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I. INTRODUCTION 

Neutron radiography has been used for experimental work in labora

tories since the discovery of the neutron in 1932. However, its use as 

a general testing technique came into being only after several basic 

studies were made in 1960 and 1961. 1 ,2,3,4 It was at this point that 

the potential of the technique as a complementary non-destructive test 

with X-radiography was finally realized. Since then the use of neutron 

radiography has steadily grown with, currently, many laboratories and 

universities already having developed facilities, and several new 

facilities for its use either planned or being constructed. The purpose 

of this work was to investigate and demonstrate the potential application 

and capabilities of this technique with the VPI & SU Research Reactor. 

There is much interest in the application of this technique for 

three reasons. First, neutron radiography is a complementary technique 

to X-radiography. X-rays are affected by increasing density and atomic 

number, so X-radiography is applied best to intermediate and high ~/p 

materials. Neutrons are not affected by changes in density nearly as 

much as by the neutron absorption cross section, which follows no simple 

pattern, but can differ radically even for different isotopes of the 

same element. Thus, it is possible to discriminate between two 

neighboring elements, e.g., boron and carbon, or to locate light element 

clusions, such as hydrogen, lithium, or boron in heavy metals. 

Second, the application of the technique is fairly simple. In the 

direct ~xposure method, X-ray film is placed in physical contact with a 

converter screen in a light-tight container. The container is then 

1 
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placed behind the object of interest and a neutron beam, incident from 

the object, passes through the object. The neutrons passing through are 

absorbed by the converter screen, which emits radiation and exposes the 

film. 

Third, the technique, in one of its forms can be used in high 

radiation fields, such as around used fuel elements or control elements, 

where X-radiography would obviously not be feasible because of the lack 

of image contrast and overexposure. The indirect exposure method is 

used in this application. It uses the same physical setup as the direct 

exposure method, with one exception, the X-ray film is not exposed in 

the neutron beam so that only the converter screen is placed in the 

neutron beam and is activated by the neutrons that pass through the 

object. After activation the converter screen is placed in contact with 

the X-ray film to expose it. This must be done soon after activation 

because activation materials with short half-lives are normally used. 

From the three points just mentioned, it is quite apparent that 

neutron radiography can be a powerful addition to non-destructive 

tes.ting. In addition, X-ray film is easy to use and inexpensive and 

the converter screens can be produced without too much difficulty. Also, 

there are a number of areas in which the discriminatory capabilities of 

the technique can be employed to advantage. The only real difficulty is 

finding a suitable source of thermal neutrons since a neutron flux of 

about 105 n/cm2-sec. is needed. If a reactor with the capability for 

extracting sufficiently intense neutron beams is available there is no 

problem, and with Cf-252 sources and Sb-Be sources becoming readily 
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available there should be a sizable increase in the use of the 

6 7 method. ' 

In view of the preceding discussion it was felt that the capability 

for utilizing neutron radiography should be developed at the Nuclear 

Laboratory using the VPI & SU Research Reactor. The first step involved 

in this development was a feasibility study designed to determine which 

experimental facility to use in the reactor. The requirements demanded 

that a beam be available in which several beam parameters be met. They 

5 2 are: 1) a thermal neutron flux of at least 10 nlcm -sec., and as high 

a thermal to fast neutron flux ratio as possible; 2) the gamma vs neutron 

relative film exposure ratio (yin) be 1115 or smaller; 3) the collimator 

length vs diameter ratio (LID) be as large as possible. Satisfactory 

conditions were found possible at the North Beam Port. 

The direct exposure method was studied, utilizing a commercially 

available gadolinium paint mixture to prepare converter screens and 

Kodak Industrial X-ray Film, Type M. Various exposure conditions~ 

along with the resolving capabilities for different materials and object 

thicknesses were found for the beam, screen and film combination. 

Finally, a standardized film processing procedure was developed for 

securing consistent results. Although the usable sample size was 

limited to a relatively small size, high quality results were found to 

be possible. 



II. THEORY 

All the neutron radiographs were produced using a beam of thermal 

neutrons, indicated as ~ on Fig. 1, a converter screen (S) and some kind 

of image recording device (F). There are several ways for recording the 

image; the most common method is through the use of photographic film, 

using either visible or X-ray wavelengths or low energy electrons. 

Another method is through the use of a TV monitor with a Vidicon camera, 

'1° . . 'II . h 8,9 utl lzlng a SClntl atlng screen as t e converter screen. 

Neutron radiography is based on the significant differences between 

mass abosrption coefficients (ll/P) for different materials, as 

illustrated in Fig. 2. It is the difference in neutron absorption by 

the object of interest that allows an image of varying grey tones to be 

formed on a sheet of photographic film. The neutron absorption in an 

object is affected primarily by three things: 1) the thermal neutron 

absorption cross section, 2) the density of the material, and 3) the 

thickness of the object. The effects of these can be easily explained 

by the use of the following equation (which assumes a single inter-

action), 

where <P 
o 

N 

a 

x 

-Nax 
e 

incident neutron flux (n/cm2-sec) 

transmitted neutron flux (n/cm2-sec) 

= number density (atoms/cm3); N = pAof/A 

(1) 

microscopic neutron absorption cross section (10-24 cm2) 

thickness of object (cm). 

4 
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From Eq. (1), it can be seen that as the thickness of the object in-

creases the neutron flux <P decreases, and consequently, exposure of the 

film decreases. The same would occur if 0 or p increases. This indi-

cates that differences in thickness, material density, or absorption 

cross section can be determined from the image density on the exposed 

film. These differences make it possible to detect voids or flaws in 

an object or to determine if different materials were present in an 

object. 

As discussed in the INTRODUCTION, the experiwenter has a choice of 

two different exposure methods if he chooses to use photographic film; 

1) the direct exposure method, which requires the film being present in 

the radiation field and is exposed by a converter screen that is made of 

a material which promptly emits radiation. Or, 2) the indirect exposure 

method can be used, where the film is not placed in the radiation field 

but is exposed after the converter screen is activated. As noted, this 

second method requires the use of a converter screen that can be acti-

vated and has a fairly short half-life. Haterials used for indirect 

screens are usually Gold-197, Dysprosium-164, Samarium-149, 152, Indium-

115, and Rhodium-103. The characteristics of these materials are given 

in Table 1. 10 A major advantage to using the indirect method of exposure 

is that it can be used in high radiation fields with no fogging of the 

film due to excess gamma and X-ray fields. Two disadvantages for this 

method are a loss in the resolving capability and longer exposure times 

11 12 in the neutron beam as compared to the direct exposure method. ' 

These are due to the increased converter screen thicknesses required 
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and long activation times that are necessary. Because of these dis-

advantages it was decided not to use this method, at least in this 

initial study. 

The method used in this study was direct exposure utilizing Kodak 

type H X-ray film and a screen painted with a thin layer of gadolinium 

paint. The film was placed in firm contact with the converter screen 

and then exposed in the neutron beam. This method is applicable when 

6 2 there is a low neutron flux, less than 10 nlcm -sec, but greater than 

5 2 10 nlcm -sec, when short exposure times are necessary, or when high 

resolution is required. The firm contact is essential due to a rapid 

increase in the area on the screen which can contribute to a given spot 

on the film as the space between the two surfaces increases. Assuring 

firm contact of the film with the screen can be a problem since the film-

screen cassette usually is transported from the loading area, normally 

a darkroom, to the neutron beam for exposure and the film can become 

misaligned. However, a modified film cassette should alleviate this 

problem. 

The materials used for a direct exposure converter screen are 

usually Cadmium-113, Indium-115, Dysprosium-164, Si1ver-107, and Gado-

linium-155, 157, the characteristics of these materials are also listed 

in Table 1. 13 Cadmium-113 and Gadolinium-ISS, 157 are used more 

frequently than the others due to fast exposure times which are possible 

with these materials and extremely good resolution which may be obtained. 

The material used in this study was natural gadolinium in which Gd-155 

and 157 are present in their normal isotopic abundance, in an oxide 
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paint mixture. This was chosen for the converter screen because of 

gadolinium's proven resolving capability, high neutron absorption cross 

sections and ease of fabrication of the converter screen. The isotopes 

of gadolinium that are effective are Cd-155 with a = 61,000 ± 1000 
a 

barns and Gd-157 with a 
a 

250,000 ± 2000 barns. 15 The resolving 

capability for two closely adjacent objects gadolinium screen has been 

shown to be as low as 0.00102 cm with screen thicknesses of 0.00127 cm. 16 

The apparent reason for such excellent resolution is the combination of 

the very high absorption cross sections and the emission of very soft 

radiation. The high cross sections allow the use of very thin screens 

and relatively short exposure times. In fact, using Eq. (1), it can be 

shown that a layer of only 0.000195 cm of gadolinium oxide is necessary 

for absorption of 90% of the neutrons reaching the converter screen. 

Th f d·· i d' 70 k' 1 . 1 17 e so t ra 1at10n em tte 1S a ev 1nterna converS10n e ectron. 

This is an energy which is readily absorbed by the X-ray film and will 

not penetrate far into the emulsion. Since the range of a 0.070 Mev 

electron is only 7.26 mg/cm2 this limited penetration assures a sharp 

image since, for a typical emulsion with a density near 1, electrons 

could only reach the film from no more than 0.00726 cm away from the 

spot in direct contact. 
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TABLE I 

CHARACTERISTICS OF SEVERAL NEUTRON PHOTOGRAPHIC 

I!1AGE INTENSIFIER MATERIALS 

Material Isotope Natural Thermal Neutron 
Abundance Cross Section 

(%) (barns) 

Rhodium 103 100 12m 

140 

Silver 107 51.35 44 

Cadmium 113 12.26 20,000 

Indium 115 95.77 155 
52 

Samarium 149 13.8 40,800 
152 26.8 140 

Gadolinium 155 14.73 61,000 
157 15.68 240,000 

Dysprosium 164 28.1 500m 

2,000 

Gold 197 100 98.8 

m indicates a metastable excited state 

Half-Life 

4.5 min. 
44 sec. 

2.3 min. 

54.1 min. 
13 sec. 

47 hr. 

1.25 min. 
140 min. 

2.7 days 



III. EXPERIMENTAL PROCEDURES AND RESULTS 

A. Investigation of Thermal Column 

The first experimental facility to be investigated for possible 

use as a source of thermal neutrons was the graphite thermal column. 

It offers, at first appearances, appropriate conditions, a highly 

thermal neutrbn flux, a relatively low gamma spectrum, and currently 

is not actively used so that interference with other research activities 

was not a problem. This graphite assembly along the West face of the 

reactor is 1.52 m x 1.22 m x 1.52 m long and provides a conduit for 

18 neutrons from the reactor core. The portion of the assembly that was 

to be used was the central stringer. The stringer is 10 cm x 176.5 cm 

long and penetrates the lead gamma curtain that shields the West face 

19 of the reactor. After removing a beam from the thermal column through 

the port in the thermal column shield door to a shielded area outside 

of the reactor a usable beam of approximately 10 cm x 10 cm was ex-

pected. However, this was not to be the case. After several successive 

trials with different amounts of collimation and gamma shielding it was 

determined that the thermal column would not supply a suitable source 

of neutrons for radiographic use. 

Based on earlier experiments by Stam, it was expected, as noted 

above, that the thermal column would provide a suitable beam of neutrons 

20 (see Fig. 3). Therefore, a method of collimation and gamma field 

reduction was first attempted. The gamma field was to be reduced to 

obtain a more favorable gamma-neutron ratio for the beam which would 

decrease the general fogging of the X-ray film, and thereby getting 

12 
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better image contrast due to neutrons only. The gamma shielding selected 

was pure bismuth, which has a low neutron absorption value and scattering 

cross section and a high density to attenuate the gamma field. The 

bismuth was cast into 12.7 cm long blocks that would fit into the thermal 

column central stringer before the collimation (see Fig. 4). If 0.5 Mev 

gammas are assumed for the reactor gamma spectrum, a block would attenuate 

by about a factor of 100. As final shielding, for radiation protection 

purposes, a 20 cm x 20 cm x 20.3 cm long bismuth block with a 10 cm x 

10 cm x 20.3 cm cavity in the center for the neutron beam to pass through 

was cast (see Fig. 5). 

The type of collimation employed was based on a pair of aluminum 

grids painted with gadolinium paint, placed at right angles to each 

other, as shown in Fig. 6. Systems of this type have been employed 

previously and permits achieving a good LID ratio for good resolution 

. h f f b' . 21,22 w~t ease 0 a r~cat~on. 

The first version had each section constructed of 0.0762 cm 

aluminum plates with one face painted with 0.00254 cm of gadolinium 

paint. The plates were 20.3 cm long, spaced by 0.0762 cm aluminum 

strips, cut to fit the thermal column central stringer and then built 

up to 10 cm in height. The assembly was then epoxied together, with 

the final result shown in Figs. 7 and 8. When the two sections were 

placed in the thermal column a beam with an area of 8.57 cm x 8.57 cm 

would be formed with a grid spacing of 0.0762 cm x 0.0762 cm. Each 

section of the collimator had an LIn ratio of 266.7 to one. 

The collimator sections and gamma shielding blocks were installed 
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in the thermal column and neutron flux measurements were made using 

gold foils at the entrance and exit of the collimator. The foils were 

0.0305 cm thick and were counted on a gas flow proportional counter. 

The results were compared with gold foils that were activated in a 

known neutron flux for a specified time and the activity found. Using 

the following equation, the neutron flux was found: 23 

where m 

AO 

a 

N 

f 

b 

M 

A 

t 
a 

t 
w 

(2) 

mAO a fb(l-e 

mass in grams 

23 
Avagadro's number (6.02 x 10 atoms/mole) 

thermal absorption cross section (98.9 barns) 

activity in dps 

isotopic fractional abundance (100%) 

branching ratio (assumed 1) 

molecular weight (197 grams/mole) 

O.693/T T = half-life (T = 2.696 days A 

activation time (in minutes) 

wait time (assumed 0.0). 

-At 

-4 1.785 x 10 /min) 

Since the wait time (t ) is zero, e w = 1, therefore, the actual 
w 

equation used for ~ was: 

t 
mAo a fb(l-e a) 

(3) 

The neutron flux was measured twice with the collimator assembly 

described earlier. After discovering that the neutron flux was too low 

a second collimator assembly was constructed. This assembly was made of 
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0.0127 cm aluminum sheet cut to 7.62 em x 10 cm and painted with 0.00254 

cm of gadolinium paint. The thinner aluminum, 0.0127 cm vs. 0.0762 cm, 

was tried to ascertain if any significant loss of neutrons was due to 

absorption in the aluminum. The height and spacing of the assembly 

were the same as for the first collimator assembly. The new assembly 

had an L/D ratio of 100 to one. After measuring the neutron flux it 

was found that there was an increase proportional to the change in the 

geometry between the two assemblies that was within experimental error 

and that there was no significant neutron absorption in the aluminum. 

Finally, the first collimator assembly was cut to 7.62 cm in length 

and a measurement taken. This was the last measurement attempted. At 

this point it was determined that the best neutron flux value arrived 

4 2 at, for the last version, ~ = 2.7 x 10 n/cm -sec., was not sufficient 

to warrant futher investigation. The conditions, foil placement, and 

results of each measurement are listed in Table II. 

The poor results obtained do not necessarily exclude the thermal 

column from consideration for a different neutron radiographic imaging 

system. It is true that for both the direct and indirect exposure 

5 2 6 2 methods the neutron flux is too low, since 10 n/cm -sec. and 10 n/cm-

sec. are needed, respectively for minimum exposures, but it is an order 

of magnitude higher than the minimum for use of a direct viewing TV 

monitor with Vidicon camera for which only 103 n/cm2-sec. is required 

as a minimum. 24 ,25,26 Therefore, it can be concluded that while the 

thermal column with the 20.3 cm collimator assembly does not provide a 

sufficient neutron flux for the exposure of film, the flux is high enough 
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for TV direct viewing. This would have to be confirmed by a further, 

more detailed investigation. 
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FIGURE 4 PURE BISMUTH BLOCK USED FOR GAMMA SHIELDING IN THE 
THERMAL COLUMN. FIVE OF THESE BLOCKS WERE PLACED 
BETWEEN THE REACTOR CORE AND THE COLLIMATOR ASSEMBLY 
TO REDUCE THE FILM EXPOSURE DUE TO GAMMA RAYS. 

FIGURE 5 PURE BISMUTH BLOCK USED -FOR RADIATION PROTECTION 
PURPOSES IN THE THERMAL COLUMN FACILITY. 
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FIGURE 8 SIDE VIEW 
OF COLLI
MATOR 
SECTION. 

19 

FIGURE 7 FRONT VIEW OF A COLLIMATOR 
SECTION USED FOR NEUTRON 
COLLIMATION I N THE THERMAL 
COLUMN. THE SECTION WAS 
CONSTRUCTED OF ALUMINUM 
SHEET PAINTED WITH GADO
LINIUM PAINT. TWO OF THESE 
SECTIONS FORMED THE COLLI
MATOR ASSEMBLY. 



TABLE II THERMAL COLUt'fN NEUTRON FLUX MEASURD1ENTS 

Foil Activation Reactor Collimator Collimator Foil Foil 
Activity 

CflC.) 
Weight Time Power Type* 

(gr) (min. ) (kw) 

0.06139 4 100 A 

0.06195 4 100 A 

0.06059 60 10 A 

0.0650 60 10 A 

0.06337 60 10 A 

0.06195 60 10 B 

0.06139 60 10 B 

0.06059 20 100 C 

* A = 20.3 cm long, 0.0762 cm thick 
B 7.62 cm long, 0.0127 cm thick 
C = 7.62 cm long, 0.0762 cm thick 

** 

Location** Location 

T 

T 

U 

U 

u 
V 

V 

W 

*** 

L 

L 

L 

M 

N 

N 

M 

L 

1 

-6 6.02 x 10 

-1 1.174 x 10 
-4 3.48 x 10 
-4 2.73 x 10 
-2 3.72 x 10 

4.78 x 

plates, 0.0762 cm grid spacing 
plates, 0.0762 cm grid spacing 
plates, 0.0762 cm spacing 

T Inside edge of collimator assembly 1.41 m from reactor core 
U Inside edge of collimator assembly 1.61 m from reactor core 
V = Inside of collimator assembly 1.66 m from reactor core 
W Inside edge of collimator assembly 1.04 m from reactor core 

Neutron 
Flux ¢ 

n/cm2-sec. 

4 1.68 x 10 

7 2.08 x 10 
4 6.32 x 10 
4 5.07 x 10 

6 6.969 x 10 
4 2.7 x 10 

Comments 

Covered with 
0.07874 cm Cd. 
no activation 

no activation 

distances T,U,V,W measured from inside edge of collimator assembly (m) to reactor core 
*** **** L = Outside edge of thermal column door, 2.37 m from reactor core 

M Inside edge of collimator assembly 
N Outside edge of collimator assembly 

**** See Fig. 1 for foil locations. 

N 
o 
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B. North Beam Port and Central Stringer 

Two experimental facilities remained available after it was 

determined that the thermal column could not be used. These were the 

central stringer, and the north beam port. From earlier work by Stafford 

(unpublished), and flux measurements performed by Stam, it was known 

that the central stringer could be used as the source of neutrons, so a 

flux measurement was made with the graphite central stringer removed 

and the modified central stringer and collimator for the facility 

installed. 27 The conditions and results of this measurement are found 

in Table III. The central stringer was to be used only if the north 

beam port did not meet the necessary neutron flux requirements, because 

of the extensive use of the former. 

The north beam port is located on the North face of the reactor. 

It is a port through the reactor shield wall with an effective diameter 

of 14.6 cm. The two shield plugs were removed and a collimator assembly 

installed in their place. The assembly consists of two shield plug 

casings welded together and filled with concrete. A 5.1 em inside 

diameter steel pipe was placed in the center of the assembly as the new 

port. The overall length of the assembly is two meters with no gamma 

shielding or neutron moderation other than the graphite reflector 

surrounding the reactor core tanks. This facility does not have as 

good a thermal to fast neutron ratio or gamma shielding as does the 

thermal column. However, it does have the necessary thermal neutron 

flux and it was the facility used for the rest of this study. The 

n.'!llJll~' pi lhl' IH'lItron flux mensurements are found in Table III. From 
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these measurements it was determined that the neutron flux at 100 kw was 

3.34 x 106 n/cm
2
-sec. at the exit to the port. The gold cadmium ratio 

for the thermal to fast neutron fluxes was found to be 3.89 using 

0.00305 cm thick gold foils and a 0.0787 cm thick cadmium cover. 
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TABLE III 

NEUTRON FLUX MEASUREMENTS FOR THE 

CENTRAL STRINGER AND NORTH BEAM PORT 

Foil Activation Reactor Foil Neutron 
Weight Time Power Activity F1~x ip Comments 

(gr) (min. ) (kw) (llC i ) n/cm -sec. 

0.06278 15 100 9.18 x 10-3 6.71 x 106 

0.064195 60 10 2.01 x 10-3 3.59 x 105 at 10% power 

0.06195 60 10 1.77 x 10-3 3.34 x 105 at 10% power 

0.06170 60 10 4.63 x 10-4 8.59 x 104 at 10% power, 
foil covered 
in 0.0787 cm 
of Cd. for 
Cd. ratio 



24 

C. Converter Screen Film, and Film Processing 

The converter screen used in this study was a gadolinium paint 

mixture which was painted onto a 0.318 cm thick glass plate. The· 

commercially available paint consists of 47.5% by weight gadolinium 

oxide, 12.7% inert binder, and 39.8% Aromatic/Aliphatic solvents. The 

paint base is xylene. The normal paint thickness employed averaged 

0.0229 cm thick. This screen thickness is fairly thick when compared 

to a 0.00254 cm thick screen or a 0.00127 cm thick screen as used else-

28 where. However, a comparison was made with paint thicknesses of 0.010 

cm and 0.00254 cm and it was determined that exposure times would have 

to be increased by 25 to 50% to achieve the same image density with the 

0.00254 cm thick screen. This is not a serious difficulty but better 

screen uniformity was accomplished with the 0.0229 cm thick screen so 

it was decided to proceed with the bulk of the tests using films of this 

thickness. The resolving capability of the 0.00254 cm screen would 

easily resolve 0.00508 cm when tests were made of cadmium test strips. 

Therefore, a 0.010 to 0.0229 cm thick screen may be used for normal 

exposures and a 0.00254 cm screen with an exposure increase of 25 to 

50% may be used for very fine detail. All radiographs shown in this 

work are positive prints made from the original negatives and, except 

where noted, were made using a 0.0229 cm converter screen. 

The converter screen and film were secured in a light-tight film 

holder for exposure to the neutron beam. The converter screen was 

placed in the back closure plate, behind the film, for the best film 

d d l · 29 spee an reso ut~on. The film T/Tas plae.ed, emulsion side to the 
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screen, on the "Olf ring, the back plate was then fitted in and spring 

latched, as shown in Figs. 9-11. To insure good film-screen contact 

a vacuum pump was attached to maintain a vacuum in the back of the 

film holder pulling the film to the screen. The front plate of the 

film holder was 0.0762 cm aluminum which is a neglegible thickness for 

the neutron beam. 

The film used was, as mentioned before, Kodak Industrial X-ray 

Film, Type M. Th O • f" 1 f'l 30 1S 1S an extra 1ne gra1n, s ow 1 m. It was chosen 

because of its grain size and high contrast which were felt to be 

necessary for this study. It is suggested that this film be used for 

normal exposures. If work is to be done with very fine detail it is 

suggested that Type R (single-coated) be used with a 400% increase in 

o h' h f"l d . 31 exposure t1me to ac 1eve t e same 1 m ens1ty. The increase in 

exposure time is necessary because, just like normal photographic film, 

to decrease grain size the speed of the film must also decrease. For 

work which does not demand high" resolution, a faster film such as Type 

AA might be used. 

A standardized film processing procedure was developed which gave 

consistent results in terms of film density. The procedure is given 

below with all solutions at 68°F in a tray, four films maximum at a time. 

1. 6.25 minutes in Kodak Liquid X-ray Developer and Replenisher 

with agitation, by tilting tray once, every 30 seconds. 

2. 45 seconds in Kodak Stop Bath SB-la with agitation every 

15 seconds. 

3. 3 minutes in Kodak Rapid Fixer with agitation every 30 seconds. 



26 

4. 30 second wash in tray with water flow equivalent to one 

volume change every two minutes. 

5. 2 minutes in Kodak Hypo Clearing Agent with agitation every 

30 seconds. 

6. 5 minutes wash in tray with water flow equivalent to one 

volume change every two minutes. 

7. I minute in Kodak Photo-Flo Solution with agitation every 

30 seconds. 

8. . 32 33 Hung to dry ln a dust free area tor at least three hours. ' 



FIGURE 10 VIEW 
OF VACUUM FILM 
CASSETTE (OPEN) 
THE CONVERTER 
SCREEN, GLASS 
PLATE PAINTED 
WITH A THIN 
LAYER OF GADO
LINIUM PAINT, 
WAS· FITTED INTO 
THE BACK 
CLOSURE PLATE 
(LEFT SECTION). 
THE X-RAY FILM 
WAS.- PLACED 
EMULSION SIDE 
TO THE SCREEN 

",l:. ... AUl f. 
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FIGURE 9 BACK VIEW OF VACUUM FILM 
CASSETTE USED IN THIS 
STUDY . THE X-RAY FILM 
AND CONVERTER SCREEN WERE 
PLACED IN THE CASSETTE, 
WIlICll WAS SPRING LATCHED . 
A VACUUM PUMP WAS USED TO 
OBTAIN GOOD FILM-SCREEN 
CONTACT . 

IN ~HE CASSETTE~, ____________________________________________ _ 

WHI.CH WAS THEN 
CLOSED AND PLACED 
IN THE NEUTRON BEAM. 
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D. North Beam Port Neutron Beam Parameters 

The beam parameters found for the north beam port are as follows: 

the LID ratio for collimation and angle of dispersion for the neutrons, 

the effective gamma-neutron ratio, based on relative film exposure, and 

the thermal-fast neutron ratio. 

The LID, i.e., length over diameter, ratio of the north beam port 

was found by making a radiograph some distance back from the wall of the 

reactor and comparing the beam size on the film to one taken immediately 

at the exit of the collimator. The radiograph used was taken 73.7 cm 

back from the wall giving an overall distance of 2.74 m from the core 

reflector. The diameter of the beam was measured to be 5.1 cm. The LID 

found through the use of the film and the actual LID of the steel pipe 

collimator were found to agree reasonably well with the small descrepancy 

being due to the difficulty in defining the edge of the image on the 

film. The angle of dispersion of the neutrons, = Arctan (D/L), and the 

LID ratios are given in Table IV. 

The yIn, or effective gamma-neutron film exposure, ratio was found 

by making a radiograph in such a manner that sections of the radiograph 

were exposed to neutrons plus gammas and gamma rays alone. The radio

graph negative's relative density was measured with a transmission 

densitometer. From the densitometer it was determined that the film 

exposure due to gamma rays is considerably less than that due to 

neutrons, i.e., film exposure due to soft radiation from the converter 

screen. The results are shown in Table IV. 

The thermal to fast neutron ratio was found through the use of 
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cadmium covered and uncovered gold foils. The foils were 0.00305 cm 

thick and the cadmium cover was 0.0787 cm thick. The activity of the 

foils were measured and the neutron flux calculated by the use of 

Eq. (3). It was found that there is a substantial number of fast 

neutrons present in the neutron beam since the cadmium ratio was only 

3.89. 
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TABLE IV 

FACILITY PARAMETERS AND "NOID-'f..AL" EXPOSURE CONDITIONS 

1. Physical L/D of the collimator = 200 cm/5.08 cm = 39/1 

2. Film L/D of the collimator = 274 cm/6.0l em = 45/1 

3. 8 = Arctan (D/L) = Arctan (6.01 cm/274 cm) = 1.28 0 

4. Yin = 1/21 

5. Thermal/fast neutron ratio (cadmium ratio) = 3.89 

6. Ratio of paint to metal film exposure = 2/3 

7. 0.02286 cm screen resolves down to 0.00508 cm for Cd test object. 

8. 0.00254 cm screen resolves down to less than 0.00508 cm for Cd test 

object 

9. "Normal" exposure conditions: 

A. Reactor Power = 100 kw 

B. 6 2 
~ = 3.34 x 10 n/cm -sec 

c. Exposure time = 30 to 180 seconds 

D. Image density contrasts = 1.1 or better if possible 
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E. Density Measurements 

The film image densities were measured with a transmission densi

tometer constructed for the current work. The circuit diagram for 

this device is shown in Fig. 12. All image densities were made using 

the film negatives illuminated by a constant light source. The density 

measurements were made with the base of the negative assumed to be one. 



S 
1. Cd-S Photocell 

2. SPST 

3. 9 V Battery 

4. 50 llamp meter 

5. 5 K ohm Pot 

6. 120 ohm resistor 
w 
w 

'1 

1 3 

FIGURE 12 
2, 

DENSITOHETER CIRCUIT DIAGRAH 
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F. Film-Converter Parameters 

The parameters found for the film-converter screen combination 

consisted of 1) the ratio of the film exposure densities of the gado

linium paint and gadolinium metal, and 2) the resolving capabilities 

of the film and converter screen, when the latter was made of gadolinium 

paint. 

The ratio of the film exposure densities for the gadolinium paint 

and metal was found by making radiographs using both the paint and the 

metal at the same time. This demonstrates the effectiveness of the 

paint as compared to the gadolinium metal. The relative image densities 

for the two regions on a negative were measured with a densitometer 

after subtracting the base fog of the negative. It was found that the 

paint is not as effective an agent for exposing the X-ray film as the 

metal. However, it can be compensated for by an increase of 25 to 50% 

in the exposure time over that required for the metal. The ratio of the 

image densities is listed in Table IV. This can be accounted for by 

considering that some of the electrons emitted by the gadolinium are 

prevented from reaching the film by the paint components since both 

materials were adequately thick to absorb most of the incident neutrons. 

The resolving capabilities of the film, screen combination were 

found by exposing a 0.0762 cm cadmium test piece containing a number of 

holes to the beam and making radiographs. Three radiographs were made 

of the test piece, one with a 0.0229 cm converter screen, Fig. 13. The 

second radiograph was made with a 0.010 cm screen, as shown in Fig. 14, 

and the third with a 0.00254 cm screen, with the results shown in Fig. 
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15. The area of interest in each radiograph is the separation between 

holes 5 and 6. This separation has been measured and found to be 

0.00508 cm wide at the smallest point. From the radiographs it can be 

seen that the 0.0229 cm screen can resolve down to about 0.00508 cm. 

The 0.00254 cm screen can readily resolve differences down to 0.00508 

cm with indications that the screen is capable of resolving differences 

that are considerably smaller with little difficulty. 



FIGURE 13 CADMIUM RESOLUTION TEST PIECE 
USING A 0.0229 em THICK CONVERTER 
SCREEN. THE SEPARATION BETWEEN HOLES 
FIVE AND SIX IS 0.00508 em, WHICH CAN 
BE SEEN IN THE RADIOGRAPH. ALL RADIO
GRAPHS SHOWN IN THIS WORK ARE POSITIVE 
PRINTS MADE FROM THE ORIGINAL NEGA
TIVES. HOWEVER, ALL INFORMATION CON
TAINED ON THE NEGATIVE MAY NOT BE 
PRESENT ON THE POSITIVE PRINT. 

FIGURE 14 CADMIUM RESOLUTION TEST 
PIECE USING A 0.010 em THICK CONVERTER 
SCREEN. THE SEPARATION BETWEEN HOLES 
FIVE AND SIX CAN BE READILY SEEN. 
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FIGURE 15 CADMIUM .RESOLUTION TEST 
OBJECT USING A 0 .. 00254 ~m THICK 
CONVERTER SCREEN. THE 0.0508 em 
SEPARATION BETWEEN HOLES FIVE AND . 
SIX CAN BE EASILY DISTINGUISHED. 
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G. Results Obtained with Test Devices 

1. Radiographic Sensitivity for Acrylic Plastic 

Part of this study's purpose was to find the sensitivity of the 

film, screen beam combination with various materials. The ability to 

distinguish various incremental differences was found to depend on the 

total thickness of the object so that the measurements made here are 

only indicative of results that might be obtained for similar objects. 

However, a sufficiently wide range of test devices were studied so that 

it would be possible to estimate expected results for many applications. 

One of the substances investigated was acrylic plastic, since this is 

similar to tissue and other low average Z materials. The plastic has a 

3 density of 1.28 g/cm. Four step wedges were constructed with varying 

thicknesses and incremental differences, as shown in Figs. 16-18 and 

Table V for radiographs, wedge thicknesses and image densities. 

Radiographs were taken of these wedges and the image densities were 

analyzed with the densitometer. It was determined through the use of 

the densitometer that changes as small as 0.0254 cm could be reliably 

distinguished on the wedge of Fig. 17 (see Table V). It was also 

determined that in thicker samples, steps of 0.102 cm could be dis-

tinguished with little difficulty, as can be seen in Fig. 18 and Table 

V. StepB of 0.159 cm can be easily seen by eye and by densitometer in 

Fig. 16. However, no steps can be seen in the 0.159 cm step wedge that 

RtArtR Af A tllicknrRR of 1.43 cm. Therefore, it appears, at least for 

acrylic plastic, that the limiting value is about 1.3 cm thick. Although 

this is half of the value given for hydrogeneous materials in the 
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1·· bl 34 lterature lt appears reasona e. It can be accounted for by con-

sidering the density of the plastic in combination with the scattering 

cross sections of hydrogen and carbon. For a thickness of 1.27 cm of 

the plastic used, less than 30% of the neutron beam will not be scattered 

at least once. This reduces drastically the number of neutrons to 

interact with the converter screen. It also effectively destroys the 

collimation since neutrons can reach the screen scattered from many 

different directions. The radiographs of the objects were made at a 

flux of 3.34 x 106 n/cm
2
-sec. and the exposure times are listed with 

the figures. 
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FIGURE 16 ACRYLIC PLASTIC, 0.159 em 
STEP WEDGE. SIX INCREASING STEPS OF 
0.159 em CAN BE DISTINGUISHED, THROUGH 
THE USE OF A DENSITO~ETER, FROM THIS 
RADIOGRAPH. THE EXPOSURE TIME FOR 
THIS RADIOGRAPH VIAS 75 SECONDS. 

FIGURE 17 ACRYLIC PLASTIC, 0.013 
em STEP WEDGE. THROUGH THE USE 
OF A DENSITOMETER, CHANGES AS 
SMALL AS 0.0254 em IN THICKNESS 
COULD BE DETERMINED FROM THIS 
RADIOGRAPH. THE EXP OSURE TIME 
FOR THIS SAMPLE WAS 30 SECONDS. 

FIGURE 18 ACRYLIC PLASTIC, 0.254 em 
STEP WEDGE. DIFFERENCES OF AS LITTLE 
AS 0.102 em IN THICKNESS COULD BE 
DISTINGUISHED, BY DENSITOMETER, I N 
THIS RADIOGRAPH WHICH WAS EXPOSED 
FOR 90 SECONDS. 



Position 

Thickness 
(em) 

Density 

Position 

Thickness 
(em) 

Density 

Position 

Thickness 
(em) 

Density 

* 
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TABLE V 

* RELATIVE IMAGE DENSITIES FOR ACRYLIC PLASTIC 

1171615141312111 FIGURE 16 

1 2 3 4 5 6 7 

0.0 0.159 0.318 0.416 0.635 0.794 0.953 

64 45 40 22.5 16 11.5 9.5 

FIGURE 17 

1 2 3 4 5 6 7 8 

0.159 0.171 0.184 0.197 0.210 0.215 0.220 0.225 

22.5 20.5 19.5 19.5 16.7 16.3 16 16 

18\7161514131211] 

1 2 3 4 5 6 7 8 

1.43 1.588 1.746 1.905 2.064 2.223 2.381 2.54 

Unable to determine due to lack of clean image 

Densities are relative to the base fog of the negative which was 
considered to be one. 

9 

0.230 

15.8 
,f .. 
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TABLE V CONTINUED 

432 1 

FIGURE 18 

Position Thickness (cm) Density 

1 0.318 40 

2 0.368 40 

3 0.419 40 

4 0.470 38 

5 0.572 36.5 

6 0.622 34.8 

7 0.673 32 

8 0.724 28 

9 0.826 23.5 

10 0.876 22.5 

11 0.927 16 

12 0.978 17.5 
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2. Radiographic Sensitivity for Soft Woods 

It has been shown in the previous section that the film, screen, 

and beam combination is limited to about 1.3 cm of a material such as 

acrylic plastic. This is substantially below what was expected. How

ever, a suitable explanation for this limitation was felt to involve the 

neutron scattering in the material, as explained in the previous section. 

Several samples of pressed plywood and white pine, with densities of 

about 0.4 g/cm3 and 0.4 g/cm3 , respectively, were radiographed to 

determine the limitations with a less dense hydrogeneous material. Four 

radiographs are' shown here to demonstrate the facility's capability as 

shown in Figs. 19-22. 

Figure 19 is a radiograph of 3.8 cm of pressed plywood, exposed for 

120 seconds with the reactor at 100 kw. Several items can be seen in 

this radiograph that are of some interest, e.g., the different layers 

and grain of the wood. Two nails were driven into the sample for 

contrast, the large nail is 0.32 cm in diameter, while the smaller nail 

is 0.254 cm in diameter. Both nails show quite easily. A 1.27 cm hole 

was drilled in the center of the block to show a large void which is 

readily distinguished from the block. As a final test, 0.159 cm of 

acrylic plastic was inserted into the void to have a material whose 

ut::1tblly Wa::' uuly bOHltwhdl gn::!dter tltdH tltt~ woud. Tilt., dt·lu:lItolUt.'tt.~I" WUS 

able to register significant differences in image density. See Table VI 

for density listings. 

The radiograph shown in Fig. 20 is of a 10.2 cm length of white 

pine with a 0.397 cm nail driven into it, 5.08 cm from the end. The 
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grain of the wood again shows plainly, as do irregularities in the wood 

along the right edge where it was cut. From this radiograph it can be 

seen that 10.2 to 15.2 cm of soft wood can be radiographed with exposure 

6 2 times of 120 to 150 seconds at a flux of 3.34 x 10 n/cm -sec. 

Figure 21 is a radiograph of 3.8 cm of white pine exposed for 180 

seconds with the reactor at 100 kw. Drilled into the block are holes 

that are the following diameters, from left to right: 0.253 cm, 0.178 

cm, 0.102 cm, 0.132 cm, and 0.253 cm. Drilled in line with the 0.253 

cm hole on the right is a 0.132 cm hole which is not visible. The 

relative image densities of holes and the wood are listed in Table VI. 

As can be seen, the void created by the 0.102 cm hole is barely 

visible. This is a void equivalent to 2.7% of the width of the block 

and is the limit in the size of voids or flaws capable of being detected 

in this particular sample. 

The fourth radiograph, Fig. 22, depicts, as a sample, a piece of 

pressed plywood 3.81 cm thick. A 1.27 cm hole was drilled for contrast. 

It was discovered after radiographing that the wood block had several 

internal flaws and major cracks. These were confirmed after further 

investigation. 

From the four radiographs it was determined that the film, screen, 

beam combination has a considerable range of thicknesses for soft woods. 

It Is possible to find voids and flaws that are as little as 3% of the 

thickness in one instance and thicknesses of up to 15.2 cm can be used 

with exposure times of 120 to 210 seconds. Of course, for smaller 

thicknesses less exposure time is used, for example, an exposure time of 

90 seconds is suggested for a soft wood 2.54 cm thick. 



FIGURE 19 RADIOGRAPH OF 3.08 
em OF PRESSED PLYWOOD. THE 
DIFFERENT LAYERS AND GRAIN 
OF THE WOOD ARE READILY 
SEEN. THE EXPOSURE TIME 
FOR THIS RADIOGRAPH WAS 
120 SECONDS. 

FIGURE 21 RADIOGRAPH OF 3.8 
em OF WHITE PINE. HOLES AS 
SMALL AS 0.132 em CAN BE 
DISTINGUISHED BY EYE. A 
HOLE 0 .102 em IN DIAMETER 
CAN BE. DISTINGUISHED BY THE 
DENSITOMETER. 
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FIGURE 20 RADIOGRAPH OF 10.2 
em OF WHITE PINE WITH AN 
IMBEDDED NAIL. THE GRAIN 
OF THE WOOD IS AGAIN EASILY 
SEEN. THE EXPOSURE TIME WAS 
120 SECONDS. 

FIGURE 22 RADIOGRAPH OF 3.8 em 
OF PRESSED PLYWOOD. EXPOSED 
FOR 120 SECONDS, THIS RADIO
GRAPH SHOWS INTERNAL FLAWS 
AND CRACKS IN THE WOOD. 
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TABLE VI 

* RELATIVE IMAGE DENSITIES FOR SOFT WOODS 

Fig. 19, 3.81 cm of pressed plywood. 

* 1. Wood block density 1.0 

2. Nail densities = 0.75 

3. Void density = 1.67 

4. Acrylic plastic density 1.17 

. 21, 3.81 cm of white pine with drilled holes. 

* 1. Wood block density = 1.0 

2. Densities of all drilled holes 1.22 

* The image density on the negative of the wood block in each of the 

objects was set equal to 1.0. Each of the image densities given is 

relative to the image density of the wood block. 
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3. Radiographic Sensitivity for Boral Control Elements 

One of the major areas for which neutron radiography is an excellent 

testing technique is for checking control rods for reactors. Cadmium, 

boron, indium, silver, and hafnium are used in many control rods. Each 

of these elements is used because of it's high neutron absorption cross 

section for some particular range of neutron energies. For thermal 

neutrons, for example, cadmium and boron are excellent poisons, which 

makes them ideal samples for checking the radiographic capability of the 

film, screen, beam combination at the Nuclear Laboratory. Extensive 

work has been done in the area of cadmium burnup in a control rod, but 

little has been published for boron. 35 ,36 

The control rods used at the VPI & SU Research Reactor are made of 

boral, a mixture of metalurgically bound boron and aluminum. The rods 

are of the "window shade" type, that is, they are a 17.8 cm x 17.8 ern 

x 0.318 cm thick plate attached to a steel ribbon 7.62 cm wide and 67.31 

cm long. The steel ribbon is wound on a metal drum to move the rod up 

or down. This winding also forms a spring which helps to insert the rod 

when the reactor is shut down. 

Two control rods were checked in this investigation. The first was 

a full size control rod that has not been used. The second control rod, 

nil old rpp:1I1nfinp: rod~ is m:1dp of ttl(' snmp matf'rinl. horal, but 'its 

effective size is 5.08 cm x 5.08 em x 0.318 cm thick. This small square 

is welded into a 17.78 em x 17.78 em square of aluminum to make it the 

same physical size as a normal control rod. The regulating rod was used 

in the reactor for several years and then replaced. 
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It was found that the best exposure time for the control rods was 

120 seconds, and then overdeveloped 30 seconds in the Liquid X-ray 

Developer to get increased contrast. All radiographs of control rods 

were made with these exposure and developing times. Two unused control 

rod radiographs and two regulating rod radiographs were made from the 

same 20.32 cm x 25.40 cm sheet of X-ray film and were processed together 

to insure uniform processing for later densitometer analysis. 

Figure 23 is a composite radiograph of the last 3.81 cm of the un

used control rod. The rod was radiographed in sections because of the 

small beam size and the sections were used to make the composite radio

graph. The 0.318 cm of aluminum cladding on the edges is not visible 

due to overexposure but the edge where aluminum and boral meet is very 

clear. The light spots visible in the radiograph positive are areas 

where there is little or no boron. It ~an be easily seen that the boral 

has a "mottledU appearance due to the uneven boron distribution and that 

the right corner has several areas of lower boron concentration as com

pared to the rest of the section. Figure 24 shows a two section com

posite radiograph of the unused control rod 3.81 cm above the section 

of Fig. 23. In this radiograph a region of fairly low boron concentration 

is visible as a strip of white much like the one seen along the entire 

radiographic composite of Fig. 23. This demonstrates the capability of 

determining if flaws are present in a control element. The same type of 

density differences would result from a control rod made of a similar 

neutron poison. 

Figure 25 is a radiograph of most of the used regulating rod. Again 
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the aluminum surrounding the boral is not visible because of overexposure 

for aluminum. Upon careful inspection between Fig. 24 and Fig. 25 some 

change in density can be recognized by noticing the difference in grey 

tones of the prints. The major difference between the two control rods 

is the absence of white spots in the regulating rod, Fig. 25. This 

could be due to a better, more uniform boron distribution. 

The negatives for the radiographs were checked with the densitometer 

and differences were readily distinguished. If the unused control rod's 

film image density is used as a base of 1.0 to determine relative image 

densities, the following relative densities result: areas of low boron 

concentration = 1.15, regulating rod image density = 1.3. This indicates 

that the low boron regions, mentioned above for Figs. 23 and 24, have a 

boron concentration that is lower than that of the unused control rod 

but higher than the boron concentration of the used regulating rod. If 

standards with various amounts of boron concentration in the boral were 

used to construct a burnup curve, i.e., a graph of relative film image 

density vs. boron concentration, the exact amount of usable boron 

available could be found. This however, would have to be found in a 

more detailed study. 



FIGURE 23 UNUSED BORAL CONTROL ELEMENT COMPOSITE (1). THE ABOVE RADIOGRAPH IS A 
COMPOSITE OF 3.8 em x 17.8 em OF THE UNUSED CONTROL ELEMENT. THE WHITE 
AREAS SHOW LOW BORON CONCENTRATION. 

+:
\0 
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FIGUR~ 24 UNUSED BORAL CONTROL ELEMENT. COMPOsiTE 
(2). THIS RADIOGRAPH IS A' COMPOSITE OF. 3 .. .8 em x 
17.8 em OF THE UNUSED CONTROL ELEMENT.. . THE ·WHITE 
LINE IS AN AREA OF LOW BORON CONCENTRATION. 

FIGURE 25 BORAL REGULATING ROD. THE ABOVE RADIOGRAPH 
IS OF THE USED REGULATING ROD. A DIFFERENCE IN IMAGE 
DENSITY MAY BE SEEN BETWEEN FIGS. 24 AND 25 t WHICH 
WERE DEVELOPED AT THE SAME TIME. 
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4. Radiographic Sensitivity for Thorium, 

Natural Uranium, and Enriched Uranium Slugs 

To determine the sensitivity for the heavy metals containing 

fissionable material, three types of samples were used. The first was 

a cylinder of thorium, the dimensions of which were; 3.175 cm in 

diameter, 16.51 cm long, and clad in 0.0212 cm of aluminum. An air gap 

1.27 cm in diameter ran the length of the cylinder. The second 

was a natural uranium fuel rod. The rod was 2.54 cm in diameter and 

21.6 cm long. It also was clad in 0.212 cm of aluminum. The third 

item radiographed was a section of a 93% enriched fuel plate for the 

reactor. The fuel plate was 66.04 cm long and 7.62 wide. The 

was 0.102 cm thick, of which 0.0508 cm was UA1
4

. The other 0.0508 cm 

was aluminum cladding, 0.0254 cm to a face. The sides of the plate were 

clad with 0.318 cm of aluminum. 

Figure 26 is a radiograph of the thorium rod. Three 

different exposure times were used to show varying amounts of detail. 

For example, section one shows the aluminum end cap and cladding very 

well while section five does not show the end cap at all. See Table VII 

for exposure times. From the radiographs it can be seen that for a flaw 

in the cladding, section one would be the best image. Section three 

shows the thorium density fairly well and the air gap in the center 

extremely well. The aluminum cladding in the air gap is also dis

tinguished easily. The aluminum cladding is totally eliminated in the 

exposure for section five. The major use of this exposure time would 

be to check the thorium deposition in the rod. 
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The relative image densities were found by the densitometer and 

are listed in Table VII. From these results no real pattern can be 

determined because the average image densities for the air gap vary too 

widely. One point can be made though, an exposure time of 75 seconds 

could be used to check the cladding surrounding the void of the air gap. 

No irregularities in the thorium deposition or the cladding were found. 

If thicker samples of thorium were used the exposure time would increase 

corresponding to the thickness, i.e., an exposure time of 180 seconds is 

suggested for a sample 4.45 cm in diameter with no voids. 37 

The natural uranium fuel rod was radiographed in sections like the 

thorium rod. Figure 27 is a composite radiograph made up of six 

sections, each made at a different exposure time. See Table VII for 

exposure times. Note, no details can be seen in the uranium. In order 

to see detail the exposure would have to be extended greatly to about 

1200 seconds. There were no indications of irregularities in either 

the uranium or aluminum cladding present in the radiograph images. From 

the radiographs it was determined that the best exposure time to use to 

inspect the aluminum cladding is 30 seconds, as can be seen from section 

one of the composite radiograph. The best exposures to use to check the 

uranium distribution are 90 to 110 seconds. Any time within that range 

should give an acceptable exposure. An exposure time of 120 to 150 

seconds is suggested for samples with thicknesses of from 3.81 to 5.72 

h ' h . h h I' 38 cm, w lC agrees Wlt t e lterature. 

The third fuel material investigated was the 93% enriched fuel 

plat~. It was felt that the two extremes for uranium should be explored 
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to find any major limitations. Normal reactor fuel, 2.5 to 3% enriched, 

would have to be investigated in a more detailed study. Figure 28 is a 

composite radiograph of a section of the fuel plate. Each section was 

made at a different exposure time to get a range of contrasts, see Table 

VII. From the radiographs, with the aid of a densitometer, it was 

determined that an exposure time of 150 seconds provided the best con-

trast between fuel and cladding, see Table VII for relative image 

densities. It was also determined that an exposure time between 180 to 

240 seconds would be good to check for fuel distribution irregularities. 

Any moisture or hydriding should begin to show at this exposure time 

. 39 40 due to the differences in neutron absorptl0n and scatter.' As can 

be seen from the radiographs, no irregularities are visible in either 

the fuel mixture or the aluminum cladding. 

From the results shown in Figs. 26-28 and Table VII, it has been 

demonstrated that the film, screen, neutron beam combination does have 

the capability to be used with fissionable materials, especially 

enriched uranium. With the enriched uranium exposures carried out at a 

reactor power of 10 kw and the demonstrated capability for natural 

uranium at a thickness of 2.54 cm, there should be no difficulty in 

studying fuel elements with enrichments of 1 to 4% as found in light 

water reactors. It should be possible to check pellet placement, heat 

l I dll:-, il'! I 1 . 1 i 41,42 gdps, dIll lllllsture content In the 1 ue . rOl. . After further 

detailed study, it should be possible to check pellet density and en-

richment after placement in the cladding. This would help to insure 

that the proper pellets were in the correct fuel rod. 



5 

FIGURE 26 

4 3 2 1 

THORIUM SLUG COMPOSITE RADIOGRAPH. THE ABOVE RADIOGRAPH WAS MADE. USING __ THREE 
DIFFERENT EXPOSURE TIMES. SECTIONS ONE AND TWO WERE EXPOSED FOR 30 SECONDS, 
SECTION THREE FOR 75 SECONDS, AND SECTIONS FOUR AND FIVE FOR 120 SECONDS. AS 
CAN BE SEEN IN SECTION ONE, IT IS POSSIBLE TO DISTINGUISH THE ALUMINUM CLADDING 
FROM THE- THORIUM. IT IS ALSO POSSIBLE TO CHECK THE THORIUM AT DIFFERENT THICKNESSES 
BY USING DIFFERENT EXPOSURE TIMES, AS EVIDENCED BY SECTIONS TWO, THREE, AND FOUR. 

V1 
~ 
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FIGURE 27 NATURAL ·URANIUM SLUG COMPOSITE RADIOGRAPH. THE ALUMINUM CLADDING IS VIS-IB-LEIN SECTION 
ONE. IRREGULARITIES IN THE URANIUM CAN BE CHECKED AT DIFFERENT THICKNESSES THROUGH THE 
USE OF DIFFERENT EXPOSURE TIMES. SEE SECTIONS TWO THROUGH FIVE. THE DIFFERENCES IN THE 
NEGATIVES HAVE BEEN ENHANCED IN THE PRINTING PROCESS. 

V1 
V1 
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FIGURE 28 ENRICHED .- EUEL PLATE COMPOSITE RADTOGRAPH. IN THE ABOVE CDMPoSITE TWO 
AREAS · ARE- OF INTEREST, 1) THE ALUMINUM CLADDING, VISIBLE AS A LIGHT 
STRIP AT THE BDTTOM OF THE PLATE, AND 2) THE URANIUM MIXTURE. THE 
CLADDING ON THE FACES OF THE PLATE ARE NOT VISIBLE BECAUSE THE 
ALUMINUM IS TOO THIN. IT WOULD BE POSSIBLE TO CHECK THE URANIUM FOR 
FLAWS IF NECESSARY. 

VI 
0\ 
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TABLE VII 

HEAVY METAL EXPOSURE AND IMAGE DENSITY DATA 

THORIUM ROD 

Section Exposure Time * Air Gap Image Density End Cap Image Density 
(seconds) 

1 30 1.44 3.8 

2 30 1.46 

3 75 1.74 

4 120 1.27 

5 120 1.25 

* The image density of the thorium was set = 1.0 all densities are 

relative to that image density. 

NATURAL URANIUM ROD 

* Section Exposure Time (seconds) Rod Relative Image Density 

1 30 39 

2 50 40 

3 70 41 

4 90 42 

5 110 43 

6 130 44 

* The image density of the base fog of the negative was set 1.0. 

All densities are rela~ive to that image density. 
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TABLE VII CONTINUED ENRICHED URANIUM 

Section Exposure Time (seconds) Cladding 

1 90 1.10 

2 120 1.13 

3 150 1.17 

4 300 0.83 

* The image densities for the cladding are relative to the image density 

of the uranium, which is assumed to be 1.0. 
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5. Miscellaneous Neutron Radiographs 

The following four radiographs were produced to demonstrate a 

capability with neutron radiography for four widely differing materials. 

The first, Fig. 29, is a radiograph of a moth. This was produced to 

demonstrate that the facility can work with small biological specimens 

and usable radiographs result, as has been demonstrated at other 

f "1"" 43 aC1 lt1es. The second radiograph, • 30, is of a polyethylene 

vial used to hold samples for Neutron Activation Analysis. The exposure 

times and reactor power for the radiographs are listed in Table VIII. 

The third radiograph, Fig. 31, shows two integrated circuits. The IC 

on the right is ceramic, while the IC on the left has a plastic case. 

The last radiograph, Fig. 32, is of the same ICs, with positions reversed 

and a different exposure time and neutron flux. A comparison of Figs. 31 

and 32 will show that the two ICs do not show the same amount of detail 

in a single exposure. The plastic IC is seen best in Fig. 31, but little 

detail of the ceramic IC is visible. The best exposure for the ceramic 

IC is that of Fig. 32, however, the plastic IC is then totally washed 

out. 

From these four radiographs it can be seen that the facility has a 

varied capability with excellent resolution. 



FIGURE 29 RADIOGRAPH OF A MOTH. 
AREAS OF HIGH AND LOW HYDROGEN 
CONCENTRATION ARE VISIBLE IN 
THIS RADIOGRAPH. UPON CAREFUL 
INSPECTION EVEN THE WINGS ARE 
VISIBLE. 

FIGURE 31 RADIOGRAPH OF INTEGRATED 
CIRCUIT CHIPS (1). THE I.C. ON 
THE LEFT IS MADE OF PLASTIC. THE 
CHIP AND CONTACTS ARE READILY SEEN. 
THE I.C. ON THE RIGHT IS CERAMIC 
THE CHIP AND CONTACTS ARE BARELY 
VISIBLE. EXPOSURE TIME WAS 420 
SECONDS AT 10 KW. 

60 

FIGURE 30 RADIOGRAPH OF NAA 
POLYETHYLENE VIAL. END CAP 
FLAWS AND MELTED POLYETHYLENE 
ARE VISIBLE IN THE ABOVE 
RADIOGRAPH. 

FIGURE 32 RADIOGRAPH OF INTE
GRATED CIRCUIT CHIPS (2). 
THE I.C. ON THE LEFT IS THE 
CERAMIC I.C. OF FIG. 31 EXPOSED 
FOR 60 SECONDS AT 100 KW. THE 
PLASTIC I.C. IS TOTALLY OVER
EXPOSED ON THE RIGHT. 



Radiograph 

Fig. 29 

Fig. 30 

Fig. 31 

Fig. 32 
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TABLE VIII 

EXPOSURE PARA}IETERS FOR MISCELLANEOUS RADIOGRAPHS 

Exposure Time 
(seconds) 

30 

60 

420 

60 

Reactor Power 
(kw) 

100 

100 

10 

100 

Neutron Flux 
(n/cm2-sec) 

3.34 x 106 

3.34 x 106 

3.34 x 105 

3.34 x 106 

n v t 
(n/cm2) 

1.00 x 108 

2.00 x 108 

1.40 x 108 

2.00 x 108 



IV. SUMMARY 

The results of the experiments performed have determined several 

items of interest. It was found that tht' neutron flux for the thermal 

column ii.Jas to(1 1m,] for work \Ad th X-ray [i Jm hy i tlwr the direct or 

i.ndirect cxpC'~..;ur() melhods. Emvcver, ,.1 ucnLr()!) fll1\: f sufficient mag-

~rvailable for work 1,J1111 ,'I d i vl(".>Jing TV r"onitor, 

port neutron flu;:('s were found to be apprcc.i ;ll,l II i than the thermal 

column, which Has expected, and it 'vas decided to use the north beam 

port as the ~eutron Radiography facility. 

Several parameters for the film, converter screen, and neutron beam 

were determined and were found to be reasonable and acceptable values. 

The resolving capabilities of the film and converter screen were found 

to be very good to excellent depending on the thickness of the converter 

screens. The resolving capability for the facility is in the same range 

as that determined for other facilities. Through the use of the radio

graphs it was found that the commercially available gadolinium paint 

could be used for the converter screen and good radiographs would result 

when reasonable care was utilized. 

Several different materials were radiographed to find exposure 

times and thickness limitations. It was found that for hydrogenous 

materials of high density the thickness of the material is severely 

limited, not more than about 1.3 cm. However, less dense hydrogenous 

materials were investigated and thicknesses of 10.16 to 15.24 cm were 

radiographed with good detail and little difficulty. ~~en the fuel 

62 
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materials were radiographed it was found that several different exposure 

times could be used, depending on the information desired. A short 

exposure of 30 seconds would yield good results for investigating the 

light metal cladding, while a longer exposure of about 120 to 150 

seconds would properly expose the film for the heavy metal. 

Finally the film, converter screen combination was used to look 

at four different samples that varied from the acrylic plastic, light 

woods, and heavy metals. It was found that the combination can be used 

for small biological specimens, thin plastics, and thin ceramic materials. 

The combination also can be used for the investigation of small electronic 

components to check for breaks or other irregularities. 

The exposure times for the facility varied from 90 seconds to 420 

5 2 seconds for a flux of 3.34 x 10 n/cm -sec for the thinner samples. 

For the thicker objects, at a flux of 3.34 x 10
6 

n/cm
2
-sec, exposure 

times ranged from 30 seconds to a maximum of 180 seconds. However, it 

was shown that an increase of 25 to 50% was necessary to achieve the 

same image density using the 0.00254 cm converter screen. These exposure 

times were conveniently short so that a large number of exposures could 

be made in a short time. 

Generally the results of this study show that a capability for 

Neutron Radiography does exist at the Nuclear Laboratory using the VPI & 

crease the size and number of the samples that can be studied. 
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NEUTRON RADIOGRAPHY WITH 

THE VPI & SU RESEARCH REACTOR 

by 

Charles Richard Tuley, Jr. 

(ABSTRACT) 

A feasibility study to determine the feasibility of neutron radio

graphy with the VPI & SU Research Reactor has been completed. Various 

experimental facilities of the reactor were tested to determine which 

gave the best beam parameters. The beam parameters considered were: 

1) thermal neutron flux; 2) thermal to fast flux ratio; 3) gamma vs 

neutron relative film exposure ratio; 4) collimator length vs diameter 

ratio. It was found that the north beam port best met the necessary 

requirements. 

The direct exposure method utilizing a commercially available 

gadolinium paint was decided upon for X-ray film exposure. The reso

lution capabilities of the gadolinium paint converter screen were 

determined for several screen thicknesses using a cadmium test object. 

Exposure times and object limitations were found for the combination 

of the X-ray film, converter screen, and neutron beam of the north beam 

port. The test devices used were: 1) various thicknesses of acrylic 

plastic; 2) plywood and white pine test pieces; 3) thorium and natural 

uranium slugs; 4) enriched uranium fuel plate; 5) used and unused boral 

control elements; 6) miscellaneous small test objects. 



The results were, in general, good. Exposure times and limitations 

were found to be in agreement with other published works. Any signifi

cant differences in the technique's capability with other facilities 

were noted in the discussion of procedures and results. From the 

results of this work, neutron radiography can be successfully carried 

out on the VPI & SU reactor with small objects while further develop

ment should allow studies to be made of larger objects. 


