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ABSTRACT

Neutron and gamma ray attenuation has been studied in a cylin-

drical duct, length/diam. ratio 7, partly (36 vol.%) filled by a helical

(screw-like) plug with adjustable number of turns. The total neutron

leakage through the duct decreased by a factor of six from zero to 0. 5

turn, and by an additional factor of three from 0. 5 to 2 turns (satura-

tion value). The leakage with less than 0. 5 turn is governed by fast

flux and above 0. 5 turn by epithermal flux.

It is observed that the attenuation calculation in a homogenized,

infinite material combined with the predicted attenuation in a duct give

the measured saturation attenuation. The length coordinates used must

be slightly modified in this case.

The attenuation of gamma in the saturation case (~3 turns) equals

that predicted without the duct attenuation in a homogenized infinite ma-

terial.

*) Now at Imatran Voima, Helsinki, Finland.

Printed and distributed in December, 1966.
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1. INTRODUCTION

The streaming of radiation along voids and ducts in the attenuat-

ing material is a special field of radiation shielding. More or less re-

fined methods for solving this type of problem in "basic ducts" have been

developed in the past. A quite new field opens up when the attenuation is

increased by filling a part of the duct with a solid body. The number of

possible types of bodies that can be placed in a duct is, of course, un-

limited in theory. To master these problems, practical methods can be

developed only for some basic shapes of bodies.

In this report we shall present some studies on the attenuation

characteristics of a helical or screw-like plug in a cylindrical duct (Fig.

2) and give some recommendations for solving similar problems. The

only reference to related problems found in the literature is a theoreti-

cal study by Horton [ 1 ] on streaming in a helical duct penetrating a mas-

sive shield. By a helical plug*) in this paper we mean a shape that can be

obtained by twisting a steel plate fitting snugly into the duct into a screw.

A full 360 turn of the free end is called 1 turn. It is easy to see that,

with this definition, 0.5 turn is the minimum required to cover optically

the whole cross section of the duct.

The reason for our interest in a helical plug is that it is the

simplest shape which can be used in a duct of which the free cross sec-

tion for the flow of material (liquid, gas) should be kept as large as pos-

sible, while at the same time blocking the optical path of the radiation.

These requirements lead to two contradictory conditions. In the first

place, to maximize the attenuation, the number of turns should be large;

the attenuation can be predicted by homogenizing the plug over the whole

duct volume. At the same time, however, the streaming resistance in-

creases, which sometimes may have catastrophic effects, for instance

in the case of a self-circulating reactor. Therefore the transition re-

gion between the straight opening ("zero turns") and the "»-turn" helix

is of great interest, too.

The physical picture of the transport of radiation along a helical

plug is that of a complicated combination of slant-angle multiple reflec-

tions and of penetration through the material. We believe that it does

not yield theoretical calculations although there exist, for instance,

*) Fig. 1b shows a photograph of the plug with 2 turns,
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very advanced Monte Carlo codes that can handle second degree sur-

faces. The coordinate transformation into a helix must be a really pro-

hibitive one! Therefore the manner of solution is clearly by experiment.

2. EXPERIMENTAL FACILITIES AND INSTRUMENTATION

The measurements were performed in the large (Nl , 2x2 meter)

shielding facility at the R2-0, a 1 MW Swimmingpool reactor situated

at the Studsvik research center. The reactor has been described in

earlier reports [2] and the set-up used was the same as for attenua-

tion measurements in annular ducts [3] and for measurements of fast

neutron doses in a material surrounding a straight duct [4]. The con-

figuration used is depicted in Fig. la. The diameter of the 1 30 cm long

duct was 15 cm. The first 29 cm of it was used as a collimator for the

radiation entering the spiral. This configuration was assumed to give

the same type of angular distribution as that obtained in most related

problems.

In the part containing the actual plug (length 83 cm) the duct di-

ameter was decreased to 1 2 cm by means of a steel insert, 1=91 cm.

The last 1 0 cm of the duct were taken up by a D~O can of 2 mm Al. The

purpose of this can was to thermalize a part of the penetrating epither-

mal and fast fluxes and thus permit measurement of the total number of

neutrons streaming through this duct.

The helical plug itself (Fig. 2) filled 36 % of the duct volume. To

enable the number of turns to be varied it was constructed of 2 mm steel

plates, width 3. 5 cm, stacked on a pin. This, of course, would not be

done when using similar plugs in practice because of the surface rough-

ness and increased resistance. From the physical point of view this

roughness is of no importance here. The outer end of the plug (z = 1 27

cm) was always vertical.

For the neutron measurements our standard activation method

routines were used. Thermal and epithermal fluxes were measured by

the two-foil method (Au + Cu). For the fast flux, the S(n,p) reaction was

used. Besides, on the outer face of the can (z = 1 46 cm), Al(n, a) and

In(n, nT ) reaction rates were measured. Gamma dose rates were meas-

ured by ion chambers and by pen dosimeters.
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For neutron measurements the foils were placed in the middle

of the free passage (Fig. 2) and on the centerline of the D_O can. Be-

sides, flux traverses -were taken horizontally and vertically on the can

surfaces.

3. RESULTS

Measurements were made, in the case of neutrons, in eight con-

figurations. Of these, one is the empty duct (for reference purposes)

and the others the duct with plug, the numbers of turns being 0, 0.25,

0.375, 0.50, 0.625, 1.0, and 2.0. Gamma measurements were made in

the cases 0.375, 0.500, 0.625, 1, 2, 3, and 4 turns.

3. 1 Flux values along the duct

The axial thermal and epithermal neutron fluxes and the S(n,p)

reaction rates are given in Figs. 3 to 5. The neutron fluxes along the

plug are in the middle of the opening as stated, but those given in the

D?O can are on its axis, if not otherwise indicated. The value at the en-

trance to the plug (z = 44 cm) has been put equal to one. The true values,

normalized to 100 kW reactor power level, are: 0 , =3.6» 10 (cm s );

$ . = 9.8 • 108(cm"2s"1); S(n, p) rate = 1.1- 107(dis g ^ s " 1 ) , giving 0 =
• o 1

= 10 '°(cm s ) for fission spectrum. The coordinates given are from

the reactor face, and the epithermal flux given above is per logarithmic

energy interval, actually determined at the gold resonance (4.9 eV).

The thermal neutron flux (Fig. 3) in the first part of the duct

(surrounded by D?O) is seen to be rather independent of the number of

turns. This is, of course, because the flux is to a large extent deter-

mined by the inleakage of the neutrons from the surrounding heavy water.

It should be recalled that the thickness of the steel insert between the

D?O region and the plug is only 1 .5 cm. Greater divergences occur first

in the steel region (z = 85 to 127 cm) where, only in the case of 2 turns,

is there a minimum of (ft , in the plug and an effective reflection from

the D-O can. One turn seems to be just enough to cause zero thermal

leakage towards the can. Finally we observe that the maximum of ÇT,

in the can is attenuated by a factor of 6. 5 from empty duct to zero-turn

plug, and by a factor of 45 from zero to two turns.
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The attenuation of the epithermal flux maximum is also about a

factor of 6 from empty to plugged duct (Fig. 4). The small increase in

attenuation (factor of 4.5) frprn zero to two turns is mps.t rernarkable.

The equal maxima with one and two turns indicate also that the attenua-

tion in the latter case must be at least very clog© to an equilibrium,

which was confirmed by ÇÉ, in Fig. 3 for which the tf> . is the source.

Fig. 4 shows that the streaming of the epithermal neutrons is rather

independent of the number of turns. The epithermal leakage in steel is,

of course, well known. One may question whether this is possibly as-

sisted by high albedo coefficients, that is, by true streaming along the

duct.

In the case of the fast flux (Fig. 5), the flux on the can axis can-

not be taken as a representative value. This is because of the strong

flux gradients over the cross section of the plug. We observe that the

flux entering the can from the slots is, with low number of turns, a

factor of 6 to 9 higher than that entering the can on î s axis. These

gradients are somewhat decreased by scattering in tfap can, which

causes the apparently non-attenuating flux on the axis.

Therefore, the average fast fluxes on the outer face (z = 1 46 cm)

of the can are taken as comparative values. These show an attenuation

of 4. 7 from empty duct to zero turns, and of 67 from 0 to 2 turns.

The attenuation factor of the gamma dose rate (Fig. 6) is 33

from empty to plugged duct with 0. 375 turns. It increases by a factor

of 200 from 0. 375 to 2 turns. No measurements were performed in

this case of 0 and 0.25 turns.

In the following some considerations are presented about the

application of various calculating methods for the configurations in

question.

3.1.1 Empty duct

The absolute attenuation factors in the empty ducts, when fitted

to an equation from ref. [5 ]

0 ( c + l ) r 2

$^)= \ 2 0)
2 z
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give the following effective values for c, the exponent in the angular dis-

tribution (of form cos 9) of Ci , the flux entering the observation length

at z = 44 cm,

0 t h C ~ 3 ' 6

$ . c « 17
epi

0 f c « 1 9

We observe that the degree of collimation of the components $ ., ÇL»

and D is high and approximately equal, as should be expected after the

29 cm long collimator.

3.1.2 Duct divided into two parts (0-turn)

Let us consider the attenuation in one half of the duct with the

zero-turn plug dividing it into two individual ducts with free cross sec-

tions A, , both having an effective radius given by TT(r.) = A, . Assuming

that both halves act as individual ducts, the ratio of the flux values at
r o A

their outer ends to that in the undivided duct should be (— ) =75— = 3.1.

The values obtained (see Figs. 3-5, 6.5 for ÇÉ , , 6 for Çf> ., and 5 for <$f)
t-P- G pX I

show that the sector-shaped free area is a less effective leakage path

than a circular duct.

3.1.3 Duct with c°-turn plug and some predictions

With infinite number of turns, the attenuation in the plug should

equal that in a homogenized material. A NRN calculation was performed

in a slab configuration in which the plug was considered a homogeneous

region of Fe with a density equal to 0. 36 • 7.8 = 2.8 (g cm ).

The flux in the homogenized material was further assumed to be

attenuated by the duct formula (l) giving the flux in the plugged duct

The results are plotted as the dotted lines in Figs. 3 to 5. In the

case of the thermal flux the homogenized calculation is meaningless at

z < 85 cm because of the inleakage mentioned. Here z = 85 has been se-

lected as the point of normalization. We observe that the curve thus ob-



tained show the same relative attenuation as the values measured with

1 -2 turns but are displaced by 5-10 cm in respect to them.

In the case of the gamma flux, a calculation was performed in

an equal amount of steel, starting with a calculated fission product

gamma spectrum at the entrance. The results (Fig. 6) are sensitive

to the entrance spectrum assumed. Even disregarding the lowest en-

ergy group (0.6-0. 9 MeV), the attenuation predicted by eq- (2) is too

high. It actually agrees with the one measur-ed for 3 and 4 turns if the

geometrical (duct) attenuation is disregarded. A probable explanation

of this behaviour is the difference in albedo factors for neutrons and

gamma.

3.2 Leakage of neutrons and photons through the duct

The most interesting question in practice is the absolute num-

ber of neutrons leaking through the duct. Originally it was hoped that

the thermal flux maximum in the D-O can could be used as a measure

of the total number of neutrons penetrating through the plug. The re-

sults (Figs. 3-5) have already shown that this method cannot be directly

applied because of the changes in the neutron spectrum emerging from

the duct, originating in the greatly varying attenuations of the various

energy groups.

Another method is to try to calculate the leakage from the flux

values and gradients at the outer face of the D?O can. The total average

current per unit surface of neutrons leaking through the surface A is

approximately [6]:

J t o t 4 J J-D(E)X(E)Ç*(E)dEdA [ernes'1] (3)

A 0

where D is the energy-dependent diffusion coefficient and X the observed

flux gradient on the surface. For integration three energy ranges were

used. The gradients were graphically determined from the results on

the axis of the can. The following approximations have been used.

The thermal flux was found to have a practically constant value

over the back surface of the can for all numbers of turns. The D used

when calculating J , is 0.62 cm. The epithermal flux has been assumed

to have a l/E spectrum within the range 0. 1 eV to 0. 1 MeV and the diffu-
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sion. constant used is 1 . 36 cm. Also in this case the lower epithermal

(Au resonance) fluxes emerging from the can were found to have nearly

constant values over the surface. This was assumed to be applicable

over the whole energy range.

The fast leakage is the most difficult one to approximate fairly

satisfactorily. The fast flux can be assumed to have a fission spectrum

distribution. This flux is markedly forward-directed and eq. (3) (actually

valid for a nearly isotropic flux) should give the absolute lower limit of

the current. This (designated J,,) has been calculated by using D = 2. 5 cm.

The maximum current possible is certainly less than that obtained by as-

suming the whole flux as being collimated outwards, that is ÇT. = J... It is

reasonable to think that the mostly forward-directed flux has something

like a cosine distribution around the axis, giving J~,«^-Çf-. The spatial

fast flux distribution observed showed a ratio ^1:10 in magnitude across

the can. Thus the leakage through the openings clearly dominated in the

case of the low number of turns.

The currents thus obtained as a function of number of turns are

shown in Fig. 7, where the J 1 with 1 and 2 furns has been put equal

to one. In absolute figures J = 1 equals 8.5 • 10 (n cm s ). The upper

and lower limits indicated for J, , , have been obtained by using the J__
total } ° f2

and Jf l , respectively.

We observe that the leakage £hus obtained through an optically

opaque plug (^0.5 turn) ig governed by the epithermal leakage, which

varies little (a factor of two) when the number of turns is increased above

0.5. The fast leakage dominates when an optically free path is available.

The thermal leakage is, all the way through, only about l/lO of the to-

tal one. The very small increase in attenuation from zero to a l/4 turn

is also demonstrated.

The total attenuation is increased by a factor of three from l/2

to 1 -2 turns. An interesting fact is the attenuation by a factor of 4 to 5

when the duct is divided into two parts by a straight flat plug. The ratio

of the free areas is, of course, only n* , . = 1.55.

For comparison, the J , from Fig. 7 is given in Fig. 8 together

with the thermal flux maximum in the can and the gamma dose rate on

its back face. We see that by solely studying the decrease in the 0 ,

maximum we should have overestimated the effect of the plug.
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The effective gamma leakage is more diffucult to determine be-

cause of the finite size of the detectors. This makes a detailed dose

mapping uncertain. The attenuation mechanism seems to differ from

that of neutrons even with > 1 turn, possibly because of different albedo

factors. The high attenuation (factor of 300) from open duct to l/Z turn

must depend on the high selective attenuation of the low-energy (<0.5

MeV) components of the source spectrum. It would be interesting to

repeat the measurements using a monoenergetic gamma source.

3. 3 Spectral changes at a point on the duct axis

To demonstrate the spectral changes and the scattering effects

on the fast spectrum at some spatial coordinate, threshold detectors

•were exposed in the middle of the outer face of the can. The detectors

and their calculated main response regions were:

Al(n, a) 6-14 MeV

S(n,p) 3-8 MeV

In(n, nT ) 1-5 MeV

The reason for measurements at one point only was simply the

great effort required per point as compared to the other flux measure-

ments. The results are shown in Fig. 9, where the values at one turn

have been put equal to one.

When studying Fig. 9, one must think of the projection of the

plug on a plane perpendicular to it. It is easy to see that the projection

on the axis is 100 vol.% steel, and that this percentage decreases with

increasing radius (Fig. 10). Thus one should expect the uncollided

(highest energy) component in the shadow of the whole-steel center to

be relatively independent of the number of turns because it has anyhow

penetrated through the steel. The lower-energy neutrons produced when

the component penetrating via the free area is scattered into the shadow

can be expected to be more attenuated by the increasing number of turns.

This is confirmed by the results in Fig. 9, where the Al(n, a) reaction

is attenuated by a factor of 1Z from zero to two turns, the S(n, p) val-

ues by 44 and In(n,nT ) by 220. The ratios from empty duct to zero-

turn case are 12, 7.1 and 3.5, respectively.
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4. SUMMARY

In the case studied (a duct with l/d = 7 filled with a helical plug

of steel to 36 vol.%) we found:

1 . The constant (equilibrium) attenuation of the leaking neutrons is

obtained already with a plug having 1 -2 turns (pitch/dia. ÄS7-3. 5).

In the case of gamma, 2-3 turns are required (pitch/dia. «3 .5 -

-2.5). (By equilibrium we here'mean the attenuation that is no

further increased by decreasing the pitch.)

2. The neutron attenuation and fluxes in the duct are adequately

predicted for pitch/dia. ~5 by eq. (2) when using z = z-d on the

right side of the equation. The attenuation of gamma is overesti-

mated by eq. (2), but agrees with the attenuation predicted in

infinite homogenized material. The results are valid for a some-

what filtered fission product gamma.

3. The total leakage of neutrons is decreased by a factor of 6 from

zero to 0.5 turn (optically opaque plug for a collimated flux). The

decrease from 0. 5 to 1-2 turns (saturation value) is a factor of 3.

4. The neutron leakage with less than 0. 5 turn is governed by the

fast flux, and above 0.5 turn by the epithermal flux. Therefore

a plug of material other than steel could improve the attenuation

in the latter case.

5. The variations in the penetrating neutron spectrum on the duct

axis were demonstrated by threshold detector measurements.
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la. Cross section of the set-up used. E = D_Ocan, F = theplug.



1b. Photograph of the plug with 2 turns (pitch equals half length).



Center of detector foils along the plug

2. Cross section of the duct with plug.
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