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To turn the advantage of energy measurement in x-ray transmission diagnosis into practice, we propose

a novel detector for the estimation of x-ray energy distribution. This detector consists of several segment

detectors arrayed in the direction of x-ray incidence. Each segment detector measures x-rays as current.

With unfolding measured currents, the x-ray energy distribution is obtained. The practical application

of this detector was verified by estimating the iodine thickness in an acryl phantom.

KEYWORDS: x-ray, energy distribution, transmission measurement, contrast media, unfolding,

energy subtraction

I. Introduction

Reducing the exposure dose during x-ray transmission and

computed tomography (CT) measurements is critical for the

application of radiation detection techniques to the medical

field. Previously, we proposed a filtered x-ray energy sub-

traction (FIX-ES) method in which the energy of an individ-

ual x-ray was measured for the detection of iodine contrast

media;1,2) in conventional x-ray diagnosis, x-rays are meas-

ured as electrical current. The x-ray events in two energy

ranges, which were lower and upper energies of the K-edge

of the iodine contrast media, were employed as energy sub-

traction (ES) data. This FIX-ES method was twice as sensi-

tive to the iodine as the conventional current measurement

method.3) By optimizing the element and thickness of the fil-

ter material, the exposure dose could be reduced to 30% of

that when white x-rays were employed. Moreover, the ES

method gave CT values that were proportional to the thick-

ness of the iodine contrast media, independent of the x-ray

tube voltage or the size of the subject being tested.4) These

data suggest that the CT taken by the ES method is immune

to the beam hardening effect, which has a significant impact

on the current measurement method.

However, the time required for energy measurement of

x-rays is too long for practical use in medical CT measure-

ments; the limitation of the counting rate in energy measure-

ment does not allow the quick exposure required in practical

diagnosis. As a solution to this problem, in the present

study, we propose a novel detector that gives the energy

distribution of incident x-rays when measuring them as

current. We call this detector ‘‘transXend’’, as the x-rays

transfix segment detectors, and the measured currents are

transformed into x-ray energy distribution. The principle

of the transXend detector is introduced first, followed by

simple experiments and analysis of x-ray energy distribu-

tion measured using the transXend detector made of CsI(Tl)

scintillators and photodiodes.

II. TransXend Detector

1. Operation Principle

The basic concept of the transXend detector involved

utilizing the x-ray absorption coefficient of the detector

substrate. As shown in Fig. 1, segment detectors are placed

in the direction of the x-ray incidence. Each segment detec-

tor absorbs x-rays according to the energy of the x-ray and

the absorption coefficient of the substrate. The energy of the

absorbed x-ray is then turned into an electrical signal and

is measured as a current. The x-rays with low energy tend

to be absorbed in the forward segment detectors such as de-

tectors 1 and 2. A part of the high-energy x-rays penetrates

the forward segment detectors and is absorbed by the back-

ward segment detectors. From the response function of each

I1 I2 I3 In

x-rays

Detector No. 1 2 3 n

Output

Fig. 1 Schematic drawing of the transXend detector
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segment detector, the energy distribution of incident x-rays

is obtained using an unfolding method.

As the substrate of the segment detector, scintillators,

semiconductors such as Si and CdTe can be used, according

to the energy spectrum of x-rays to be measured and the

x-ray absorption coefficient and the thickness of the sub-

strate. In this paper, a commercially available CsI(Tl) scintil-

lator array was employed for the convenience of proving

the principle of the transXend detector.

2. Experiments

The experimental setup used to demonstrate the operation

principle of the transXend detector is shown in Fig. 2. X-

rays were emitted by an x-ray tube (TRIX-150S, Toreck,

Co. Ltd., Japan). The voltages of the x-ray tube were 50,

65, and 80 kV. An aluminum filter (2mm thick) was applied

to reduce the low-energy x-rays. The x-rays passed through a

lead collimator (5mm thick, 5mm hole diameter), a lantha-

num (La) filter (100 mm thick), and an acryl phantom. The

acryl phantom was 3 cm thick. It had 4 holes with the dimen-

sions of 1 cm� 1 cm as water regions for thinned iodine

tincture with different iodine thicknesses of 15, 30, 45, and

60 mm. Since the x-ray absorption by acryl is very similar

to that of water, an acryl column was employed as a water

region without iodine.

A CsI(Tl) scintillator array with photo diodes (S5668-11,

Hamamatsu Photonics K. K., Japan) was used as the

transXend detector. This array had 16 CsI(Tl) scintillators.

The dimensions of each CsI(Tl) scintillator were 1.175mm

thickness, 2mm width and 5mm height. The space between

the neighboring CsI(Tl) scintillators was 0.4mm, which was

stacked with TiO2. The top and the side surfaces of the

CsI(Tl) scintillators were also covered with TiO2. For ex-

periments, the first two scintillators were connected together

and behaved as segment detector No. 1. In the same way, 12

scintillators were employed in total, which resulted in the

6-channel transXend detector.

Measurements were carried out by moving the acryl phan-

tom along the x-axis shown in Fig. 2 with a precision stage

(SGSP26-150, Sigma Koki Co., Ltd., Japan) with a 2.5mm

step. Output signals were amplified with a 6-channel current

preamplifier (IPA-6, Raytech Corp., Japan), and read simul-

taneously using timer-counters with voltage-frequency con-

verters (VFCT-8S4, Laboratory Equipments Corp., Japan).

A computer with LabVIEW software controlled the preci-

sion stage and the timer-counters. A block diagram of the

measurement system is shown in Fig. 3. A typical result of

current measurements is shown in Fig. 4 for the case of a

65 kV tube voltage.

3. Unfolding Method

The calculated x-ray energy spectra after passing

through the La filter (100 mm), water (acryl) layer (3 cm

thick), and iodine (0, 30, and 60 mm) for the 65 kV tube

voltage are shown in Fig. 5. As previously described,1–4)

the estimation of iodine thickness was performed using

the x-ray events of two energy ranges: 28–33 and 34–

39 keV. The purpose of unfolding measured currents is

the estimation of x-ray events in these two energy ranges.

Because all the x-rays injecting into the detectors contrib-

ute in the measured currents, we, however, defined six

energy ranges for the unfolding process: E1, 20–27 keV,

E2, 28–33 keV, E3, 34–39 keV, E4, 40–50 keV, E5, 51–

65 keV, and E6, 66–80 keV.

30 µm
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5 mm thick

5 mm diameter

CsI(Tl)

transXend Detector

Al Filter (2 mm)

La Filter

(100 µm)

X-ray 

Tube

Acryl Phantom

15 µm

45 µm

60 µm

3cm

Iodine

Thicknessx

Fig. 2 Experimental setup for iodine thickness measurements

with the transXend detector
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Fig. 3 Block diagram of the electronic circuit for the transXend

detector (V/F Conv.: voltage-frequency converter)
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The relationship between the currents measured by the

transXend detector and the x-ray energy distribution is

written as
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Here, Ii (i ¼ 1; 6) is the current measured at each segment

detector of the CsI(Tl) transXend detector, and Yj ( j ¼

1; 6) is the number of x-rays in the energy range Ej. The

matrix Rij (i; j ¼ 1; 6) is a response function. The response

function contains the x-ray absorption rate as a function of

x-ray energy, the position of a segment CsI(Tl) scintillator

detector in the transXend detector, the rate of energy con-

version to photons, the transmission efficiency of photons

to the surface of the photo diode, and also the conversion ef-

ficiency of photons to electron-hole pairs in the photo diode.

With a simulation code such as EGS5,5) deposited ener-

gies by incident x-rays could be calculated for each CsI(Tl)

scintillator. However, the energy resolution of a scintillator

does not accurately reflect the energy deposition in the out-

put current; the process between the energy deposition and

current production is very complicated, and the density

and the photon reflection coefficient of TiO2 painted on

the surface of a CsI(Tl) scintillator were not described in

the catalog of Hamamatsu Photonics K. K. Performing de-

tailed experiments on the relationship between monochro-

matic x-ray absorption and output current was not practical.

Furthermore, a simple calibration method must be establish-

ed for the transXend detector for practical purposes. With

these considerations, the response function was estimated

first, using measured currents with iodine thicknesses of 0,

30, and 60 mm as references. With this response function,

the currents measured for the phantom with iodine thick-

nesses of 0–60 mm were unfolded.

(1) Response Function

The estimation of the response function was performed

for each x-ray tube voltage. The elements of the response

function for the segment detector No. 1 of the CsI(Tl)

transXend detector, R1j (j ¼ 1; 6), are written as
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Here, Ik1 is the current measured for the phantom with the

iodine thickness k using the segment detector No. 1. The

initial guesses of R1j (j ¼ 1; 6) are calculated using mass

absorption coefficients of CsI at each energy range.6)

The x-ray energy distributions, Ykj ( j ¼ 1; 6), separated

in the six energy ranges described above were obtained by

calculations for the cases of x-ray tube voltages of 50 and

65 kV. The employed calculation code was based on the

formula of Storm7) and developed by the authors. The calcu-

lation results using the code showed good agreement with

previous experimental studies.1,2) For the case of the 80 kV

tube voltage, the x-ray spectra obtained from experiments

were used, as the characteristic x-rays emitted from the

tungsten target were not accounted for in our calculation

code. Typical measured x-ray spectra with the 80 kV tube

voltage are shown in Fig. 6. X-ray energy measurements

were performed using a CdZnTe detector (XR-100T-CZT,

Amptek Inc., U.S.A.). The distortion of the spectra due to

the escape of x-rays from the CdZnTe crystal was corrected

via a stripping method.8)

Unfolding was carried out using SAND II code,9) which

was performed to minimize the error S defined by the fol-

lowing equation,

S ¼
X

3

n¼1

In1 ÿ
X

6

j¼1

Ynj � R1j

 !2

: ð3Þ

0

2 10
5

4 10
5

6 10
5

8 10
5

1 10
6

0 10 20 30 40 50 60 70 80

0 µm

30 µm

60 µm

P
h

o
to

n
 N

u
m

b
er

s

Photon Energy (keV)

E
1

E
2
E

3
E

4
E

5
E

6

Fig. 5 Calculated x-ray energy spectra after passing the acryl

phantom with iodine thicknesses of 0, 30, and 60 mm for the

65 kV x-ray tube voltage. Energy ranges, E1 to E6, were used

in the unfolding processes.
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Here, n represents the cases of iodine thicknesses of 0, 30,

and 60 mm. In the same way, response functions for the

segment detector from No. 2 to 6 were estimated.

(2) Unfolding

After the response function Rij (i; j ¼ 1; 6) was obtained,

Eq. (1) was unfolded for the measured currents. In the un-

folding process, the calculated initial guess spectrum was

changed for the ones with iodine thicknesses of 0–70 mm

with the step of 5 mm for x-ray tube voltages of 50 and

65 kV. For the case of the 80 kV tube voltage, the initial

guess spectra were obtained in experiments by changing

the iodine thickness from 0–60 mm with the step of 5 mm,

because the neat iodine tincture had 60 mm iodine thickness

in 1 cm. By using the SAND II code, an initial guess spec-

trum among the data set of the initial guess spectra with dif-

ferent iodine thicknesses was found to have the minimum

value of � described using Eq. (4),

� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Finally, the iodine thickness in the phantom was determined

as the one that gave the initial guess spectrum in the simula-

tion calculation for the cases of 50 and 65 kV tube voltages,

and in the experiment for the 80 kV tube voltage.

III. Results and Discussion

The changes in � as a function of the initial guess spectra

with various iodine thicknesses for the 65 kV x-ray tube

voltage are shown in Fig. 7. The estimated iodine thickness

is the one of the initial guess spectrum, which gives the

minimum � for each measured current. The estimated io-

dine thickness is shown in Fig. 8. With the 50 kV x-ray

tube voltage, the experimental result of 60 mm was overes-

timated as 65 mm. In the same way, the 15 mm experimental

result with the 65 kV x-ray tube voltage and the 15–45 mm

experimental results with the 80 kV x-ray tube voltage were

overestimated to some extent. Because the unfolding proc-

ess for the 80 kV x-ray tube voltage experiments was not

performed for the initial guess spectra with iodine thicker

than 60 mm, the agreement for the 60 mm iodine thickness

was uncertain. Although the experimental results with io-

dine thicknesses of 0, 30, and 60 mm were employed to have

response functions, the unfolded results for these iodine

thicknesses were not always in agreement with the actual

iodine thicknesses. However, in general, the estimation

results were successful, with a nearly linear relationship

between the actual and estimated iodine thicknesses. The

accuracy of iodine thickness estimation by the unfolding

method was inferior to the one obtained by the energy

measurement of x-rays. The purpose of iodine thickness

estimation is, however, for observing cancer tissue with

iodine concentration higher than that in the normal tissue.

Fluctuation in the estimated iodine thickness does not

matter much in this application.

The obtained x-ray energy distributions for the tube vol-

tages of 50, 65, and 80 kV are shown in Figs. 9, 10, and

11, respectively, as well as the input spectra for the cases

of iodine thicknesses of (a) 15 and (b) 45 mm. The output

spectrum of the unfolding code SAND II did not differ

much from the input spectrum (Figs. 9–11). However, by

using the minimum � for the estimation as described above,

the SAND II code gave near correct answers. From the en-

ergy distributions obtained for each iodine thickness, t, in

the phantom, the event ratios fY3ðtÞ ÿ Y2ðtÞg=Y2ðtÞ are calcu-

lated and designated as �ðtÞ. Here, Y2 and Y3 are equal to �1

and �2 in previous papers.1–4) With �ðtÞ, the iodine contrast

CðtÞ is estimated as

CðtÞ ¼
�ð0Þ ÿ�ðtÞ

�ð0Þ
: ð5Þ

The contrasts for each x-ray tube voltage as a function of

the estimated iodine thickness can be seen in Fig. 12.
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By following the previous paper,4) YiðtÞ is written as

YiðtÞ ¼ 	ðEiÞ � expfÿ�IðEiÞ � tg � expfÿ�W ðEiÞ � tWg: ð6Þ

Here, 	ðEiÞ is the number of x-rays in the energy range Ei

(i ¼ 2; 3) when there is no iodine and water, �IðEiÞ and

�W ðEiÞ are averaged absorption coefficients of iodine and

water for the energy range Ei, and tw is the thickness of

water. With some calculations, the contrast is obtained as

CðtÞ ¼
f�IðE3Þ ÿ �IðE2Þg � t

1ÿ	ðE2Þ=	ðE3Þ � exp½f�W ðE3Þ ÿ �W ðE2Þg � tW �
;

ð7Þ
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using Tayler expansion. The averaging of absorption coeffi-

cients must be done with the weighting of the x-ray spec-

trum. This causes the differences in the contrast as a function

of x-ray tube voltage.

IV. Conclusions

We proposed a novel detector, termed the transXend de-

tector, employing CsI(Tl) scintillators as the substrate, which

gives the x-ray energy distribution when measuring x-rays as

electrical currents. By using this detector, the unfolded io-

dine thicknesses were nearly proportional to the actual ones,

and the obtained iodine contrasts were also proportional to

the iodine thickness, which is encouraging considering that

the energy resolution of CsI(Tl) scintillators is known to

be not excellent.

The transXend detector concept should be useful for other

applications requiring estimation of the energy distribution

of x-rays and gamma rays under high photon flux. The

choice of the detector substrate such as semiconductors,

scintillators, or gas, and the thickness of the substrate enable

the transXend detector to cope with the variety of x-ray en-

ergies. Mixtures of substrate materials and their thicknesses

in one transXend detector might be useful for determining

energy information for specialized purposes. Studies on the

effects of changing the substrate material and the thickness

of segment detectors on the performance of the transXend

detector are in progress.
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