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Fast neutron radiography (FNR) and resonance neutron radiography (RNR) are complementary to the
conventional radiography with high energy gamma-rays or brems-strahlung radiation used for the inspection of
thick metal objects. In both non-destructive methods, the contrast sensitivity and the penetration power can be
improved by using higher energy neutrons. At present direct techniques based either on Solid State Nuclear
Track detectors (SSNTDs) or scintillating screens and transfer techniques using activation threshold detectors
and radiographic films are applied for the detection of fast neutron images. Rather low detection sensitivity of
film and SSNTD based fast neutron imaging methods and also rather poor inherent image contrast of SSNTD
pose a problem for FNR in the fast neutron energy region 1-15 MeV interesting for NDT. For more efficient
detection of fast neutron images the use of novel highly sensitive photoluminescent imaging plates (IP) in
combination with threshold activation detectors as converter screens in transfer imaging technique was proposed
by authors and tested at the KFKI research reactor. The conventional IP produced by FUJI Photo Film Co. for
the detection of beta and X-ray radiation were used. The threshold activation detectors were the reactions
"5In(in, r)5mliw, 64Zn(nip) 64Cu, 56Fe(np)5 6Mn, 24Mg(nrp)24Na and "Al(n.X) 24Na. These threshold reactions
cover the fast neutron energy region between 0.7 MeV and 12 MeV. Pure, commercially available metals 0.1
mm to 0.25 mm thick made of In, Zn, Fe, Mg and Al were used as converter screens. The very high sensitivity of
IP , the linearity of their response over 5 decades of exposure dose and the igh dynamic digitalisation latitude
enabled fast neutron radiography of image quality comparable to the quality of thermal NR. In our experimental
conditions (4nt 108 n/cm s, RCd % 2) the neutron exposure and IP exposure periods were still practical and
comparable to the half life of the corresponding reaction products (half an hour to several hours). Even with the
27Al(n.ct)24Na reaction having a 23 WU fission spectrum avaraged cross-section of 0.65 mb useful fast neutron
images were obtained. These preliminary experiments clearly demonstrated the useful imaging properties of IP
in transfer fast neutron radiography with threshold activation detectors. On the basis of this new fast neutron
imaging technique and using an appropriate set of threshold activation converter screens FNR in energy window
between the 0.1 MeV to 20 MeV could be conceived.

1. Introduction

Radiography with thermal neutrons in the energy range of 0.01 eV to 0.3 eV is a well
established non-destructive method [1]. Neutrons of epithermal energies (0.3 eV to 10 keV)
and fast neutrons ( 10 keV to 20 MeV) are used for neutron radiographic examinations in
much smaller extent. However, the use of fast and epithermal neutrons for neutron
radiography is becoming increasingly attractive. The reasons for the increasing interest for
fast neutron radiography (FNR) and epithermal neutron radiography (ENR) are:
* Neutrons of higher energies, in particular 14 MeV neutrons can penetrate thick layers of

bulk materials (more than 10 cm), offering the possibility to inspect larger objects [2-5].
* The radiographic contrasts obtained by FNR are similar and comparable to those obtained

with high energy X- and gamma-ray radiography and in general are smaller than with

* Retired from JSI
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thermal neutron radiography. Poorer discrimination is offset by broader contrast latitude
and low atomic number materials can simultaneously be observed with heavier metals
[4]. However, the neutrons at the lower portion of fast neutron region (< I MeV) can
offer radiographic contrast different from either X-ray or thermal neutron radiography [2].

* Availability of mobile or even portable radioactive and modern accelerator based fast
neutron sources [6-8] in addition to many research reactor based NR facilities, enables
industrial applications of FNR.

The increased interest for FNR is promoting also the search for more efficient fast neutron
image detectors. For the detection of fast neutron images direct techniques based either on
SSNTDs [9] or scintillating screens and transfer techniques based on activation detectors and
radiographic films are in use [1-3]. Rather low detection sensitivity of the film as well as of
SSNTD based fast neutron imaging methods and also rather poor inherent image contrast of
SSNTD pose a problem for the fast neutron radiography in the for the NDT interesting
energy region 1-15 MeV. For more efficient detection of fast neutrons the use of novel highly
sensitive photo-luminescent imaging plates (IP) in combination with threshold activation
detectors as converter screens in transfer imaging technique were proposed by the authors
[10].
In addition to its inherent insensitivity against y-ray background the FNR using transfer
technique with threshold activation detectors has several useful properties:
* The threshold detectors are not sensitive for neutrons below the threshold energy of

relevant nuclear reaction and hence are not sensitive for scattered neutrons moderated
below threshold energy.

* Each threshold reaction has his own characteristic energy window of sensitivity, inside
which the neutrons contribute most to the activation of the detector. This energy window
depends on energy dependent reaction cross-section and neutron spectrum. The neutron
absorption and scattering effects in the investigated objects can significantly distort the
initial fast neutron spectrum and the sensitivity regions depend on the material
composition and dimensions of the object.

* In a single neutron exposure a set of foils of different threshold activation detectors can
be irradiated providing simultaneous fast neutron radiographs through different "energy
windows". Simultaneously the thermal and epithermal neutrons, which are present in the
neutron beam in particular when the fast neutron beams of a research reactor are used, are
inducing thermal and resonance neutron absorption reactions in the converter material.
This can be sometimes of an advantage, however often the unwanted 'parasitic' activities
have to be suppresses by filtering out the thermal neutrons using Cd shields and/or by
selecting appropriate time of neutron irradiation, waiting time before exposing the image
detector and the exposure time.

The reaction cross-sections of threshold detectors are in a millibarn region and orders of
magnitude smaller then the activation cross-sections of conventional converter materials for
thermal neutron radiography. A problem encountered in FNR using radiographic films as
image recorders is an adequate fast neutron beam intensity to produce quality fast neutron
image. According to Berger for FNR using 14.5 MeV neutrons in a single screen transfer
technique with common threshold detectors (reactions in Cu and Al) and radiographic films
the required fast neutron flux to achieve moderate film density 1.5 at still practical exposure
conditions (30 min irradiation time, waiting time 2 min and 'overnight' film exposure) should
be at least of about 2. 107 n/cm2 S [3]. The use of novel IPs instead of radiographic films
would offer several benefits. Compared to radiographic films the IPs have advantages as high

718 International Conference Nuclear Energy in Central Europe '99



Neutron Imaging Methods to Detect Defects in Materials

sensitivity of 102_103 times that of radiographic films, high dynamic range in exposure dose
(more than 6 orders of magnitude), high intrinsic spatial resolution, large area and negligible
spatial distortion, reusability and digital output [11]. In exposure boxes well shielded against
natural background the surface distributions of 14C and 40K radionuclides of few 0.01
Bq/cm2 can be detected by autoradiography using IP as reported by Mori et al. [12].

In this contribution we report on the measurements of the response of various available types
of IP to the /ly/) radiation induced in selected threshold activation detector materials by fast
neutron irradiation in the dry cell irradiation facility of the Ljubljana TRIGA Mark II research
reactor. The use of IP in FNR was successfully tested in rather limited number of experiments
at the KFKI research reactor [13]. The use of IP in FNR with threshold activation converter
screens is discussed.

2. Experimental

2.1 Threshold activation detectors in transfer technique of FNR
The threshold detectors are based on endotherm nuclear reactions induced by fast neutrons in
a suitable materials. They are widely used in reactor physics experiments for fast neutron
spectroscopy and many of them have been used also as converter screens in transfer technique
of FNR [1-3]. Some selected threshold activation detectors, common in FNR and used in our
experiments are quoted in Table 1. Their nuclear characteristics as threshold energy, their
sensitivity energy region and spectrum averaged cross-sections in 235U fission neutron
spectrum and the cross-section values at 14 MeV are presented here. The detectors chosen are
the same as used previously for measurements of fast neutron spectra in Ljubljana TRIGA
Mark II 'dry cell' irradiation facility [14]. The selected threshold detectors cover the fast
neutron energy region from above 0.3 MeV to 14 MeV. The half-lives of the reaction
products range from few minutes to several hours and are suitable for transfer exposure
technique. The converter screen materials are pure (0.999) metals and readily available in a
form of large area thin sheets or foils. They are of natural isotopic composition and hence
during the irradiation with thermal, resonance and fast neutrons significant activities other
then targeted activity are induced. For the measurements of the response of IP foils (0 5 cm)
of Al, Mg, Zn, Fe and In were used, the same, as for the measurements in fast neutron
spectroscopy [14]. The converter screens for FNR were 10 X 10 cm2 foils (0.1 mm thick) of
pure (0.999) Al, Zn and Rh and larger 20 X 20 cm2 screens (0.25 mm thick) of technically
pure Al, Fe and Cu.

2.2 Fast neutron irradiation facilities
To measure the response of IP the threshold detector foils were irradiated in the 'dry cell' of
the Ljubljana TRIGA Mark II reactor in a "broad beam" geometry, since there is no
collimator installed in this facility. The irradiation position was 20 cm from the front end of
the 60 X 60 cm2 graphite thermalizing column using the existing irradiation rig for the
irradiation of the medical samples within BNCT experiments. The integral fast neutron flux
above 0.1 MeV was 1.93 107 n/cm2s, measured by a set threshold detectors. Thermal neutron
flux and Cd ratio (RCd) were 4.9 107 n/cm2s and 34 respectively, measured by Au foils (0.05
mm).
Few trial experiments in FNR were performed in the NR facility of the radial beam port No. 1
of the KFKI research reactor in Budapest [15]. The neutron beam is well collimated (L/D
=170) and with a high content of epithermal neutrons. Here the total thermal flux was 1.0
108 n/cm2 s, Rcd= 8. Fast neutron spectrum was not measured.
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2.3 Imaging Plate Detection System
The imaging system used consists of imaging plates, FUJI BAS 1500 laser scanner and
Raytest UV IP eraser. The imaging plates were FUJI Photo Film BAS IIIS for imaging X/y/j3
radiation and suitable for X-ray radiography and transfer NR, neutron sensitive IP-ND for
direct thermal neutron imaging and IP type TR for imaging of soft X-rays and P radiation
(e.g. for autoradiography of tritium). The IP consist of a plastic support plate covered with
0.13 mm (0.05 mm in case of IP-TR) thick layer of crystals of photostimulable storage
phosphor BaFBr:Eu2 + combined in a plastic binder and covered by a thin layer (0.02 mm) of
plastic protective cover. With IP of TR type the phosphor layer is intended for the
registration of 3H soft P radiation and is hence unprotected and susceptible for surface
damage and wetting. In case of IP-ND the storage phosphor is mixed with gadollinium
oxide (50 %). The BAS 1500 He-Ne laser (632.8 nm) scanner has a pixel size 0.1 X 0.1

2mm, scanning speed 14 ps/pixel and 12 bit digitalisation (4096 grey levels). The inherent
resolution of the system is lower than the pixel size, only about 0.2 mm (with advanced
scanners - 40 pm).
The digital images are handled, processed and analysed by a personal computer and printed
by Epson Stylus Photo printer. The image handling, processing and analysing software is
TINA 2.0 supplied by Raytest (Germany) and Photoshop ADOBE 3.0.

2.4 Measurements of the IP response to the radiation induced in threshold detectors
To measure the response of imaging plates to the /i3ly radiation induced by neutrons a set of
foils (0 5 cm), same as used for fast neutron spectroscopy, was irradiated in the neutron field
of the 'dry cell' irradiation facility. Set of foils was irradiated in Cd pot (1 mm thick) to filter
out thermal neutrons. Three different sets of foils have been prepared: (Al, Mg and Zn), (In,
Fe) and (In, Al). The present experiments did not include Rh and Cu foils. Of each detector at
least 2 foils were irradiated to allow simultaneous determination of the specific saturated
activity of the relevant reaction product by calibrated Ge gamma-ray spectrometer. To
monitor the variations in the reactor power and to measure the thermal neutron flux bare and
Cd covered Au (0.05 mm) and diluted 0.1% Au-Al wires were irradiated together with the set
of detector foils. The irradiation time was chosen to be approximately of the same magnitude
as the half-life (T1,2 ) of the threshold reactions in the set (15 h, 3 h and 0.3 h). The waiting
periods before the exposure of the IP with the irradiated foils was long enough to allow decay
of short living parasitic or unwanted activities. The exposure dose of the IP was controlled by
varying the exposure time. With each irradiation 2-3 exposures of different duration and
waiting period were performed. Each group of IP exposures was performed in exactly the
same experimental conditions and with well known exposure dose (decays/cm2). All
exposures of IP were performed in a light-tight Al exposure cassette, without any
intensifying screens. With each set of foils two different IP were exposed simultaneously in a
cassette. In these experiments it was assumed that the fast neutron attenuation in thin detector
foils is negligible. After the exposure and after waiting period of -10 min the IP were scanned
for read-out. Scanned neutron radiographs of detector were analysed to extract an average
photoluminescent signal (PSL events/mm2) over a large area of detector foil image. From this
value the average background (PSL events/mm2 ) signal was subtracted. The result was
correlated to the exposure dose of the radiation (decays/mm2 emitted in 27r geometry)
computed from the measured value of the relevant specific saturated activity taking into
account the time corrections factors due to the irradiation time, waiting and exposure time.
Due to the small mass thickness of the foils (Al, Zn, Mg) and rather high energy of emitted
radiation corrections for self-absorption of the /l'ly radiation in the foils were not taken into
account.
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2.5 Fast neutron radiography
Few trial experiments in FNR at the NR facility in the radial beam channel No.1 of the
Budapest KFKI reactor were performed. The neutron beam was filtered by Cd plate at the
outlet of the beam. The converter screens of Al, Zn, Fe, Cu and In were usually packed
together in pairs and covered by Cd cover from both sides. Irradiations were performed
'overnight' and irradiation times were typically 15-17 hours. Waiting period before retrieval of
the irradiated screens was about 1 hour to get rid of the short-living unwanted activities in the
detector screens. In case of the 115In(n,n') I5mIn detector the waiting period was greater than
15 hours in order to suppress the 54 min activity of l16mIn to the level much lower than the
activity of the 15mIn. Therefore two exposures were made. The first exposure after few hours
of waiting (cooling!) time and of about few minutes in duration produced neutron image due
to the resonance neutrons at 1.46 eV and second exposure after 15-16 hours with IP exposure
overnight produced fast neutron image. In the case if the neutron beam has a strong
component of epithermal neutrons the choice of In as fast neutron converter for FNR might
not be the best solution. Since at KFKI there was no IP scanner available, the exposed IP were
transferred to US and read out with a delay of 24 hours!

3. Results and discussion

3.1 IP response functions of some threshold activation converters
The response functions PSL signal/cm vs. the exposure dose/surface area (in decays/cm 2 )
of the 24Na radiation due to the reactions 27Al(na)24 Na and 24Mg(n, p)24 Na are in a log-log
scale are presented for the 3 selected types of FUJI Photo Film IP in Fig. 1. The linearity of
the response curves extends over almost 3 decades. The response of the BAS IIIS type IP is
the highest. Somewhat smaller is then the response of neutron sensitive IP type ND,
apparently due to the admixture of insensitive gadollinium oxide. Almost an order of
magnitude less sensitive are IP designed for the detection of tritium radiation, since their
active layer of storage phosphor is much thinner than with the other two types of IP. In case
of the 64Zn(n, p) 64Cu reaction the response curve is no more linear and the response depends
on the waiting time and exposure time. At prolonged waiting times the response is
significantly lower. In addition to the 64Cu nuclide, which is also a ,3+ emitter there is a strong
contribution of 69mZn (13.8 h) and of more short living Zn (55 mm) if radiation with higher
registration efficiency in the phosphor and which are induced due to the resonance neutrons.
In case of performing FNR in the presence of strong contribution of resonance neutrons the
contribution of resonance neutrons to the fast neutron image has to be considered. From the
above measured values of the IP response to the selected threshold activation detectors it is
easy to estimate the required fast neutron flux to obtain a target value of the PSL signal at
prescribed irradiation, waiting and exposure time and for a threshold converter screen of a
given mass thickness. In case of the Al screens used in our experiments and for PSL signal at
10 PSL events/cm2 and for practical irradiation and exposure time of T12 the required flux of
fission neutrons is below 1. 107 n/cm2s.

3.2 Example of FNR using transfer technique and IP
As an example of FNR a fast neutron image of a pneumatic consumption meter is presented in
Fig. 2. Detection system was 2 7 Al(n,)24Na threshold detector (Al 0.25 mm thick) and
sensitive IP BAS IIIS. The object is composed of two parts with very different composition
and different thermal neutron attenuation properties. The upper part is relatively hollow cavity
with pistons encased in an Al casing. The lower part contains dented stainless steel wheels
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encased in steel casing and is relatively opaque for thermal neutrons. The FNR image has
broad latitude in contrast and both dense and hollow Al parts can be observed, including few
mm thick Al casing. In TNR the upper part was overexposed and Al casing could be barely
detected even by contrast enhancement, enabled by this IP based digital neutron radiography.
The FNR could not reveal oil soaked debris in the upper left corner, which was clearly
observed in TNR. The TNR was of better image quality and with better image discernment.
The overall exposure of FNR is not optimal and could be still improved. Detectors with
higher activation cross-section than Al (0.685 mb), as Mg, Fe or Rh could also improve the
image quality, as verified in our work. The FNR enables better visualisation of much denser
lower part made of steel.

4. Conclusions

1. Response of 3 different types of IP has been measured for a set of selected threshold
activation detectors of interest for transfer technique of FNR.

2. Threshold detectors in combination with IP enable to produce high quality images in FNR
at fission neutron flux levels below 1. 107 n/cm2 sec.

3. Using a suitable set of threshold detectors and IP it is possible in a single neutron
irradiation to obtain neutron radiographic images at several energy windows, ranging from
epithermal to fast neutron energies.

4. The transfer technique with threshold activation detectors and using IP can greatly
enhance practical applications of FNR.
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Table 1. Characteristics for some threshold activation detectors for FNR.
Data compiled from ref. [16], 14 MeV cross-sections are taken
from JEF-PC[17]

Reaction Ener. range of
Reaction threshold 80% response'

[MeV] E1lp. - Eo% Half-Life <uf>235 0.14
[MeV] [mb] [mb]

0 3Rh(nri')flO 3m) < 0.1 0.72 - 5.8 56.1 min 699 45

--- min~,n' 110.3 1.1 - 5.9 4.486 h 177 -

Zn(n,p) Cu 1.3 2.6 - 7.5 12.71 h 35.1 193
Al(n~p) Mg 2.6 3.7 - 8.5 9.46 min 4.10 87
Fe(n,p) Mn 4.5 5.8 - 10.2 2.577 h 0.989 118

27Al(n,) 24Na 5.2 6.8 - 11.1 14.959 h 0.685 124.7
24Mg(n~) 2~4 Na 6.0 7.6 - 10.6 14.959 h 1.44 -

-,,C-u(n,2n) Cii 10.0 11. - 17 12.71 h 0.292 93
Cu(n,2n) Cu 11.1 12. - 18 9.74 min 0.075 470

Definitions:

+ 100-x = I dE o-(E) Ofiss(E) | J dE oy(E) fi.(E),
Ex 0

<0>23 5 = 235U fission spectrum averaged cross-section: dE o(E) fi.ssJ E) / dEj r,(E)
0 0

-T4 = reaction cross-section at 14 MeV
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Fig. 1 Measured response of IP as PSL signal/cm2 vs. exposure dose of 24Na ,/y
radiation produced in threshold reactions 27Al(n, () 24Na and 24Mg(np)24 Na.
IPs: FUJI type BAS III S, neutron sensitive type ND and type TR for 3H
autoradiography. Integral fast neutron flux (above 0.1 MeV): 1.93 107 n/cm2s.

Fig. 2 FNR of pneumatic consumption meter, 27A1 (n,a) 24Na detector (0,25 mm A1 foil)
under Cd, KFKI reactor, neutron exposure 1 9h 10 min, waiting period 3 h 35 min. IP exposure 8 h
15min.
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