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Possibility to use quasimonochromatic X-ray beam of parametric X-ray radiation (PXR) in the X-ray locator for control
and location of heavy elements is considered. The locator should operate with a tunable quasimonochromatic polarized
X-ray beam in the energy range up to about 130 keV to cover all atomic energies of heavy elements. The effect of PXR
from relativistic electrons moving through a crystal will be used in the X-ray generator of a quasimonochromatic,
polarized, tunable X-ray beam. Therefore, the locator is based on a linear electron accelerator that provides the electron
beam with energy of about several tens of MeV. The response signal of characteristic K-lines of X-ray radiation from
the object under inspection is registered by spectrometric X-ray detector. The locator is able to detect of heavy elements
at a tentative distance up to about several meters for several minutes.

PACS: 95.55.Ka; 41.50+h; 41.60-m

1. INTRODUCTION

There are three basic hazards from nuclear materials:
1) as weapons, 2) as biological poisoning matter and 3) as
radiation source. Some of high-Z materials can be turned
into weapon: plutonium, 235U, 233U. Such weapon even
roughly manufactured and inefficiently detonating, can
result in to powerful enough explosion (ton of an
equivalent TNT), and in addition can diffuse many highly
radioactive nuclear materials. The sprayed plutonium is
highly radiotoxic matter with a half-life period of 24
thousand years resulting in illnesses or death of the
people.

Thefts of nuclear materials are possible practically on
the most of the nuclear cycle stages. The problem of strife
with this phenomenon includes both organizational
measures, and technical. The general problems of safety
of a nuclear cycle surveyed in the reports [1,2].

The present report deals with the method of locating
heavy elements through the use of the spectrometry of
characteristic radiation excited by an external
quasimonochromatic X-ray beam. The idea of an X-ray
locator based on the parametric X-ray radiation (PXR)
was first put forward in refs. [3, 4]. Experiments on
detection of heavy eclements with the use of a
monochromatic X-ray beam have been described in ref.
[5]. By this method, the object is irradiated with a photon
flux of energy somewhat higher than the absorption K-
edge in nuclear materials. The absorption K-edge for Pu
is 121.8 keV. Therefore, the photon beam energy must
exceed this value. The secondary fluorescent radiation
spectrum will consist of characteristic lines of elements
entering into the composition of the object under
inspection. These spectra are well known and
investigated. Applying the detecting apparatus with a
sufficiently high energy resolution, one can determine the
elemental composition of the object. The spectral K-lines
from nuclear materials have the energies about 90 - 121
keV. Therefore, they will be better seen due to lower
absorption in surrounding materials. In case of intentional
protection, the spectra of secondary radiation will exhibit
the characteristic lines of lead (or tungsten and other
possible heavy elements), and this may be indirect
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evidence for the presence of nuclear materials and for the
necessity of additional inspection.

2. THE GENERATOR OF PRIMARY X-RAY

BEAM
The X-ray radiation source used in the proposed
method of heavy element location must be

monochromatic (or quasimonochromatic) and tunable in
the quantum energy ranging from a few tens of keV to
about 130 keV. For this purpose, a generator of X-ray
radiation, based on the PXR effect [6], is proposed. The
general scheme of heavy element location for the case
under consideration is shown in Fig. 1. The relativistic
electron beam from the linear accelerator, passing through
the crystal-radiator (Si, Ge or diamond), generates the
parametric X-ray radiation. The angular distribution of
the PXR yield is characterized by a sharp directionality
(PXR reflection) in the vicinity of the Bragg direction.
The energy distribution and the average energy of X-ray
quanta in the PXR reflection, generated from a certain set
of parallel crystallographic planes of the crystal, are
determined by the angle between the electron beam
direction and the chosen crystallographic plane.

PXR reflection
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Characteristic X-ray
Detector

Fig. 1. General scheme of the monochromatic X-ray
locator using the PXR effect. The electron beam from a
linac excites PXR in a crystal. Quasi-monochromatic X-
ray beam of PXR excites characteristic X-ray radiation in
the target (object under inspection). The characteristic X-
ray radiation of the target can be registered be a
spectrometric detector
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The primary X-ray beam (PXR reflection) is directed at
the object to be inspected and excites there the secondary
characteristic X-ray radiation, which is then registered by
the detecting system.

We have performed detailed calculations of PXR-
generator characteristics for different electron-beam
energies, various types of crystals and crystallographic
planes [7]. The optimum crystal-radiator thickness was
chosen with due regard for the influence of multiple
electron scattering. In particular, it has been shown that if
the electron beam energy is 120 MeV, then the 90 pum
thick  germanium  crystal ~with the  working
crystallographic plane (220) will be the optimum choice
of the crystal-radiator. In this case, the maximum
differential yield of X-ray radiation with a spectral line
energy of 135 + 13 keV will be 0.004 quanta/(e’[sr); that
will make 2.500" quanta/sr per second at an electron
beam current of 100 HA.

Note that the generator based on the coherent
bremsstrahlung (CB) effect may also be a promising
source of quasimonochromatic and energy-tunable X-ray
radiation. In this case, the general scheme of location is
the same as in Fig. 1., except for a change in the X-ray
beam direction along the electron beam. Our preliminary
estimations show that the use of CR may permit an
increase in the primary X-ray beam intensity at an
electron beam energy of ~15 to 30 MeV. However, CR is
not so monochromatic in comparison to the PXR.

3. THE RESPONSE SIGNAL FROM THE
OBJECT UNDER INSPECTION

The general formula to calculate the intensity of a
single detector-registered spectral line of a certain
element inspected is written as

Ny = Cip Lao; Lpy; Ly Gﬁem[—(#g + Ky )paL %
[1-expl- e+, ) ov, P m

where N;; is the number of characteristic radiation quanta
(for the j-th spectral line of the i-th element to be
identified) registered by the detector in /s, C; is the
concentration of the i-th element in the sample, d is the
sample thickness, p is the density of the sample, p“ is
the air density, Gk;is the fluorescence yield for the K-
levels, Py is the statistical weight of the spectral line, 7x;
is the relative portion of photons absorbed by the K-shell,
Hpgi is the partial coefficient of absorption (relative to
the photoeffect) of the primary radiation of energy E, H;

is the mass coefficient of characteristic radiation

absorption in the sample, ,U; is the mass coefficient of
characteristic radiation attenuation in air, Mg is the mass
coefficient of primary radiation (energy E) absorption in
the sample, py is the mass coefficient of primary

radiation attenuation in air, L is the distance from the
sample inspected to the detector (and to the X-ray
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source), S, is the scanned area of the sample inspected,
S, 1is the area of the detector, £; is the efficiency of

characteristic radiation registration by the detector, Yz is
the differential yield of primary photons having the
energy E.

If the primary beam is not monochromatic, then
expression (1) should be integrated over the photon
energy. For  thick specimens, the factor
‘1 ‘expl‘(/—lE + /JU)Pd“ tends to 1, and the object
thickness may be neglected in calculations. For heavy
elements, this approximation holds if the sample thickness
exceeds several millimeters, because in this case the e-
fold absorption length of the X-rays with energy ~130
keV does not exceed 1 mm (e.g., 0.14 mm for Pu, 0.15
mm for U, 0.37 mm for Bi, for monoelement samples).

Fig. 2 shows the calculated response signal values
versus the distance from the locator (radiation source and
detector) to the object under inspection. In the
calculations, the U target irradiated area was assumed 1
cm?, and depth no less then 0.15 mm. Also, it is assumed
that the object is irradiated with a primary beam of 135 +

13 keV X-ray quanta with the differential yield Yg = 2.50
10" quanta/sr per second. The area of the detector is 100
cm?. Note that approximately the same response signal
values will be observed from other heavy elements, e.g.,
Pu, Th, Ta, W, Pb, Bi, but with different spectral line
energies of the characteristic radiation. Therefore, figures
for these elements are similar to one shown in Fig. 2.
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Fig. 2. The number of characteristic radiation quanta
(the sum of secondary radiations from all K-series
spectral lines) arriving in 1 sec at the 100 cm’ detector
versus the distance of the locator to the object under
inspection. The target irradiated area is 1 cm’

Assuming that for the reliable assessment of the
presence of the element inspected in the sample it is
sufficient to register ~50 counts in the detector, and the
inspection time should not exceed, for example, 5
minutes, we obtain the detection range for unprotected



uranium sample (with irradiated area 1 ¢cm?) to be about
23 m (or 30 m in outer space).

Registration of a response signal may be performed,
for example, by assembly of CdTe semiconductor
spectrometric detectors of thickness about 4 mm at one
platform. To reduce the influence of background
conditions on the measurement results, active + passive
protection, as well as a collimator system must be used.
Besides, a hard X-ray telescope similar to one used for
research in outer space may be applied for registration of
response signal. Calibration of such telescope may be
performed by the PXR source [8].

4. CONCLUSION

The present estimates of the response signal from the
object under inspection demonstrate that the locator,
based on the PXR effect, permits the location of heavy
elements, including nuclear materials at distances up to 23
m in air and up to 30 m in outer space (at a given
inspection time of no more than 5 minutes and visible
dimensions of the irradiated part of the sample surface ~1
cm?). The detection range and the inspection time mainly
depend on both the intensity of the primary X-ray source
and the working area of the detecting system. The X-ray
generator based on the coherent bremsstrahlung effect
may also be a promising source of X-ray beam, but detail
investigations are necessary to study this possibility. An
increase up to 1 m? in the area of the detector that detects
the secondary X-ray radiation will enable a 3-fold
increase in the detection range (outer space) or a decrease
in the location time.

The locator may be used at airports, railways,
seaports, etc. for search of materials, that consists of
heavy elements, to prevent terrorist’s activities, and also,
in science and technologies for remote nondestructive
control of different objects. The PXR source may be
beneficial for the development of heavy element
tomography similar to the technique described in ref. [5].
Furthermore, the locator may be launched into space and
used for search of heavy elements on asteroids and other
bodies. In this case, a hard X-ray locator may be used as a
detector.

This paper became possible partially due to Grant
1030 from Science and Technology Center in Ukraine.
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KBASUMOHOXPOMATHYHbBINA MYYOK HAPAMETPUYECKOI'O PEHTTEHOBCKOI'O U3J1YUYEHUSA
JIJISI KOHTPOJIA 3A TSOKEJIBIMA DJEMEHTAMHU

A.B. Hlazun, B.M. Canun, B.B. Comnuxos, B.A. Boponxo, A.M. Ezopos

PaccMmoTpeHa BO3MOKHOCTh MCIIOIB30BAaHUSI KBA3UMOHOXPOMAaTUYHOI'O peHTreHoBckoro nyuka [IPU B peHTreHOBCKOM
JIOKAaTOpe JJIsl KOHTPOJIS M OOHapy>KeHUs! TKEIBIX 3JIeMEHTOB. JIOKaTOp OCHOBBIBACTCS HA JIMHEHHOM YCKOpHTEIE
JJIEKTPOHOB C DJHEpPrHed TMOpsJKka HECKONBKHX JecaTkoB M»dB. Curnanm oTknmka xapakTepuctudeckux K-nmuHuit
PEHTTEHOBCKOTO H3JIy4eHHUs OT 00BEKTa MHCIHEKIUH PErHCTPUPYETCS C MOMOIIBIO CIIEKTPOMETPUYECKOro AETEKTOpaA.
Jlokarop crocoOeH oOHapyKMBaTh TSOKEIBIE DJIEMEHTHI Ha PACCTOSHUM HECKOJIBKUX METPOB B TEUEHUHM HECKOJIBKHX
MUHYT.

KBA3IMOHOXPOMATHYHHM MTYYOK TAPAMETPUYHOI'O PEHTTEHIBCHKOI'O
BUITPOMIHIOBAHHS J1JIs1 KOHTPOJIIO 3A BA’KKUMUA EJIEMEHTAMU

A.B. llacun, B.M. Canun, B.B. Comnukos, B.O. Bopouko, O.M. €z20pos
Po3riisiHyTO MOXKJIMBICTH BUKOPHCTaHHS KBa3IMOHOXPOMATHYHOTO PEHTreHiBchkoro myudka [IPB B peHTreHiBchbkoMy

JIOKATOpi JJIsl KOHTPOJIO 1 BUSIBJICHHS BaKKHMX elleMeHTIB. JIokaTtop IpyHTYETbCs Ha JIHIHHOMY IPHCKOpIOBaui
EIEKTPOHIB 3 EHEepri€l0 MOpSAAKY JAeKiIbKoX necsatkiB MeB. Curmanm Biaryky xapakrepuctugHux K-miHii
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http://plutonium-erl.actx.edu/cgi-bin/pdf.cgi?a01103a
http://plutonium-erl.actx.edu/security.html

PCHTTCHIBCHKOTO BHUIIPOMIHIOBAHHS BiA 00'€kTa I1HCHEKII pPEECTPYETHCS 3a JIOMOMOIOI0 CIEKTPOMETPHYHOIO
nerexTopa. JIokaTop 3AaTHUIN BUSBIIATH BaXKKi €JIEMEHTH Ha BiZICTaHI AEKUIBKOX METPIB MPOTIrOM JIEKIIbKOX XBUIIUH.
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