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Abstract

The delay between production and measurement is an

important effect in ISOL-experiments aiming at the determi-

nation of nuclear reaction yields. The present report dis-

cusses methods to correct for decay losses caused by the de-

lay in the tarqet - ion source system of the isotope separator.

1. The delay function

The problem of measuring nuclear yields in isotope-

separator-on-line arrangements has been discussed in a previous

report . The present analysis uses the results of Ref and

puts the emphasis on the treatment of experimental data to

extract essential parameters needed for the conversion of

measured abundances of nuclear reaction products to forma-

tion yields.

The need to study the escape rate of reaction

products from the target - ion source system of the isotope

separator arises because, in yield measurements, it is ne-

cessary to know the fraction of the nuclear species which

survives the time lag between production and measurement.

The main components building up the delay are: diffusion

through the target material, release from the surface of

the target, and residence time in the gaseous phase of the

target - ion source system. The ionic transport time from the

source to the measuring position is short and can be neg-

lected in comparison with the other effects.

Ref treats, in a general way, a number of diffe-

rent situations which may arise. The methods adopted here

will be similar to those of Ref . Thus, following Wins-
2)

berg a delay time distribution p(t)dt is defined as the

probability of a delay between t and t+dt after the pro-

duction of a certain nuclear species. The function p(t)
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is normalized in such a way that the integral

t

is unity for t = «*>. The function P(t) corresponds to the

probability of a delay between 0 and t.

It is shown in Ref that the delay function can

be written as a sum of terms of type

The expressions valid for various physical situations are

given below.

Dejsorption^controlled release

In this case the sum reduces to one term, and we

have the normalized expression

p(t, = JLtol_(1 - e'
vt)e-vt. (2)

The parameter v depends on the target - ion source data. For

the OSIRIS integral system it is approximately given by

V/2irM/R T
(3)

where S is the area of the outlet opening, and V is the

volume of the discharge chamber. The mass of the separated

ions is denoted by M, and R and T are the gas constant and

the temperature of the source. The parameter v has a value

around 10 s for normal conditions at OSIRIS.

The parameter p is related to the release rate from

the surface of the target. It is much smaller than v , and

therefore we have for vt >> 1, i.e. for times around 1 se-

cond and longer, the quite accurate approximation

-vt
p(t) v e

Diffusion-controlled release

(4)

The delay functions depend on the geometrical con-

ditions. Three typical cases will be presented here.

Spherical Seometry^

The delay function is given by



- 3 -

p(t) = (5)

kVi

The v,-parameters are approximately equal to v of Eq (3)

and much larger than v so that, for vt>> 1, the expression

is simplified to

-y t
p(t) 'm-*- ) e

V 1 /
/ ~2 - —
i k k l

(6)

k-i

Furthermore,

uk = k% .

The parameter v is related to the diffusion constant D by

the equation
,2

(7)
DTT

IT

where R is the radius of the spheres.

Cy_lind£ical geometry:

In this case we can write

a.
k=l k=l

(8)

where a, are the roots of J (Ra.) = 0, J^
K O K O

being the

Bessel function of the first kind of order zero.

Again,a good approximation is obtained by noting that

v > > JJ:

p(t)

> • '

\ e K ' (9)

L
k=l
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with p, = p
a, \ 2—V

The relation of v to the diffusion constant is in this case

y= Da*. (10)

.Plane jäheej: geometry

In a sheet of thickness d, the p(t)-function may be

written

P(t) = - e * )e * , (11)

> (2k+l)'
k=0 k=0

i.e. in a form similar to the other diffusion cases. The

same kind of simplification can be used leading to

P(t)
\ -v t

w / e k (12)

k=
k=0

with = (2k+l) \i

and
PIT (13)

It is important to note that, in all cases and

for vt >> 1, the release is controlled by a single delay pa-

rameter v which may be determined experimentally.

An order of magnitude estimate of v can be obtained

from its relation to the diffusion constant. Choosing the
-9 2cylindrical case as an example we find, for D = 10 cm /s

and R = lo" cm:

v- '•• 0.006 s~ .

T M s is in the range of experimental result for target

temperatures around 1500 C.

The condition for the simplification of the delay
~vt

formulas is that vt >> 1 so that the term e can be neg-

lected compared to unity. With a v-value around 10 in the

OSIRIS ion source this condition is fulfilled for times
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longer than a few tenths of a second. In other ISOL-systems,

however, with larger volumes and lower temperatures v will

be smaller. If, in addition, the half-life of the nuclide

under study is short it may not be permissible to simplify

the delay function as has been done here, and the term e

will have to be retained.

2. Outline of experimental arrangement

One way to study the delay is to collect and measure

consecutive samples from the isotope separator. At a certain

moment the production rate is reduced, and the effect of this

on the sample strengths is followed. This experimental arrange-

ment is chosen for an analysis aiming at extracting the delay

parameter from the measurements. It is assumed that the

collection of the atoms and the counting of the decays take

place simultaneously. After the end of a collection-counting

period the sample is removed and the collection and conting

of the next one starts.

T(0)

The timing of the experiment is sketched below.

E2(l) , El(2)
T(2)

,E2(2) ,E
T(3)

2(3) ,E
T(4)

E2(4)
I

The samples are collected and measured during the E2-periods

while the El-periods are used for changing samples. The lengths

of these periods may vary during the experiment.

An experimental arrangement designed for the study of

delay functions is described more fully elsewhere .

3. Analysis for a case where the parent effect can be neglected

3.1 Desorption-controlled release

The production rate per second is given by öo^t) where

n is the number of target atoms present, a is the formation cross

section, and <f> is the particle flux. The number of nuclides

produced in the time interval dt1 at time t1 is evidently

equal to no<}> (t1 )dt'. The fraction of these nuclides, which

reach the measuring position in the time interval dt" at time

t", is given by the separator yield n (= fraction of atoms in

the discharge chamber which reaches the measuring position )
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multiplied by the delay function and is equal to np(t"-tl)dt",

Finally, the fraction xe"A(t"'"t')cltl" decays in the inter-

val dt111 at time t1" . Introducing also the counting effi-

ciency e we find the number of counts in the latter inter-

val to be given by

d3D(j) = 1 )dt' p(t"-t• )dt (14)

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

ling period extending from time t to time t, we have to in-

tegrate Eq. (14). if it is assumed that the irradiation starts

at time -t (the collection of samples starts at time 0)

the variable t1 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 oft' and t 'to t. The va-

riable t"1, 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 collec-

tion of the j:th sample. The situation is visualized below.

-t dtf dt" dt1

-M

-t
x

dt1 dt" dt"1 t
D2(j)

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 given in Eq. (4). Then the integrations

can be carried out except for the one over t1 which requires

the knowledge of the particle flux variation. The results are

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

D1(j)=naeriFX(jf \+v) 4-

and

j) = nocj

g[e uAt
(15)
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where

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

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

fined as follows:

FR(j) = <Mt')dt',

to(j)

FX(j;a) = 4,(f)e"a(t"t')dt' (16)
-t

FI(j;a) = / •(tl)e~a{t~t')dtl.

V"
The functions above can be evaluated, analytically or

numerically, as soon as the time variation of the particle flux

is known. In the simplest case the flux is a constant, 4 ,

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

FX(j,a) " a ( t" td ) " a ( tx + td )

- e x c l ) . (17)

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

tive decay constant being the sum of y and X . The parameter

y is therefore easily obtained from the slope of a semi-loga-

rithmic plot of the measured counting rate versus time after

the drop of the flux.

A sudden drop of the flux to zero may not be realizable.

One should still try to get as quick a drop as possible,

however. At the R2-0 reactor, which feeds OSIRIS with thermal

neutrons, this rapid flux change is achieved by dropping one

of the control rods. The flux then falls to about 20 per cent

of its original value within 0.3 s, and then continues to de-

crease less rapidly because of the presence of delayed neutrons.

Although Eq. (17) does no longer describe the situation correctly

it may still be used to get a first approximation of the para-

meter y.
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The proper way to evaluate the delay parameter when

the particle flux does not go to zero momentarily is to mea-

sure the flux variation simultaneously with the collection

and counting of samples. In this way a flux function $(t)

is obtained to be entered into Eqs. (15), and D, (j) and D2(j)

can be calculated. The delay parameter y is then determined

by the non-linear least squares method as follows.

The measured number of counts A(j) is equated to the

calculated number using the relation

A(j) = D(j»y)*C x D'(ji») = C x D'(j;po) +

CAU U 8 )

where y is the first approximation discussed above and C

denotes the constant naen. This constant and the product CAy

are determined by the least-squares method applied to Eqs. (18).

A new value of the delay parameter is obtained by adding Ay

to y , 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 y.

Although the main goal of the experiment under consi-

deration is to determine the delay parameter y it can also

be used to obtain the formation cross section o. The best pro-

cedure to follow is then to determine the constant C for

samples taken before the flux change, i.e. for t < t,. A

comparison of A(j) with D(jju), calculated with the final

value of y, gives the constant C with a statistical error. To

this statistical error should be added (quadratically) a

systematic error arising from the fact that there is an un-

certainty of the delay parameter. This systematic error is

evaluated by comparing the value of the constant determined

with y decreased and increased by one standard deviation. The

constant C thus obtained is equated to no en, and a can be cal-

culated provided that the other factors in the expression are

known. The number of target atoms and the counting efficiency

can be determined in a straightforward manner, but the sepa-

rator yield n is more difficult to measure to an acceptable

accuracy. Since the separator yield should be the same for

all isotopes of the same element apart from a small mass effect
at least relative cross sections can be determined by this

procedure.

4)
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The case of diffusion-controlled release is a simple

extension of the preceding case obtained by exchanging the

delay function of Eq. (4) with the series given by Eqs. (6),

(9), or (12) according to the geometry. Taking the spherical

geometry as an example we can write

p(t) (19)

k=l

and

max (k)

max

k=l
2 k=l

(k) is the D(j)-value derived for a delay func-

e" P k t, and k_ is the highest member of the series
(k)

where D

tion p

to be included in the sum. DK (j; p^) is apparently the

same function as has been derived before and is given by

Eqs.(16) with p exchanged for p. .

Also the derivative of D(j) is easily obtained:

kmax
, 1 \

kmax

L
k=l

max
9D(k)(jjyk) (20)

Similar results are obtained for the other diffusion

geometries. For cylindrical diffusion, for example, the

number of counts D(j) will be
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k
m a x

k=l K

and the derivative is

(21)

max
(22)

max. .9

L. \ —
k=l \a]

k=l

The series (19) and (21) usually converge rapidly.
86

In a study of Br assuming spherical geometry and choosing the

j-value which corresponds to a decrease of the original number

of counts by a factor of 3, the contributions of the 8 first

terms to^Ddj) was found to be: 65.7 %, 22.7 %, 6.79 %, 2.29 %,

1.03 %, 0.65 %, 0.46 %, 0.36 %.

A corresponding study assuming cylindrical geometry gave

the following percentage contributions for the 8 first terms:

75 %', 18.6 %, 3.8 %, 1.1 %, 0.6 %, 0.4 %, 0.3 %, 0.2 %.

3.3 Example of the analysis of experimental data

Experimental data from an experiment following the
Of

decrease of the number of beta counts from Br have been ana-

lyzed by treating the case as a desorption case or a diffusion

case with cylindrical geometry assuming the fission products

to be uniformly distributed in the graphite fibres of the

target. Also the spherical geometry was checked. In the

diffusion cases k was put equal to 8. Of the three approaches

that of desorption-controlled release fits the experimental da-

ta best giving a sum of x equal to 25 for 24 degrees of free-
2

dom as compared to sums of x °f 339 for the cylindrical diffu-

sion case and 379 for the spherical one.

This leads to the conclusion that the rate of release

is controlled by the desorption from the target surface for

bromine. This observation is strictly limited to the case at

hand. Other elements, and even bromine under other running

conditions, may obviously behave in a different manner.
The delay parameters determined for the three approaches

-1
are 0.0079±0.0001 s"1 (desorption case), 0.0048±0.0006 s"1

(diffusion case with cylindrical geometry), and 0.0032±0.0006 s

(diffusion case with spherical geometry). As expected, the delay
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parameter is lower in the diffusion cases than in the de-

sorption case. It corresponds to the first component while

the following components give contributions with larger de-

lay parameters.

An exponential decrease of the number of counts of

consecutive samples was noted already in the first year of

ISOLDE experiments '. Later work has also brought evidence

for diffusion-controlled release '.

It is interesting to note that the constant C, which

is an important outcome of the analysis because it is propor-

tional ,.%p the fission yield, does not depend strongly on the

assumption regarding the type of release. In the example given

above it came out to be 160+2 in the desorption case, 149±9

in the diffusion case with cylindrical geometry and 172±15

in the diffusion case with spherical geometry.

4. Analysis with parent effect included

In the present chapter the decay chain consisting of

parent and daughter will be treated. For the parent and also

for the part of the daughter atoms formed directly in the

nuclear reaction the formalism of Chapter 3 is applicable. The

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

rent manner. There are two situations to consider.

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

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

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

counts. Ths second situation (b) occurs when the parent de-

cays in the target material. The daughter atoms are then

transported to the sample where they decay and contribute to

the number of daughter counts.

p i

1*1 _D£ca.y_°l £ne. Ea£eHt_in. £ne. sample

Case (a) will be treated in this Section. The diffe-

rential equation describing the case is

-X4 X
d4D(j) = no en A A<fr(t')dt'p (f-t'Jdt" e p

P P P P
df

IV, / A. J. V L. Il)

" X ( t fc (23)
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 below
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-t
dt1 dt"1 dtiv

Da2 H» • ? ,*•

As in Chapter 3 the simple delay function given by Eq.

(4) is used. If needed, the extension to the diffusion cases

can easily be done. In terms of Eqs. (16) the two contri-

butions to D (j) can be written:
Cl

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

j) = nopenpFX(j; X p +u p)

P - il

P P

yp [e ( XP + UP" X ) & t - 1]

V

" . 2 " '

f P n tFR(j) - p )

(24)

A u [FI(j;A) - FI(j; A + u ) ]

A [FI(j;A ) - FI (j;A + v )] 1
+ c c E_ V •

A - AA - A
P

1*2

For Case (b) the following differential equation is

valid:

4 -A (t"-f)
d4Db = no enA A •(t')dt'e

 p [1 - P(t"-f)] dt" «

-A(tlv-t") (25)
x p(t"' - t")dt

lfI e Jt.lv.

It is convenient to divide the integral of Eq. (25)

into three parts as sketched below:
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-t
: dt]

dt1

-t

D b 2(j):
dt 1

I
fco dt" lvdt"1 dt

1 I I i

-t.

D b 3(j): °rM
dtl l

at7,*r
Again delay functions of type (4) are used for the

daughter. An extension to the diffusion case can readily be

made.

In terms of the formulas of Eq. (16) the contributions

to Djfj) can be written:

Db(j) = Db2(j) + D b 3(j),

(X
- e

+p

D b 2 ( j ) =

(X +y^)
vie P P X[e

(X +y -X-y)At
-I]'

(X+ti) (X + y ) (X+w)
P P

(X fp -X)At -\
[e P P - 1] ' (26)

P P
P P

- Fl

(X+p) (X +p -X-p) - X 7



- 14 -

4.3 Determination of_fisslon_yields and delaŷ  parameters

In the ideal case that the particle flux suddenly

drops to zero we can apply Eq. (17). it is then seen that

D , (j) and D.-(J) will decrease exponentially, both with an

effective decay constant of A +y . The contribution D,,(j)

will contain two exponential terms, one with an effective de-

cay constant of X +y and the other with the constant A+y
P P

will be zero for zero flux. This
while D 2(J)

 an<^ ^

means that the number of counts of the daughter will show a

composite decrease with effective decay constants A +y and A+y,

Consequently, it should be possible to determine both y

and v from an analysis of the decrease of the number of counts.

If the flux does not go abruptly to zero but nevertheless de-

creases rapidly, it is possible to derive approximative values

of u and u 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 Chapter 3 we equate the experimental and cal-

culated number of counts:

A(j) = D(j) + D M ) + D. (j) + D M ) , (27)
"a*" b — 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 no en *nd the remainder, which can be cal-

culated provided that the flux variation has been measured. Then

A(j) = C D'(j;y) + C
t

The constants have the following significance:

C = na en

CP = n V p n P
c
Pd = n V n

(28)

(29)

Eqs. (28) can be treated in a manner analogous to (18).

By an iterative procedure, using approximative values as input,

we derive the best values of the three constants C, C , and

C j and the delay parameters y and y, and obtain, in additionpd J Mp

to the delay parameters of the parent and the daughter, also

constants proportional to the fission yields and separator
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yields. If the latter are known from other experiments, the

fission yields can be calculated. If not, relative values

of fission yields can be extracted for series of isotopes

of the same element.

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 de-

lay parameters are known from other experiments, for instance

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

of the known parameter the number of unknowns to be determined

is reduced, and the accuracy of the derived quantities is

improved.

4k 4 £ e! e a s e

The extension of the formulas in this Chapter to

describe diffusion-controlled delay is straightforward. The

procedure follows closely that of Section 3.2 where it is

shown how three typical diffusion geometries - spherical,

cylindrical, and plane - can be treated.

5. Computer programme

A computer programme (DELAY) has been written for the

evaluation of the delay parameters and relative fission yields

from experimental results. The flow-sheet is given below:

Routine

MAIN

INPUT

Function

Starts the programme

Reads input data:

steering parameters,

number of beta or gamma counts per

channel, with uncertainties

neutron flux values

half-lives

approximate delay parameters (may

also be calculated in certain cases)
timing of the experiments
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Routine

CALCUL

LEASTSQ

PAPER

PLOT

Function

Calculates D(j)-values and their de-

rivatives with respect to the delay pa-

rameters .

Performs non-linear least squares analysis

Prints delay parameters and relative

fission yields.

Reads data from paper tape.

Makes linear plots of experimental and

calculated spectra.

6. Alternative determination of fission yields

The experimental set-up outlined in Chapter 2 is

especially designed for the determination of delay parameters.

It has been shown in Chapters 3 and 4 that it is also useful

for the determination of the fission yield, or rather a product

containing the yield as a factor. If the delay parameter is

known there are simpler ways of determining the fission yields,

however, which may be deduced from a measurement of the number

of atoms present at the end of a collection period. Such a

method is especially useful when the half-life of the nuclide

under study is too short to allow an experiment such as the

one described in the preceding chapters.

If there is no parent effect to be taken into account

the number of atoms is governed by a differential equation si-

milar to Eq. (14) except that the factor Xe"A(t" " t *dt""is

exchanged for e~ . The integration is divided into two

parts in the same way as the integration of Eq. (14) , and the

results are

N(t) = N 2(t),

pAtNx(t) = no nFX(x+v.) [e
p A t - 1],

N2(t) = no ntFlU) - FHX+p)] .

(30)

For the contribution from a parent we have again two

different cases to consider: (a) the parent decays in the

sample and (b) the parent decays in the target. For Case (a)

an equation similar to Eq. (23) is valid, but with the factor

x e"
( t l V " t"' )dt l v exchanged for e ~*(t " t"'). The result of
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the integration is:

N a ( t ) " N a l ( t ) + N a 2 ( t ) '

Nal(t)
"PVP

FX(X
FX(

P _

- 1]

P P

(31)

no n x u
N (t) = P P PPN a 2 l t ; X -X

P

- FI(X

For Case (b) the factor Xe"1 - * " > < " " i n E " ' <25>
~X(t ~ t")is exchanged for e , and the integration gives

Nb(t) = N b l ( t ) + N b 2 ( t )

N b l ( t > »

no nX
lP P

- e
^ +y -X-p)At
p p F X V V ] '

N b 2 ( t ) = n o p nXpFX (Xp

r
[ e

( W x ) Å t

X +\i - X

p p

- 1] _

(X +p -X-y)&t
p p

x p + u p " x "
(32)

Nb 3(t)= nop n x p -;'
- F I (yyi

FKX +v ) - FI(X
P P L •

J
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In the simple case of a constant particle flux =

and for a sampling period long enough to ensure saturation

(At

t will be given by

A and A ) the number of atoms of the daughter at time

Ndaughter(t)
onu

T+u"
•PVP a r)A

_P
(A+y

(33)

An extension to the diffusion case can easily be made

using the techniques of Section 3.2.

Finally, it should be noted that there may well be

cases where the parameter v in the delay function cannot be

neglected. For the OSIRIS target - ion source system this will

occur for half-lives below about 1 second. The treatment with

a delay function of type (2) rather than (4) is straightforward,

although the formulas obtained are somewhat cumbersome

and will not be given here. Only an example of the effect

of including v will be written down. This is the number of

atoms at the end of the collection period when the parent effect

is neglected, with a constant particle flux, and under satura-

tion conditions. One then finds

N(t)
A(A + y) (A+y+v)

(34) I

Thus

N(t) for v not included _
__________________________ _
N(t) for v included

y+v

Thus, by neglecting the effect of the parameter v one under-

estimates the fission yield by the factor

1 +
y+v

which approaches unity for v >> A.

For further details see Ref.
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