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ABSTRACT

This paper is primarily intended to be a status report on activities in 
the Flash X-ray Radiography/cinematography area since the last Material 
Motion Diagnostics Meeting. Additional activity in the area of source 
definition as well as associated experimental limitations will be discussed.
The implications of machine current upon precision uncertainty in measurements 
of changes in areal density are presented. The radiographic techniques 
presently being evaluated will be discussed. Performance estimates representative 
of this type of diagnostic tool will be presented. Comparison with other 
results will be considered.

*This work is supported by the United States Nuclear Regulatory Commission, 
NRC, and the United States Energy Research and Development Administration, 
ERDA.



INTRODUCTION

As an introduction to this talk, the results presented at the last
Fuel Motion Diagnostics Meeting will be briefly reviewed. View Graph 1
presents the scope of the study performed including some of the more
important assumptions made in the analysis. From this analysis came the
definition of electron beam machine requirements for X-ray Cinematography
Fuel Motion Detection Applications. Some of the more important conclusions
are presented in View Graph 2. It was concluded that X-ray cinematography
for multisubassembly tests was virtually impossible for any reasonable
ueak power density and that cinematography of a single subassembly at a 

6 /peak 10 watt/g would be very difficult. As the view graph indicates, a 
50 MeV, 3kA Linear Induction Accelerator operating with a lusec pulse 
duration was found to be required. Relaxing the signal-to-background 
requirements imposed during this study and reducing the source-to-image 
distance to be consistent with a Class I Safety Test Facility (STF), 
the machine operating parameters can be reduced to 10 MeV and 5kA with the 
Insec pulse width. These latter operating conditions are much more 
practical from an economic standpoint. The ability of such a machine to 
actually perform meaningful X-ray cinematography will, in the end, depend 
upon the effects of photon buildup and/or scattering upon the resolution, 
both spatial and areal density (mass), of such a system.

At the conclusion of this study, it was frit that further consideration 
of machine performance definition was premature except for inclusion of 
stainless steel in order to see how this affected the previous results.
This will be discussed in more detail belov.’. We felt that the most important 
unknowns were the dependence of areal density (mass) and spatial resolution 
upon experimental geometry and any dependence of this phenomenon upon 
Bremsstrahlung end-point energy. These concerns have received a major 
portion of our attention since the last meeting as has the development of 
experimental tools and techniques. Moderate effort has also been devoted 
to the development of coded source techniques for use with broad area electron 
beams as an alternate to conventional point source radiographic techniques. 
These techniques will be discussed in more detail below and in a separate 
paper presented at this meeting by J. G. Kelly. Although of major importance,



the detailed definition .of an active detector system capable of satisfying 
the cinematography requirements has received minor attention to date.
Each of these areas of major importance will now he discussed.

AREAS OF MAJOR IMPORTANCE

Source Operating Characteristics

As mentioned above, the important point to be considered here was the 
identification of the effect of 7*62 cm (3 in.) of stainless steel upon 
the results reported at the last meeting. As is indicated in View Graph 3} 
this resulted in a reduction of the signal (detector dose) by a factor 
of 5 to 7 for the various cases considered. The source operating characteristics 
defined previously are still valid however if the following conditions are 
met:

1) STF Class I minimum source-to-image distance, approximately 3*5 m, 
is used in place of the 5 m of the previous study,

2) The minimum signal-to-background ratio is set at 3:2 rather than 
lt:l; this would amount to a precision uncertainty of 25$ to in 
areal density determination.

3) Sodium Iodide is used as the scintillating detector material rather 
than NE316 plastic.

Further evaluation of source operating characteristics awaits definition 
of the NRC experimental program which is presently being developed. It 
should be pointed out that although the detector system sensitivity 
employed in the earlier analysis, 0.01 rad, is likely reasonable, the 
precision error quoted at this dose (i.e., 5i o ) is of the order of that 
attainable with film and, as a result, it must certainly be considered 
a formidable goal for a short-pulse active detector system.
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Areal Density (mass) and Spatial Resolution

Of primary concern to the interpretation of experimental results are 
the spatial and areal density (mass) resolution capabilities of an X-ray 
cinematography system. These quantities can, in principal, be complicated 
functions of experimental geometry.

In the case of conventional point source radiography applied to thick 
high-Z samples, every effort is made to achieve a "good geometry" situation 
in which case the transmitted photons fall in the £ to ^ MeV energy interval. 
Scattered photons which reach the detector for this case must undergo two 
or more large angle scattering events or must be direct or scattered 
annihilation radiation. As a result, they possess low energy and can be 
preferentially filtered as compared toihe directly transmitted component.
In this way, good contrast radiographs can be assured. For this case, • 
increased end-point energy leads directly to an increased signal due to the 
fact that the source flux in the 2 to U MeV range increase nearly linearly 
with end-point energy (see View Graph 3).

It has been postulated that in a "poor geometry" situation the 
areal density (mass) and/or spatial resolution might be dependent upon the 
location of voids in the absorbing test sample. In View Graph U, two 
situations are represented; in one the voids are on the far side of the 
test sample relative to the detector, and in the other they are on the near 
side. In the former, the transmitted photon beam contains the information 
and the buildup or scattered flux should just be a background. In the 
latter case, some fraction of the buildup or scattered photons may be traveling 
paraxially with the transmitted beam at the location of the voids and, in 
this case, contributes to the information containing signal at the detector. 
Some experiments concerned with this phenomena have been performed on 
REBA (<->/2 MeV end-point energy) and the Cf2 5 2 source (fission gammas).
However, there is insufficient data available at this time to reach a 
supportable conclusion. The results obtained to date do indicate that the 
effect may be more complex than at first anticipated (i.e., dependent

-3-



upon void size and not just geometrical location. In fact, the former 
may be more important than the latter.) Further studies of this 
phenomena are planned at end-point energies of li, 10, and 20 MeV to 
investigate any possible energy dependence and to identify an optimum 
energy should one exist.

Source Coding Techniques

As an alternative to point source radiography, two techniques to 
code a Bremsstrahlung source are being investigated. These are illustrated 
in View Graph 5. The feasibility of aperturing a broad area source has 
been demonstrated on HERMES II with high spatial resolution using rod 
type test samples. Experiments are presently being performed on HERMES II 
to compare the two techniques since the coded convertor approach may 
yield superior modulation to thst using an aperature. In addition, it 
should provide a wider field of view. These techniques will be discussed 
in more detail by John Kelly in the following presentation. Areal 
density (mass) resolution capabilities have not as yet been determined 
for either technique. Either coding technique can be used with broad 
area electron beams which may be required for high power density excursions. 
Broad area electron beams are more suitable for high intensity source 
operation which may be required for the large test assembly, high background 
experiments.

Active Detector System

The active detector system must be capable of 1 khz data acquisition 
rate and should be capable of as high a spatial and areal density resolution 
as possible. Matching the performance of film is felt to be the best that 
an active detector system could do, and this is indeed no simple task.

Development effort directed towards the ACER Upgrade Fuel Motion 
Detection System which was described elsewhere at this meeting will be used 
to direct the design of the system for X-ray cinematography.. The present 
conceptual design incorporates a fast scintillator coupled to a gated
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optical image intensifier which is viewed by a fast framing camera (see 
View Graph 6 ). In light of the requirements for high sensitivity, large 
size, and moderate cost, sodium iodide looks like the likely scintillator 
material at the present time. Although a number of gateable image 
intensifiers exist, those employing channel electron multipliers appear 
to be the most promising at present. The recording system, as presently 
envisioned, is to be a framing camera capable of operation at a 10 /sec 
frame rate. It would be preferable to incorporate a direct digital recording 
capability into this detection system, especially with on-line data analysis 
capabilities, und this possibility will continue to be evaluated.

Performance Estimates

In order to provide some practical information as to experimental 
capabilities concerning areal density (mass) resolution, estimates have 
been made of resolution limits for a number of different sources and a 
detector system with a dose measurement uncertainty-of -(.05D+.025).
Although this may be a somewhat conservative assumption, this work is 
to be extended to both higher and lower resolution uncertainties. Indeed 
it should be possible to decrease this uncertainty by about a factor of 
five, but at substantially increased detection system costs. As mentioned 
earlier, it is commonly accepted that film performance should be about the 
best that an active detector system could do. Performonce here means the. 
combination of sensitivity ana precision thtft contributes to all important 
spatial and areal density (mass) resolution capabilities. The results are 
presented in View Graph 7j and do not include background considerations. 
Therefore, these resolution limits could increase in high background 
situations. A source was fjlt to be inapplicable when the resolution 
exceeded -10$ except for the case of single pin tests. Detector system 
dynamic range was not included directly in this evaluation (i.e., it was 
assumed that the detector system sensitivity could be scaled to linearly 
respond to the transmitted beam for each test assembly size). As a result, 
the single pin LINAC entry and the single and seven pin entries for the LIA 
may not be achievable in practice; at least not without a complete change of 
detector system, view Graph 8 presents our definition for areal density (mass) 
resolution limit; that is, the areal density which is just barely perceptable.
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The current of a 25 MeV, Ifisec LINAC required to just resolve 8 gm/cm 
in a 127 pin test assembly (approximately 10$ sensitivity) for various 
power densities and detector system performance is given in View Graph 
9. From this data, it is obvious that a small LINAC is acceptable for 
this purpose when coupled with the highest performance detector system 
However, in most experimental situations, a knowledge of areal density 
change to better than 100$ is required. View Graph 10 presents the 
current required for the same experimental situation as above in order 
to achieve specified precision uncertainties in the measurement for

105, and 10^ watt/g power density.

SYSTEM COMPARISON

At this point, it is useful to compare the results of our work with
those of the LASL group, W. E. Stein, et.'al., working in this same general
area. If one takes our previous results and scales them to a power density
of 10 watt/g and to the STF Class I geometry, the requisite source
operating characteristics would be 25 MeV, 10A, and 2 usee at a signal
to background ratio of about 1:2 which should be acceptable. In light of
the rather high background in this case, the results for areal density
(mass) resolution presented in View Graph 7 should be scaled up slightly
and should yield a practical resolution of about 1 pin out of,8 or 9•
This resolution appears to be consistent with that observed at LASL using
Phermex and a 127 pin bundle. A recent LASL study suggests that a LINAC
suitable for 127 pin bundle studies should operate at 30 Mev, 2A, and 2̂ -lsec.
In light of the differences in end-point energy (a 50$.higher dose to film
for 30 MeV as compared to 25 MeV electrons) and the rather subjective nature
of assumed detector system sensitivities and performance, we feel these
results to be in reasonably good agreement (see View Graph 11). It
should be pointed out that the cost of the LINAC proposed by LASL is
in excess of 3 M$. This is not dramatically less than the rough estimate
of 5 to 10 Mi for a LTA which should be capable of performing full subassembly

6tests at all but power densities approaching 10 watt/g. At least 
providing that photon build-up and scattering effects do not severely 
degrade resolution capabilities for these large test assemblies.



SUMMARY

In light of the results presented here and at the previous meeting, 
the objectives of, and technical approach to be followed for, the evaluation 
of X-ray cinematography as a material motion detection technique in LMFBR 
power burst excursions are presented in View Graph 12.
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View Graph 1

BASIS FOR DETERMINATION OF 

X-RAY RADIOGRAPHIC SOURCE REQUIREMENTS

Peak Power -  250 to IQ6 watt/gm

Bundle Size - 37 Pin to Multi S/A

4:1 Signal-To-Background Ratio -  corresponds to about a 20% 
precision uncertainty in areal density determination

Effects of Photon Buildup and/or Scattering Neglected ,
v-2 .

Minimum Detectable Signal 10 Rad

No Stainless Steel Included in Calculations

Predicted Source Requirements Based Upon ERDA Experimental 
Program



View Graph 2

CONCLUSIONS FROM 

IN IT IA L  STUDY

•  Radiography of full S/A at 10 watt/g would be very 
difficult ( i .e ., Linear Induction Accelerator operating 
st 50 MeV and 3 kA with a I ^sec pulse duration) 
and multi -  S/A at any power density would be 
virtually impossible.

•Further consideration of defining machine parameters 
was felt to be unwarrented except for determining 
effect of presence of stainless steel upon previous 
results.

•Most important unknown appeared to be dependence 
of areal density (mass) resolution upon experimental 
geometry and any dependence of this phenomenon upon 
end-point energy.

•  Of importance also was the definition of an active detector 
system to optimize resolution capabilities,



VIEWfiRAPH 3

BRESSTRAHLUNG SOURCE CONSIDERATIONS

Source Absorber Sample Absorber D e te c to r  

r— v*—t
•

f

Effect  of Presence of 
7 .0 2 c m (3 injof stainless steel

G00% 0 0 R GEOMETRY

• Ca lc u l a t i o n s performed for
SOURCE ENERGIES OF 10, 20, 
AND 30 fteV AND FOR 50 AND 
100 g/cit op UO2.

• Dete ct or signal (d o s e) 
down by a factor of 5 to
7 WHEN STAINLESS STEEL 
PRESENT,

•Prev io us predictions still

VALID FOR THE FOLLOWING:
•signal-to-background = 3:2 
•SOURCE-TO-IMAPE = 3,5 M 

(STF Class I )
•Na I FLUOR RATHER THAN NE316 
These more than compensate
FOR STAINLESS STEEL,

•More d ef in it i ve source

REQUIREMENTS WILL BE BASED 
UPON NP.C EXPERIMENTAL 
PROGRAM WHICH IS BEING 
DEFINED.

/ ^  high energy 
f lusnce

•In "g o o d" g eo me tr y tra nsmitted
PHOTONS FALL IN 2 to l\ Pe'̂  RANGE,
Increasing E increases number of
PHOTONS IN THIS RANGE, SCATTERED 
PHOTONS CAN BE EASILY FILTERED 
OUT,

•In "poor" GEOMETRY SCATTERED 
PHOTONS CAN BE LARGE PART OF  

SIGNAL, î AY CONTAIN INFORMATION 
OR MAY NOT.

•H igh ENERGY FLUENCE INCREASES 
AS Em, WHEREAS FLUENCE IN 2 TO 4
MeV range increases as Em,

•Optimum E« may exist in the range 
ABOUT 10 HeV,



View Graph 4

RESOLUTION-GEOMETRY DEPENDENCE

Source Absorber Sample  Absorber Defector

Some experiments performed on REBA (~ 2  MeV) 
and Cf252 Source Mission v*)  but insufficient data 
at this time to reach supportable conclusion. Data 
does indicate that effect may be more complex than 
at first anticipated (i.e ., dependent upon void size).

Measurements are planned at end point energies 
of 4, 10, and 20 MeV to investigate possible energy 
dependence of this phenomenon and to identify an 
optimum energy should one exist.



V iew Graph 5

Source Absorber  Sample Absorber Defector

f a _____ ____ r ln  it i — v t —

Coded Aperture

Feasibility of Coded Aperture Technique has been demonstrated
ON HERr’iFS II WITH HIGH SPATIAL RESOLUTION

Areal Density (m a s s) Resolution Capabilities have not as yet

BEEN EVALUATED

Can be used with b ro ad area beam which may be required for high 
power density experiments

Coded convertor a p p r o a c h  m a y  yield superior modulation t o  a n d

POSSESS a WIDER FIELD OF V?SW THAN THAT OF THE APERTURED broad
area s o u r c e, These two approaches are presently being c o m p a r e d-



VIEWGRAPH 6

DETECTOR SYSTEM

SciNTIL-ATOR MUST BE FAST, OF HIGH SENSITIVITY, AVAILABLE 
IN LARGE SIZE AT MODERATE COST— LIKELY N a I .

Optical image intensifier must be rateable and have high 
GAIN— LIKELY CEMA.

Framing camera capable of recording a t a 10^/sec frame r a t e ,

The development of this detector system will follow closely 
that of the fuel motion detection system for the ACPR Upgrade,



View Graph 7

PERFORMANCE ESTIMATES

Assumed active detector system dose uncertainty 
of ±(0.05D+ 0.025)

Improvement by a factor of about five should be 
possible but at a substantial increase in cost

Commonly accepted that film performance should 
be the best that an active system is capable of.

SOURCE TYPE

TEST A S S E M B L Y LINAC* INAC 11A

#  pins P* max.9/cm
20 MeV, .25A 
5 psec,IOpps

25MeV,30A
Ip8,l0*pps

lOMeV, 250A 
lps.10* pps

1

7

37

127

271

1027

5*8

17.5

41

76

NO

•

-1.3

— 1.6

-3.8
!".2r]

± U

±1.2

±2.1

±6.0 
(O-1')

±0.97

±1.0

±1.5

± 3
± 1 0  
(.05 r)

*) Depending upon background higher current and 
shorter pulse durations might be required

t ) For sufficiently low background it might be possible 
to decrease current and lengthen pulse duration



VIEWfiRAPH 8

LINEAR MASS (AREAL DENSITY) RESOLUTION

• Linear Mass (p t ) Resolution Limit

This corresponds to the situation where the m ea su re d
DOSE DIFFERENCE EQUALS THE UNCERTAINTY IN MAKING THESE 
DOSE MEASUREMENTS; I.E., WHEN = Pi “ D o J=/D AND,
IN THIS CASE, = yJJdd AND = oD " V ? d  D, THE
UNCERTAINTY IS GREATER THAN THE SIGNAL.

D
Resolution limit is reached when 

4 0 - < 5 D

Position



V iew Graph 9

o
Reso lution Limit of 8 gm/c mS  i .e .,

PRECISION UNCERTAINTY EXCEEDS THIS!

Background Do s e, rads

10 10-3 10 -2 10-1

200

127 pin bundle viewed on apex (76 g/cm^) 
25 MeV e-beam of 1 ( i s pulse width

8 G/CM^-MASS REi'JVAL

100

10

+  ( . 0 5 D + . 0 2  5 )

50 -

0 

102 10- 10* 105

+( . 002+.00L) 
(no screen)

10c 107

Peak Power De n s i t y, w /g



View Graph 10

200 '100 COO 800

Beam Cu r r e n t, Amps



SYSTEM COMPARISON 

127 Pin Bundle Test at 10̂  watt/g for STF

View Graph II

SLA Studies -

Scaling previous results yields operating conditions 

of 25 MeV, I0A, and 2 //sec 

with a signal-to-background ratio of about 1:2. 

with this magnitude background should realize 

a practical resolution of 1 pin out of 8 or 9.

LASL Studies -

Have observed central pin void in 127 pin bundle 

which is consistent with above estimate. LINAC 

suitable for 127 pin bundle studies should operate at

30 MeV, 2A, and 2 vsec.

Estimated cost of slightly greater than 3 M$.

Good agreement in performance characteristics in light 

of different energies and rather subjective nature of 

assumed detector system sensitivities and performance.



View Graph 12

X-RAY .CINEMATOGRAPHY FOR 
MATERIAL MOTION DETECTION

OBJECTIVES
Evaluate Feasibility of X-ray Cinematography for 

Material Motion Detection 

Evaluate Hardware and Associated Techniques for Use 

in a System of This Type 

Determine Quantitative Performance Limitations of This 

Type of System

APPROACH

Evaluate Resolution Degradation Resulting from Photon 

Scattering and/or Buildup 

Compare Conventional Radiography and Coded Source

Radiography Techniques for High Intensity Applications 

Evaluate Active Detector System Components 

Based Upon Above Results Identify Required Bremsstrahlung 

Source Operating Characteristics


