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Summary
The use of the time dependent reaction rate method for the measurement of neutron slowing-down time distributions in hydrogen has been
analyzed and applied to the case of sloping down in water. Neutrons with
energies of about 1 MeV were slowed down, and the time-dependent neutron density at 1 . 46 eV and its space dependence was measured with a
time resolution of 0.042 p,s. The results confirm the wellknown theory
for time-dependent slowing down in hydrogen. The space dependence of
the distributions is well described by the P . -calculations by Claesson.
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Introduction
The time dependence of the slowing-down to the eV region of neu-

trons in water has been the object of few detailed experiment studies.
The theory of the process is well known in the idealized case of a homogeneously distributed pulsed source in hydrogen gas of infinite dimensions, and attempts to treat the problem in more realistic cases
have also been made. The knowledge of the space-, time- and energydependent slowing-down flux in hydrogeneous media is of interest since
slowing down preceds the thermalization, the time dependence of which
can also be studied experimentally and be compared with predictions,
based on the scattering laws for different models of the scattering process. The mastering of the time-dependent slowing-down process is also
important for the production of short pulses of moderated neutrons by
means of accelerators.
2.

Earlier work on the time-dependence of slowing-down

a) _

Theory
The theory of the slowing-down of neutrons from a distributed

pulsed source in hydrogen has been given by Ornstein and TJhlenbeck [1 ]
and Marshak [ 2 ] . They expressed the velocity- and time-dependent neutron density

n(v,t) for velocities v much smaller than the source ve-

locities in the.following way:
7

y

n(V)t)=v2s2t2e

"VE t
S

(1)

where S

is the macroscopic cross section for scattering, assumed to
s
be constant, an assumption which is approximately fulfilled in the energy
4
region 1 - 1 0
eV. The absorption, leading to an exponential decay of
the spectrum, has been neglected. The maximum density of neutrons
of a chosen velocity v1 occurs at a time t
'
max.n
t

max.n

=——
v'E
s

(2)
v
'

Another important entity is the time-dependent slowing down density
q(v' , t ) , for which the following relation may be obtained:

- 4-

,

4.\

v1

_

_

-v'E t

/
.\ .L- c,
> t) =dt-TT- vf> ni
v, t) dv = v 1 E
s te
o
d

r~\

s

(3)

with a maximum at
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The mean slowing-down time t to the neutron velocity v1 is given
by the following expression:
t-q(v',t)dt
'

(5)

Jq(v',t)dt
o
In the case that the Eq. (3) can be used for the slowing-down density,
the slowing-down time will be:

In water S

equals 1.33 cm , assuming a scattering cross section of
s
20 barns for hydrogen. The values of t (or t
) calculated from
>
<=>
^
max.n'

-(6) is then 0. 90 \xs at E ' = 1 . 46 eV. Extending the calculation to lower
energies, one obtaines 1.54 |is for 0.5 eV and 1 . 84 p,s for 0.35 eV.
The actual deviation of the hydrogen cross section from a constant value of 20 barns, especially at higher energies, will extend the
time scale somewhat when the neutrons start from energies in the MeV
range, but this effect is quite small since the last collisions play dominant role for the establishment of the time distribution. The increase
of the mean free path with energy is much more important for the spatial distribution. The presence of oxygen will speed up the slowing
down somewhat, but the cross section as well as the energy transfer
per collision are quite small. The thermal motion of the moderator
atoms will prolong the slowing down process, but above 1 eV the effect
is very small. The slowing down time to 1 . 46 eV, calculated from Eq(6), can thus be estimated to be correct to within a few per cent, and
the distributions given by Eqs. (l) and ^3) should not be much distorted by the three effects mentioned above.
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The experimental study of time-dependent spectra implies the
use of a pulsed point source, which means that the space dependence,
i . e . the effects of the diffusion during the moderation, must also be
taken into account. Theoretical work on this problem has been done by
Dyad'kin and Batalina [3] and Claesson [4]. In the former work, the
general case of a mixture of different nuclei has been treated and expressions for n(r,v,t) and t
n(r, v, t) and t

are given. Claesson [4] calculated

i n a P , -approximation for the case of hydrogen

gas. The results are also given in diagrams for the velocity corresponding to the energy 1 .46 eV of the indium resonance.
Von Dardel [5] treated the time dependence of the neutron flux
during both slowing-down and thermalization in his pioneering work on
the use of a pulsed neutron source for the study of the energy spectrum
as a function of time. The change from a slowing-down process taking
place by neutron collisions with protons at rest into a thermalization by
neutron interactions with molecules or with a proton gas was also studied
by means of the Monte Carlo method.
A more detailed Monte Carlo calculation of the distribution of
slowing-down times to 0. 35 eV was performed by Haynam and Crouch [6],
The resulting distribution shows a peak around 1 (JLS after the start of
the fast neutrons. The time value for the maximum slowing-down density
at 0. 35 eV, calculated from eq. (4) using S = 1 . 33 cm

is 0. 92 |j,s.

s

Since the neutron histories followed were only 1000, the statistical

fluc-

tuations became quite large and no conclusions about the detailed shape
of the distribution could be drawn. The value of the slowing-down time
obtained was 0.85 p,s for 1 . 4 eV and 1 . 7 JJLS for 0.35 eV. The possible
influence of the presence of oxygen and the chemical binding effects were
not investigated.
Krieger and Federighi [7] solved the time-dependent Boltzmann
equation by Laplace transformation, for which the time variable can be
treated as a fictitious absorption term [ 8 ] . A numerical inversion was
performed using scattering cross sections from two different water
models and the slowing-down density integrated. A slowing down time
for the energy 0. 35 eV of 1.6 p,s was found.
The understanding of the time-dependent slowing-down in a small
geometry is of considerable importance for the efficient production of

~ o -

short bursts of moderated neutron. Michaudon [9] applied the Monte
Carlo method of calculation for various geometries and derived a
figure of merit for each.
b) _ _Exp_eriments_
The first experimental investigation of the time scale of neutron
slowing-down in hydrogenous substances was performed by von Dardel
[5 3, using a pulsed source for measurements on both light and heavy
water. The transmission of neutrons from the moderator assembly
through boron and cadmium absorbers was measured as a function of
time. Agreement with the theory was obtained within the experimental
accuracy. However, since the time resolution was, at that time, limited to about 2 |o,s, the slowing down process could not be studied in detail.
An uncertainty was also inherent in the time-of-flight corrections.
Crouch [10] measured the distribution of slowing-down times to
0. 35 eV in water. A Po-Be-source was used as a "pulsed" source. The
instant of neutron production could be found by the detection of the simultaneously emitted gamma rays. After being slowed down, the neutrons were detected by means of a boron counter, used with a cadmium
difference technique in order to yield energy selective information. The
measured mean slowing-down time to 0.35 eV was 5.2 (j,s. This is considerably larger than the value calculated by the use of the free proton
model. The difference seems to be too great to be explained by chemical binding effects and was probably caused by time-of-flight effects
in the detector [11].
The indirect neutron detection by the recording of gamma rays
from neutron capture can be done with a very good time resolution.
This method was used by Engelmann [12, 13] in a study of the neutron
slowing-down in a small geometry of lead acetate, a substance chosen
for its low proton density and thus extended time scale. The injected
neutron bursts had a duration of about 1 p,s. An indium foil, shielded
from thermal neutrons, was placed in the moderator, and gamma rays
from neutron capture in the resonance at 1 . 46 eV were detected by
means of a plastic scintillator. The time distribution of the detector
pulses was recorded photographically from an oscilloscope. The experimental conditions made it difficult to obtain good statistical accu-
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racy, and the effects of the position and the thickness of the foil were
not investigated. However, the experiment supports the validity of
Eq. (l), even if it could not be verified in details.
Möller and Sjöstrand [14, 15, 16] applied the method of time
analysis of capture gamma rays from the reaction between the flux and
a spectrum indicator by dissolving the neutron capturing substance in
small quantities. The flux perturbation could, in this way, be decreased,
and effects of time-dependent flux depression, which are difficult to
analyse, could be reduced. These studies gave integral information
about the time dependence of the thermalization, but from the measurements a slowing down time to 0.2 eV of 2.7 [is was also obtained.
The free proton model yields a time of 2.42 |i,s, within the error of the
experiment, indicating that predictions from the free proton scattering
model are, at this energy, not yet seriously wrong, although the chemical binding becomes important in this energy region.
Experiments based on the detection and time analysis of capture
gamma rays have also been performed by Shukla and Waltner [1 7] using
an Am-Be neutron source and Profio and Eckard [18], who used a 150
kV neutron generator. The quantitative information obtained in these experiments is rather limited because of low source intensities, unknown
influence of the small geometries used, and the perturbation of flux and
time spectrum caused by the heavy loading of the moderator by spectrum indicators as foils and in solution.
Information about the slowing down time may also be obtained by
measurements of the cadmium ratio of the flux in a moderator from a
stationary source, based on the principle that the reaction of the flux of
a certain energy with a l/v-detector is proportional to the life-time of
neutrons of that energy. DeJuren [19] found a slowing down time to
0. 5 eV of 1 .54 p,s.Grosshög [20] improved the method and also used a
gadolinium filter for measurements at 0.3 eV. The resulting slowing
down time values are 1 . 60 ±0.07 |a,s for 0. 5 eV and 2. 47 ± 0. 1 1 ^xs for
0.3 eV.
Most parameters obtained in the experiments reviewed for the description of the timerdependence of neutron slowing-down are in agreement with the theoretically predicted ones, but the accuracy of the measurements has not been sufficient to allow for a detailed comparison with

the theoretical expressions for the number density or slowing-down
density. No measurements have been made of the space dependence of
these quantities. The experimental limitations are low neutron source
strengths, insufficient time resolution and lack of analysis of the distortions caused by the methods for energy selective neutron detection.
It was therefore found worthwhile to make experiments under improved
experimental conditions and with the aim to compare the x^esults with
theories, which include the effects of diffusion during the moderation.
3_.

Principles of the experiment
The present investigation has been undertaken with the aim of

measuring the time- and velocity-dependent neutron density and its
space dependence in water in the energy region for slowing-down in
order to get an experimentel confirmation of the theoretical expression n(v, t) given by Marshak [2} and also to see how well the spatial
dependence of the distribution is described by current theories. The
method developed for our earlier work on the time-dependent thermal ization has been used. A short burst of neutrons is produced in the
moderator. The time-dependent reaction rate from the interaction of
the flux with a spectrum indicator is recorded by time analysis of
prompt gamma rays emitted in the neutron capture. The spectrum
indicator is distributed by dissolving it in the water. The recorded
reaction rate R(t) is given by the following equation:

R(t) « J * (E,t)S a (E)dE

(7)

In order to record $(E,t) for a selected energy, which is equivalent
to the measuring of

n(v,t), the cross section of the indicator should

be zero at all energies except for the selected one. In practice, one
must use elements with a more or less sharp capture resonance, which
have also a finite cross section at other energies. There are several
elements with such isolated resonances in the lower eV region, such
as rhodium (1.26 eV), indium (1.46 eV), silver (5.20 ev) and gold
4. 91 eV). Indium was chosen for this work since it is generally used
for flux mapping and connection to stationary measurements would be
possible if desired. Indium has other resonances in this region, of
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which the most important occur at the energies 3.86 and 9.10 eV. These
will also contribute to the reaction rate curve, but this can be corrected
for. Neglecting the higher resonances, the indium cross-section in BNL325 [21 ] may be described as a resonance at 1 . 47 eV with a peak c r o s s section value of 28400 barns and with a width of 0.086 eV [22], At lower
energies, the cross section changes into the l/v-type as prescribed by
the Breit-Wigner formula, and at 0.025 eV the cross-section value is
194 barns.
It is necessary to examine carefully the effect of the presence of
the indicator in the water. The recorded time-dependent reaction rate
will give an incorrect picture of n(r, v,t) for the pure moderator if the
concentration is high. There are two reasons for this. One is the introduction of a flux depression at the energy of the resonance. The other
is a distortion with a time shift of the curve. Both perturbations increase
with concentration.
The perturbation of a stationary neutron spectrum near a resonance at the energy E is well known and treated in textbooks on neutron physics. For our purpose, we can use the resonance escape probability as a measure of the perturbation. For hydrogen it is given by
E
T
p(E) = e E

a
a

dE'
s

(g)

E

is the energy of the source neutrons, £ and S are the (energy
o
sa
dependent) macroscopic cross sections for scattering and absorption.

If p(E) were evaluated for the indium resonance with E ~ 1 eV and
found to be 0. 95, for example, one should expect the distortion of the
reaction rate curve to be small at a later time when all the neutrons
had surpassed the resonance. Five per cent of the neutrons would be
lost, but the effect on the spectrum shape would be very small, since
these neutrons would, if they had not been captured, have been distributed evenly over the whole energy region. The asymptotic reaction
rate would, in the case of an infinite medium, in the first approximation be proportional to the neutron density multiplied by p(E) and
Westcott1 s g-factor [22]. If the measurement is done in a large moderator geometry with a small indicator container, the diffusion at the
boundaries of the container will reduce the flux perturbation. A quan-
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titative analysis will then be difficult, since the exchange of neutrons
between the two regions depends on the shape and size'of the container
and the spatial distribution of the neutrons.
The effect of time-shift of the curve is more serious and does not
seem to have been considered earlier. If a measurement is made with
a thick foil of indium, it will absorb all the neutrons in the surroundings
with the energy of the resonance, and also many of the slower ones, as
soon as they slow down into that region. The recorded curve will not
show the neutron density but something more like the time-dependent
slowing down density, followed by the rate of diffusion into the foil position. The maximum of the recorded curve will be shifted towards shorter
times as seen by comparing the expressions for t
and t
. If
r
'
max. q
max.n
on the other hand the measurement is made with a solution of the indicator with an absorption cross section S

at the velocity v1 of the reso-

nance, a neutron scattered down into this velocity region will not disappear from it with a decay constant v1 E as assumed in the theory for
s
the purely scattering moderator. It will have an effective decay constant
v' (E + E ) and thus contribute to the neutron density during a shorter
S

cl

time. The meantime for detection ( i . e . absorption) will occur at an
earlier time than predicted by Eq. (l).
The effect can be analyzed by considering the neutron balance at
the velocity v' . The neutrons are fed down into the velocity interval by
a source&S(v'
' ' t ? , t )- .S ( v « , t ) - v ' ( E s + E a ) n ( v ' i t )

(9)

For E = 0 the solution is given by Eq. ( l ) , and we find by inserting
n(v,t), Eq. (1), i n E q . (9)
-v'S t

7

S ( v ' , t ) * 2v'E t e
s

s

(10)

Using this source, we find the solution of Eq. (9) for the case of nonzero-absorption at the velocity v' to be
2S 2
n ( v ' , t ) =—^-T
v'E

e

-v'S t ,
-v'S t .
s
a
(v'E t - 1+ e
)
V

a

3,

For weak absorption, Eq. (l l) can be written as

J

(ll)

-

n(v',t) = v'2 s 2 t 2 e

V

I

S

(12)
The quantity that is measured is directly proportional to n(v' , t) as
given by Eq. (l 1), so we see, that the recorded curve will deviate from
the unperturbed neutron density. It is thus important, when measuring
the time-dependent neutron density by our method, to keep the concentrations low and to correct for the unvoidable curve distortion. In case
the indicator is dissolved in a container, the time-shift effect is also
reduced by the diffusion at the boundaries, since neutrons of resonance
energy have a longer lifetime outside the container and may diffuse into
it at a later time.
4.

"The performance of the experiment
The experiment was performed under essentially the same condi-

tions as the earlier thermalization studies [16]. The water, 1 m , was
poisoned with boric acid to a neutron lifetime of 60 p,s in order to reduce
the overlap between succeding cycles. The duration of the neutron burst
was set at 0.04 |j,s by adjustment of the terminal pulser of the van de
Graaff accelerator, and the pulse separation was 250 |j,s except for a few
runs with 100 (j,s. Indium sulphate was used for the indium solutions, and
to these were also appropriate amounts of boric acid added in order to
obtain the same lifetime in the indicator containers as around them. Two
types of plastic pots were used as containers. The larger was slightly
conical and had a volume of 1 . 5 1 with a smallest and largest diameter
of 11.0 and 13.6 cm respectively and a height of 14.0 cm. The smaller
pot was cylindrical with a volume of 0.4 1, a diameter of 11.5 cm and
a height of 4.0 cm. It was used to yield a finer spatial resolution near
the source. In this case, the pot was used with its bottom facing the
source. The geometrical conditions are illustrated in Fig. 1. The container distance from the lithium target in the center of the water could
be changed, and the plastic scintillation detector was kept in the same
position over the container as its position was changed. Measurements
were also made with a very dilute indium sulphate solution in the whole
tank and with the detector at a distance of 12 cm from the source. The
time analysis was made by means of a time-to-pulse height

converter

and a pulse height analyser. The time analyser was started before the
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time of the neutron burst, and channe. widths of 0. i''41 7, 0.0834,
and 0.313 |i,s were used. The proton e ^ r g y was ">, ' MeV, which
means that the fast neutrons from the l i ^ m m <.;>iy/dt had energies
up to 2 MeV.
The measurements with the containers were made with three
different concentrations. This would make it possible to estimate the
degree of distortion of the curves. The contribution from indium to
the macroscopic absorption cross section at 1 . 46 eV was 7. 88 cm
0.788 cm

and 0.237 cm

,

respectively. The corresponding r e s o -

nance escape probabilities are 0.92, 0.96 and 0.98. The change of
the effective lifetime in the medium for a neutron of the energy 1 .46
eV would be 0.39, 0.17 and 0.07 p,s respectively. For each concentration, records were taken at several distances. The measurements
were corrected for the dead time of the analyser. The overlapping
background and the normalized background run without the indicator
pot were subtracted. The decay constant for the overlapping background was determined in separate measurements.
5_.

Results of the measurements
Fig. 2 shows the curves measured with a channel width of

0.041 7 |is at a distance of 3 cm between the source and the container
with the concentration II. The dead time correction has been performed. The neutrons were injected at channel number 45. The indium curve shows a rise in the reaction with maximum occurring
at channel 65 approximately. This corresponds to 0.83 JJUS. Then
the reaction rate decreases and has reached an asymptotoc level at
channel number 190, corresponding to 6 ^s after injection. From
there on, the reaction rate decreases due to the leakage and the absorption of the neutrons in hydrogen, boron and indium in the water.
The background curve (experimental points replaced by a solid line)
would be expected to show a decay from the moment of injection since
now the capture should take place only in the hydrogen of the water.
The smooth rise actually observed during the first microseconds depends on a contributing reaction with the material of the detector,
probably capture in chlorine, which was present in the black tape
used for light shielding of the detector and light pipe. It has a negative resonance, causing a rise in the cross section at lower energies.
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Fig. 3 shows curves, with background subtracted, for the three
concentrations measured with a source-container distance of 3 cm.
They have been vertically displaced in order to avoid mixing of the
points. The curve for the highest concentration is at the top and for the
lowest at the bottom. All curves have been normalized to the same peak
value. We see, that with increase of the concentration, the peak is shifted to shorter times. The shape of the curves is also changed. The full
line curve included in the figure is a predicted curve calculated for the
infinite medium case and for no perturbation of the indicator as will be
described in the next section.
In Fig. 4 the results of the measurements with the weakest solution are shown. The measurements for the container-source distances
x = 7. 0, 11.0 and 13.0 cm (a) were made with the big container and a
time resolution of 0.0834 |i,s, whereas the measurements closer to the
source (b) were made with the small container and a time resolution of
0.0417 |j,s. The two sets of curves are normalized within themselves but
not relative to each other. The curve at x = 13.0 has been lowered in the
figure.
The measurement with indium in the whole tank resulted in a curve
which is, except for a slight shift towards longer times, identical with
the one shown for x = 5.5 cm. Measurements were also made with the
higher concentrations at several distances, but since these mainly give
further support for the use of weak solutions, they are not shown.
It is clear from Fig. 4, that the maximum of the curves appears
at longer times when the distance from the source increases. Before
analyzing this effect of diffusion, we must consider what to expect from
the measurements for the case of an infinite medium with a homogenously distributed source.
6_.

Calculated expected curves for the infinite medium case
The experimental curves may be characterized by their shape and

the time for the maximum reaction. Before comparing them with theoretical predictions, we need some knowledge about the effect of the finite
width of the indium resonance, the contribution from the higher resonances and the magnitude of the time shift caused by the actual indicator
concentrations used.

- 14 -

The theoretical reaction rate curve to be expected per indicator
atom for the infinite medium case if Eq. (l ) is valid, may be calculated
by integrating the corresponding flux over the resonances of indium.
Describing a resonance by the well-known Breit-Wigner formula

aY(E) = 4TT*o2g r n rY E

J / V

1

/

2

(4(E-EO)2

+ r2)"1

(is)

where the symbols have their usual meaning, we find
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(^4(E-EQ)

2

2

+ r ^)

dE

(14)

The equation is normalized to unit neutron density, c is the conversion
factor from electron volt to erg, and m is the mass of the proton and
the neutron.
The formula should be valid as long as Eq. (l) may be assumed
to be correct, i . e . down to about 1 eV. However, the calculation may
be extended to times, which are so long that the neutrons will have passed this energy and even have become thermal, since when the neutrons
pass into the region where the protons are bound, the indium cross section
changes into the l/v-type, and than the equation simply yields the neutron density, independent of the velocity distribution. The asymptotic
value of R(t) is found by neglecting E and T in comparison with E .

R

,

H =(—)

1/2 ^

2

gr

r

—^171

05)

(This property of Eq. (14) is also understood by thinking of the capture
cross section as a sum of a sharp peak and a l/v-part, the contribution
from the former vanishing when the neutrons become thermal.) In the
intermediate time region, minor errors will arise. The asymptotic
value should be corrected for the slight deviation from the l/v-law.
This correction is given by Westcott' s g-factor, which for indium is
1 . 02 at room temperature.
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R(t) curves have been calculated for the three resonance of indium which give the main contribution in the time region of interest.
The parameters for the 1 .46 eV resonance have been taken from
Westcott1 s fit [22] to the experimental cross section in BNL 325 [21 ] ,
whereas the parameters for the 3.86 and 9. 10 eV resonance have been
taken from BNL 325. The results are shown in Fig. 5. The peaks appear
at the times 0.90, 0.55 and 0.35 |j,s respectively. The yield of the two
higher resonances is rather small compared to the yield from the 1 .46
eV resonance.
The asymptotic level has been subtracted from the curve for the
1 . 46 eV resonance and the resulting curve has been compared with the
neutron density curve given by Eq. (l). The two curves agree very well
in shape, which means that the measured curves may be relät d to the
resonance energy, although a finite energy range has contributed to the
reaction rate.
The calculations of the time shift of the curves, caused by the indicator concentrations used, have been made by the use of Eq. (l l). Fig.
6 shows the four curves with macroscopic absorption cross sections at
the resonance energy from 0 to 7. 88 cm
-1
1 . 333 cm

and with an assumed S

of
s

. The curve to the right is the time-dependent neutron den-

sity in the absence of the indicator with its maximum at 0. 90 p,s. With
increasing amounts of indicator, the time distribution is shifted towards
shorter times. The peak in the distribution is found at the times 0.85,
0. 77 and 0.55 |j,s for the cross sections 0.23 7, 0. 788 and 7.88 cm"

re-

spectively. The shape of the curves is also changed.
A method to obtain the time for the maximum of the measured
curves was checked by least-squares fitting to the calculated curves
of Fig. 5 the following function.
f(t) = a t 2 e " b t + c

(16)

which has its maximum at t
max

= r- • The values of the time of the maxb

imum, as obtained from the fitted parameter b, were 0.85, 0.78 and
0.60 y,s. The function of Eq. (16) reproduces the curves, calculated
from Eq. (l 1), very well except for the case with the strongest solution, which is also seen in the discrepancy in the time value. It is
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therefore concluded, that the function of Eq. (l 6) is suitable for use
in determining the time of the maximum in the measured curves with
an accuracy of 1 % for the weakest solution.
As mentioned earlier, the slowing-down time in water can be
expected to deviate slightly from the value calculated for hydrogen gas
of corresponding density. The magnitude of the effect was checked by
the use of a Monte Carlo program for the computation of energy and
space dependent slowing down distributions in water, developed by
Högberg, Ljunggren and Persson [23], A small change in the program resulted in the recording of the time-dependent slowing-down
density. The actual scattering cross sections for hydrogen and oxygen
5
were used. 10 neutrons were started with an energy of 0.5 MeV and
slowed down to 1 . 5 eV. The slowing-down time, calculated from the
resulting distribution according to Eq. (5), was 0.85 y,s. The value
obtained for the corresponding hydrogen case from Eq. (6) is 0. 89 jJis.
The effect of the presence of the oxygen and the energy dependence of
the hydrogen cross section is thus a shortening of the slowing-down
time of 0.04 ^.s. The shape of the distribution curve agrees well with
Eq. (3), and a least squares fit of this function to the data from the
_]

Monte Carlo calculation resulted in a value for £

of 1 . 38 cm

, cor-

s
responding to an "effective hydrogen cross section" in the energy range
considered of 20.6 barns.
7_.
Discussion of the results
a) _ _C_ornp_a.ri;so_n_with_the _theo.ry_fo_r the infinite medium
Since the recorded curves show an apparent space dependence,
a direct comparison with Eq. (l) can not be made. It would require an
integration of curves measured at all places in the tank, since the energy
spectrum of the fast neutron source depends on the angle of emission.
However, as is seen in Fig. 3, the calculated curve for the infinite medium {the full line curve) reproduces the shape of the experimental
curve at the spatial region, where most neutrons are expected to pass
1 .46 eV, very well. Considering the correction for time shift, which
should move the measured curve slightly towards longer times, and
the correction according to the Monte Carlo calculations, which would
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shift the calculated curve towards shorter times, this agreement can
be considered as a rather good verification of Eq. (1).
It is very difficult to make an integrating measurement by distributing indium in the whole-tank and measure with only one gamma ray detector, since the spatial and directional efficiency dependence of the detector will introduce a weighting factor which is very difficult to analyze
and correct for. Therefore, it would not be surprising if the measurement under these conditions at a distance of 12 cm from the source showed deviations from the infinite medium curve. The result was, however,
a curve, which gave a good fit to Eq. (l 2) and a time for the maximum
of 0.90 us. This differs rather little from the infinite medium value,
which should, according to the Monte Carlo calculation, be about 0.86 |a,s.
b_. __ _C_ornpa_ri_son_with_the jspace_ dep_endent_theory^
The parameter, which will be compared with the predictions from
theory, is the time for the maximum neutron density. The results might
also be described by the time integral of the curves at each position and
compared with age calculations, but this kind of study can be performed
with much higher precision by the use of a monoenergetic isotropic r a dioactive source and detection with activation technique [24]. The position of the maximum was found by least squares fits to the experimental
data of Eq. (1 6), to which was added an exponential factor for absorption. The time value will then apply to the case of no absorption. The
results are shown in Table I. The radial position corresponding to the
source-container distance is in each case estimated from the relative
intensities and the shapes of the containers. The error in the determination of the time is less than 1 % . The time shift correction has been
taken as + 0. 02 [is. This value was found through extrapolation to zero
absorption in the measurements shown in Fig. 3. The peaks occur at
the times 0.89, 0.84, and 0.67 fjus. This dependence on the concentration is smaller than the calculated value, due to the different conditions
in the two cases. To this correction has also been added a correction
of + 0. 02 |j,s, which was found in test fits to the calculated reaction rate
curves with and without the two higher resonance included.
In the paper by Claesson [43, an equation is given for the space
and time dependent neutron density in the eV region after slowing down
from high energies. The final formula is rather space-consuming and

- 1

will not be cited here. A P, -approximation has been used. In [4] results
were given for two cases. Numerical results for one of these are given
in Table II. Th
first moment ' .

chosen case is the one where the time derivative of the
been disregarded, since the inclusion of this term

seemed to giv», too strong space-dependence near the source. For each
chosen value of source energy, E , and position, r, the complete curves
were calculated, but only t

and the numerical value of the neutron
max. n
density at this time are reproduced, t
is seen to depend very much
max. n
on the distance from the source for a source energy of 0. 1 MeV. For
2 MeV the variation is much smaller. The paper by Dyad1 kin and Batalina
[3 3 gives also a formula, which should be applicable to these measurements, and t
as a function of the distance to the source has been
max.n
J

calculated for a source energy of 1 MeV.
The results of the measurements have been plotted in Fig. 7 and
the theoretical calculations mentioned above have been included. Error
bars have been given for the experimental points, indicating the uncertainty of the determination of the spatial point representative for the
time value.
The behaviour of the neutron distributions at different places will
be dominated by neutrons slowed down from different source energies.
According to Table II, the neutrons starting from 0. 1 MeV contribute
most at r = 0, whereas at r = 20 cm, the neutrons with a source energy
of 2. 0 MeV are in majority and the number that started at 0. 1 MeV are
negligible. Thus, we cannot exactly compare the experimental results
with only one of the Claesson curves in Fig. 7, but the comparison should
be done, keeping the source spectrum in mind. It would, in principle, be
possible to calculate the expected time-dependent density curves at each
point by including the source spectrum. The cost of such a calculation
would be quite high, and the result would not include the anisotropy of
the source. It is evident, however, that the space-dependence obtained
experimentally for t

is rather well reproduced by the calculations

of Claesson. Around 5 cm all curves yield the same t
, and when
'
max.n
proceeding outwards, the comparison shall be made with curves corresponding to increasing source energy. The physical meaning behind is,
of course, that during the first collisions, which are the most important
ones for the establishment of the spatial distribution, the high energy
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neutrons diffuse longer because of the decrease of the hydrogen scattering cross section with increasing energy.
The curve calculated according to Dyad1 kin and Batalina on the
other hand, does not reproduce the experiment. The time values are
too high. The reason is probably the use of concepts and parameters
from age theory, and the theory can be expected to work better for
slowing-down in heavier moderators or for mixtures with low hydrogen
percentage.
A more exact comparison between theory and experiment for the
process studied in this work would require improvements of the experimental conditions. In our case, less than 1 % of the available accelerator current was efficiently used, since an external pulser rejected machine pulses during the time neutrons underwent moderation and absorption. It may be possible to use other techniques to raise the efficiency. Then thinner targets could be used and almost monoenergetic
neutrons could be obtained. Two possible methods have been contemplated. One would be to accept target pulses at a higher rate and apply
correlation technique to extract the information wanted; the other, to
switch the accelerator pulses presently wasted into a storage ring which
were emptied at a rate suitable for the experiment. Both methods would,
unfortunately, be expensive.
8_.

Conclusions
The application of the method of time analysis of capture gamma

rays from indium in a dilute solution has confirmed the validity of the
theory of Marshak for the time-dependent neutron density in a hydrogenous medium as far as this can be done, using a pulsed point neutron
source of presently available intensity. The theoretical analysis and the
experiments have displayed the importance of using low spectrum indicator concentrations in order to avoid perturbations in the time distributions. The space-dependence of the time for the maximum density
of neutrons at 1 . 46 eV is in accord with the predictions from the P . calculations by Claesson.
9_.
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Table I.

The measured time for the maximum neutron density
as a function of the distance from the source.

x, cm

r, c m

t

, |J,S

max

r

t

max

, c o r r . , us
p

1 .5

4.5

0.83 .

0.87

5.5

7.5

0.89

0.93

9.5

11.5

0.96

1 .00

7.0

1 1.0

0.94

0.98

11.0

16.0

0.96

1.00

13.0

18.0

0.98 •

1.02
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Table II.

Time for maximum neutron density according
to Claesson1 s formula.

r, cm
0

5

E , MeV

15

20

» U S

max

^

n(t
v

)
max'

0.1

0.68

0.102 • 1 0 " 8

0.5

0.72

0.619 • 1 0 " 9

no

0.75

0.466 • 1 0 " 9

2.0

0.77

0.342 • 1 0 " 9

0.1

0.86

0.318 . 1 0 " 9

0.5

0.85

0.261 . 1 0 " 9

1.0

0.85

0.221 • 1 0 " 9

0.84

0.177 • 1 0 " 9

0.1

1 .15

0.236 • 1 0 " 1 0

0.5

1.04

0.336 • 1 0 ~ 1 0

1.0
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0.372 • 1 0 " 1 0

2.0

0.96

0.378 • 1 0 " 1 0

0.1

1.48

0.880 • 1 0 " 1 2

0.5

1 .18

0.254 ' 10"1 ]

1.0

1.06

0.430 • 1 0 " 1 ]

2.0

1.01

0.637 • 1 0 " 1 1

0.1

1 .77

0.217 • 1 0 " 1 3

0.5

1.22

0.164 • 1 0 " 1 2

1.0

1 .08

0.514 • 1 0 ~ 1 2

2.0

1 .01

0. 122 • 1 0 ' 1 1
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Fig. 1
Geometrical arrangement of the target tube, indicator container and gamma ray detector in the moderator'.
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Results of measurements at a source-container distance of 3 cm with three concentrations of
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the shift towards shorter times with increasing concentration (upper curves). Channel width 0.0417 |is.
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