but the data were incompatible

with a diffusion mechanism (giving negative parameter

values) .

Z:!J:? ..Normalization

Since no experimental zinc results are known with

precision, one has to use systematics for the normalization.

The best normalization point is Zn for which the cumula-

tive yield can be obtained by subtracting the independent
5Ga-yield (0.00016+0.00010 \*0)) from the chain yield

(O.OO118+O.OOO27 %15), giving Y (75Zn) = 0.00102+0.00029 \).

This value was used for the normalization.

The yields are collected in Table 5. The experi

mental yields tend to be somewhat larger than those of

ENDF/B-V, but the errors are quite substantial, and the

trend is hardly significant.

7.2 Gallium isotopes

mecha.n±sm

For gallium the situation is better than for zinc

as regards published yields, and values are found for
7 q _ fl i

Ga in the literature. An attempt to combine these

figures with those of ENDF/B-V for 75"78Ga in order to

determine the release mechanism has not been conclusive.

It may be reasonable to assume that the release rate is

controlled by diffusion just as in the case of its homo-

logue indium. An indication of this is the rapid release.

Due to the uncertainty, however, the analysis has been

carried through with both assumptions concerning the



Table 5. Yields of zinc isotopes

Iso-
tope

75Zn

76Zn

77Zn

78Zn

Measure-
ment

155

228

431

606

199

366

152

189

182

225

keV

keV

keV

keV

keV

keV

keV

keV

keV

keV

y

y

y

y

y

y

y

y

y

y

Branching
ratio*07

Fission yield, \
This work ENDF/B-V

Cumulative Independent Cumulative

40)

10.2

5.7

2.08

1 .47

12.4+4.1

30.5+3.8

15.6+3.8

9.2+2.0

100 +8

11.8+1.4

3.5+0.8

25.8+3.0

30.6+4.9

37.9+4.9

O.OO1O2+O.OOO35a)

O.OO43+O.OO17

0.OO65+0.0O3O

O.OO65+O.OO35

0.00102

0.0027

0.0032

0.0034

a) Used in the normalization procedure.
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release mechanism.

7^2^2__Normalization_grocedure

The experimental yield determinations are all done
80

for short-lived gallium isotopes. For Ga (T 1 / 9 = 1.66 s)
8 9)

the average of published values is a cumulative yield of

O.O127+O.OO25 %. For a long-lived species we again have to

use the ENDF/B-V file. The cumulative yield of Ga would

correspond to essentially the whole chain yield of mass 75,

which is O.OO118+O.OOO27 \15) . The half-life of 75Ga is

sufficiently long (126 s) to make this isotope a suitable

normalization point. The (R/Y )-values have been plotted in

Fig. 9 as a function of the delay parameter for both desorp-

tion and diffusion. The resulting delay parameters are: p =

0. 122+0.0J»> s~ (for desorption) and p = O.O38+O.O2O s~

(for diffusion). The value obtained in the delay studies and

corresponding to the diffusion case is 0.056+0.022 s

which, within limits of error, agrees with the diffusion

value obtained here.

The separator efficiency ratio is obtained as

nZn/nGa = °-74±0-26

~L-Z-1 _ Yields_of _ gall i um_ isotopes

The yields of the gallium isotopes are tabulated in

Table 6. These values were obtained assuming diffusion to be

the time-controlling release mechanism. If, on the other

hand, desorption is time-controlling, the yields of the
76 79

isotopes Ga - Ga decrease by 1/3 to 1/2 standard de-
ft 1

viations and that of Ga increases by 1/3 standard de-

viation. Thus, within the limits of error given, the ana-

lysis is not sensitive to the assumption about release

mechanism.When compared to other published data our results
79 81

for Ga and Ga are in agreement with these. For the

lighter isotopes there are no experimental yields to compare
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Table 6 Yields of aalliua isotooes

Iso- Measure- Half-life Branching
tope Kent s ratio

Fission yield, \
This work From literature ENDF/B-V
Cumulative Cumulative

40)

75

76

77

Ga 253 keV y 126

575 keV y

Ga 545 keV y 29.8

563 keV y

Ga 421 keV y 13.0

458 keV y

79Ga

80

567 keV y

619 keV y

464 keV y

516 keV T

5.09

2.63

Ga 659 keV y 1.66

1083 keV y

33.9+3.5

11.0+1.4

a)

a)

19.2+1.3

48.2+3.1

a)

a)

8.8+0.5

8.3+0.5

a)

a)

15.9+1.1

67.1+4.4

a)

a)

24.1+1.6

19.8+1.5

a)

a)

84 +4

54 +3

a,b)

a,b,c)

O.OO118+O.OOO28

0.0043+0.0011

0.0115+0.0032

0.0147+0.0045

O.O25+O.OO9

d)

0.0120+0.0041
d)

0.00118

0.0043

0.0073

0.0182

0.018+0.002e) 0.0187

0.0131+0.OO33e) 0.0110

0.0120+0.0041f>



Table 6. Continued

Iso-
tope

Measure-
Bent

Half-life
s

Branching
ratio
\

Fission yield, \
This work
Cumulative

Fro» literature ENDF/B-V
Cumulative

40)

81
Ga 216 keV v

825 keV Y

1.23 35.7+2.6

20.2+1.8

a,b)

a.b.c)
0.0050+0.0017 O.OO97+O.0033e) 0.0071

O.OO54+O.OO29f)

a) Ref.

b) Ref.

c) Ref.

60)

63)

76)

d) Used in the normalization procedure.
9)

e) Ref. combined with chain yields from Ref.
8)

f) Ref. combined with chain yields from Ref.

75)

75)



with. Our data are quite well reproduced by the ENDF/B-V

file, however.

It should be noted that the error of the yields

(around 30 \) essentially results from the errors of the

normalization points. The errors arising from counting

statistics, branching ratios, separator fluctuations etc

are much smaller and typically between 5 and 10 %. As soon

as more accurate normalization points are available the

measurements can be reanalyzed to give more precise results.

8. The yaJ4e,y anfl the fteavv mass peak

8̂ 1 Introduction

Silver is analogous to bromine in the respect that

the parent does not seem to be released from the ion source.

Thus silver is a good starting point, being unaffected by

the parent delay parameter which can be put equal to zero.

The silver delay data and separator efficiency should

therefore be determined first to be used as input in the

analysis for cadmium. The procedure is then repeated towards

the heavier elements, i.e.. the elements are treated in the

order silver (8.2) - cadmium (8.3) - indium (8.4) - tin

(8.5) - antimony (8.6) - tellurium (8.7) - iodine (8.8)

- xenon (8.9) - cesium (8.10). In this way the parent effect

can be properly taken into account for all the elements.

8^2_Silyer_isotoges

The meager published yield data for silver makes the

analysis of the release mechanism along tho lines used

earlier difficult. Some guidance can be obtained using the

ENDF/B-V data although in that compilation the isomeric

yield ratios have been treated in a too simplified manner.

Furthermore, one does not know the feeding from the palla-
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dium parent for odd mass numbers and, besides, there may

still exist unknown odd-mass palladium isomers. The F c o r r~

values obtained scatter considerably, and the asymptotic

behaviour for large X-values is not easily derived. A line

of slope 1/2 seems to correspond better to the measurements

than the steeper line of slope 1, however, lending support

to the assumption of a release mechanism controlled by

diffusion. In view of the fact that the release is more

rapid than in most of the cases discussed earlier, this is

not surprising. A rapid release indicates that there is no

time-consuming sticking at the surface.

§i?.2_Normalization_grocedure

There are only two published silver yields in the

literature, namely for Ag and Ag (with the corre-
25)sponding yields of the palladium isobars . There is no

reason to doubt the palladium yields, but the authors were

not aware of the presence of silver isomeric states in their

experiment. The Ag-experiment was carried out in the way

that silver was separated 1 s after the end of an irradi-
1 1 7fn

ation of duration 3 s. This means that part of the Ag

(T... = 5.34 s) would have decayed before the separation and

that the measurement does not give the total independent

yield (sum of both isonters) of Ag. However, it is

possible to use the results of the present work on the ratio

between the cumulative yields of mAg and Ag for a
25)correction of the results of Ref. . If we assume that the

palladium parent feeds only the ground state, as indicated

in Ref. , this recalculation leads to a cumulative yield

of the ground state of 0.0064 + 0.0005.

It is more probable that the parent partly feeds the

isomeric state, however. Then the yields drops but not in a

dramatic way. In fact, 100 % feeding of the isomer changes

the yield to 0.0054 %.

In the analysis a feeding of 25 % of the isomer and

75 % of the ground state has been arbitrarily assumed
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leading to a cumulative yield of 0.0062 %.
25)Also in the case of mass number 118 Weiss et al.

ignored the presence of isomers. They analyzed their data

assuming a single activity of half life 5 s. Here no

correction is done. The published result is assumed to
1 1 Am 1 1 ft

correspond to the sum of the yields of Ag and Ag.
Their cumulative yield then amounts to 0.0092 4_ 0.0012 %.

... .. . n, , 117, , 118+118m»
Using the yields of Ag and Ag as norma11

zation points the quantities R/Y are plotted versus p in
en .

Fig. 10. The resulting p value is 0.122+0.085 s . It may be

compared to the value 0.105+0.015 s , obtained in special

delay experiments (cf. Table 1).

8^2.3 Yields of silver isotopes

The yields of the silver isotopes are given in

Table 7. There are no published data for comparisons. A

comparison with the ENDF/B-V file (only of interest for the

total cumulative yield of each mass number) shows a good

agreement with few exceptions ( Ag too high and " Ag too

low in the file).
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Table 7. Yields of silver isotopes

Iso- Measure- Half-life Branching
tope inent s ratio ,4o;

Fission yield, %
This work From literature ENDF/B-V

Cumulative Independent Cumulative Independent Cumulative

113m

114

115

Ag 316 keV y 69

392 keV t

708 +

709 keV y

Ag 558 keV y 4.3

Ag 212 keV y 1280

2155 keV T

115m
Ag 388 keV y 18

62 +6a)

33.6+3.6a)

15.5+1.5a,b)

20.4+1.3a)

8.0+1.0

5.1+0.6

a, c)

a, c)

43.8+2.4a)

O.OO11O+O.OOO29

0.0153+0.0057

O.OO7O+O.OO2O

0.0030+0.0008

0.00171)

0.0140

0.0111

116Ag 1305 keV y 155

2478 keV y

116mAg 807 keV y 8.5

1028 keV y

4.80+0.39a'b'd) O.OO81+O.OO17

15.9+1.Oa'b'd)

28.1+2.ia'b'd)

O.OO12O+O.OOO29

0.0168



Table 7. Continued

Iso- Measure- Half-life Branching

tope ment s ratio

Fission yield, \

This work From literature ENDF/B-V

Cumulative Independent Cumulative Independent Cumulative

i-4o:

117Ag

118Ag

118mÄg

426 keV t

1609 keV t

73

298 keV t 5.34

387 keV t

798 keV y 3.7

2102 keV T

127 keV T 2.8

677 keV -y

771 keV T

7.3+0.9

2.8+O.7

a)

a)
O.OO62+O.OO1O 0.0062+0.0005 m)

-a)
20.0+1.5"' O.OO54+O.OO13

41.0+2.1a)

7.05 d' e' f ) 0.0061+0.0019k)

8.02 d' e' f )

7 3d re,f)

5 7 . 8 d ' e ' f )

1 9 . 5 d ' e ' f )

0.0030+0009 k)

0.0092+0.0012.m)

0.0105

. 0.0095

119

120

Ag 213 keV T 2.1

399 +

400 keV T

626 keV -r

Ag 818 keV t 1.17

1324 keV t

120m
Ag 203 keV t 0.32

7.2+1.7g) 0.0082+0.0023

11.9+1.4

13.9+1.6

a,g)

a,g)

11.6+2.3 e' h > O.OO38+O.OO13

8.4+1.7
e,h)

23. 1
f ,

O.OO83+O.OO28

0.0090

0.0059



Table 7. Continued

Iso-

tope

Measure-

sent

Half-life

s

Branching Fission yield, \

ratio This work Fro« li-terataire ENDF/B-V40)

Cumulative Independent: cumultive Independent Cumulative

121Ag 353 keV t 0.6

369 keV t

16.6+1.8a)

5.6+0.6a'

0.0034+0.0014 0.0041

122
Ag 569 keV 1.5 96 +17j) 0.0016+0.0006 0.0022



Table 7- Continued

a) Ref.

b) Ref.

60)

78)

c) B. Fogelberg, private communication (1985)
61)

d) Ref.

e) Ref.79)

f) 20 \ uncertainty of branching ratio assumed.

g) Ref.80>

h) Ref.77)

i) Ref.81)

82)

j) Ref. , no ground beta feeding assumed.

k) Used in the normalization procedure.

1) Assuming 10 \ feeding from 113Pd (Ref. 7 7 )).m) Recalculated from results of Ref.25
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8.3__Cadmium isotoges

The isotopes studied are 119Cd, Cd, Cd,
1 2 1 mCd, 123Cd, 124Cd, 125Cd, and 126Cd. A determination of

the release mechanism has not been done because of lack of

published results for a comparison. Earlier direct deter-

minations of the delay parameter have yielded a quite low

value, however, or 0.0051 s (cf. Table 1), and this

indicates hold up at the target surface. Thus we shall here

assume that the time-controlling mechanism is desorption.

ft . 3.2 Normalization procedure

In this case experimentally determined yields for

normalization purposes are lacking. Then, the principle

followed so far - to normalize against experimental values

for two isotopes - must be abandoned Unfortunately, the

cadmium isotopes were studied on two different days with no

good normalization between the runs available. Therefore the

yields of isotopes of mass 119 - 121 are normalized ayainst

the cumulative yield O.OO77+O.OO1O % for the ground state

of I 19Cd and those in the mass range 123 - 126 against the

cumulative yield O.O161+O.OO61 *. for124Cd (see below). In

both cases the earlier determined p value of

0.00!; 1+0.0006 s was used. This procedure is not very

satisfactory, and we plan to rerun the study of cadmium

isotopes on a later occasion.

A comparison of the normalization constants shows

that the ratio between the separator efficiencies of silver

and cadmium is 2.1+0.4.

For mass number 119 England, Schenter, and Schmitt-

roth find the chain yield 0.0122+0.0013 \15). This would

also be the sum of the cumulative yields of the cadmium

isomers of this mass number, as the independent yield of



.

119In can be neglected. Combining this with the yield ratio
1 1 9 m r d / 1 1 9 C d found in the present work (Table 8) leads to

the normalization figure 0.0077+0.0010 % for the ground
119,state Cd.

For
12 4Cd the chain yield 0.O259+O.OO27 % from

Ref. " is used from which the independent yields of In
124 40)

and Sn (from Ref. ) are subtracted leading to the
cumulative yield of 0.0161+0.0061 %.

8^3^3 Yieldsof cadmium isotopes

The yields are presented in Table 8. They can only

be compared to the ENDF/B-V file. The agreement is ex-

cel lent.



Table 8. Yields of cadmium isotopes

Iso-
tope

Measure- Half-life Branching
ment s ratio

Fission yield, % 4_
This work From literature ENDF/B~v*u

Cumulative Independent Cumulative Independent Cumulative

1 19Cd

119mCd

121.Cd

121m

293
343

1610

422
721

324
1040

Cd 1020
1181

123Cd

Cd

125
Cd

371
1027
1051

143
180

436
1027

keV y
keV T
keV y

keV y
keV y

keV -Y
keV -Y

keV y
keV >

keV -Y
keV -Y
keV y

keV y
keV y

keV -Y
keV -Y

160

110

12.5

8. 3

2.25

1 .26

0.75

126Cd 260 keV y 0.60
428 keV y

25
12
7

1 1
20

K

.0+1 .

.9+1 .

.9+0.

.0+0.

.7+1 .

-* v.

2a
2a
5 a ;

7:> }
5 a )

')

0

0

0

.0077+0

.0050+0

.0064+0

.0010

.0012

.0021

d)

17.8+1.7

18.9+1.9
12.4+1.2

22 +6 C )

12CJ ,

b)

b)
b)

21
70 + 8

,c)

79 +20c)

67
+

O.OO36+O.OO15

0.0161+0.0061 d)

0.0112+0.0046

O.O1O9+O.OO41

0.0085

0.0036

0.0078

0.0045

0.0085

0.0161

0.0090

0.0116

a) Ref.
b) Ref.

83)
81)

c) Ref. 6 0 )

d) Used for normalization
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8.4 Indium isotopes

8.4.1 Normalization procedure

The indium isotopes were treated in the same manner
as the cadmium ones. They were divided into two groups, A =

119 - 121 and A = 122 - 130, respectively, with no normali-

zation between the groups possible. The ground state of
119 124

In and the low-spin state of In were used to normalize

the yields in each group, and the delay parameter

0.10 +0.02 s obtained in a special delay study was used

assuming diffusion-controlled release. In order to get a

more satisfactory normalization procedure the investigation

of the indium isotopes will be repeated later just as for

cadmium.
119

The cumulative yield of In is obtained from the
119 11 Qin

' Cd-yields of the present work combined with data on

the feeding of the indium isomers from the cadmium iso-mers
83) That of In is taken from the summed cumulative

yields of the isomers ' * combined with the isomeric yield

ratio from the present work. The results are:
119

In:
124L,

Yr. --- 0.005 1+0.0007 %

'In- Y - O.O2O3+O.OO26 %

(In this context L, M, and H stand for the low spin (1, 3

middle-spin (4, 5 ), and high-spin (8, 10 ) state of the

even-mass indium isotopes).

The ratio between the separator efficiencies was

found to be

),

nCd/nIn 0.42 + 0. 10.

The yields are given in Table 9.



Is of indi

Iso- Measure- Half-lifea)

tope ment s
Branch
ratio

Fission yield, %
This work From literature

Cumulative Independent Cumulative Independent

119In 763 keV y 170 99. 1 O.OO51+O.OOO7c)

120LIn 1172 keV t 3.08

120M

120H

121

19.0

In

Hln

In

864
1023

197
965

262
926

keV
keV

keV
keV

keV
keV

y

y

46.

47.

23.

2

3

1

32.8
54.9

80.6
56.7

7.9+0.9
87 +11

0.0054+0.0009

0.0125+0.0023

O.OOO35+O.OOOO8

0.00O46+0.OOOO7

O.O134+O.OO12
d)

122LIn 2759 keV y 5.24 10.6+1.5 O.OO1O9+O.OOO3O

122MIn 1164 keV y 10.5
1190 keV t

26 +4
28 +4

O.OO118+O.OOO27

122HIn 102 keV t 10.0 82 +8
163 keV y 69 +10

0.0024 +0.0005



Table 9. Continued

Iso- Measure- Half-lifea)

tope ment s
Branching
ratio '

Fission yield, %
This work From literature

Cumulative Independent Cumulative Independent

123In 1020 keV t 6.68
1130 keV T

123mIn 125 keV T 45.9

124LIn 998 keV t 3.09
3214 keV t

32 +4
63 +8

45 +5

17 +2
22 +3

O.O164+O.OO32

0.0030+0.0011
0.0142+0.0020d)

O.O2O3+O.OO26
c)

124HIn 1072 keV -f 3.69
1360 keV -f

47 +6
39 +5

O.OO56+O.OO12

125In 1032 keV t 2.43
13 35 keV -y

10.3+0.6
76 +4

O.O2O7+O.OO42 O.O19O+O.OO31
0.022 +0.002e;

d)

126LIn 970 keV t 1.60
3345 keV •?

126HIn 269 keV -f 1 .65
1378 keV t
1637 keV ̂

15.5+2.0
22 +3

6.3+0.8
23 +3
30 +4

O.O222+O.OO48

O.OO54+O.OO12

0.031+0.006e)



rable 9. Continued

Iso- Measure- Half-lifea) Branching
tope ment s ratio

Fission yield, %
This work From literature

Cumulative Independent Cumulative Independent

127In 639 keV t 1.14
646 keV -y
1598 keV t

127mIn 252 keV t 3.81
3074 keV y

2.29+0.17
6.2 +0.8
45 +3

38 +5
2.7 +0.2

0.061+0.012

O.O162+O.OO33

0.0280+0.0077"
.0.060 +0.015eJ

128L

128H

In 9 35 keV y 0.9
1089 keV -Y
3520 keV y

In 1864 keV y 0.9

129In 769 keV y 0.59
1864 keV y
2117 keV y

129mIn 315 keV y 1.26

8.8 +0.9
7.4 +0.9
16.6 +2.2

20 +3

5.6 +0.9
19.7 +3.0
27 +4 e Y

44 +6

O.O32+O.OO7

0.061+0.014

O.O127+O.OO31

0.0124+0.0031

O.O136+O.OO5!
0.039 +0.011'

-d)

0.053 +0.020e)



Table 9. Continued

Iso-
tope

Measure-
ment

Half-life
s

a) Branching
ratio

Fission yield, %
This work From literature

Cumulative Independent Cumulative Independent

130LIn

130M
In

130HIn

127 keV
952 keV
1905 keV

0.33

1221 keV ^ 0.53
3182 keV t

391 keV y 0.53
2259 keV y

65
17
80

85
9.0

11.4
88

O.OO27+O.OOO6

0.0050+0.0010

0.0026+0.0005

0.013+0.004e)



Table 9. Continued

a) Refs. 6 O' 6 1 )

b) Ref. and private communication from B. Fogelberg

and P. Hoff (1982)

c) Used in the normalization procedure.
84)d) Ref.

e) Ref.85)
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They can be compared to yields by Semkow and by Schmid
8 5 )

and Engler . In both cases the comparison is done for t he-

sums of isomeric yields (in the case of In and In only

the ground state has been measured, and the comparison is

therefore not quite correct; the isomeric yields at mass 123

indicate, however, that the ground state dominates). In

comparison with Semkow the present yields agree for mass

numbers 121, 123, and 125 but are considerably larger (more

than a factor of two) for mass numbers 127 and 128. The

comparison with the yields given by Schmid and Engler shows

an agreement within limits of error over the whole mass

range covered by the publication, or from 125 to 130 (in

both cases mass 124 has been used for normalization).

8.5 Tin isotopes

8.5.1 Release mechanism

The isotopes studied here and with yields reported

in the literature are fairly long-lived. A test of the

release mechanism according to the methods developed in the

present work is therefore little useful. It is not possible

to state which release mechanism is the slower one although

the long delay makes a desorption-controlled release

probable. The long half lives involved have the effect that

the analysis gets insensitive to the assumption about the

type of release mechanism. In most cases the results agree

within limits of error for both diffusion and desorption.

8^5.^Normalization procedure

1 0 fl
For normalization are chosen Sn (half life-.

3600 s; averaged cumulative yield (see Table 10)

0.316+0.012 % and 132Sn (half-life: 40.2 s; averaged

cumulative yield: 0.61+0.02 **) . The (R/Y )-functions of
- en

these isotopes are plotted versus the delay parameter in

Fig. 10. The two bands overlap for p = 0.0030+0.0004 s .

This result is in accord with the value 0.00336+0.00020
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found in special delay experiments (cf. Table 1). A

comparison between the separation efficiencies of the parent

indium and tin gives the ratio nT /ne
 = 0.74+0.15.

in sn

8^5^3_Yields_of tin isotopes_

The resulting yields are given in Table 10. Gene-

rally, the yields of those isotopes for which published

values are available agree well with those. A few isomeric

yields, 1 2 7 mSn, 128m
Sn, 1 2 9 mSn, and 1 3 O mSn, are reported

here for the first time.

8.6 Antimony isotopes

§ • §J.l_?e.i?a.s.?_m?S:!}§Dis.ln

Earlier delay studies have shown the release of

antimony to be slow. This indicates a surface hold-up

mechanism. A study of the release has not been conclusive.

Since the question about the release mechanism is not clear,

the data have been analyzed for both alternatives. It turns

out that both the desorption and the diffusion release

mechanisms give the same results, within limits of error,

for all cases but the short lived Sb and Sb. There

diffusion leads to half the yield of the former and a

quarter of the yield of the latter when compared to desorp

tion. This considerably worsens the agreement with other

experiments, and it is in the following assumed that the

release rate xs governed by desorption.

8.6.2 ..Normalization procedure

131Sb (half life: 1380 s; cuThe long lived isotope
24)

mulative yi"ld: 2.34+0.12 % and the fairly short lived

one " Sb (half-life: 148 s; averaged cumulative yield;
22 24)

2.27+0.11 % ' are chosen for the normalization. The

(R/Y )•curves for these isotopes have been plotted versus

the delay parameter in Fig. 11. There is an overlapping



Table 10,Yields of tin isotopes

Iso- Measure- Half-life Branching
tope ment s ratio

Fission yield, %
This work From literature

Cumulative Independent Cumulative Independent

123m

125i

Sn 160 keV ^ 2405

'sn 332 keV t 571

127Sn 1114 keV -y 7560

127mSn 491 keV 248

128

128m

129

129

Sn

mSn

Sn

831
1168

432
557
600

645

1128

keV
keV

keV
keV
keV

keV

keV

"Y

T
"T

Tf

-*

3600

6.5

134

534
1161 keV T

85.6+2.Oa) O.O119+O.OO15

94.8b) 0.0122+0.0028

3O.O+2.5a'C'd)O.O53+O.O14

91+ 6C) 0.062+0.007

100+ 11
100+ 11

62+ 6
17+ 2
17+ 2

99+ 1

47+ 5
52.6+2.8

a)
a)

e*

g)

g)
g)

0.312+0.0021

O.OO39+O.OO1O

0.214+0.024

O.162+0.016

1)

O.O141+O.OO2
0.0140+0.0003

m)

O.O135+O.OO14
O.O192+O.OOO4

n)

m)
n)

O.O615m)

0.067+0.008'o)

0.299m)
\. 0. 333+0.006
0.314+0.019

n)
o)

O.5O+O.O4 P)



Table 10. Continued

Iso- Measure- Half-life
tope ment s

130

130m

Sn 192 keV -y 222
229 keV -Y
780 keV y

Sn 145 keV y 102
899 keV >

13 i

132

Sn 450 keV y 50
799 keV ^
1226 keV y

Sn 246 keV y 40.2
340 keV T
992 keV y

Branching Fission yield, %
ratio This work From literature

Cumulative Independent Cumulative Independent

71
24
59

h)
h)
h)

34h)

16.7
h)

31.1+3.8
29.7 + 3.6"
34.2+4.2i)

45.3+3.4
45.2+3.4
37.1 + 2 . 2

0.92+0.14

0.121+0.026

0.87+0.15

c)
c,j,k)

0.61+0.091)

0.89+0.10
1.10+0.10r)

0.80+0.07
1 .76+0.15

r)
s)

0.64+0.04
0.60+0.13
O.59-tO.O3

r)
s)
t)



a) Ref.

b) Rpf.

c) Ref.

d) Ref.

e) Ref.

f) Ref.

g) Ref.

h) Ref.

61)

61)

60)

86)

87)

88)

89)

90)

91)

20 % uncertainty assumed.

Ground state beta transition neglected.

20 % uncertainty assumed.
T 1

i) Ref. '. Ground state beta transition neglected,

j) Ref. 9 2 )

k) Ref 62)

1) Used in the normalization procedure.

m) Ref. . 2 % uncertainty assumed in the calculation
1 ? ft

of average cumulative yield for Sn.

n) Ref.

o) Ref.

p) Ref.

q) Ref.

r) Ref.

s) Ref.

t) Ref.

32)

27)

36)

22)

24)

28)

33)
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region for v --• 0.0064 vO. 0027 s , in agreement with the

result 0.0037+0.0004 s obtained from a special delay

experiment.

The normalization constant, when compared to the

corresponding constant (for the same day) of tin, givei. the

separator efficiency ratios

n S n/n s b - i." t 0.16.

8^6.3 Yields of antimony isotopes

The yields are tabulated in Table 11. The agreement

Pt
24)

132with published results is good except for Sb where our

value is about half of that of Ref.

The yield of mSb has not been reported pre-

viously.

8 ̂  7_Tel lur i urn _ isotope

8^7.1 Release mechanism

The release of tellurium is very slow, presumably

because of the formation of little volatile uranium

telluride. Therefore, it is to be expected that surface

reactions are important and that desorption is the time-

controlling step. This is also indicated by a study of the

release although there are only three points available.

There are two good normalization points to be used,
1 34long-lived Te (half-life: 4 1.8 m; cumulative yield:

6.80+0.24 \ 1 7 )) and short-lived 135Te (half-life: 19.2 s;

cumulative yield 3.6 2+0.30 \, obtained as an average of the

value 3.41+0.46 %30) and the value 3.75+0.39 \ derived by

subtracting the independent yield of I ' from the

cumulative yield of the same isotope . Using these nor-

malization points one arrives at a delay parameter u -

O.OOO55+O.OOO11 s 1 (Fig. 11). This is somewhat lower than



Table 11. Yields of antimony isotopes

Iso- Measure- Half-life Branching Fission yield, "<.
tope ment s ratio This work From literature

Cumulative Independent Cumulative Independent

128m
Sb 314 keV -, bOO

743 keV -Y

754 keV ̂

95 + 9

100+ 5

100+ 5

a)

a)

a)

O.O213+O.OO25

130
Sb 839 keV t 378

1018 keV •*

100

30

b)

b)
1.10 +0.16 1.37+0.12i)

130mSb 331 keV -y 2400 78+ 4
c)

0.30 +0.07 0.22+0.04

0.24+0.06

i)

j)

131
Sb 642 keV t 1380

933 keV ^

943 keV ^

22+ 2 d' e ) 2.34 +0.19h)

25+ 3

44+ 4

d,e)

e)

2.34+0.12
i)

13?
Sb 636 keV

990 keV

09 3 kt-V

168 9.5+0.8f}

16.8+1.3f)

4.5fO.4f)

1.26 +0.24 2.26+0.30i)



Table 11. Continued

Iso- Measure- Half-life

tope ment s

Branching Fission yield, %

ratio This work From literature

Cumulative Independent Cumulative Independent

1321

133

'sb 151 keV t 252

1041 keV i

Sb 1096 keV i 148

134Sb 706 keV y 10.4

1279 keV T

66

18

b)

b)

31+3 d | 9 ) 2.24+0.4Oh)

48+4

85+6f>

f) 0.21+0.08

1 3 5Sb 1127 keV -Y 1.71 55+23f) 0.0084+0.0049

0.31+0.06 0.38+0.08i)

2.29+0.12

2.18+0.27

i)

j)

0.52+0.04

0.48+0.03

k)

1)

0.151+0.007
1)



a)
b)

c )

d)

e )

f )

g )

h)

i )

j )

k)

1)

Ref.
Ref.

Ref.
Ref.

Ref.
Ref.
Ref.

Used
Ref.
Ref.

Ref.
Ref.

93)
90)

94)

61)

62)

60)

95)

in
24)

22)

21)

15)

assuming no ground-state p -transition from 128m

5 % uncertainty assumed for 130Sb and 10 % for
Sb.
132mSb.



the one from delay experiments which is O.00076+O.0O0O4

(Table 1).

The ratio between the separator efficiencies of

antimony and tellurium turns out to be 1.00+0.11 for the ion

souxre conditions prevailing during the runs.

8^7.3. Yields of tellurium_isotopes

The yields are collected in Table 12. That of ' Te

is reported for the first time.

8.8 Iodine isotopes

8.8.\ Release mechanism

The F values plotted versus the decay

constant (Fig. 12) clearly show that desorption from the

surface is the time-controlling mechanism, in analogy with

the case for the homologue bromine. This is not surprising

since iodine atoms are quite reactive and may be expected to

stick to the surface.

8i8^2_Normalization procedure

The long-lived I (T 1 / 2 = 23790 s) is chosen as

one of the normalization points. Its cumulative yield has

been determined to be 6.86+0.36 \ 1 7 ). The short-lived 1 3 8I

(T 1 / 2 » 8.53 s) is the other normalization point. Its

cumulative yield is obtained as 1.49+0.10 % (from Refs.6)

and '). The R(M)/Y -bands for these isotopes are plotted
-1

in Fig. 13, from which a delay parameter p • O.O23+O.OO4 s

is deduced. This value is somewhat larger than the one found

by the delay experiments (O.O13+O.OO2). It is less precise

but, in line with the procedure adopted, it is nevertheless

used for the analysis since it is representative for the ion

source conditions prevailing during the yield measurements.

The bromine delay parameter is a factor of ten

smaller than the one for iodine, reflecting the fact that



Table 12 . Yields of tellurium isotopes

Iso- Measure- Half-life Branching
tope ment s ratio

Fission yield, %
This work From literature

Cumulative Cumulative Independent

133Te 312 keV y 746

408 keV -y

1 3 3 mTe 865 keV y 3325

72.6+0.8

32.7+0.4

a)

b)

14.1+0.6b,c)

4.7+0.8

5.0+1.0

3.11+0.21h) 1.07+0.10l}

.5O+O.2Om )

3.32+0.18

1 .96+0. 1CP

1 )

134
Te

135
Te

211 keV T

767 keV y

604 keV T

870 keV >

2508

19.2

21.8+1.0

30 +2 e )

d)

27.9+2.1 f)

5.11+0.37 f)

6.8+0.6g)

3.7+0.9g)

6.80+0.24i)

3.41+0.46

3.75+0.39

j)

k)

136Te 333 keV t 17.5

579 keV y

17.4+3.3

36.3+5.7

f)

f)
2.18+0.52



Table 12. Continued

a) Ref.

b) Ref.

c) Ref.

d) Ref.

e) Ref.

f) Ref

96)

97)

98)

99)

100)

60)

g) Used in the normalization procedure

h) Ref.24)

i) Ref.
17)

30)
j) Ref.

k) Derived from the diffe

rence between the cumula-

tive and the independent

yields of 13^17,29,35)

1) Ref.

m) Ref.

28)

24)



Decay constant in s-1

Fig. 12 Corr^.-t\ MI factor F
corr sus

it;

Iodine: Open circles and solid curve.

Xenon. Closed circles and darned ••urve

Cerium; '."Icred squares and dotted curve.
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bromine is more reactive than iodine and therefore more

likely to stick longer to the surfaces.

The efficiency ratio turned out to be

nTe/nI
1.74+0.30

£L8^3_Fission_y_ields

The resulting yields are given in Table 13 where

they can be compared to published values. This comparison

shows a good agreement with other determinations for all

isotopes. The present technique gives less precise values

for long-lived species but for short-lived ones the accuracy

is at least as good as for other determinations. In addi-

tion, the yields of the isomers ml and J mI are given

for the first time.

The F c o r r function for xenon isotopes is also shown

in Fig. 12. In this case the asymptotic behaviour for large

A-values is a line of slope 1/2 which strongly indicates

that diffusion is the time-controlling mechanism, just as

for krypton. This is expected because noble gases should not

stick to the target surface.

8.9.2. Normalization of xenon

As usual, two normalization points are chosen so

that both the delay parameter and a normalization constant

can be determined. The normalization points are the fairly
1 38

long-lived Xe (T 1 / 5 = 850 s) with cumulative yield
' 1 AC)

6.45+0.04 \ and short-lived Xe (T 1 / 2 = 13.6 s) with yield

3.72+0.06 \ (average values, cf. Table 14). The R(u)/Ycn~

values of these two isotopes are shown in Fig. 13. The bands

overlap for p = O.OO26+O.OOO6 s~ , and this is the value

chosen for the delay parameter. It is significantly lower



Table 13. Yields of iodine isotopes

Iso- Measure- Half-life Branching Fission yield, %
tope ment s ratio This work From literature

Cumulative Independent Cumulative Independent

133m]

1 J 4

134

136m.,

1 3 7

647 keV y* 9.0
913 keV f*

846 keV y 3120
885 keV -y
1072 keV y

lI 271 keV y 228

1260 keV ^ 23790

1321 keV y 8 3
2289

370 keV y 48
381 keV •*

601 keV y 24.5
1219 +
1221 keV y

484 keV t 6.53
589 keV y
neutrons

100
100

a)
a)

0.67+0.20

95.4+0.3 i
65.4+1.0a

15.3+O.8a;

79 +3 b )

29.0+0.4a'b)

26.5+2.4a:C)

10.5+0.6aJ

17.5+2.OaJ
100 + 5 a ' b )

4.35+O.27 d' e )

14.1+0.8 d' e' f )

3.62+O.23 a' d' f' g )

5.3 +0.4 h )

7. 1 + 1 .0

6.86+0.42

1.55+0.18

1.09+0.12

2.78+0.37

1.50+0.27

0.266+0.027

l)

•

i)

7.26+0.24-"

6.86+O.36j)

• 3.9 +0.8 k )

3.48+0.1X)

1.52+0.151) 1.51+0.20
1.39+0. 14

m
n)

* Corrected fox" contributions from 133mT€



Table 13. Continued

Iso-
tope

Measure-
ment

Half-life
s

Branching
ratio

Fission yield, %
This work From literature

Cumulative Independent Cumulative Independent

139.

140.

141

527 keV
571 keV
neutrons

neutrons

2.29

0.60

I neutrons 0.43

7.2+0.7
7.4+0.7
9.8+0.5

d,f
f )
h)

9.2+0.5h)

21 . 3 + 3.0h)

0.67+0.13

0.145+0.032

O.O38+O.O11

0.54+0.21)

Y c ~ Yi

Y c ~ Yi

0.56 +0.06m)

0.50 +0.14o)

0.16 +0.05m)

0.11 +0.03o)

0.046+0.013
0.041+0.015

m)
o)



Table 13. Continued

a) Ref...'.. 5 % uncertainty assumed

for ~ mi i) Used for normalization

b) Ref.81> j) Ref. 1 7 )

c) Ref. 6 2 ) k) Ref.20)

d) Ref.60) 1) Ref.6)

e) Ref. 1 0 1 ) m) Ref.68)

f) Ref.63) n) Ref.14)

9) Ref. 1 0 2 ) o) Ref.18)

h) Ref.6S)
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than the value 0.0116+0.0016 obtained from the delay ex-

periments .
140By equating the experimental yield of Xe with the

literature value one obtains a normalization which can be

compared to the corresponding constant for iodine. Such a

comparison leads to a ratio of 2.7+0.5 between the separator

efficiency for iodine and xenon.

The yields of the xenon isotopes are collected in

Table 14. They agree with published values in all cases.

Since the uncertainties are larger no improvement has been

achieved.
1 A?

Xe samples had to be

''Cs. This can be done using

The neutron rate in the
142.corrected for neutrons from

the cumulative yield of 142Cs as a normalization.

8.10.1_R?lease mechanism

The correction factor F is plotted versus A in
140 c o r r 141

Fig. 12. If the points for Cs and Cs are disregarded

(cf. the discussion in Section 8.10.3) the behaviour is

similar to that of rubidium and the halogens. For large

K-values a slope of unity is obtained showing that desorp-

tion from the target surface is the time-controlling step.

This might be expected because free cesium atoms are very

reactive and might well stick to many kinds of surfaces.

The long-lived isotope 139

143short lived one Cs

Cs (T 1 / 2 = 539 and the

.,- = 1.78 s) are used for the

normalization. Their cumulative yields are derived from the

published data to be 6.69+0.13 % and 1.41+0.05 %, respecti

vely (average value for 143Cs, Table 15). The R(p)/Y
en



Table 14. Yields of xenon isotopes

Iso- Measure- Half-life

tope ment s

Branching

ratio

Fission yield, %

This work From literature

Cumulative Independent Cumulative Independent

137Xe 456 keV i 230

138Xe 257 keV y 850

139
Xe

140

141

142

Xe 806 keV y 13.6

1315 keV i

Xe 119 keV y 1.73

909 keV ̂

Xe neutrons*) 1.24

142,

32.9+1.7
a,b)

31.5+1.7c)

7.7 +1.2

435

219

297

keV

keV

keV

39.7

19

59

24

.6+1

+ 7

.0+2

. 1"'

a,b)

.1a' b,d)

6

6

.3

.4

+0.

+ 1 .

6

0

a, c)

27.3+2.0

0.42+0.04

a, e)

f)

*) Contribution from Cs subtracted

g)

21.7+O.7 a' C' e ) 3.9O+O.49g)

7.92+0.42

14.3+1.i a' C' e ) 1.89+0.34

0.45+0.13

6.20+0.24

6.08+0.03

h)

i)

6.26+0.24

6.46+O.O4

h)

5.33+0.2 '

5.23+0.14

3.75+0.1h

3.71+0.07

1.39+0.06

0.45+0.02

j)

j)

h)

h)



Table 14. Continued

a) Ref.60

b) Ref. 1 0 0 )

c) Ref.61)

d) Ref. 1 0 3 )

e) Ref.62)

f) Ref.65)

g) Used

h) Ref.

g) Used for normalization.
6)

19) 75)
i) Ref. combined with chain yields from Ref.
j) Ref. combined with chain yields from Ref.
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bands overlap in this case for the ^-value O.OO83+O.OO15 s

(see Fig. 13). This value is considerably larger than the

value derived from delay studies (0.0015+0.0001 s" ),

probably because of the higher ion-source temperature during

the yield experiment.

The ratio between the separator efficiencies for

xenon and cesium was found to be 0.66+0.12.

8.J0J Fission yields

The resulting fission yields are presented in Table

15. Good agreement with published values are obtained for

144 145 146the heavier isotopes Cs and Cs. For Cs our value

supports the one obtained by Balestrini et al. which is

in serious disagreement with a measurement by Schmid et

al. 1 2 ).
140 141The cumulative yields for Cs and Cs seem to be

too small. The reason for this is at present unknown.

Several runs have been made which agree with each other.

9. Remaining fission elements

The element germanium is not. released from the

target at any measurable rate. This is proven by the finding
80

that the amount of Ge obtained in the samples corresponds
80

to what is formed from the parent Ga in spite of the fact
80

that tho independent yield of Ge is about ten times larger
80 8 9 i

than that of Ga ' . Thus, no measurements can be done for

germanium isotopes.

The element arsenic is released from the OSIRIS

target system, but the release is very slow (or the separa-

tor yield very low), and no measurements have bran done.

Selenium, finally, does not seem to be released at all from

the target, apparently because of the formation of little

volatile uranium selenide.

By addition of carbon Letrafluoride to the OSIRIS

target ion source voltatile compounds can be produced of



Table 15. Yields of cesium isotopes

Iso- Measure- Half-life

tope ment s

Branching Fission yield, %

ratio This work From literature

Cumulative Independent Cumulative Independent

138mCs 194 keV y 174

139

140

141

142

Cs 1283 keV -y 539

Cs 602 keV t 63.7

909 keV i

Cs 589 keV t 24.9

1194 keV y

Cs 360 keV y 1.71

967 keV y

143

144

Cs 195 keV T 1.78

306 keV y

Cs 199 keV y 1 .00

759 keV -*

20.0+2.2 a)

7.5+0.5
b)

45.6+1.7
7 .3 +0.9

b)

b)

4.43+0.38

4.40+0.35 b )

29.4+5 .9

11.7+2.0

b , c )

b . c . d )

8.0+0.5 b ' e ' f )

43 .8+3 .1

1 O . 4 + 1 . 2 b ' e ' g )

O.O81+O.O31

6 . 7 + 0 . 9 1 )

3 . 7 1 + 0 . 4 5

2.84+0.50

2.45+0.54

1.41+0.26 i )

b,c ,e) 0.42+0.09

6.69+0.13

6.56+0.14

j )

j )

4.50+0.12 j )

3.10+0.07 k )

Y c ~ Y i

y c ~

1.36 +0.04
1.45 +0.17

1)

m)

0.428+0.010

0 .43 +0 .06 m )

1)



15. Continued

Measure-
ment

Half-life

s

Branching

ratio

Fission yield, %

This work From literature

Cumulative Independent Cumulative Independent

176 keV ̂

199 keV y

neutrons

neutrons

0.585

0.355

23

30 +7
b>

13.6+1.0h)

13.3+0.6h)

O.O53+O.O17 Y.

O.OO74+O.OO47 Yc~Y i

O.O853+O.O25 1)

0.100 +0.028
m)

O.OO76+O.OOO6

0.038 +0.008m)

1)



Table 15. Continued

a) Ref.

L) Ref.

c) Ref.

d) Ref.

e) Ref.

f) Ref.

g) Ref.

61)

60)

62)

104)

63)

105)

106)

65)h) Ref

i) Used in the normali

zation procedure.

j) Calculated by combining independent

yields from Ref. and average

cumulative xenon yields from Table 14.

k) Calculated by combining independent
11)yields (average values) of Refs.

12)
and cumulative xenon yields from

Table 14
11)

and

1) Ref.

m) Ref.12)
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otherwise little volatile elements . By means of this

technique it will then be possible to measure yields of

isotopes of strontium, yttrium, zirconium, barium, lantha-

num, cerium, praseodymium, and possibly some more rare

earth element. Thus, a further extention of the experimental

programme is possible.

10. Discussion of the cumulative yields

1CK1 Low-mass region

The cumulative yields determined for low-mass

nuclides are shown in Fig. 14 as a function of mass number

(in case of isomers the yields have been summed to give

total cumulative yield per isotope). The figure also
40)

contains the chain yields according to the ENDF/B-V file

The zinc and gallium isotopes behave as expected. As for the

bromine isotopes Mass 85 seems high and Mass 86 low. Dips in
89 90

the isotopic yield curve are also found for Kr, Rb,
91 7 8 9)

(weak) and Rb. Thf- physical measurements ' ' do not show
these effects.

19. -2 Val ley

The experimental results are plotted in Fig. 15. The

indium yields show some irregularities which may possibly be

attributed to branching ratio errors. This will be checked

in a new study of indium (and cadmium) yields (cf. Sections

8.3 and 8.4). The other isotopic yield curves vary regularly

except for dips at 132Sb and 1 3 6 I . It may be noted that the
122 128

low yields are found for odd-odd nuclides ( In, In,
132.. 136T,Sb, I).

11. Systematic behaviour of isomeric yields

11 _.__1 The parent effect

The set of cumulative data from the present invest i



Fig. 14 Cumulative yields in the light mass region. The

experimental points have been joined by straight

lines.

Dotted curve: ENDF/B-V chain yields75
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gation contains many yields which have never been studied

before. Thus, our knowledge about the fission yield pattern

is considerably extended. In this chapter the interest will

be focussed on the isomeric yields because it is in this

field that the new pieces of information are particularly

abundant. The aim is to deduce independent isomeric yields

from the data in order to provide material for a systematic

study of the dependence of isomeric yields on, for instance,

the spin of the fission product.

In certain cases the independent yields are easily

obtained. To this cathegory belong yields of high-spin

even mass isomers of odd-Z elements. Those isomers are

hardly fed at all in the decay of 0 -ground states of the

parent, and the measured yields can be considered as

independent (provided that there is no high-spin isomer of

the parent). The independent yield of the low-spin state is

also obtained as the difference between the cumulative

yields of the daughter and the parent.

Other cases may be more difficult to evaluate and

require the knowledge of the parent branching to the iso-

meric states of the daughter. Besides, the parent yield must

be known. In many cases these pieces of information are

lacking. If the parent yield is small compared to that of

the daughter it may still be possible to evaluate the

independent isomeric yields accurately, but in certain cases

this cannot be done until more information has become

available.

In the following the isomeric yields will be

presented as fractional independent isotopic yields rather

than as yield ratios. The spin assignments are taken from

Refs.61) or 7 7>.

11^2 Bromine isomers

ft Am

The spin 5-state Br is not expected to be fed in

the decay of Se, and the measured yield, O.O166+O.OO14 %,

is therefore considered as independent. In the present work
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Se has not been measured, and the independent yield of 2

Br cannot be evaluated, but we can use the average value of

the independent yield of the sum of both isomers from

Refs.7'8'9). This average is 0.052+0.005 %. Thus, the

fractional independent isotopic yield (FIIY) of Br becomes

32+4 % and that of 84Br 68+4 %.

11.3 Kryptonisomers

The cumulative yield of the 1/2 state ~'mKr has been

measured to be 2.26+0.25 %. The branching of 3/2 " Br to

this state is reported to be 99.7 % , which gives an

independent yield of 0.35+0.31 %. Since the yield of Kr

(9/2 ) has not been measured we take for the total indepen
7 ft 9 )

dent isotopic yield the average value from Refs. ' ' which

is O.O32+O.OO5 %. As the uncertainty is very large in this

case, we cannot draw any conclusions concerning the preferred

.7. t .t t-e .

11^4 Rubidium isomers

90 90

The case Rb is puzzling. The parent Kr is assumed

to feed only the 1 -ground state, but from this we get a

negative value of the independent yield (the cumulative yield

of the parent is larger than that of the daughter). This

result must be cleared up by a new measurement. At present

we can only say that the independent yield of the low spin

state must be very low. Thus, the 4 Rb seems to be

3trongly favoured in the fission process.

11.5 Silver isomers

The lightest measured isomer in the valley and heavy

mass region is " Ag. In this case we cannot estimate the

independent yield as both the cumulative yield and the
113

branching of the parent Pd are unknown. The situation is

the same at masses 115 and 117 (where the cumulative yield of
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both isomeric states have been measured). We may only note

that, within limits of error, the cumulative yield of Ag

is about twice that of 1 1 5 mAg (O.OO7O+O.OO2O % and

0.0030+0.0008 %, respectively), and that the cumulative yield

of 117Ag is the same as that of 1 1 7 mAg (O.OO62+O.OO1O % and

0.0054+0.0013 %, respectively).

For the masii numbers 116, 118, and 120 the measured

yield of the isomer (which presumably is the high-spin state)

should be independent. Since the parent yields are unknown we

have no possibility to evaluate the independent yield of the

ground state, Ag, however. The situation is different for

masses 118 and 120 because the parent yields are expected to
118 120

be low, and estimated Pd and Pd-yields can be used. In

this way we obtain the set of results given in Table 16.

11.6 Cadmium isotopes

Two isomeric pairs have been studied, Cd - Cd

and *" Cd - mCd. In both cases the yield of the pa:ent
119 121( Ag and Ay) has also been measured. At Mass 119 the

parent effect is large, and the results depend strongly on

the knowledge about the branching of the parent to the

isomers. At Mass 121 the parent effect is ]er,s sei ious
77 )because of lower parent yield. Using the branching of Ref.

for 1 1 9 A g and that of Fogelberg and H o f f 8 1 ) for 1 2 1 A g we

obtain the results given in Table 17. In both cases the high

spin state is favoured.

11.7 Even mass indium isomeis

The high spin state:; (4,'5) f and (8,10)' of the

even mass indium isotopes are hardly fed from the decaying

0 cadmium LPotoprf;, and thf> measured yields can be consi-

dered as independent. The independent yield of the low spin

(1,3) .state is more difficult !<> obtain. For mass numbers

124 and 126 the procedure is straight-forward as the corre-

sponding cadmium yitOda art?, available. Beyond that estimated



Table 16. Yields of silver isomers

Isomer Spin Cumulative

yield, %

Parent

yield 4 0:

Independent

yield, %

Fractional

independent

isotopic yield

1 18m
Ag

120,
Ag

120m
Ag

O.OO61+O.OO19 O.OO33+O.OO21 O.OO28+O.OO28 48+26

O.OO3O+O.OOO9 52+26

O.OO38+O.OO13 0.0010+0.0006 0.0028+0.0012 25+10

O.OO83+O.OO28 75+10



Table 17. Independent yields of cadmium isomers

Isomer Spin Cumulative
yield, %

Parent
yield

Branching

%

Independent
yield, %

Fractional
independent

isotopic yield

119Cd 1/2 0.0077+0.0010 0.0082+0.0023 77.7 O.OO13+O.OO22 29 + 36

119mCd 11/2 0.0050+0.0012 O.OO82+O.OO23 22.3 O.OO32+O.OO13 71+35

121Cd 3/2 O.OO64+O.OO21 O.OO34+O.OO14 91 O.OO33+O.OO25 41+20

121mCd 11/2" 0.0^50+0.0^13 O.OO34+O.OO14 9 0.0^47+0.0013
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40)yields from the ENDF/B-V file have been used to evaluate

the parent effect. For mass numbers 120 and 122 the cadmium

yields, are estimated by interpolation in Fig. 15. They lead

to negative independent, yields of " In and In, and we

assume here that the latter are zero.

The results at'-- collected in Table 18.

I 1.8 Odd mass indium_i^omert;

For mass numbers 119, 121, and 125 only the

ground state yield has been measured. Three isomeric pairs
, , , 123_ 123mT 127T

have been measured, however, namely In - In, In
1/'7:'i.r . 1?9_ 12c>inT.

Ft;, a n d In In

Available cadmium yields are used to evaluate the
indepedent indium yields in the mass range 119 - 125 and

ENDF/B-V estimates in conjunction with the assumption of 75 %

feeding of the 9/2+-state and 25 % feeding of the 1/2~ state

for masses 127 and 129. The results obtained are tabulated in

Table 19. All the isoineric pairs give similar results.

The yield of the high-spin isomer corresponds to 80 % or more

of the total independent yield.

11.9 Tin i snraeis

At masses 123 and 12T> only one state, the 3/2

isomeric state, has been measured. In correcting for the

parent effec-t the yield of In has been estimated to b«

20 % of the yield of 12"'ln. The cumulative yields of the

ground states are taken from literature.

At masses 127 and 129 both tin isomers have been

measured. We have also measured both isomeric states of
1 **? ft T 1 "? ̂

masses 128 and 130. " 'In is known I o feed only " S n while
12,flH_ . , r . , 1?.8in 104) _ _ ,

In also has a i „ branch 'o Sn . In the case of

'Zi\ w.' ,i:;:;nnie W,.\\ only ' In feeds this state and that

the branching is \ \. Heie the parent effect is rather

unimportant because of ]<>w yield. The results are collected

in Table 20.



Table 18. Independent yields of even-mass indium isomers

Isomer Spin Cumulative

yield, %

Parent cumulative

yield, %

Independent

yield, %

Fractional

independent

isotopic yield,

120L

120M

120H

122L

122M

122H

124L

124H

126L

126H

128L

128H

130L

130M

In

In

In

In

In

In

In

In

In

In

In

In

In

In

1

4,5

8~

1+

4,5

8~

3+

8~

3+

8~

0.0054 +0.0009 O.O12+O.OO6*

O.OO1O9+O.OOO3O 0.0070+0.0035*

0.0203 +0.0026 0.0161+0.0061

0.0222 +0.0048 O.O1O9+O.OO41

0.032 +0.007 O.OO64+O.OO4O

1,2,3" O.OO27+O.OOO6 0.0009+0.0006

4,5+

130HIn

0.007 +0.006

O.OOO35+O.OOOO8

O.OOO46+O.OOOO7

0.0059 +0.0035

O.OO118+O.OOO2 7

0.0024 +0.0005

0.0042 +0.0066

0.0056 +0.0012

0.0113 +0.0063

0.0054 +0.0012

0.026 +0.008

0.0124 +0.0031

0.0018 +0.0009

0.0050 +0.0010

0.0026 +0.0005

0

43+7

57+7

0

33 + 7

67 + 7

43+39

57+39

68 f 12

32f12

68+9

32+9

19+10

53+10

28+10

*) From interpolation in Fig. 15; 50 *. uncertainty assumed.



Table i9. independent yields of odd-mass indium

Isomer Spin Cumulative
yield, \

Parent cu-
mulative
yield, %

Branching Independent Fractional
% yield, % independent

isotopic
yield, %

119In 9/2+ O.OO51+O.OOO7
O.OO77+O.OO1O

O.OO5O+O.OO12 98 } 0.0001+0.0014

121In 9/2+ O.O125+O.OO23
O.OO64+O.OO21

0.0/^50+0.0^13

123In 9/2+ O.O164+O.OO32 O.OO36+O.OO15

34b)

100b)

7?c) O.O132+O.OO35 87+7

123mIn 1/2 0.0030+0.0011 O.OO36+O.OO15

i25In 9/2+ O.O2O7+O.OO42 0.0112+0.0046

i27In 9/2+ 0.061 +0.012 O.OO85+O.OO54

23'

70c)

75d)

O.OO22+O.OO12 13+7

0.0129+0.0053

0.055 +0.013 80+6

127mIn 1/2 O.O162+O.OO33 O.O085+O.0O54 25d) O.O141+O.OO36 20+6

129In 9/2+ 0.061 +0.014 O.OO22+O.OO14

129min 1/2 O.O127+O.OO31 O.OO22+O.OO14

75d)

25d)

0.059 +0.014 83+5

0.0121+0 031 17~5



a) Ref. 6 1 )

b) Ref. 8 1 )

c) Ref. 7 7 )

d) Assumed value in analogy with masses 123 and 125



Table 20. Independent yields of tin

iGomer Spin cumulative I'aienL cu
mula Live
yield, %

Branching Independent I-'ructiuiial
'•• yield, "o independent.

ii;oi,'pic
yield, "o

123Sn O.oO !9<-0.0001a) 0.0 164+0 .00 '.2 .1:0 O.0014fO.0001 ~ 1OO

0.0119+0.001b
0.0164+0.0032

0.0030+0.0011 100 b )
0.0070+0.OO36

12'

1 2 7 mSn 3/2f

' f.n 11/ 2 0 . 0 116 + 0. 0004

^n 3/2

a)

0.0122+0.0028

Sn 11/2 0.05 3 t-0.014

o.oo7

O.O2O7+O.OO42

O.O2O7+O.OO42

0.004* ^+0. 002

0.061 +0.0 I 2

0.061 +0.012

0.0162+0.OO33

88
b)

100
b)

•r.d>

88

100

d)

d)

O.OO9 1+O.OOO6 ~ 100

0.0100+0.0050 ~ 0

0.04 3 10.014 ~ 100

0.008 +0.013 ~ 0



Table 20. Continued

lsomer Spin Cumulative
yield, %

Parent cu-
mulative
yield, %

Branching
%

Independent Fractional
yield, % independent

isotopic
yield, %

128Sn 0+ 0.312 +0.021
0.032 +0.007

O.0124+O.OO31

100e)

97e)
268 +0.022 98.7+0.4

128mSn 7

129m

130m

O.OO39+0.OO1O

129£n 3/2+ 0.214 +0.024

Sn 1 1/2" 0.162 +0.016

130Sn 0+ 0.92 +0.14

Sn 7 0.12 1 +0.026

O.O124+O.OO31

0.061 +0.014

O.O127+O.OO31

0.061 +0.014

0.0027+0.0006

0.0050+0.0010

O.OO26+O.OOO5

89d )

11

100

d)

f)

97
f )

O.OO35+O.OO1O

i. 147 +0.027

0. 155 +0.016

91 +0.14

0.121 +0.026

1 .3+0.4

49 +5

51 +5

88 +3

12 +3



a) Ref. '

b) Ref.108)

c) Cf. text. 50 % uncertainty assumed

d) Ref.109)

e) Ref.110)

f) Assumed value
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In the light, mass range (123 127) the high spin

r.tdte seems to be strongly favoured. At mass 129 the high-

spin state accounts for half of the total yield. The results

at masses 128 and 130 are very different. Here the data show

a strong favouring of the low :;pin state with 90 ° of the

independent fission yield going to that slut--.

11^20_Antimony_isqmers_

Two pairs of isomers, 130Sb - 1 3 O mSb and 132Sb

Sb and, in addition, the isomeric state Sb have been

measured. In all cases the ground state has the spin and

parity 4 and the isomeric state fl . This means that the

parent 0 ground states can only feed the ground state of the

daughters while the isomeric states of masses 128 and 130 may

be partly fed by the 7 isomeric states of tin. In this

context we assume a branch of 100 %. The results obtained are
128

given in Table 21 (the ground state yield of Sb is taken

from literature). We see from this table that there is no

strong preference for any of the states. This situation is

similar to the even mass indium i r.omer where the (4,5) and

the (8 ) states have roughly tho same share of .he total

independent isotopic yield.

1 1 J 1 Tellurium isomer.-.

13 3Only one isomeric pair has been studied, "Te -
mTe. The branching of the parent, to t ho two states, 71 %

and 29 %, respectively, .i :; known , and we obtain the

results

133m

133Te(3/2+): independent yiold - 3.1(0.8

Te ( 1 1/2 ) " " - 4.3+1 .0 '

which gives a fractional isotopic yield of 42+5 % for Te

and 58+5 % for Tf-, an agreement with the literature

values 43 + 4 % and r>7 + 4 %, respect iv--"! y '.



Table 21. Independent yields of antimony isomers

Isomer Spin Cumulative
yield, \

Parent cu- Branching Independent Fractional
mulative % yield, \ independent
yield, % isotopic

yield, %

Litera-
ture,
Ref.24)

128Sb 4 +

128m
Sb 8

130Sb 4+

130m5b 8

132m

a) Ref.

Sb 8

22)

O.O213+O.OO25 O.OO39+O.OO1O

1.10 +0.16 0.92 +0.14

0.30 +0.06 0.121 +0.026

1.26 +0.24

0.31 +0.06

0.61 +0.09

100

100

100

100

0.0109+0.0018a)39+5

0.0174+0027 61+5

0.18 +0.21 50+31

0.18 io.07 50+31

0.65 +0.26 68+10

0.31 +0.06 32+10

55+6

81 + 14

19 + 4
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11.!2_Iodine_isomers_

Two pairs of isomers, 134I (4+) - 1 3 4 mi (8~) and
136I (2~) - 1 3 6 m

I ( 6 ) , have been studied and, in addition,

the isomer mi. The results are given in Table 22. The
134independent yield of I of the present work is too

uncertain to be of any value here, but an accurate

determination can be extracted from literature^ ' . Also

the yield of I is taken from literature

Only for mass 134 an accurate result is obtained. For

mass 133 the uncertainty is too large, and for mass 136 the

measurements indicate a very low yield of the low spin

isomer.

1K13_Ces; umisomers

1 ^ ft tn

The only isomeric state studied is Cs (6 ). We

can assume chat this high-spin state is not fed from 0
138

Xe, and the measured yield, O.O81+O.O31 %, is therefore
1 7 Ö

independent. For Cs (sum of both isomers) Balestrini et

al. get the independent yield 0.532+0.021 %. From this we

deduce an independent yield of 138Cs (3") of 0.451+0.037 %,
138and the fractional isotopic yields become 85 + S % for Cr.

and 1S + 5 % for 138mr..,.

11^14 Summary of fractional independent isotopic yield.'.

In order to see more clearly the systematic behaviour

of the isomeric yields the cases studied have been divided as

follows:

a) Isomeric pairs with one low spin (1/1, 1/2) <ind one medium

spin (9/2, 11/2) state Table 23.

b) Ditto with one medium spin (3,4) and one high spin state

(8) - Table 24.



Table 22. Independent yields of iodine isomers

Isomer Spin Cumulative
yield, \

Parent cu-
mulative
yield, %

Branching Independent
yield, %

0.17 +0.03a)

0.07 +0.23

0.3 +1.2

0.89 +O.O5C)

0.266+0.027

-0.63+0.55

1.09 +0.12

Fractional
independent
isotopic yield,

71+68

29+68

77+2

23 + 2

1 3 3 I

133m]

134,

1 3 4 I

13411^

1 3 6 I

136a.

7/2^

19/2"

4+

4+

8"

2~

6"

0.67+0.20

7.1 +1.0

1.55 +0.18

5.0 +1.0

6.8 +0.6

2.18+0.52

12b)

a) Ref.

b) Ref.

28)

111 )

2Q \ 3Q \
c) Average of values in Ref. and Ref.
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c) Ditto with one low spin (0) and one high spin (7) state

Table 25.

d) Intermediate cases with one spin (2,3) and one spin 6

state - Table 26.

e) Nuclides with one low spin (1,2,3), one medium spin

(4,5), and one high-spin (8,10) state - Table 27.

For group a) we see immediately that the medium-spin

state is favoured (Table 23). Its share of the total yield

is 60 - 100 V

If the nuclide has one medium spin and one high spin

state (group (b)), none of these states is generally

favoured, and both get a fair share of the total yield,

usually between 20 and 80 % (Table 24).

The two cases of group (c) are outstanding, zero spin

is greatly prefei-red to the hiyh spin (7 ), and the 0 -state

gets around 90 % of the total yield.

The intermediate cases (group (d)) are inconclusive

but somewhat, similar to group (b) .

Finally, the cases with three spin states fall well

in line with the others, the low spin state is disfavoured

(of. group (a)) and the yield is shared between the medium

and the high spin state (cf. group (b)).

The picture evolving from these findings is that the

low-spin states are disfavoured and that the yield is roughly

equally divided between medium and high spin states.
133There are some notable exceptions to this: Te where the

low spin state har. as high a yield as the medium spin state
1 ?ft 11(1 +

and ' Sn where the 0 state is greatly favoured with
respect to the 7 state.
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Table 23

Division of independent isotopic yields on isomeric pairs

with one low-spin (1/2, 3/2) and one medium spin (9/2, 11/2)

state.

Nuclide

119Cd
l21Cd

127TIn
129..

In
123.Sn
125^

Sn
127Sn

'29Sn

FIIY, %

Spin 1/2, 3/2

29 + 36

41 + 20

13+ 7

20+ 6

17+ S

~ n
~ 0

~ 0

49+ 5

42+ 5

FIIY, *.

Spin 9/2, 11/2

71 + 36

59+20

87+ 7

80+ 6

8 3f 5

~ 100

~ 100

~ 100

51+ 5

58+ 5
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Table 24

Division of independent isotopic yield on isomeric pairs with

one medium spin (3, 7/2, 4) and one high spin (8, 19/2)

state.

Nuclide

124In
126In
128In
128Sb
130Sb
132Sb
133I
134I

FIIY, %
Spin 3, 7/2, 4

48+26

25+10

43 + 39

69+12

68+ 9

39+ 5

50+31

68+ .0

71 + 68

77+ 2

Table 25

FIIY, %
Spin 8, 19/2

52+26

75+10

57+39

31 + 12

32+ 9

61+ 5

50+31

32+10

29+68

23+ 2

Division of independent isotopic yield on isomeric pairs with

one low spin (0) and one high spin (7) state

Nuclide FIIY, % FIIY, %
Spin 0 Spin 7

1 ?ft
Sn 98.7fO.4 1.3+0.4

1 3 0Sn 88 (3 12 +3



Table 26

Division of independent isotopic yield on isoffleric pairs with

spins in the range 2, 3 and 5, 6

Nuclide FIIY, \
Spin 2, 3

FIIY, \
Spin 5, 6

84

138
Br

Cs

68+4

85+5

32+4

15+5

Table 27

Division of independent isotopic yield for isotopes with

three isomeric states, low spin (1,2,3), mediun spin (4,5)

and high spin (8,10):

Nuclide FIIY, %
Spin 1,2,3

FIIY, \
Spin 4, 5

FIIY, \
Spin 8,10

120

122

130

In

In

In

~ 0

~ o
19+10

43+ 7

33+ 7

53+10

57+7

67+7

28+10
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12. Gamma branching ratjos

The gamma branching ratio is an indispensable quanti-

ty in arriving at the fission yield from the gamma measure-

ment. In many cases the precision of the measured yield is

determined by the accuracy of the gamma branching ratio. In

the course of the work it turned out that the branching

ratios found in literature were often discrepant, and some-

times no published determinations existed. Therefore it was

necessary to initiate a complementary experiment for the

determination of branching ratios. This experiment will be

reported separately

The branching ratios used in converting gamma data to

yields are all given in the yield tables. Therefore, the

yields can be corrected if and when more precise determi-

nations become available. The correction is not straight-

forward, however, if the branching ratio of one of the

isotopes used in the normalization procedure has to be

changed. Then the whole string of isotopic yields has to be

t ecalculated.

13. Application of the new set of yield data

The fission yields find many applications in nuclear

technology. Two important fields are the decay heat, and the

delayed-neutron yield. We shall here check the effect of the

new set of fission yields on the latter quantity. Since the

cumulative yields are the important ones we do not have the

problem of converting them into independent yields.

It turns out that the yields studied in the present

work cover the main part of the delayed-neutron yield, or

about 83 V In the evaluation the P values of Ref. * are
n 1 1 2 )used complemented by some new values

The sum of the contributions of the precursors with

yields measured in the present work xs 137+7 delayed neutrons
4

per 10 fissions compared with the ENDF/B V value of 145+4.
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The contribution from known precursors whose yields have not-

been measured here can be estimated using ENDF/B V yields.

is
4

This contribution amounts to 26+4 n/10 fissions. Thus, we

arrive at a total delayed neutron yield of 163+8 n/10

fissions with the yields determined in the present work to be

compared to the result 171+6 using ENDF/B-V yields only and
4

the evaluated experimental result 162.1+0.5 n/10

fissions

14. The overall isotope separator efficiency for the

elements studied

A quantity determined in the various runs by the

normalization procedure is the product of the neutron flux at

1 kW power (• ), the number of target atoms (n), the cross

section corresponding to 1 % fission yield (o ), and the

separator efficiency (n), i g. the product n* o n appearing in

the expressions for analyzing the data. Since all the factors

except n are known the separator efficiency for the elements

treated can be determined. The results are given in Table 28.

Obviously, the efficiency will vary from one day to another,

but relative efficiencies, for the same day, can be obtained

quite accurately. The error of the neutron flux is not well

known, however, and its contribution to the total error is

not included. Thus, the data can be used for estimating the

accuracy of the relative efficiencies of the various ele-

ments . The absolute error may be larger.

Most of the efficiencies are in the range 1 per mille

- 1 per cent.
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Table 28

Overall isotope separator efficiency

Element Experiment

Zinc 18. 12.80

Gallium 18.12.80

Bromine 1 1 . 1 1 .80

Krypton 1 1 . 11.80
13. 11.80

Rubidium 1 3 . 11.80

Silver 27.11.80

Cadmium 27.11.80

Efficiency Element Experiment Efficiency
o/oo o/oo

2.5

3.4

+0. 7

+ 0.7

0.89+0.07

1 .0
1 . 3

5.4

8.9

4.2

+0. 1
+0.2

+0.5

H . 2

+ 0.6

Indi urn

Tin

Antimony

Tellurium

Iodine

Xenon

Cesium

27. 11.80
2. 12.80

25. 11.80
2. 12.80

25 . 11 .80

25. 11 .80

18. 11 .80
25. 11 .80

18. 11 .80

18. 11 .80

10
10

8.5
13

5.4

5.4

2.3
3.1

+ 2
+ 2

+0
+ 1

+0

+0

+0
+0

0.86+0

1 .3 +0

.4

.5

.3

.4

.5

.08

.2

15. Delays in the target-ion source system

The delay parameters found by the 2 point norma-

lization procedure and adopted for the yield analysis are

collected in Table 29. They can be compared with those from

special delay studies (from Table 1).

(M

Those elements which are most rapidly released

0.01 s ) are zinc, gallium, silver, indium, and

iodine. The next group released at moderate rates

(0.01 > M > 0.001 s ) contains bromine, krypton, rubidium,

cadmium, tin, antimony, xenon, and cesium. Tellurium is held

back much longer and falls in a group by itself.

It must be pointed out that the release rate depends

strongly on the temperature of the target ion source. The

values obtained here are typical for the kind of target

arrangement used (uranium presumably as carbide on a matrix

of graphite fibres) and a temperature of about 1500°C.

The special delay experiments usually lead to a
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higher precision than the 2-point normalization procedure.

Nevertheless, the M-values from the latter type of experi-

ment were, in general, used in the analyses because the data

were taken at the same time as the data for the yield

determinations and thus at identical target ion source

conditions. The price to pay for this is, of course, larger

uncertainties in the final yield figures.
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Table 21

Delay parameter.'

El enu-nt

Zinc

Gallium

Bromine

Krypton

Rubidium

Silver

Cadmium

Indium

Tin

Antimony

Tellurium

Iodine

Xenon

Cesium

T i me con
trolling
release
mechanism

descrpion

diffusion

desorption

diffusion

desorption

diffusion

desorption

diffusion

desorpti on

desorption

desorption

desorption

diffusion

desorption

Delay parameter M , s

2 point Delay
normalization experiment

0.038

0.0024

0.0069

0.0045

0. 122

0.0030

0.0064

fO.020

+0.0002

+0.0015

+0.0006

+0.085

+0.0004

+0.0027

0.00055*0.0001

0.023

0.0026

0.0083

+0.004

I 0.0006

+0.0015

0.090

0.056

0.0037

0.0051

0.0018

0. 105

0.0051

0. 102

0.0034

O.OÖ37

+0.036

+0.22

+0.0003

+0.0005

+0.0001

+0.015

+0.0006

+0.016

+0.0002

+0.0004

1 O.OO076+0.00O04

0.013

0.012

0.0015

+0.002

+0.001

fO.0001
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W>' r-.in now rt-'L-i!»' the delay parameter either to the

<lit fusion i onntant D or to a desorpticn parameter « (cf.

Section 3.2). The methods developed in this work can thus be

used to determine those quantities, and also to decide which

of the mechanisms is the one responsable for the delay in

the system. These parameters are used here for a very

definite goal to arrive at yield determinations compen-

sated for the delay effect. We would like to point out,

however, that the determination of diffusion and desorption

parameters can be a goal by itself. In certain cases it is

very essential to know these quantities. We shall only

indicate one such fiwld, namely the release of fission

products from overheated nucler fuel elements (i.e. the

"source term"). In the OSIRIS isotope separator the target

composition is chosen in such a way as to facilitate the

release of fission products, and the release data which we

have found are not really relevant for nuclear fuel. Never-

theless, we note that at high temeratures but much below the

melting point many elements are likely to be released also

from nuclear fuel. Some of them may not have any lone,-lived

isotopes, but in the case of accidents involving rapid

overheating of the fuel (loss of-coolant accidents) it is

also of importance to know how those elements will behave.

More important is the fact that the techniques

developed can be used for a study of actual fuel materials.

Such a material is then introduced into the ion source and

heated to a given temperature. The release rate of any

element can be studied and the relevant parameters deter

mined by measuring a string of isotopes oi different half -

lives and analyzing their yields along the methous pre

sented here. The strength of the method is th^t the

measurement is rapid and non destructive. Repeated

measurementr; of th<-- r;dim r.ample can be carried out with

various kinds of treatments in between. An experiment of

this kind is under consideration at the OSIRIS facility.
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16. Conclusions

In the present study of fission yields a new experi-

mental technique has been developed taking into account the

delay of the parent and the daughter in the isotope-separa-

tor-on-line system. The delay is described by certain

parameters, and the uncertainty of these parameters is

included in the error analysis. When compared to purely

physical yield determinations such as those carried ot with

HIAWATA7), LOHENGRIN8), and OSTIS9), the accuracy of the

final results is lower. In contrast to these physical

derminations the present method gives isomeric yields,

however, and this is a great advantage, furthermore, it can

be used in any mass range. The physical methods have only

been used in the light mass region until now, but there they

provide a quite complete picture of the yield distribution.

In comparison with radiochemical experiments the present

method leads to about the same accuracy. This is understan-

dable as the main contribution to the error is usually the

same: the uncertainty of gamma-ray branching ratios and

counting efficiencies. The present work therefore provides

new data for the improvement of yield evaluations. In

addition to this, yield values are obtained for the first

time for many fission products, notably isomeric states.

Thus, a more complete set of yield values is now available

to form a basis for a new evaluation of the yield pattern in
235thermal fission of U.

Finally, the experiments have improved our knowledge

of the technical aspects of the OSIRIS facility. We now know

considerably more about delays of the various fission

elements in the integrated target-ion source. We also have

good determinations of relative separator efficiencies.

These data can be used in planning new experiments, and the

method developed can also be applied to new kinds of experi-

ments, such as the study of the release of fission products

from nuclear fuel materials.
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