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=Abstract=

The development of monoenergetic photon sources using K, fluorescence X-
ray of pure material was carried out in the energy range below 100 keV. The
monoenergetic photons are very useful in the calibration of the radiation measuring
instruments and can be produced as the K, fluorescence X-ray by irradiating the
bremsstrahlung to the thin pure metal foils called ‘radiators’. In this experiment,
several radiators such as ,,Ag, ;Sn, &EBr,Yb, and (,Pb provide the wide monoe-
nergetic photon energy ranging from 20 keV to 80 keV. By the spectrometry with
HpGe LEPS, spectral purity factors which measure the monochrometicity for the
K, fluorescence X-ray, were determined as (.64~0.94. Dosimetry for the purpose
of the determination of the exposure rate with a 600cc thin window ionization
chamber, which was calibrated by the standard free-air ionization chamber, was

performed. Exposure rates ranging 8.3~232.5mR/h was obtained according to the
K, fluorescence X-ray energy for each radiator.

great importance in connection with the sen-

1. Introduction sitivity of detectors.

In order to provide a photon radiation field
Intense photon sources of low energy and suitable for calibrating the instruments such

high monochromaticity are very wuseful in as X and gamma ray detectors over the energy

many research areas such as X-ray fluorescence
analysis, diagnostic application and calibration
of detectors in the low energy range.

In the field of radiation dosimetry and
measurement, the calibration of the detectors

with photons of low energy is especially of

range from a few keV to about 10 MeV, it is
required to prepare a complete set of X-ray
equipment as well as a number of different
radionuclide sources. The wide intensity range
of sources is also necessary to provide the

level of photon radiation field which can be
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varied from natural background levels up to
very high levels, corresponding to thousands
of roentgen per hour in terms of exposure rate
in air. The discrete or monoenergetic energy is
basically required since the sensitivity of the
most radiation measuring instruments varies
considerably with photon energy.

For photon energies above 300 keV, the
radionuclide photon sources such as *7Cg and
%Co are usually used for the calibration, but
below that energy, very few radionuclide sou-
rces have such a long enough half-lives, and
in many cases, they emit photons of many
different energies. In addition, radionuclide
sources are generally rather limited in their
availability not only because of their limited
intensity range with small dimensions of
source coming from self-absorption effect but
also lack of available radionuclide sources. In
particular, below 100 keV, those problems
become much more severe. In the energy range
below 300 keV, therefore, the demand of the
photon sources has been filled unwillingly
with the use of heavily filtered bremsstrahl-
ung and characteristic X-ray photon spectrum
which are generated in the X-ray tube of a X-
ray generator. The filtered X-ray Spectrum
does not suffer from any drawback of limited
intensity range as in radionuclide sources.
However, in spite of the heavy filtration,
there exists a considerable photon energy
spread. Consequently, if we use the filtered
X-ray photon source in an energy range where

the sensitivity of radiation measuring instru-

ments indicates strong variations, its reading
may be misleading since we only know the
effective energy of photon spectrum which
was averaged for all energies of photons ins-
tead of their true energies. To overcome this
problem, an accurate information for the pho-
ton energy should be provided. For this reas-
on, it is frequently necessary to develop the
photon sources which are considerably mono-
energetic and have a wide range of photon
energies,

In this respect, the K, fluorescence X-rays
produced by irradiating the radiators with the
ordinary X-ray, so-called primary X-ray from
the X-ray tube, should be worth of consider-
ation for the energy range below 100 keV
because of their high degree of monochroma-
ticity. For past decades, many researches on
the similar work about the K, fluorescence
X-ray in connection with the development of
the monoenergetic photon sources have been
performed!~®,

The principle involved in this method is
the conversion of the continuous X-ray distr-
ibution from the X-ray generator to a mono-
energetic photon beam of K, flucrescence X-ray
through the well-known photoelectric effect
in the radiator atom.

In the present work, combination of several
paramstric studies which may exhibit an im-
portant effect upon the variation of the K,
fluorescence X-ray, development of monoener-
getic photon sources in the energy range from

about 20 keV to 80 keV is presented.
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2. Fundamental Theory on K, Fluorescence
X-ray

Fluorescence K, X-rays are those emitted
by the given radiator atoms as the atoms
lose energy after being raised to the excited
states due to the photoelectric effect of the
primary X-ray. Practically, the predominant
type of interactions involved with the incident
primary X-ray for the radiator atom conside-
red here are regarded due to the photoelectric
effect.

Once an X-ray photon whose energy is gre-
ater than the critical K absorption edge’ ener-
gy is absorbed by an atom of radiator, a K-
shell electron may be removed from the K
shell of the atom, and then the atom remains
in the excite state. Usually another electron
from higher energy state of L, M,or N shells

will take any vacancy of the emitted one and

thus the atom will emit a photon which will
be called as K fluorescence X-ray with energy
characteristic of the difference in energy
levels involved. Since the fluorescence X-ray
has the energy corresponding to this differe-
nce, the energy of fluorescence X-ray can be
considered as the monoenergetic photon. The
K fluorscence X-ray comprises four principal

lines; K., K., Kg, and K;, fluorescence
X-ray.

Obtaining the K, X-ray, in other words, K,,
plus K,, X-rays, with high purity for the
energy distribution of photon is the subject

of the present work. This K, fluorescence X-

ray has relatively high intensity than any
other K fluorescence X-ray.

Primary X-ray photons emanating from the
tungsten target in X-ray tube of X-ray gene-
rator are used to excite the atom of radiator.
X-rays which shape a continuous energy spe-
ctrum have many advantages for the irradi-
ation of the radiator. High flux of photons
for the photoelectric effect can be obtained
and since the energy of the X-ray which has
the majority of photon numbers can be adjus-
ted to match closely the K absorption edge,
high spectral purity for K, fluorescence X-ray
is also attainable,

Once fluorescence X-ray is produced in the
radiator atom, this X-ray should be filtered
by a foil metal whose K absorption edge falls
on between the energies of the K, and K,
fluorescence X-rays in order to reduce the
intensity of the K; fluorescence X-ray. Then
most of the K; fluorescence and virtually all
of the L fluorescence X-rays whose energy are
located in low energy region compared to
the K, fluorescence are eliminated by this
filtration.

The characteristics of the radiators selected
for the present work are tabulated in Table 1.
The materials should have a minimum purity
of 99.9% according to the recommendation of
ISO® for obtaining high spectral purty of K,
fluorescence X-ray. With these radiators, a
wide range of photon energies can be obtained
by appropriate choice of radiator materials

corresponding to their K, energies, i.e., appr-
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Table 1. Characteristics of Selected Radiator Materials

: = K-Edge Energy  Ka Energy Kg Energy . Thickness
Radiator Materral (keV) (keV) ﬁ(k V) Purity (%) (mggmcrgs—z)
Silver wAg 25.514 22.103 25.008 99.9+ 48.37(, 0046)
Tin 5000 29. 200 25.192 28.573 99.9 156. 05(. 0214)
Gadolinium  ¢Gd 50. 239 42.750 48.918 99.9 234.44(. 0295)
Erbium esET 57.486 48.801 55.930 99.9 308. 54 (. 0337)
Ytterbium 7wYb 61.332 52.014 59. 652 99.9 302.30(. 0431)
Lead 82Pb 88.004 74.159 85.370 99.9 692.73(. 0611)

oximate energy from 22 keV to 75 keV can

be produced.

8. Experiments

The complete specification of photon sources
such as X- and gamma radiation at the plane
of interest must include not only the quanti-
tative expression such as exposure rate but
also the qualitative nature of the radiation.
Such information is required to perform the
calibration accurately.

To this end, two fundamental experiments
for the determination of the energy and the
intensity or dose rate of the K, fluorescence
X-ray are performed. To measure the spectral
purity factors, the limiting aperture of the Ge
detector is placed at 160cm midpcint of ra-
diator which is located at 41cm frem the focal
spot of the X-ray tube. Primary X-ray beam
size is determined by the limiting lead dia-
phragm of 2. 9cm in diameter, and similarly
the fluorescence X-ray beam size is controlled
with limiting lead diaphragm of 0.2cm in
diameter.

To determine the optimum voltage applied

in the X-ray tube, spectral purity factors are

measured at the interval of 20 KV. For the
determination of the exposure rate, the front
surface of the 600 cc thin window ionization
chamber is placed at 50cm from the midpoint
of radiator. The ionization chamber is calib-
rated by the standard free-air ionization

chamber.

3.1 Spectrometry

The K, fluorescence X-ray spectrum eman-
ating from each radiator is measured with
the low energy photon spectrometer (LEPS)
which composed of several equipments. Sche-
matic block diagram which illustrates the
photon spectrometry system is shown in Fig. 1.

Special precautions were taken to ensure
that both the Ge detector and the radiator are
coaxial with the limiting lead diaphragm.
This problem has been solved by aligning
them with the aids of two He-Ne laser beams.
Several lead diaphragms for the purpose of
limiting and controlling the beam size and
intensity are brought into the system.

A radiator holder to which radiator can be
mounted is designed and fabricated based on

the results of the theoretical calculations
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Fig. 1. Block Diagramb of Spectrometry System.

with the Monte Carlo simulation®? for the
full system production of K, fluorescence
X-ray.

Once spectrbmétry siystem is prepared, the
VpuIse height scale in multichannel analyier
(MCA) is calculated by means of standard
gamma ray source to identify the various
peaks in terms of spectrum.

The K, fluorescence X-ray produced in the
'radiafor is detected by hyperpure Ge(HbGe)
detector. The spectral purity factor for K,
fluorescence X-ray is obtained by integrating
_thé spectrum with respect to the. channel
number on MCA. These calibrations have
been done repeatedly for several applied vol-
tage .Qf X-ray tube in order to determine the
thimum, voltage at wheih the highest spect-

ral purity could be achieved.

Spectral purity factors for various radiators
as a function of the applied voltage are
represented in Figs. 2 through 7 to demonst-
rate that optimum applied voltage, at which
maximum spectral purity can ‘ be achieved,
exists. The results of photon spectrometry
are listed in Table 2, ,

Selected spectra for various radiators are
also shown in Figs. 8 and 9 which represent
Er and ,,Yb, respectively. These spectra
commonly show sharp peak for a K fluoresc-
ence X-ray. Therefore, it clearly shows that,
provided that the appropriate filters are used,
high degree of K, fluorescence X-ray is achie-
vable. But spectra shown in Figs. 10 and 11
which represent Pb and ,,Cu, resgectively,
show that the peak for K; is steep persistently

because of the inadequate or no filters.
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Table 2. Results of Spectrometry at Optimum Applied Voltage for Various Radiators with Secondary

Filtration
Radiator Secondary Filter Fluorescence X-Ray
K-Edge Ka KB KVP. me K-Edge Thickness Ko Spec. gge—g Kg
Material Energy Energy Energy KV /;n A) Meterial Energy (mgem-2) Purity P uri.ty
(keV) (keV) (keV) (keV) (mm) Factor g actor
Silver ,,Ag  25.514  22.103  25.008  60/10 Copper  8.980  71.68 .66 .93
20Cu (. 0800)
Tin 5Sn 29. 200 25.192 28.573 80/10 Silver 25.514 48.37 .89 —
wAg (. 0046)
Gadolinium  50.239  42.750  48.918 120/10 Tin 29.200 156.05 .57 .93
s4Gd 5oSN (.0214)
Erbium ¢Er 57,486 48.801 55.930 120/10 Gadolin- 50.239 234.44 .92 —
ium ¢,Gd (. 0295)
Ytterbium 61,332  52.014  59.652 120/10 Erbium 57.486 308.54 .94 —
nYb LD 4 (.0337)
Lead &Pb 88.004  74.159  85.370 220/10 Copper  8.980 .64 .84

71.68
29011 (. 0800)
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2.9 Dosimetry

The fluorescence X-ray source has an elli-
ptic form oriented 45 degree to the irradiation
axis. Moreover, this source is inhomogeneous
since the interactions of the flux of primary
X-rays with the emitted X-ray fluorescence
photons are not constant throughout the

ifradiated surface of the radiator. Hence, in

the case of dosimetry of K, fluorescence:
¥-ray with the ionization chamber the error
due to the inhomogeneity should be considered,
Percent error resulted from considering the
extended source as a point source is evaluated
both on the theoretical and experimental
basis. It is assumed that the 600cc fonization
chamber has total surface area of 13X 13cm?

and every small area of I1xicm? in radiator
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is a point source of K, fluorescence X-ray.
Analytical calculation show that homogenéous
error is only 4.1 percent. Meanwhile the
densitometry measurement of photographic
X-ray film, which was irradiated by the K,,'
fluorescence X-ray, for the determination of
the homogeneity of K, fluorescence X-ray 'is
also performed.

From these results, the 600cc thin window
ionization chamber which has the window
area of 100.cm? is supposed to have received:
full homogeneous beam of the K, fluoresceice’
X-ray.

* Electrical charge produced in the §00cc thin

window ionization chamber by ' the fluoresce-

nce X-ray is recorded by electrometer. With
modification in terms of the temperature and
pressure correction, the exposure rate expre-
ssed in miliroentgen per hour can be obtained

by the following formula:

4Q o Py, T+213.15
=4t S P * Tyrars.1s 3000

where, X=exposure rate in. mR/h
4@ =collected charge during time 4¢ in nC
At =measured time in second
- Py, Ty=standard pressure and temperature
P, T=pressure and temperature at time of
measurement in mmHg -and °C,respe-
ctively, and -

S=2575 thin window - I.C sensitivity or
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correction factor for the energy me- cc thin window ionization chamber with FAC
asurement in mR/nC. is a correction factor by which the electrical

Sensitivity obtained by comparing the 600 charge can be converted into the exposure
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rate. relatively high degree of spectral purity
factors ranging from (.89 to 0.94 were

4. Resgults and Conclusion .
achieved.

The spectral purity factors and the expos- With selection of filter materials having

ure rates for the K, fluorescence X-ray of adjacent atomic number, the absorption edges
selected radiators have been measured. For of the filters lie near the energy regions of

some radiators such as Sn, Er, and .,Yb, Ks fluorescence X-ray of every  radiator -so
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Fig. 10. Spectrum of Fb

Fig. 11. Spectrum of ,,Cu

that large part of K; fluorescence X-ray from
the radiator can be absorbed. For radiators
such as ,;Ag and ,,Pb, relatively poor spectral
purity factors of (.66 and 0. 64, respectively,
were obtained. For these radiators, spectral
purity factors for K, plus K; fluorescence X-
ray were also obtained.

The exposure rates were determined to be

8.3~232. 5 milircentgen per hour as is shown
in Table 3. For each radiator, the measure-
ment of the charges produced in 600cc thin
window ionization chamber were performed
repeatedly about 15 times and the values were
averaged.

Consequently, highly monoenergetic fluore-

scence X-ray source in the energy range from



—26— —ol 9 40 B XA 4D dokeV <l oA 3 A
=4 Photon A4 Mutel & odF
Table 8. Results of Dosimetry for Various Radiators

Radiator Photon Energy Charge Sensitivity Dose Rate

(Filter) (keV) (nC/30sec) (RnC™Y) (mR-h"%)

Ag(Cw 22.103 0.0135" 5.08%1072 8.3
(5.22X1079)2

Sn(Ag) 25.192 0. 0595 5.03%X10°3 35.9
(6.742x107%)

Gb(Sn) 42,750 0.0345 4.84X1073 19.9
(6.742X107%)

Er(Gd) 48.801 0. 0452 5.02X1073 27.3
(6.742X107%)

Yb(Er) 52.014 0. 0350 5.12X1073 21.7
(7.303X107%)

Pb(Cu) 74.159 0.3420 5.65X 1072 232.5
(5.547%107%)

IX; ISP
1 Mean X'——-—i ‘ » 8D, s= f(Xi_X)z
an, X=—p LS SN

20 to 80 keV and with exposure rates up to
232.5 mR/h have been developed. These X-

3)

- rays are extremely useful in the calibration

of detectors as a function of energy sensitiv-

ity and for any system whose energy depe-

ndence in this energy range must be confir-

med. In addition,

it is expected that the

fluorescence X-ray obtained in the present

work should be of a great value to the esta- 5)

blishing of radiation standards in the energy

range below 100 keV.

Preparation of various different kind of 6)

radiators and adequate filters may guarantee

the further useful feature of the monoenerge-

tic photon sources.
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