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I. INTRODUCTION

The neutron flux distribution within a system which has present a
periodically varying source may be conveniently analysed by use of the
concept of neutron waves., With such a periodically varying source the
time-dependent diffusion equation is used to describe the flux as a
function of both time and space. The use of this procedure facilitates
the determination of the nuclear parameters, specifically the diffusion
length and the material buckling, The use of this method, which is
analogous to Angestrom's cyclic method of measuring thermal conductivity,
can be applied to both multiplying and non-multiplying media. In this
investigation the complex material buckling in a graphite-uranium assembly
was studied.

The complex material buckling in an assembly is dependent upon the
frequency of the source, inereasing with increasing frequency. With
this increase in the complex material buckling, it is possible to obtain
measuremeénts in much smaller systems than are used for exponential experi-
ments. On this basis the use of the neutron wave analysis should permit
measurements of the material buckling in the existing suberitical assembly
that would be comparable in accuracy to those obtained in larger systems.
A new and more effective method of studying the phase angle and amplitude
of the neutron waves in the suboritical assembly by a completely analyti-
cal method, with no dependence upon visual interpretation of graphs, has
been developed.

Thcphmmduautudlotthcmtmnuma.muu
function of vertical position in the assembly for two frequencies of



oscillation. Phase and amplitude determinations were also made along a
horizontal plane in the assembly.



II. REVIEW OF THE LITERATURE

The existence of attenuated neutron waves within an assembly, which
can be used rather effectively in the evaluation of nuclear parameters,
can be brought about by a periodic disturbance of the system.

The theory has been developed to a large extent by Weinberg. An
early paper by Weinberg and Schweinler (5) describes the neutron waves
produced in a just eritical reactor by the oscillation of a neutron ab-
sorber., It is stated that at frequencies which are low compared to the
periods of the delayed neutrons, the neutron flux intensity in the
reactor rises and falls as a whole, the shape of the statibnary distri-
bution always being maintained. As the frequency of the oscillation is
increased, the nature of the neutron response changes from the overall
fluctuation characteristic at low frequency to a propagated and attenu-
ated spherical neutron wave which emanates from the vicinity of the
oscillator. The amplitude of the oscillating response for a given
frequency is proportional to the total neutron absorption crossection
of the oscillated absorber. This technique has been used in the determi-
nation of absorption crossection.

Weinberg and Wigner (6) discuss the propagation of neutron waves in
both multiplying and non-multiplying media. Their development in both
cases is undertaken for the case of a periodically varying source in an
infinite homogenous medium. Equations describing the neutron wave ve-
loeity, wave length, and attenuation length as functions of the nuclear
parameters of the assembly and the frequency of oscillation are developed.

Experimental work on the neutron wave propagation in a



non-multiplying medium was carried out in France by Ralevski and Horowits
(3)s They determined the diffusion coefficient of heavy water using a
periodically varying radicactive antimony source which was allowed to
irradiate a beryllium dblock, thereby producing a periodic neutron source.
By measurement of the neutron waves produced 1t was possible to determine
the diffusion coefficlent of heavy water quite accurately.

Campbell and Stelson (1) have used the pulsed source technique to
study neutron waves in multiplying media. The relaxation time measure-
ments were made of the decay of the fundamental mode of thermal neutron
in several sizes of suberitical assemblies using U2° N0 solutions. A
square wave pulsed neutron source and s multichsnnel time analyser were
used. The dependence of relaxation time on reactor sisze made possible
the calculation of the mmltiplicative properties and characteristic nucle-
ar parameters. Neutron bursts, generated by an accelerator with beryllium
target, were used to excite uranyl fluworide solution in cylindricsl con-
tainers., The neutrons leaking out between bursts were detected with a
IiI seintillation counter, The half life of the emitted neutrons was
measured for several different values of geometric buckling.
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III. LIST OF SIMBOLS

Length of assembly

Width of assembly

Height of assembly

Buckling

Static umul buckling

Count rate, mean wvalue over interval

Count rate, corresponding to the steady state
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counts/min.
counts/min.,

Count rate corresponding to the amplitude of the wave - counts/min,

Thermal neutron diffusion coefficient
Infinite multiplication factor
Attenuation length

Wave length

Time for one revolution of oscillator drum
Neutron source strength

Time

Thermal neutron velocity

Propagation velocity of neutron wave
Complex material buclling

Inverse relaxation length

Phase angle of the neutron wave
:html neutron absorption crossection
Space dependent thermal neutron flux
Thermal neutron flux

Angular frequency

Cille



IV. THEORETICAL ANALYSIS

mmo:'momwmunmtmmmmmm
suberitical assemblies have been developed by Uhrig.* The relationships
for the non-multiplying medium will be considered first. |

The neutrons are emitted from a periodically varying source located
at the bottom of a parallelepiped of diffusing and moderating material.
The varying source will be expressed by 5 4+ § ¢* °. The homogeneity of
the medium refers to the fact that the diffusion coefficient, macroscopic
absorption crossection, and thermal neutron velocities are the same through-
out the assembly.

If an arbitrary cubic centimeter of the assembly is chosen, a thermal
neutron balance equation may be written.

W) 1390 = PVP(r,t) - 2a @(mt) + 8

In the above equation DV~ P(r,t) represents the net diffusion into
the selected volune element, J a @ (r,t) represents the absorption by the
diffusing medium and 3 representes the neutrons supplied by thermalisation
within the volume element, and 1 3 f(r,t) represents the time rate of

v at
change of neutron density.

The thermal neutron flux throughout the volume will have the same
time dependence as the source.

(2 P(mt) +  $pm) + Plx)
implying that the variables of time and space are separable.

*Uhrig, R. E., Ames, Towa. Neutron wave propagation. Private
commnication, May, 1959.



7

Outside the region where the neutrons are becoming thermalised by
moderation, that is, at distances far from the source, S = 0 and Bq. (1)
may be written as

(9 LwEme® o W[F, ) F @] T et
v

For the steady component of the flux, Hq., (1) becomes

W 22 @ -2, P =0

and substitution of Eq. (L) inte Eq. (3) will eliminate the steady com-
ponent of the neutron flux. This means that the steady and sinusoidal
components of the neutron flux are separable. Athrdiﬂuunbynow
Eq. (3) becomes,

9 V2F () - 4P (») = 0

where
(6) Afz 3_2534» %n‘jlz#%ﬁ_‘f

8ince the source is located at the bottom of a rectangular parallele-
piped Bq. (5) can be most conveniently written using rectangular coordi-
nates,

(M 228 » 223 + 228 - 4° 2o
Ix2 2y° 322

If it is assumed that the flux is described as a product of three



terns each of which is a function of only one variable,
(8) $(x,y,8) = X(x) 1(y) %(az)

Substitution of Bq. (8) into Bq. (7) and division by (x y x ) gives

o

9 x7 + ¥ + 2 ~m220

X | Z

8ince each of the terms in Bq. (9) is a function of one variable only
the variables x, y and z are separable, and Eq. (9) can be true only if
each of the terms is a constant. When the first three terms of &Zq. (9)
are replaced by constants - a(i-ﬂzmdi- Y . (8) vecones

(10) - o? -ﬁz +)'2- M2z

) ¢°x + ofx z 0
d

2
(m)ﬂ'tﬁrzﬂ
d ¥
(13) ﬁ‘f!azzﬁ

ds?

The differential By. (11), (12) and (13) are readily solved to yleld

(14) X =z €y eos Xx + Op sin &xx

i

(18) T = Cycos By + O sinfy
(16) 2 = Cgo ) - gge*d?

These equations are subject to the following boundary conditions



an §(:§,y,.) = 0
.

(18) $(x,2%, 8) = 0

19) $(x,y,¢) =0

¥hen the boundary conditions are spplied to . (1), (15) and (16)
and the trivial solution that the flux is sero everywhere is discarded,
0. (nt)n (15) and (15) become

a f x

(m)x:clmu

(1) T = C3cos E

(22) ¢ = cgc')"flwe'a)'(“ﬂ

where m and n are odd integers.

When the flux is measured at a reasonable distance from the top of
the assembly the end correction factor, the expression within the brackets
of Bg. (22), is approximately equal to unity. Since the flux is not
measured near the top of the assembly the end correction term will be con-
gidered to be equal to unity. There are an infinite number of odd integer
values for m and n which give solutions of the form of ig. (20) and (21).
The general solution is s linear combination of all the possible solutions.
Therefore 23+ (10) indicates that there is also an infinite mmber of
values for mn. Upon substitution of Gqe (1), (15) and (16) into iq. (8),

%
(23 2(x,y,9 = g_;c.,mn; cos /=
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where all constants have been combined into a single generalized constant
G
When the flux is assumed to be equal to the infinite susmation of
individual solutions to Hq. (20) and (21), a Fourler cosine series is
obtained. It can be shown that the coefficients of the terms higher than
the first become insignificant at a short distance from the bottom of
the assembly. The flux can then be approximated quite well by the follow-
ing equation, which contains only the first term of an infinite series of

terns.
(2k) f(x,y/a) P Omﬂgm'?:"
Then Eq. (10) is rewritten using m « n w 1, it becomes,

(2) y®= H“.({_f N (Q?

or upon substitution of Lq. (6)

(26) y2= H 20%5%0(1{)1 o(ye = JJQ-&%;_/

where

2 2 2 2

(27 oU = ) *(’E) + (‘E)

It should be pointed out that [/ 2 is the inverse relaxation length
of the neutron flux in the Z direction when a steady neutron source is
used beneath the graphite assembly.

The complex root of Eqe (26) is



1
(28) )= <£/;__.¢f2)} . Lf"’_____é:_l_/a/%
where
(29 2 o [WE (g)’]i
v,

The solution of the diffusion Eq. (5) for the steady state component

of the neutron flux fommmmmwmmu
mugimwammmmmum

(30) §o(r) = G, cos ﬂ? cos z’:bl :pn
Bqe (24) and (30) are substituted into Ey. (2) to give
() Plx,7,8,%) = comﬁ‘}m?‘;l oV
+ cm'?mzrﬁz R A
Substitution of Eq. (28) into Eq. (31) and grouping of imaginary terms

gives
”I’x‘ - )%
(32) 9(x,y, 8,4 ;comamE ',y

s o B o (B PV

The imaginary exponent of the last term in Bq. (32) can be written in the
form 1iw(t - T) where T is the time necessary for the neutron wave to
travel from the source to the level s.

(33) T = (ﬁ_;_»zﬁ)i * s 3

where Yw is the veloecity of the neutron wave.
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From Bq. (32) and (33) the following properties of the neutron wave
are readily apparent:
Attenuation length of the neutron wave amplitude u

]

Velocity of neutron wave propagation is

N W(f!-ﬂ2)é

Wave length of the neutron wave is
(36) Ly =2 27(__2 ) i
g2- e2-L¢2

In the case of the neutron wave propagation through a multiplying
medium the formal analysis is essentially the same as that just completed.
Once again the medium will be assumed to be homogeneous. While the
graphite-uranium lattice is obviously heterogeneous, the lattice pattern
is repeated and uniform and can be homogeniged to give the overall flux
distribution.

The time rate of change of the thermal neutron population is equal to

(31 1 39 =z DV PnY) -Ja plnt) + 5

v 3 ¢
The source term is composed of two contributions; the thermal neutron
population is increased by the thermaligation of neutrons from both the
external sources 5.,y and from fission S, . The fission source is given



by Glasstone and Edlund to be

2
R ot

(38) Sp = k28 ’

The contribution of the external source is sero except near the
bottom of the assembly. The prompt multiplication factor is used since
the period of the oseillation is short compared to delayed neutron life-
times, and the delayed neutrons add slightly to the steady component of
the flux. The thermal neutron flux throughout the assembly will again

have the form
(3 ont) = B +» Fx) "

Substitution of Eq. (38) and (39) into Hq. (37) and elimination of
the steady component of neutron flux in a mamer similar to that previ-
ously used gives

2 2
W) v omn * B, ¢ = °
whare ﬁ:‘ , the cemplex material buskling is given by,

% 2 ¢ w
8"
Eqe 4O can be solved in rectangular coordinates subject to the same

boundary conditions as in the case of the non-multiplyling medium to give

W fre Za kg 1) -
D

2) plx, ¥y, 2 %) = comz?m%lo"m
+ Gooal?mlga‘)"ciw‘



where
w e g - 87 g o g
and by definition '

W ATe (g 5

a
Here again /\ is the inverse relaxation length of the neutron flux
in the g direction when a steady neutron source is used beneath the sub-
eritical assembly. Substitution of Eq. (Lk) into Bq. (L3) gives

2 2
(h5)X:‘/\_oéb_Lg

The complex root of Eq. (L5) is

(46) y :(Aig____‘lj 2)* + L(ﬁ.:..{l. 2}?‘
where

an pia[ A" . (g_)"’]*

When Eq. (L6) is substituted into Bq. (42),

X -
(48) ?(x,y,n/t) - Oomzi'm%z CA

2 2 A PN T
5 CeollE!mJ? ;("/'L:TL‘)Z .1[“’1: - G.Q.E_{L.)Z]

Again it 1s readily apparent that the following relationships hold:
Attenuation length of the amplitude of the neutron wave is
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3
(49) Lg = (m_%_w)

Propagation velocity of the neutron wave is

(50) V, = ('V*"EW) .

Wave length of the neutron wave is

(51) L, = 21”(__97_2_%_1_!)§
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V. EXPERIMENTAL EQUIPMENT

A. Suberitical Assembly

The subceritical assembly employed in this investigation was composed
of natural uranium and graphite. The blocks of graphite were of AGR
grade, and had been machined from a 7 inch diameter rod to a 6 inch by
6 inch square. These blocks composed the bottom 9 rows of the assembly,
while the top 5 rows were machined to a 5 inch by 6 inch rectangle from
a 6-3/8 inch dismeter rod. The graphite rods rested upon a wooden sup-
port, under which the thermal neutron sources were placed.

The natural uranium was present in the form of 1 inch diameter slugs
encased in 25 aluminum cans. The canned slugs were placed in horisontal
aluminum tubes, 62 inches long which had an outside diameter of 1.375
inches, and a wall thickness of 0.035 inches. Aluminum wire wound in a
spiral centered the canned slugs in the aluminum tubes. The tubes each
containing 7 slugs were arranged to form an 83 inch lattice within the
graphite moderator.

The extrapolated dimensions of the suberitical assembly a, b, and ¢
were 62,0, 64,0, and 79.8 inches respectively. With the 8} inch lattice
employed the static material buokling was 51.6 £ 11.9 x 107 om,™2

B, Oseillator Unit

The oscillator unit, which is shown in Fig. 1, contained 5 one-curie
Pu-Be neutron sources. The neutrons were moderated by a 3-inch layer of
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paraffin, and hence a large percentage of the neutrons were thermalised
by the time they reached the outer surface of the drum. An outer
rotating eylinder, the pattern cylinder, was constructed of alwainum,
with a neutron absorbing pattern of cadmium cemented on the inside
surface. This pattern, cut in the form of a sine wave as shown in

Fig. 1, was 0,030 inches thick. As the pattern cylinder rotated it
changed the rate at which the neutrons were emitted from the source,
causing the neutron flux intensity to vary in a sinusoidal manner,

C. Drive Mechanism

- In order to measure the neutron wave propagation, it was necessary
to determine the exact amount of rotation of the oseillator drum. A
chain drive was used to synchronige the rotation of the oscillator drum
beneath the assembly and the rotation indicator placed beyond the edge of
the assembly. The rotation indicator consisted of a countershaft with a
sprocket for the chain drive to the drum, a pulley leading to the drive
motor, a disc fixed to the shaft and calibrated to correspond to the
oscillator drum rotation, and a light chopper which interrupted a light
beam leading to a photocell. This chopper could be aligned with the
ealibrated disc to allow the light to fall on the photocell during any
selected portion of the oscillator drum rotation.
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D. Electronic Equipment

The neutron flux was measured using a N. Wood, BFj neutron pro-
portional counters The chamber was filled with BF3 at LO mm of Hg,
having an active volume of 28 cm’ and a voltage plateau at 2400 volts.
The pulses from the detector were fed into a Nuclear-Chicago Ultramatic
scaler with the sensitivity set at 1 millivolt during the investigation.
The Nuclear-Chicago scaler registered the total number of pulses produced
int.hnBP3chnbcr,mm.emahmddtm.mmmm:d
the instrument. This scaler had a ratemeter jack on the rear of the
chassis which gave an eight-volt pulse, approximately 3 microseconds wide,
for each pulse produced in the BF; counter. As can be seen from the block
diagram in Fig. 2, these pulses from the rate meter jack of the Nuclear-
Chicago scaler were fed to an electronic switching cireuit controlled by
a photocell and thence to a second scaler. The second counter registered
mm.mhumzohmmﬁmmmjmmmmm
periods when the photocell was illuminated.

The light source was constructed from a conventional 2 cell lantern
type flashlight wired to operate using alternating current supplied at
1.35 volts ac from a potentiometer across the output of a 6.3 volt ae
power supply. Maintenance of a steady voltage to the light source was
necessary to insure reproducibility of the data.

The beam from the light source was interrupted by a wooden chopper
attached to the rotation indicator on the countershaft. The chopper could
permit the photocell to be illuminated during any selected 180 degrees of
rotation by means of its movement relative to the calibrated disc on the
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rotation indicator. In this investigation only a 180 degree segment was
used; any other desired interval could be selected by fabricating a
new chopper. |

The photocell was a 929 tube powered by a 90 volt B battery, since
the current drain was very small during the normal operation. A photocell
mask was devised to prevent extraneous light from influencing the proper
operation of the photocell.

The output from both the photocell and the Nuclear-Chicago Ultramatic
scaler were fed to the electronic switching circult in which a 12Ax7 tube
was utilized in a coincidence circuit. The tube was normally conducting
when there was no signal at either the ratemeter jack or the photocell
input. If either of these registered a tigm, the associated grid went
negative, stopping current flow in one half of the tube. However, the
other half of the tube accommodated the majority of the load change and
only a small pulse was registered at the output. If both grids went nega-
tive at the same time; that is, a pulse came through from the scaler when
the photocell was illuminated, practically all current flow stopped and a
large pulse was registered at the output. Figure 3 contains a circuit
diagram of the system described above,

The output pulses from the electronic switching circuit were fed to
a RIDL-206 scaler. By adjusting the pulse height selector on this instru-
ment, it was possible to discriminate against the smaller pulses caused
by only one grid going negative and count the larger pulses brought about
by both grids being driven negative at the same time., Thus this second
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counter registered those counts which occurred while the photocell was
illuminated. Using this equipment, the time lag of mechanical switches
was eliminated, and a large amount of flexibility was incorporated into
the equipment.



VI. EXPERIMENTAL PROCEDURE

A. Analysis of Neutron Waves

The primary concern in the development of experimental techniques
was the need to obtain a means of evaluating directly the phase and
amplitude of the neutron waves.

When these quantities are known, the velocity of propagation and
the attenuation of the neutron wave at various positions within the sube
eritical assembly could be studied. In a first attempt to study the
mmnm&mua,mmtmt&mnwgmmfdhmm
meter and subsequently to a recording potentiometer. Unfortunately the
electrical currents produced by the BFy chamber were quite low, about
10713 amperes. While such small currents could be measured with the
electrometer, a long period was required for the instrument to reach an
equilibrium reading., The delay was attributed to the large capacitance
in the circuit, making it impossible to study the dynamic behavior of the
neutron flux with this system.

An attempt to analyze the neutron waves by measurement of the ampli-
tude of many individusl segments of the waves and sketching of a composite
curve was ruled out due to high statistical scatter produced by the very
short effective counting interwal., The method also involved a subjective
interpretation of the points when sketching the sine curve.

A direct analytical approach was developed and is presented below.
This analysis indicates the phase and amplitude of the attenuated neutron
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wave at any point in the assembly. Only two measurements of neutron flux
are required at that point.

In Fig. L, the neutron count rate is plotted at some arbitrary point
within the assembly, where the neutron wave lags the oscillator source by
a phase angle © . The count rate at this point can be written as a
function of time.

21T'C
(52) ¢ = m"'r 9)

gg T
(53) ¢ = C,[sin cosd - mgT‘mGJ + Cg

Since the BFy detestor can measure neutron flux only during a finite
time interval, the counter necessarily registers a total count during the
interval from which a mean value count rate can be calculated. If an
interval from t = R/l to ¢ = 3 R/L is designated as Interval 1, the mean
value of the count rate in Interval 1 is given by the mean value theorem,

3 ®’/b 3 R/4
T
(58) Cy = [0‘, me:m?"gl-mg'g“‘mea‘fc&u
i

3 /b
{
R/L
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When the above equation is integrated,

(55) Ggl - Ga-%ﬁ_ sin O

Similarly Bg9. (54) can be evaluated to give a mean value over
Interval 2, fﬁ?tgﬂ”tgl/gc

(56) - G, = 2woosb
p - Uy = 3
1f Bq. (55) is divided by Zq. (56)

g - 05,

When Bq. 56 is solved for Cy

8 s 7 W™,
GO & = T <t

Bq. (58) indicates that the amplitude can be determined only if the
phase angle is kmown, actually the two equations are written with the two
unknowns and C, and it is possible to solve for each directly, The
direct solution for Cy is however mathematically much more tedious.

Ba. (57) and Eq. (58) can be used to compute the amplitude and the
phase shift directly from the readings of the two scalers employed. The
mean values Ciy and Ci, are the count rates given by the RIIL scaler
over the interval measured. m-ummumm-cnmdcs,m
the count rates indicated by the Muclear Chicago scaler, since the steady
state value is equal to the mean value over a time interval equal to R.
In computing the mean count rates from the counts registered on the RIDL
scalers, it must be noted that the RIDL scaler is counting only during
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one half of the run,

By this simple method phase and amplitude determinations were made at
various points in the assembly. The method is completely analytic and
subject to analysis from the point of statlistical walidity of the data
obtained, 8ince the RIDL scaler registers counts during one~half of the
time interval measured, a very high effective counting period was ob-
tained, relative to approaches that registered counts only during small
intervals of the revolution of the oscillator. This permitted high counts
to be obtained in reasonable lengths of time.

An analysis of precision of the data is necessitated by the large
statistical scatter noted. This analysis of both and C,, is based on
generalized formula for the standard deviation as given by Worthington and
Geffner (7).

(S9)a-§ a(a_gilgja-i + (352):3; . (fé)zag ® s oo
vhmuhnmmtionotxl,xe,RB......

If this generalized relationship is applied to Eq. 57 the standard
deviation is expressed as,

e (a%) ) 7o @' Cv%,) i

The partial derivatives are then evaluated:

(61) 30 =

-1
oy (L +tan?8) (G5, - Cy))
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(62) 2.0 =
Jes, (14'30}!29)(032*%)

63) 20 = _ = (O %)
oy, (s tan®9 e, = c,,2>*

6 20 = _ (Cp=0s) :
05, (14 ta?O)(cg -Gy )

When Bq. (61), (62), (63) and (6L) are substituted into Bq. (60)

. = (0 = Gg,)2 (08, s )
) o5z 1 [0""‘1‘%1 s O - %) 170 52]
1etar® L (o, - o) (g, - 0yt
By a similar procedure the standard deviation may be found for the quantity

Cy which is proportional to the amplitude of the neutron wave. If Eq. (59)
is applied to Eq. (59), the Standard deviation of Cy can be found.

(66) 0'0. (Di:,)z ;“1 G“cg) Ots, (;G.)ﬂ 2

The partial derivatives are evaluated as follows:

(67) 2_3'__ = - »
chl 2 sin

68) 2% . _ 7
Jﬂsl 2 gin
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result is

2 a A 2 2
s X 0Gs, +00y, o (%M =08)° 5
. ESE!B[ %1 a ;;;ﬁe J

B. A Typical Run

In all cases difficulties were encountered due to the fact that Cy
was very much less than Ug, tending to obscure phase changes in the
waves, In an effort to remedy the situation longer counts resulting in
more precise measurements were taken. As the point of neutron flux
measuremont is moved away {rom the source, the absolute count rate de-
creages., It was possible to obtain results of approximately equal pre-
cision at all levels by doubling the counting time for every one foot
increase in distance from the source.

The first step in undertaking a typleal run was to adjust the speed
of rotation of the oscillator drum. The variation in speed was made
possible by the use of a series wound drive motor with the supply voltage
controlled by a variable transformer. Speed measurements were taken with
a revolution counter using a one-minute run. An arbitrary maximum speed
of rotation was set at 380 r.p.m., since the chain drive vibrated ex-
cessively at higher speeds. Speed of revolution was checked during the
run and adjusted if it was found necessary. In general the speed regula-
tion was quite satisfactory; the motor held the oscillator drum to within
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2 r.pem., of the desired speed for long periods without adjustment.

Once the speed had been properly adjusted it was necessary to po-
sition the discriminator on the RIDL scaler so that the small pulses
generated by the electronic switch when the light beam was blocked by the
chopper did not trigger the scaler, while the larger pulses generated
when the light beam reached the photocell did trigger the second scaler.
Two runs were taken as a check, the first counting the pulses during the
interval from 0 to R/2, and the second counting the pulses from R/2 to
R. The check required that the sum of these counits be equal to one-half
of the total counts registered on the luclear-Chicagoe scaler.

With the diseriminator and the speed of revolution properly adjusted,
a 15 minute run over the interval desired was taken in Chamnel 1. This
served as a refergnce run for the series. A 15 minute run was next made
mMsmM&M!,tomﬁMCSMM
was made against the reference run using Channel 1. If the results did
not agree with the refersance run the discriminator had to be reset and the
data for that particular 15 minute yun discarded. The series was con-
tinued in this fashion, taking one-15 minute run in Channel 1, two-l5
minute runs in Chamnel 2, L runs in Channel 3, and 8 in Channel 4. This
procedure succeeded in giving results which had approximately equal pre-
cision for all channels, since the count rates in the upper channels were
lower, No runs were made in Chamnel 5 where the count rate was judged
too low to yleld significant data.

The series of runs were made for one speed and one selected interval
of rotation. HNext a series of runs were made at the same speed of rotation
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but with the chopper displaced by 90 degrees to give counts over the
second selected interval. From these two series of runs the phase shift
and amplitude attenuation in the vertical direction could be caloulated.

Twe similar series of runs were made, yielding the phase shift and
amplitude attenmation for a lower speed of revolution. Also two runs,
at points having both vertical and horizontal displacement, were made to
obtain a general picture of the neutron waves thruout the suberitical
assembly.
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The original data for all runs completed are given in Tables 2

through L in the appendix., Both the phase angle shift with position
~and the attenuation length of the neutron wave were determined in

this investigation, and the results were compared with those predicted
from the theoretical consideration of the propagation of neutron waves
in this particular subecritical assembly and in a graphite assembly.

The theory predicted a variation in both attenvation length and
phase angle with increasing frequency of source oscillation. The
propagation velocity increases with increasing n'cqw of oscillationy
indicating that the medium is dispersive, The attenuation length de-
creases slightly with inereasing frequency. The variation with angular
frequency of these neutron wave properties for both the suberitical
assembly and a graphite moderator is plotted in Fig. 5 and 6. The
ourves were caleulated using Bq. (34), (35), (L9) and (50) and the best
value of the static material buckling previously determined (L),

5146 X 107 emi?,

The neutron wave propagation veloecity is directly related to the
variation in phase angle of the wave with distance. The relationship
is given by

(71) Deg. of phase angle shift - (r 2,

Inch

W

where the wave velocity V. is given in om./sec. This variation of
phase angle of the neutron wave was the quantity which was
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experimentally determined, The values of the phase angle at various
vertical positions for the two frequencies studied are shown in Fig. 7
and 8, The line through the points was drawn by use of the least-square
fit. From the slope of this line the experimentally determined value of
the neutron wave propagation velocity can be calculated by Bq. (50).
The calculated values were 13,300 cm./sec. at 380 r.p.m. and 83,300
am./sec. at 190 r.p.ms The value at 190 r.p.m. is considered to be
erroneous.

Lines indicating the slope predicted by the theoretical considera-
tions for the cases of the suberitical assembly and the graphite as-
sembly are drawm in both Fig., 7 and 8. As can be seen the agreement
between these lines and the experimental data is good in view of the
standard deviation of the data as indicated in the figures.

The attenuation length of the neutron wave can be determined by
plotting for the various positions the logarithm of any quantity pro-
portional to the amplitude versus the position. The attenuation length
can then be read directly from the graph. In Fig. 9 and 10, the ex-
perimentally determined amplitude at various positions is plotted, and
a line through the points given by the least squares fit is shown,

The slopes for the two lines predicted by theory were obtained
from Fig. 6. The experimentally determined values for the attenuation
lengths were 32.0 em. at 380 r.p.m. and 29.5 cm. at 190 r.peme

To give an overall qualitative description of the neutron wave
propagation, determination of the phase and amplitude of the wave were
made at points on the 24-in. level having both horisontal and vertical
displacements from the oscillation source. Fig. 11 shows the lag of the
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neutron wave in the horiszontal direction. Again the best straight line
was drawn through the points since the lead and lag of the wave relative
to the center of the assembly should be equal from a consideration of
symmetry.
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VIII. DISCUSSION OF RESULTS

The behavior of the neutron waves studied agree qualitatively and
semi-quantitatively with the behavior predicted by theoretical con-
siderations of the propagation of an attenuated neutron wave in a sub-
critical assembly. In all cases the changes in the phase angle and
amplitude were in the direction predicted by theory. Where the magni-
tude of those changes is not in complete agreement with theory the
agreement is not unreasonable in view of the statistical deviations of
the data. The various runs will be considered separately with comments
appropriate to each one,

Fig. 5 and 6 show the behavior of the neutron wave as predicted
by theory. It can be noted that at frequencies employed in this study,
19.8 and 39.6 radians per second, the neutron wave velocities and
attenuation lengths change only slightly. The basis for this similari-
ty is that at these frequencies the absolute value of the complex
material buckling has not changed appreciably from the static material
buckling. The change in the complex material buckling with frequency
is much more pronounced at higher frequencies, as can be noted in Fige. 5
and 6,

Fige 7 shows the variation of phase angle with vertical position
at 380 r.p.m. while the slope of the line through the points is some-
what less than that expected by theory consideration of the standard
deviation shown on the graph makes it apparent that withing the accuracy
of the measurement the two slopes do not disagree.

Figs 8 indicates the variation of pha:2 angle with vertical position
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at 190 r.p.m. The agreement here is poorer than at 360 r.p.m. ¥hile
the theoretical velocities of propagation of the neutron waves are ap-
proximately equal at the two frequencies, Eq. (71) indicates that the
phase angle shifts are different by a factor of almost two.

The variation of phase angle with position is less at the lower
test velocity where the shift is so slight that it is masked by the
statistical variation of the data. In view of the agreement shown in
Fig. 7 the phase angle predictions seem reasonably valid for this system.

The attenuation lengths are shown in Fig., 9 and 10 and the agreement
of the data with predicted values is approximately the same in both cases.
The predicted attenuation lengths at the two frequencies are 37.1 and 36,7
ems The two experimentally determined attenuation lengths were 32.0 and
29.5 cm., significantly lower than predicted. With the variation of the
data taken, it is impossible to indicate whether this lower value of the
attenuation length is valid,

Fig. 11 indicates the lag in phase angle detected by a horisontal
traverse of the assembly at the 2L-inch level performed at 380 r.p.m.
m-mmamamntofthcmuﬁan%mmowm
the phase angle directly at the desired center horiszontal location and
the value of the phase angle at the center was taken from Fig. 7. The
neutron wave measured in the south channel definitely led and the neutron
wave measured in the north channel lagged the oscillator in phase rela-
tive to the center channel., This is in agreement with the clockwise
rotation of the oscillator drum as viewed from the east face. The
straight line in the figure should not be taken as an indication of the
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phase angle between these points of measurement. I merely indicates
that the phase angle lag relative to the center of the assesbly is equal
to the phase angle lead which would be expected from the symmetry of the
assembly.

In all cases the statisticsl variation is considerably larger than
desirable, being caused by the combination of low count rates and the
large steady state (Ug) component of the neutron wave.

The count rate was limited by the size of the neutron source and
the sonaitivity of the neutron detector. An increase in the length of
time of counting was utilised by counting up to 2 hours in Channel L.
It was felt that any further extension of this time, beside entalling
effort not commensurate with the slight statistical lmprovement, might
also lead to other varlations dus to determingte errors such as tempera-
ture variation and wolsture changes. The data in the appendix show
clearly the fact that very small differences between very large numbers
were taken. No suitable solution other than the reduction of steady-
state count-rate seems possible,

The use of a very rapidly oscillating source can inecrease the ab-
solute value of the complex material buckling material. The frequencies
used in this study did not cause a large change in the absolute value of
complex materiasl buckling relative to the static material buckling.

An attempt was made %o calculate the value of the static material
buckling from 5q. (49) and 53. (50) using the experimentally determined
velocities and attemuation lengths. Results are shown in Table 1.
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Table 1, Static material buckling
Revolutions Static material
per minute Quantity measured buckling

380 Propagation veloclty - T.18 x 10
380 Attenuation length - 1,97 x 1078
190 Propagation veloelty - 5,98 x 1072
190 Attenuation length - 2,40 x 1070

However higher speeds of escillation than were used can give a
wwmmmmammnmm.
The static material buekling is readily obtainable from the complex
material buckling by Sy, (hl), Hence values of the statie material
buckling comparable in precision to those obtained in a much larger sube
eritical assembly could be obtained.
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IX. CONCLUSIONS

A theoretical and experimental investigation of the characteristics
of the Iowa State University of Science and Technology graphite-uranium
subcritical assembly by means of neutron waves was undertsken. From
the phase and amplitude variation of the neutron wave, the velocity and
attemuation lengths were determined permitting caleulation of the com-
plex and static material buckling. A method of analyzing the neutron
wave through count rate determination was developed. Conclusions drawn

were as follows.

1.

2.

3

L.

Se

The use of a periodically varying source definitely produced
an attenuated neutron wave within the suberitical assembly.
In all cases studied the neutron wave changes were in the
directions predicted by the theoretical developments.

The measured attenuation lengths of 32,0 and 29.5 cm. were
lower than previous static measurements and also somewhat
lower than predicted by theoretical considerations.
Heasurements of neutron wave velocities by phase angle shifts
requires higher frequencies of oscillation than were available
with the existing equipment. The determination of a wave
velocity of 13,300 em./sec. at the higher of the two frequen-
cies can be compared with the 9,260 em./sec. predicted by

the theory.

While the phase angle changes and attenuation of the amplitude
agree within experimental error with those predicted theo-
retically, the precision of the experimental measurements
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does not permit an accurate value of the static or complex
material buckling to be calculated.
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X, SUCGESTIONS FOR FURTHER STUDY

With the development of an experimental method of studying neutrons
waves, several future studies could be suggested.

Higher frequencies of osciilation are desirable for any further
study in order to obtain a better determination of the phase angle shift.
At high frequencies the value of the complex material buckling would be
gignificantly incressed. In any case, the chain link drive probably
should be eliminated for any high speed run,

As had been mentioned previously the large steady state component
of the source greatly decreases the precision of the measurements. A
re-design of the oscillator drum to eliminate most of the steady state
components is necessary.

The performance of the electronic switching device was quite satis-
factory and would seem to be capable of further use with no major changes.
The rather obvious suggestions of use of stronger sources and more sensi-
tive detectors should not however be overlooked.
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XIII. APPENDIX

Table 2. Data at 360 TePellie

Interval 1 - mnterval®
Channel 0/7?"%. Jé im a/%f?‘m. 0713 gm.
1 LLBLET 896195 464633 885351
2 219206 1136568 227858 L1055
2 221837 k1621 226391 Lh2277
3 99822 198745 100505 197067
3 99304 197183 102089 199343
3 99391 198293 100694 197789
h L2762 84770 Lhké1 86539
b L2670 84,396 LL288 86103
L 42839 8LOTL
b L2395 8L27h
L 42128 83393
L 42679 83876
L 42710 81563
k 42553 8161
North 97106 190173 98213 191655
South 86885 170L3L7 90463 175134




53

Table 3. Data at 190 r.p.m.

Interval 1 Interval 2
Channel m??’" Hin, 6’}13 ?ﬁn c/gf?m. c’ﬂ; k..

1 L36292 869188 L5TTh3 879505
2 215835 430291 221419 L32782
2 216625 1431385 220098 431202
3 97266 193759 101580 193668
3 97113 193938 99080 194315
3 96678 193269 99470 154320
3 96723 193133 98786 193373
b L1840 83559 L2570 83252
k L2h50 8L031 k2259 83339
b L2005 83620 k262l 83813
L y2322 8L089 L2579 84100
b L2678 gsaz2

L k1309 83652

h 297 85192

L L1813 83493
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Table i, Phase angle and amplitude in various channels

380 rep.m. 190 rep.m.

Chamel 6 Cy 6 Oy

1 0.93 £ 2,15 21,72 0,825  5.39 22.53 18.2% ouso
2 8,78 £ 3,70 6,35 20,590  9.93% L7 k.72 % o0.588
3 12,82 £ 6,30 2,11 20.00  3.73%3.96  2.78 2 0.388
L 16,82 2 LS 1.27 % 0,500 8.76 2 7.3 0,70 * 0.350

North 4 40.23 % 6.88

South - 5.68 & 7,22
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