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Abstract:

The resonance activation integral of gold has been determined,

by means of cadmium ratio measurements of thin foils in a neutron

beam. Comparison was made with a l/v detector, and the neutron

spectra were measured with a chopper.

oo
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The resonance integral, RI, is defined as

or (E) -^r, where tr (E) is the difference between the total

absorption cross section and the l/v part. An experimental value

of 1490 - 40 barns has been obtained. RI has also been computed

from resonance parameter data with the result 1529 - 70 barns.

Completion of manuscript February 1959.
Printed April 1959.



LIST OF CONTENTS

Page

I. Introduction . , 3

II» Theory „ 4

III. The Experimental Procedure 7

IV. The Resonance Integral of Gold « . . . . „ . . . 11

V. References . , , „ . . . . . 15



The Resonance Integral of Gold

I. Introduction.

Several methods have been used in the past for the deter-

mination of resonance integrals of various substances, for example

1) measurement of the reactivity caused by oscillating a sample

inside a Cd tube in a reactor (Langsdorf ' ) ,

2) measurement of the reactivity changes caused by a sample in

reactors with different fractions of epithermal neutrons (Rose

etal.2)),

3) activation of samples with and without Cd covers inside a reactor
3)(Harris et al. ' ) .

There are many inherent difficulties with method i , for

instance the disturbance of the Cd tube and the influence of the

scattering in the sample. Method 2 has been shown by Rose et al.

to give reliable results, one reason being the absence of Cd in

these measurements. The influence of the scattering can be reduced

by choosing a suitable position in the centre of the reactor. In using

method 3 one is naturally restricted to substances, which by neutron

irradiation yield radioactive isotopes with suitable half-lives. The

disturbance of the Cd covers and the determination of the effective

Cd cut-off energy represent difficulties. However, overcoming these

troubles, it is possible to reach a higher accuracy by the last method

than by the others.

In all these methods one has to rely on some standard substance

for the calibration of the epithermal spectrum against the thermal one.

A i /v absorber would be convenient but due to the relatively small epi-

thermal effect, caused by such an absorber, gold is often used instead.

The value of the resonance absorption integral of gold (above l/v) is

generally assumed to be 1513 - 60 barns according to the calculations
4)

by Macklin and Pomerance from measured resonance parameters.
197Gold has only one stable isotope, Au , giving the radioactive



198
isotope Au with a half-life of 2, 7 days. It is thus well suited

for activity measurements and as there are no long-lived isomers
197the absorption and activation cross sections of Au are the

same. In spite of this there is only one reported activation measure-

ment of this resonance integral, which has been done by Popovic* ,

who obtained 1283 - 15 barns. Obviously, there is need for more

accurate measurements of resonance integrals, especially for

the important standard substance gold.

We used a variation of method 3. To overcome the difficulties

mentioned we measured the Cd ratio of the actual substance and of

a boron counter in a neutron beam. The spectrum of this beam was

determined with a chopper. Thus it was possible to get a rather

good check of the i /E dependence and also to obtain the effective

Cd cut-off energy directly. Here only the gold measurements will

be described; more results on other substances will be given in

a later publication.

II. Theory,

We adopt the following definition of the resonance integral:
oo

RI = \ ""r^/ dE, where o- (E) is the difference between the

0,5eV E

absorption cross section cr (E) and a l/v dependent cross section,

y — , (cr is the absorption cross section at the energy E =
E

= 0o 0253 eV). The lower limit of 0, 5 eV has been chosen because

above this energy the flux is usually i/E dependent in well mode-

rated thermal reactors and the resonance integral is then indepen-

dent of the neutron temperature. This is not always the case if

the effective limit between thermal (Maxwellian) and epithermal

flux is chosen as the lower limit. If there are resonances below

1 eV or if the epithermal flux deviates appreciably from a l /E

distribution, the concept of resonance integral will loose its

meaning. The principle of the measurement was to relate the



cadmium ratio, R~ ,, of a thin foil of the actual substance to the

l/v
cadmium ratio, R/-. j , of a thin boron counter. This notation points

out that boron was assumed to be a l/v absorber. The following

flux notations are used:

neutron flux, that strikes the foil without cadmium

i neutron flux, that strikes the foil with cadmium

neutron flux, that strikes the counter without cadmium

' c d(E): neutron flux, that strikes the counter with cadmium

00 00 , 00

i d E
y< v( u | £i vi x

R

\ ^(E)<r%/_2- dE + \

Cd oo oo

dE \ ^ ^ E l o - . Z - d E + l «L.,(E)<r (E) dE

As the foil and the counter were used at different reactor powers and

as the cadmium sheets might have different effects in the two cases

it was possible that the fluxes had not the same energy dependence.

Measurements described later ascertained however that ^ ' (E) =

= k ^(E) and ft Cd(E) = k ^Cd(E). Thus we have

oo

Cd

From the experiments it also follows that

if E > 2 eV
E

where j4 h is the total integrated thermal (Maxwellian) flux and j3 is

a constant (£ f%s 0.045 from chopper measurements). The effective

cadmium cut-off, E , is defined by the relation
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1/vIf the expressions of R^, and R ' are taken together, we get

00

R Cd

oo

dE = 2<r

As the integrals in this expression do not correspond exactly to the

resonance integral, correction terms have to be introduced as

follows:

oo

TP.th
dE = RI

0.5 oo

0.5

oo

th

th n c
o 0. 5

Thus we have with these notations:

RI =
RR Cd A4

(i)



HI. The Experimental Procedure.

a) The Neutron Source.

A general view of the experimental equipment is seen in

fig. 1. The fast chopper neutron beam, which is extracted from

the centre of the reactor by means of a graphite block, is used.

This beam which is well defined by a nickel collimator has a ther-
7 2

mal flux of 8*10 neutrons/cm sec at the top of the reactor and a

|3 value of 0. 045 (see above). The flux value corresponds to a reactor

power of 600 kW.

The spectrum of the neutrons in the beam has been analyzed

by means of the fast chopper whose detector station is situated

21O5 metres above the top of the reactor. The result of this measure-

ment is seen in fig. 2, where the dashed curve gives const, ĵ (E)« E

referred to the level A in fig. 1. The epithermal flux shows i/E

dependence from 2 eV to 400 eV, which is the highest energy of this

measurement, and the thermal flux corresponds to a Maxwellian

distribution with kT = 0.0276 eV. The solid curve in fig. 2 is

obtained after subtraction of the thermal part and gives an effective

lower limit for the epithermal flux (with-regard to a i/v absorber)

of 0. 13 eV, or 4. 7 kT. This value has no direct influence on our

measurement of resonance integrals but has been mentioned here

because of its general interest. Our value thus agrees fairly well

with the value given by Westcott , who from analysis of calculated

spectra obtained a sharp cut-off at 5 kT for a heavy water reactor.

The flux distribution of fig. 2 (and fig. 4) will be used to

calculate the correction terms in the resonance integral formula (i).

b) Choice of Cadmium Thickness.

Originally we intended to use both 0. 5 and lo 1 mm thick cadmium

sheets However, preliminary measurements of Rr\j
V for a boron

counter gave unexpectedly low values for 0. 5 mm Cd. The deviation

depends on non-negligible thermal transmission through 0.5 mm Cd

which is evident from the chopper measurement in fig. 3» Considering

the different scales the area (that is the number of pulses) below curve
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2 amounts to 7 per cent of the area below curve 1. The effect is of

course accentuated by the normal incidence here but will be impor-

tant also in isotropic fluxes if |3 is sufficiently low. For the above

reason we decided to use only i . i mm thick cadmium sheets.

c) Measurement of R

It would of course have been possible to compute R / , from

the spectrum measurements with the chopper. However, there are a

lot of correction factors involved in this procedure. Further our

chopper measurements would give very uncertain results at energies

lower than about 0o 020 eV. Therefore it is much better to measure

R-/, directly with a counter (l/v detector).

1/v
Rp, j was measured both at ground level and at the foil holder

(80 cm above the top of the reactor; see fig. 1). We used BF.» filled

proportional counters with a length of 470 mm, an outer diameter

of 30 mm and a wall thickness of 0. 5 mm (walls made of copper).

The counters were filled with 30 mm Hg BF, gas enriched to 94 per
10

cent on the isotope B and with 570 mm Hg argon.

For the measurement at the level of the foil holder we used

one counter placed parallel to the collimator slit. The cadmium sheets
l/v

were placed near the counter and covering it on all sides. R „', was

measured repeatedly at a reactor power of 0.4 kW and as an average

uncorrected value we obtained 42. 61 - 0.40. This value must be mul-

tiplied with the following correction factors: 1.010 due to energy depen-

dent attenuation in copper, 1. 005 due to selfabsorption in the BF^ gas ,

and 1.002 due to dead-time losses. No correction because of the

gamma sensitivity of the counter needed to be introduced and we

obtain considering the above factors

R V 3 43*33 " °'50*
A special investigation had to be made of the influence of neutrons

scattered in the cadmium sheets. This was made by measuring the

change in counting rate when two extra cadmium sheets were placed



above the counter. The result was an increase of i . 4 per cent. If

we then assume forward- and back-scattering equal 1.4 per cent

of the counting rate of the Cd covered counter depends on scattered

neutrons. One could get rid of this effect by placing the cadmium

sheets far away but this led to geometrical difficulties in the

present case.

We also measured R-r , v at the detector station of the fast

chopper using five BF_ counters forming a rectangular detector

area of 150 x 470 mm. This detector was also used in the chopper

measurements. If only the upper flight tube (see fig. 1) was evacuated

we got the value 39.34 which increased to 41,45 if also the lower

tube was evacuated. The value should be referred to the level of

the foil holder and therefore we must multiply it with io007 because

of the effect of air. The correction factor due to the copper walls

of the detectors and the aluminium ends of the flight tubes amounted

to 1. 022. Further we measured a correction factor of 0,995 depen-

ding on scattering from the roof of the detector house. Finally the

above mentioned value 1.005 due to the BF, gas and a dead-time
i/v

loss factor of lo 002 should be introduced giving the result R '

= 42. 73 - 0. 50, measured at a power level of 2 kW. Also in this

case the cadmium sheets were placed near the counter and the

scattering, effect, measured as before, was here 2.6 per cent. As
1/v

this last detector arrangement is of "foil shape" we refer our R '

+

to the figure 2. 6 which changes the value 43O 33 - 0o 50 into

i/v' =

42.82 - 0.50. From this we see that there is very good agreement
/

between the two measurements and we put as a final value R

= 42.8 - 0.5.

As the foils were irradiated at a reactor power of 600 kW we
1/valso made a measurement of the power dependence of R / , . The

powers investigated were 10, 50 and 150 kW and we measured the

ratio of the counting rates in a bare counter (BF, pressure 30 mm

Hg) and in a Cd covered counter (BF, pressure 600 mm Hg). The

beam was attenuated by an eight cm thick block of graphite to reduce

the counting rate. The quantity measured in this way is proportional

to Rf-J and it was found to be constant (within - 0o 5 per cent). This

result indicates that the spectrum of the neutron beam is the same
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at different powers, i .e . ^'(E) = k^(E) using our previous

notation.

Measurements further proved that the scattering effect due

to the cadmium sheets in the foil case did not deviate appreciably

from the value 2. 6 per cent for the counter, which was also expec-

ted because the counter was of "foil shape". Therefore we could

also put

d) Measurement of E .
c

The result of this measurement is seen in fig» 4. By putting

the area below the curve E^^j(E) equal to a rectangle of height

J3 £̂ , the effective energy, E , is obtained. The time-energy re-

lation, which was used in this measurement, was checked with

the position of 4.9 eV resonance in gold. The result is E =

= 0.490 - 0.015 eV. From figo 4 it is also seen that ^Cd(E) and

$ **th
p(E) can be put equal to —g— for E > 2 eV. This is also expected

as the attenuation of the beam in the lower cadmium sheet is

approximately compensated for this counter arrangement by neu-

trons scattered in the two cadmium sheets.

e) Measurement of R~ , for Thin Foils.

Thin foils can be prepared by alloying the substance with lead.

In this way thin lead-gold foils have been made.

The foils are placed on the aluminium disc (see fig. 1) which

is turned by a small syncronous motor at a speed of one revolution

per second. The advantage with this arrangement is that several

foils can be irradiated in identical fluxes, and one can use for

instance three bare and three Cd covered foils at the same time.

We measure the activity of the foils by using two scintillation

detectors, one of which counts gamma while the other one mainly
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counts beta rays. The gamma detector is used in connection with

a single channel pulse height analyzer.

IV. The Resonance Integral of Gold.

a) Measurement,

The lead-gold foils were 0.1 mm thick and contained 0o 1 mg
2

gold per cm . The foils were supported by 1,0 mm thick aluminium

discs. Calculations proved that neither the lead, nor the aluminium

has any attenuating effect on the neutron beam and activation

analysis showed that impurities in the samples had negligible

influence on the measurement of R~ , . The time of irradiation was
La

two days and the activity was measured on four occasions during

four days. The results were

= 2.240 - 0.015 (]3 measurement), and

R_, = 2,245 - 0.020 (v measurement),

giving a final value

R_, = 2.242 - 0.012.

In eq. (i) we thus put E c = 0.490 - 0.015, R J / ^ = 42.8 - 0.5, R c d =

= 2.242 - 0.012. The value of tr Q is taken from BNL-325 ' which

gives <rQ = 98.8 * 0.3. The result is RI = 1467 - 40 + correction

terms.

The values of the correction terms in eq. (i) have been calculated

using the curves in figs. 2 and 4 and the single level Breit-Wigner

formula for the 4.9 eV resonance. The parameters of this resonance

are according to BNL-3257^ E = 4. 906 - 0. 010 eV, f = 0 . 1 2 4 -
, , res y
- 0.003 eV, [* = 0.0156 - 0.0004 eV and g = 5/8, giving

er (E) = er
4 ( E - E )v res'

1421.4

- 4.906)2+ 0.01949]



12

S<Eres> =
r r g

= 32920 barns)

In the correction terms one should put A. = 0.6, A_ = 1.0,

A = 19.4, and A. = 0.3, which gives a contribution of 17 barns

to RI. The main correction (A_) depends on deviation from the

l/v law of the absorption cross section in the thermal region.

K a selfabsorption correction of 4 barns is also included we obtain

as a final value

00

R I = \ «r £(E) ' ^ = 1490-40 barns

0.5

b) Calculation from Cross Section Data.

We have also estimated RI from the resonance parameter
7}

data given in BNL-325 ' . The integral

E.,

•I r e s
r e s

res'

dE

8)
has the following exact solution (see Story ')

I = tanh Q
Ji + X

t a n
-1 - 1)

y- - ]



13

El E2
where |x = \| 1 + 5— , x, = ^ and x? = -^ , and where

4 E res res
res

a negative argument in the last term corresponds to an angle

between Ot/2 and ffC

Using the formula for I we get for the first resonance

00

1421.4 dE1 [4(E - 4 o 9 0 6 r + 0.01949]
= 1505 barns

For the next eight resonances (tabulated in BNL - 325) we get a
contribution of 49 barns . As the g values of these levels are not
known we have chosen g = l / 2 , which is the average of the two

possibilities g = 3/8 and g = 5/8. For the unresolved resonances
9)a contribution of 20 barns has been computed by Rosén ' and we

obtain finally

RI = 1505 + 49 + 20 - 45 = 1529 barns,

where the figure 45 corresponds to the l / v part . The er ror in the
computed value is estimated to - 70.

We also computed the change of the resonance integral due
to Doppler broadening. This change, ARI, can be expressed in the
following way

00

res

0.5

2(E - E r e g ) 4kTm
where x = and t = . k is Boltzmann's constant,r 2

T is the absolute temperature, m i s the neutron mass and M is the
atomic mass of in this case gold. Y (x, t) has the form
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00 ( T t y )

- T—
 dy

V EV r e s ,and tr * — r e W (x, 0) corresponds to the ordinary Breit-Wigner
r e s \|

formula given above. In performing this calculation we used tables

of ty (x, t) published by Rose et alo and we got ARI = + 0. 7 barns,

a value which is quite unimportant in this case.

c) Conclusions.

Our experimental result, 1490 - 40, agrees quite well with

our calculated value, 1529 - 70, and also with the value 1513 - 60
4)calculated by Macklin and Pomerance .

+ 5)

The experimental value 1283 - 15 due to Popovic* ' seems to

be too low. His calculations show that an effective Cd cut-off energy

of 0o 51 eV has been used. (The actual Cd thickness was 0.83 mm).

Our measurements indicate that this value is too high and a more

suitable one should be 0.46 eV, which changes the value above into

1350 barns. If one further uses <r = '98. 8 barns instead of 97. 6
o

barns one gets 1365 barns. Further we think that there is some

uncertainty in the correction due to selfabsorption in the relatively

thick gold foils (10 mg/cm ). So the discrepancy between the two

experimental values is not really so large as it might first appear

to be.
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Fig. 1. Experimental equipment.

From below are seen the reactor, the fast chopper, the foil holder, the flight tubes
and the detector of the chopper. The aluminium disc that supports the foils during
the irradiation process is seen separately to the right in the figure.
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Fig. 2. Neutron spectrum of the beam measured with the fast chopper.

The dashed curve shows the number of pulses per time channel corrected for pulse losses in
the analyzer, for energy-dependent transmission of the chopper rotor and for energy-dependent
attenuation of the beam in the flight path. The quantity measured in this way is proportional to
E '4>(E). The low energy part of the spectrum has been diminished five times in the figure.
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Fig. 3. Transmission of neutrons through 0. 5 mm Cd.

Note that the curves are drawn in different scales.
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