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Measurements of Neutron Thermalization Parameters in Light 

Water by Pulsed Source and Non 1 I v Absorber Method 

Kiminori SHIBA * 

Received June 28, 1967 

Measurements of thermalization parameters in light water have been made by the pulsed neutron 
source and non 1/v absorber method. In an effectively infinite system of poisoned water, an asymptotic 
decay constant was measured by detecting capture 'Y-rays emitted from the whole volume of this 
system. The thermalization parameters were derived from values of decay constants measured over a 
wide range of non 1/v absorber concentration. Measured values of these parameters were compared 
with values calculated from Nelkin, Egelstaff-Schofield and McMurry-Russell kernels. 

I. INTRODUCTION 

Neutron thermalization parameters in light 
water have been measured in an effectively 
infinite system, using the pulsed neutron 
source and non 1/v absorber method (Friedman's 
method). The asymptotic decay constant for 
the neutron density observed by this method 
is related to the concentration of the non 1/v 
absorber by the equation, 

( 1) 

where A. is the decay constant for the neu­
tron density, N the number density of the non 
1/v absorber atom, A.o the decay constant in 
pure light water, and v0 the neutron velocity 
corresponding to an energy of KBT, respec­
tively (KB being the Boltzmann constant, and T the 
absolute temperature of the system). Moreover, 
in Eq.( 1 ), a is the effective absorption cross 
section, and (:1 the absorption cooling or heat­
ing coefficient, whichever applicable according 
to whether the asymptotic neutron spectrum 
pertaining to the moderator system is cooled 
or heated by the non 1/v absorber. The coef­
ficient (:1 has the same physical meaning as 
the diffusion cooling coefficient obtained from 
an ordinary pulsed neutron experiment. 

The advantages of the non 1/v absorber 
method have been pointed out by Friedmanm. 
This method has consequently been applied to 
finite systems of water by several authors<2J<3J 
and the values of absorption cooling (heating) 

coefficient have been reported for Cd, Sm and 
Gd. These values however have not shown 

1 

agreement with the theoretical values calcu­
lated from the Nelkin kernel for water<4l, de­
spite consistence in the experimental diffusion 
cooling coefficient of water with the theoreti­
cal value derived from this kernel<sJ. One of 
the causes of this discrepancy may be traced 
to the application of this method to finite 
systems of water. If this is the case, the 
experimental values should contain errors due 
to the higher spatial mode in the determina­
tion of the decay constant, as well as errors 
in the extrapolation to zero buckling, as sug­
gested by Beckurts<sJ. 

These errors can be eliminated by con­
ducting experiments in which a decay of the 
total neutron number is observed in an effec­
tively infinite system of water. In this case, 
the effect of neutron diffusion is suppressed. 
It is, however, laborious and unpractical to 
measure the decay of the total neutron num­
ber by ordinary neutron detectors such as 
BF3 or 3He counters, since these counters can 
detect the neutron density only at the point 
where it is placed, and the total number can 
not be obtained without numerical integration 
of the neutron density measured at many 
points. In order to overcome this difficulty, 
an attempt has been made to detect neutrons 
by the 'Y -rays emitted from the radiative 
capture of neutrons by nuclei. The same 
approach has been already tried in a large 

* Research Laboratory of Nuclear Reactor, Tokyo Insti­
tute of Technology, 0-okayama, Meguro-ku, Tokyo; 
Present address: Japan Atomic Energy Research 
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water assembly by others<6)<7l who have suc­
cessfully performed measurements of the ther­
mal neutron absorption cross section. The 
high penetration power of 'Y-rays permits 
gaining information on neutrons in most parts 
of the system. 

Utilizing this technique, the asymptotic 
decay constants were measured in an effec­
tively infinite poisoned water system, and the 
values of absorption cooling (heating) coef­
ficients have accurately been determined for 
Cd, Sm and Gd. The measured values of 
these coefficients were compared with theo­
retical calculations on the Nelkin<8

', Egelstaff­
Schofield'9' and McMurry-Russell kernels00 • 

The calculations on these kernels were easier 
than by Calame's method<•)("', because of the 
condition adopted that the spectra perturbed 
by non 1/v absorbers had no net neutron 
density<12

'. 

n. THEoRY 

In the diffusion approximation, the neutron 
flux </J(T, E, t) in a bare homogeneous modera­
tor is represented by 

_1 -~ </J(T, E, t) = D(E)I72</J(T, E, t) 
v at 

- 2:..(E)</J(T, E, t)- 2:,,(E)</J(T, E, t) 

+ f2:..(E1->E)</J(T, E 1
, t)dE1

, (2) 

where D(E) is the diffusion coefficient, 2:..(E) 

the macroscopic absorption cross section, 2:,,(E) 

the macroscopic total scattering cross section, 
and 2:,, (E1-> E) the scattering kernel. When 
a 'Y- ray detector is placed in a neutron field, 
the count of the detector C(f) is re~ated to 
the neutron flux by 

C(t) = f dT r dE rdEy r dE;2:..(E, Ey) 

·</J(T,E,t)F(T,EyiTo,E~)P(E;), (3) 

where 2:..(E, Ey) is the macroscopic cross sec­
tion of radiative capture in which 'Y-rays of 
energy Ey are emitted from a nucleus absorb­
ing a neutron of energy E, F(T, Ey I To, ED is 
the probability that 'Y-rays of energy Ey emit­
ted at T will arrive at To (where the 'Y-ray de­
tector is placed) with energy E~, and P(ED is 
the efficiency of the 'Y- ray detector. Hence 
the count of the detector C(t) can be directly 
combined with the integrated flux cp(E, t; To) 

J. Nucl. Sci. Techno/., 

defined by 

cp(E, t; To)= f dT r dEy r dE~2:.. (E, E-y)</J(T, E, t) 

·F(T, EyiTo, EDP(ED. ( 4) 

In order to obtain an equation for cp(E, t; 

To), Eq.(2) is multiplied by 2:..(E,E-y)F(T,Eyl 

To, E~)P(EO and integrated with respect to T, 

Ey and E~. Thus the equation 
1 a -
~ -01<PCE, t; To) 

=D(E)fLo(E, t; To)cp(E, t; To) 

- '2:.a(E)cp(E, t; To)- 2:,,(E)cp(E, t; To) 

+ f2:.,(E1->E)cp(E, t; To)dE1 (5) 

is obtained, where 

f dT J.oo dEy J.oo dEW2</J(T, E, f) 

(E t· T) = ___:__ll._(E, Ey)F(T, Ey I To, E~)P(EO 
fLo,, f roo roo 

dT Jo dEy Jo dE~</J(T, E, t) 

· 2:. • (E, Ey) F(T, Ey I To, E;) P(E;) 

( 6) 

When a large moderator system is used, and 
a detector detects 'Y-rays emitted from most 
part of the system, the relation ID(E)fLo(E, t; 

To)/'2:..(E) I <{1 can be expected to hold. And 
so the term containing fLo(E, t; To) is neglected, 
and consequently the coordinate of the detec­
tor position To can be omitted. Then Eq.( 5) 

reduces to 

1_ ~-cp(E, t) =- '2:..(E)rp(E, t)- 2:,,(E)cp(E, t) 
v of 

+ f2:.,(E1->E)cp(E1,t)dE1• (7) 

Since this equation contains no term represent­
ing the effect of the diffusive motion of neu­
trons, diffusion does not contribute to the 
asymptotic decay of the integrated flux cp(E, 

f). Here we divide the absorption of neu­
trons in the system into two parts: (1) the 
absorption by the moderator itself, and (2) that 
by the non 1/v absorber. Then the asymptotic 
decay constant A, obtained from the observa­
tion of cp(E, t) is the smallest eigenvalue of 
the equation 

(A,/'2:, soV- '2:. aoVo/'2:. soV) cp (E) 

=Hcp(E)/2:..o+Ba(E)cp(E), ( 8) 

where 

2 -

Hcp(E) ='2:.,(E)(/)(E)- f2:.,(E1->E)cp(E')dE1, 

(9) 
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a(E) = L:: (E) /L:~o. 

c = L:~o/L:,o. 
(10) 
(11) 

Moreover, in Eq.( 8 ), the absorption cross sec· 
tion of an unpoisoned moderator is assumed 
to obey the 1/v law, and described as L:aovolv 

(L:ao being the macroscopic absorption cross section 
of moderator at v=vo), L:.o is the macroscopic 
scattering cross section of free atom of the 
moderator, I:~ (E) the macroscopic absorption 
cross section of non 1/v absorber, and I:~o the 
macroscopic absorption cross section of non 
1/v absorber at v=vo. 

Considering that Ea(E)cp(E) is a perturbed 
term, we will solve Eq.( 8) by the perturba· 
tion technique<4>. Then A. and (/)(E) are ex· 
panded into power series: 

A.=A.o+EA.t-E'A.,+ .. ····, 
if) (E) = cf>o (E) - c</JJ(E) + ....... 

(12) 
(13) 

Substituting Eqs.(12) and (13) into Eq.( 8 ), 
and equating the coefficients of the terms of 
equal en yields a system of equations that 
can be solved successively, beginning with the 
n=O equation: 

(A.o- L:aoVo)cf>o(E)/v=Hcf>o(E). (14) 

The operator H, which appears in Eq.(l4) and 
also in the subsequent equations, satisfies the 
neutron conservation condition, signifying 
vanishment of the integration of Hcf>o(E) over 
all energies. Thus the solution of Eq.(14) is 
the well known Maxwellian flux spectrum 
M(E) associated with the eigenvalue A.o= 
L:aoVo. 

The values of A1 can be obtained by inte· 
grating the n= 1 equation 

At M(E) /L:, 0v = - Hc/>1 (E) /I:,,+ a (E) M (E) (15) 

over all energies. This procedure gives the 
result 

Al = I:.of a(E) M(E)dE I r M(E)/vdE 

=. 7-L:.ovoJ:a(E)M(E)dE. (16) 
'V ?r 0 

With A1 known, Eq.(15) may be solved for 
cf>1(E). 

Then A,, is found by integrating over energy 
the n=2 equation 

A,,M(E)/L:,0v+ Ale/> I (E)/L:,ov 

=-Hcf>,(E)/L:,o+a(E)cf>l(E), (17) 

the result being 

- 3 
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A,,=::E.ofCa(E) -A.d::E.ovJc/>1 (E) dE I r M(E)/vdE 

= -:--7-L:.ovoJ:Ca(E)- A.dL:.ovJc/>1 (E) dE. (18) 
'V ?i:' 0 

Since it is known that a perturbed flux c/>1 (E) 

does not contribute to the net neutron den­
sity<1'>, i.e., 

fc!>~(E)/vdE=O, 

Eq.(18) reduces to 

(19) 

2 100 A,,= 
1
_)J,0v0 a(E)cf>I(E)dE. (20) 

'V 7: 0 

Equation (19) will be utilized in Chap. V to solve 
Eq.(15) numerically for cf>1(E). 

Since L:-1' (E) can be written Nu~ (E) using 
the number density N and the microscopic 
absorption cross section u~ (E) of the non 1/v 
absorber, the decay constant is expressed in 
the same form as Eq.( 1 ). Coefficients a and 
f], related to A1 and A,, by a=A,lc/voN and fJ= 

A,2c2/voN 2, are the effective absorption cross 
section and the absorption cooling (heating) 
coefficient, respectively. 

m. ExPERIMENTAL METHOD 

The moderator system used was poisoned 
water in a cubic container, 72X72X75cm3

, 

made of lucite plates 7 mm thick. The neu­
tron source was placed at the center of one 
of the walls of this container. The 'Y-rays 
emitted from neutron capture by atoms were 
detected by an Nal crystal 211 diameter and 
2" long. The crystal was positioned on the 
central axis of the moderator system, and 
arranged to move along the axis; it was con­
nected to a DuMont 6292 photomultiplier* 
through a light pipe (50 mm dia. X 350 mm long) 
of lucite. 

A Cockcroft-Walton type neutron genera­
tor was used as pulsed neutron source<13 >. 
The pulsed deuteron beam was produced by 
means of a grid plate to which pulsated volt­
age was applied, and which bombarded a 

* It has been pointed out that the DuMont 6292 photo­
multiplier changes pulse height with counting rate. 
In the case of the tube used in this work, it was 
ascertained that this change in pulse height was only 
a few % for a factor of 100 in counting rate. Ex­
perimental data were therefore not corrected for this 
effect. 
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DuMont 629~ photomultiplier 
..-----=~=:::F==-"---, and cathode follower 

Light pipe 

Nal crystal 

Fig. 1 Measuring--system 

tritium target. The pulse widths were chosen 
to be 25, 10 and 5 11-sec, with a repitition rate 
of 100Hz, 300Hz and 1kHz, respectively. The 
accelerating voltage used was from 250 to 
280kV. 

The signals from the 'Y-ray detector were 
fed into a voltage discriminator after ampli­
fication, and only signals produced by 'Y-rays 
with energy above 2.2 MeV were selected. The 
out-put signals from the discriminator were 
fed into a 32-channel time-analyzer<14

l, the zero 
time signal there of being obtained from the 
target struck by pulsed beam. Channel width 
used was switched from 25 to 12.5 and to 6.25 
11-sec, as the decaying rate increased. 

The measuring system is shown in Fig. 1 
and an example of observed decay curve 
Fig. 2. The data of counts vs. time were fitted 
to A+Bexp(-A.t) by least squares. 

J. Nucl. Sci. Technol., 

Signrul pulse 

.32 channel 

lTime analyzer 

Trigg9r pulse· 

Channel width: 12.5 P.sec 
Non 1/v ahsorber: Sm 
Concentration: 5.50X 1018 Sm-atoms{cm3 

(Background not subtracted) 
Fig. 2 Typical decay curve 

Owing to the dead time of the circuit sys­
tem and a surviving higher mode of energy, 
the earlier part of the decay curves has a 
form that is not exponential. Thus, the val­
ues of decay constant determined by least 

squares varied with the start channel, and 
gradually approached fixed values. These 

4 
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final values can therefore be considered unaf­
fected either by the dead time or by the sur­
viving higher mode of energy. 

The number density of the added absorber 
was determinded by chelate titration using 
EDT A reagent<"). Cd, Sm and Gd were used 
as non 1/v absorber. The maximum number 
densities of the non 1/v absorbers used in this 
experiment were 2.2 x 1019

, 1.4 x 1019 and 3.6 x 
1018 at./cm3 for Cd, Sm and Gd respectively. 
These values correspond to 8~0.1, as defined 
by Eq.(ll), so that the perturbation technique 
can be applied to the analysis of this experi­
ment. 

W. ExPERIMENTAL RESULTS 

In order to apply the theory described in 
Chap. ll to the analysis of the experimental 
data, the assumption, I D(E) p,o (E, t; rolma (E) I 
~1, must be confirmed for this measuring 
system. To this end, the decay constants of 
neutron density in pure water were measured 

205 

for several positions of the detector, and com­
pared with the values of ~aovo obtained from 
the ordinary pulsed experiment<'6

) and with 
those from measurements of diffusion length 
in a non-stationary neutron field<' 7

). The 
values agreed with each other as shown in 
Table 1, and the above assumption was thus 
considered applicable under experimental con­
ditions. 

Table 1 Comparison of decay constants in 
pure water system with values of 
~aoVo obtained from other experi­
ments 

Decay constant 
(sec-') 

Detector positiont 

18cm 36cm 54cm 

Author 

Lopez< 16) Arai<17) 

& & 
Beyster Kiichle 

4,793±2514,747±2414,728±2614,768±2414,782±15 

Detector positions indicated in terms of the distance between 
detector and container wall facmg neutron source. 

• Detector effect uncorrected, 0 Detector effect corrected 

Fig. 3 Decay constants A. vs. non 1/v absorber 
number density N in Cd poisoned water 

-5-
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Because the space occupied by the 'Y-ray 
detector cannot be poisoned with non 1/v ab­
sorbers, the mean concentration of the added 
absorber is thereby lowered around the de­
tector. Thus, the measured decay constant 
is influenced by the presence of the detector 
itself. In order to estimate this effect, the 
decay constants were measured in a system 
containing an additional unpoisoned space hav­
ing the same volume as the 'Y-ray detector, 
and the results were compared with the decay 
constants in the system without this addition­
al space. The additional space was produced 
by a cylindrical lucite container filled with 
pure water, which was placed adjacent to the 
'Y-ray detector. This measurement was made 
in a system poisoned with Sm. Here it was 
assumed that this additional space should 
provide the same effect on the decay constant 
as the 'Y -ray detector. 

It was thus defined that the true decay 
constant A, in the homogeneously poisoned 
system could be combined with the decay 
constant A,' observed in the system containing 
the 'Y-ray detector by the relation 

A,- A-o= (1.035±0.004) (A,'- A-o), (21) 

where A-o is the decay constant in a pure water 
system. Then the measured values of decay 
constants can be corrected with the use of 
Eq.(21). The values of decay constants thus 
corrected plotted against the number densities 
of Cd, Sm and Gd atoms in Figs. 3, 4 and 5 
respectively. 

The parameters a and (3 of Eq.( 1) have 
been calculated by least squares fitting of 
these curves. The effective absorption cross 
sections a thus obtained are given in Table 2, 
where these values are compared with the 
values calculated with the use of cross sec­
tion values from BNL-325 and of the resonance 
parameters given by Westcott08 ). Numerical 
integration of Eq.(16) was carried out over 
the energy range o-1 eV divided into 300 mesh. 
It is seen from Table 2 that the calculated 
values agree well with experimental data, 
which provides evidence in support of the 
correction adopted for the decay constant to 
account for the presence of the 'Y-ray de­
tector, as expressed by Eq.(21). 

-6-

J. Nucl. Sci. Technol., 

Detector effect uncorrected 
o Detector effect corrected 

Fig. 4 Decay constant A, vs. non 1/v absor­
ber number density N in Sm poison­
ed water 

· Detector effect uncorrected 
o Detector effect corrected 

Fig. 5 Decay constant A, vs. non 1/v absor­
ber number density N in Gd poison­
ed water 
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Table 2 Effective absorption cross section 

Effective absorption Calc~ 
Non 1/v Water cross section (barns) tion 
absorber temp. Exper- I Calcu- /Exper-(°C) iment lation iment 

Cd I 15±2 1 3,340±151 3,277 0.98 

Sm 127.6±1.31 9,360±48\ 9,455 1.01 

Gd 121.5±0.7140,40~1801 40,950 1.01 

In Table 3, it is seen that the absorption 
cooling coefficients of Cd and Sm are smaller 
than the values by Friedman<2l, and by 
Meadow & Whalen<al, by about 20% and 30%, 
respectively, however for Gd our absorption 
heating coefficient is about twice that obtained 
by Meadow & Whalen. 

Table 3 Experimental absorption cooling 
(heating) coefficients 

(10-17 barns·cm3) 

Non 1/v Present I Friedmant Meadow & 
absorber Whalen 

Cd 1.40±0.081 1.75±0.28 1.75±0.07 
(15±2°C) (23°C) (25°C) 

,7.00±0.451 9.5±2.4 9.73±0.12 
Sm 

(27.6±1.3°C) (23°C) (25°C) 

I 53.5±4.8

1 

26±13 
Gd 

(21.5±0.7°C) (25°C) 

t Values in reference multiplied by 2/Jii. 

V. CALCULATION OF ABSORPTION 

CooLING (HEATING) CoEFFI· 
CIENTS 

In order to calculate the absorption cool· 
ing (heating) coefficient from Eq.(20), the per· 
turbed flux cp, (E) must be known. The Max­
wellian flux satisfies the homogeneous equa­
tion HM(E) =0, so that an additional condi­
tion is necessary to obtain a unique solution. 
This additional condition can be considered 
adequately provided by Eq.(19). Thereupon, 
Eq.(15) was transformed into a system of 30 
linear equations. In this case the energy 
range 0-0.9 eV was divided into 30 sections 
having equal or nearly equal velocity inter­
vals. With the use of Eq.(19), expressed in 
the form of a summation over the divided 

207 

regions, the perturbed flux cp, (E) was calcu­
lated numerically from Eq.(15). Calculation 
by this means is easier than with Calame's 
method<•Hlll which requires a laborious itera­
tive operation. 

-- -X- - - Nelkin } 
- o- Egelstaff.Schofield kernel 
-0- McMmry-Russell 

Fig. 6 Flux cp, (E) perturbed by Cd 

- - -X- - - Nelkin } 
- •- Egelstaff.Schofield kernel 
-0- McMurry-Russell 

Fig. 7 Flux c/Jt (E) perturbed by Sm 

7 -
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l 1 l 
j o !-t-l~ I I .,. .. ; ~ ,y 0.016 \ 0.064 0.144/"0.256 0.4 

I \ o ( ) \ I Energy eV 

v 
---X-- - Nelkin } 
- •- Egelstaff-Schofield kernel 
-0- McMurry-Russell 

Fig. 8 Flux cp, (E) perturbed by Gd 

In calculating the perturbed flux, the Nel­
kin<sJ, Egelstaff-Schofield<9J and McMurry-Rus­
sell kernels00 were used. The perturbed fluxes 
by non 1/v absorbers are shown in Figs. 6, 7 
and 8, and the values of absorption cooling 
(heating) coefficients calculated from Eq. (20) 

given in Table 4. These values are nearly 
independent of the kernels used in this calcu­
lation and are in agreement with those by 
Calame<•J for the Nelkin kernel. There is 
however wide disagreement between the ex-

Table 4 Calculated absorption cooling 
(heating) coefficients 

(lo-n barns·cm3) 

Non 1/v Nelkin 
absorber kerneJ<BJ 

Cd 0.330 

Sm 3.50 

Gd 3.13 

Present I Calame<•J 

Egelstai'f-=-M:cMurry Nelkin 
Schofield -Russell 
kerneJ<9l kerneJOO kerneJ<BJ 

(20°C) (22°C) (25°C) 

0.325 0.362 ~9-

3.55 3.98 1 3.48 

3.18 3.39 1 4.18 

J. Nucl. Sci. Technol .. 

perimental and calculated values. 

VI. SUMMARY 

Measurements of the decay constant of 
the neutron density in an effectively infinite 
poisoned water system have been carried out, 
with the use of 'Y-ray detector. Accurate 
determination of the effective absorption cross 
section and of the absorption cooling (heating) 
coefficients for Cd, Sm and Gd have been 
made from the experimental values of decay 
constant over a wide range of the non 1/v 

absorber concentration. The values of the 
effective absorption cross section agreed well 
with calculation. 

The experimental values of absorption 
cooling coefficients of Cd and Sm are smaller 
than those by Friedman<'>, and by Meadow 
& Whalen<'>, but the absorption heating coef­
ficient of Gd turns out to be about twice as 
large as Meadow-Whalen's. The present val­
ues differ considerably from all those calcu­
lated on the basis of the Nelkin<8>, Egelstaff­
Schofield<9J and McMurry-Russell00 kernels. 

The condition that a flux perturbed by non 
1/v absorber does not contribute to the net 
neutron density<"!, make the calculation of 
absorption cooling (heating) coefficients much 
easier than by Calame's method <<HllJ. 
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