|

) <

The University of Osaka
Institutional Knowledge Archive

. Electrons Ejected from Aluminum by 150kVp-300kVp
Title
X-Rays

Author(s) |#MR, FX; 2B, —if; fHH, THH

Citation |HAXREZFHRARFHMSS. 1966, 26(3), p. 264-272

Version Type|VoR

URL https://hdl. handle.net/11094/19053

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



264 BRSO iR il 526% B3 8

Electrons Ejected from Aluminum by 150kVp-300kVp X-Rays
By

Hideo Matsuzawa, Kazuo Hoshino, and Tetsuo Inada

Physics Division, National Institute of Radiological
Sciences, Chiba, Japan
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1. INTRODUCTION

The interaction of X-rays with matter emits secondary electrons which cause the successive physical,
chemical or biological effects. Hence the basic physical information about the numbers and energies of
the secondary electrons is needed for the interpretation of chemical and biological effects of 3-rays or
for purposes of dosimetry®*),

Recently, the authors investigated experimentally the energy spectrum of electrons which emerged
from the surface of a plane slab of bone or lucite while being irradiated by a continuous spectrum of
X-rays, and then applied the results to the determination of the absorbed dose in a transition region near
bone or lucite™.  Subsequently, emergent electrons from aluminum have been measured by the same
method so as to examine whether aluminum could be equivalent to bone in respect of the nature such
as the emission of secondary electrons. The results are described in the present paper. Moreover, some
approximate calculations are also presented of the electron flux emerging from the aluminum slab ex-

posed to continuous X-rays, being compared with experimental results.

2. EXPERIMENTAL METHOD
The principle of the experimental procedures was the same as that used previously to study,the

energy spectrum of electrons ejected from bone or lucite by X-rays”. The present work was carried out
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Fig. 1. Schematic diagram of the experimental arrangement,

for 1 mm thick aluminum slab. The essentials of the experimental septup are sketched in Fig. 1. When
the aluminum slab was normally exposed to a narrow beam of continuous X-rays, electrons emerging from
the slab were analyzed with a magnetic spectrometer. The magnet, G-M detector and related acces-
saries were turned round the aluminum slab in order to observe the electron spectra at different emerging
angles, . The characteristics of X-rays used and the calibration of the spectrometer have been des-

cribed in previous papers®?,

3. EXPERIMENTAL RESULTS AND DISCUSSION

a) Energy Spectrum of Emergent Electrons

The energy spectra of electrons which emerged from the surface of aluminum slab were measured
with the magnetic spectrometer for a definite solid angle at various emerging angles. The results are
illustrated in Fig. 2 for 150 kV and 300 kV X-rays, where the ordinates correspond to the relative number
of emerging electrons per cm? per steradian per keV interval for the same exposure of X-rays.

The total number N(E) of electrons which possess an energy E as they emerge from the surface of
aluminum slab may be given by the integration of Ny(E) over all emerging angles™. After calculating
N(E) for each electron energy of interest, the energy spectrum of emergent electrons was obrained. Fig.
3 shows the results given for 150,200, 250 and 300 kVp X-rays. In order to facilitate the comparison of
electron spectra between bone and aluminum, the results obtained previously with bone are also repoltted
in Fig. 3. It was found that there is a tolerable resemblance between bone and aluminum in the form
of curves relating the energy spectrum of emergent electrons.

The mean energy of emergent electrons, which is defined by the weighted mean, JE-N (E) dE/fN
(E) dE was estimated from the graphs given in Fig. 3. The results are tabulated in Table 1, showing
that there is a fairly good agreement between bone and aluminum with respect to the mean energy of
electrons.

Accordingly, it may be concluded that aluminum is fairly well equivalent to bone for N-ravs in the

)
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Fig. 2. Energy spectra of electrons emerging from the surface of aluminum slab
at different emerging angles, for (a) 150 kVp X-rays and (b) 300 kVp X-rays.

Table 1 Mean Energy and Range of Electrons Ejected from Surface of
Aluminum or Bone by X-ray Irradiation

| X-rays | Electrons ejected from surface of material
| Material | -
| kVp) | Mean energy Mean range in water
[ P ) (keV) (micron}
i 150 Aluminum | 55 al
[ 150 Bone i' 54 50
! 200 Aluminum | 59 58
200 Bone | 62 ' 62
250 Aluminum | 66 | 71
250 Bone | 72 80
300 | Aluminum | 75 87
300 | Bone ! (i 90

range from 150 kVp to 300 kVp so far as the energy of emitted electrons is concerned.

b) Emergent Electron Flux

Total number of electrons which emerge from the surface of irradiated slab per ¢m? per roentgen,
that is, the emergent electron flux per roentgen may be estimated from the area under the distribution
curve given in Fig. 3 for each quality of X-rays. The relative values derived from such a method

are presented in Fig. 4, exhibiting considerable lack of agreement between aluminum and bone in res-

— 22 —
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Fig. 3. Energy spectra of total electrons emerging from unit area of aluminum-or bone-slab for the same

exposure of X-rays of 150 kVp(a), 200 kVp(b), 250 kVp(c)and 300 kVp(a).
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Fig. 4. Comparison of the magnitudes of emergent
electron flux between aluminum and bone, for
the same exposure of 150-300 kVp X-rays.

pect of the magnitude of the electron flux. With 200 kVp and 250 kVp X-.rays the lack of agreement
was as much as 10 percent, while it amounted to over 20 percent with 150 kVp or 300 kVp X-rays. Hence,
it may be concluded that aluminum is not strictly equivalent to bone in respect of the nurnbers of emitted
electrons for X-rays in the range from 150 kVp to 300 kVp.

The emergent electron flux varied with the quality of X-rays. This may be ascribed to the resultant
variation of Compton electrons and photoelectrons involved in the flux; as X-.ray energy is increased, the
former increase on account of their range elongation while the latter decrease due to the rapid fall of
photoelectric cross section. Detailed discussion will be made in section 4 relationg approximate calcu-

lations of emergent electron flux.
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Fig. 5. Variation of the magnitude of emergent electron flux
with X-ray qualites, for aluminum slab. The curves are
normalized at HVL of 3mmCu. Approximate calculations
using method I, IT and III give curve A,B and C, respec-
tively. #): Denote the region where the differences betwe-
en calculated and experimental results are less than 5 %
and 102, respectively.

c) Comparison of Experimental and Calculated Electron Flux

Relative magnitudes of the electron flux derived from the experirent with aluminum, which are given
in Fig. 4, are replotted in Fig. 5 as a function of the half-value layer (HVL). Three theoretical curves
are also presented in Fig. 5, where curve A, B and C were derived from approximate calculations using
method T, IT and III, respectively (see section 4). It should be noted that the curves given in Fig. 5
are normalized at HVL of 3 mm.

A comparison of experimental and calculated curves leads to the following result; variation in the
electron flux with X-ray quality can not be approximated solely by a single calculation method over all
HVL range of interest. Curve A agrees with experimental one within 59, error in HVL range from about
1.9mm to 3 mm Cu; curve B, in HVL range about 1.4—1.6 mm Cu; curve C, in HVL range about
0.8—1.2 mm Cu. Within 10%, error, curve A agrees with experimental one in HVL range from about
1.8 mm to 3 mm Cu; curve B, in HVL range about 1.3—1.9 mm Cu; and curve C, in HVL range about.
0.65—1.4 mm Cu.

Thus, approximation method I may be satisfactory for the estimation of the electron flux so far as the
photoelectric contribution is not very great, but as this contribution is greatly increased, method II or

IIT should be- employed for the estimation of electron flux.

4. APPROXIMATE CALCULATION OF EMERGENT ELECTRON FLUX
Suppose an X-ray beam is incident normally on a plane slab of a material, and consider the number

of electrons emerging from rear surface of the slab. If an elementary volume of the material emits isotropi-

— 24 —
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cally N electrons per cubic centimeter per roentgen, the number n of electrons crossing an elementary

area dA on the rear surface of the slab is approximated by the following expression:
1
n==TN-R-6A . (l)

where the effective range of electrons is denoted by R, being taken to be 70%, of the total rectified elect-
ron path-length10211),

Now, consider a beam of photons of a given energy hv. Let ¢ denote the photon flux per
roentgen; v and g, the linear absorption coefficients in the material for photoelectric and Compton
effects; p, the density of the material in gfcm?®; Ry and R,, the effective electron ranges in g/em? for

photoelectrons and Compton electrons, respectively.

Then
¢ (TR 7 R,
n=—— A 2
n 4 1 0 + P a ( )
The photon flux per roentgen, ¢, is given as below:
Dair
= el ) )

where Dajr denotes the absorbed dose in air in ergs/g per roentgen; (gen/0)airs the mass energy ab-
sorption coefficient in air in cm?/g; and hy, the primary photon energy®,

In actual calculation, values for Daj and (fzen/p) air were taken from data given in ICRU
Report 1962%, values for t/p and ¢/p in aluminum were referred to Grodstein’s data? and Nelms’
data®, respectively. Values for R, and R, were estimated from Nelm’s data® by assuming that the
initial energy of photoelectrons is nearly the same as the primary photon energy hy and the initial mean
energy of Compton electrons is given by (ga/o)hv?”. The calculated values for n and ¢ are present-
ed in Table 2.

More complicated calculation may be required for heterogenenus X-ray beam which consists of a
continuous spectrum of photons. In the present paper, three approximation methods are proposed as
below.

Method I: Calulation Using Mean Energy of X-rays

If a heterogeneous X-ray beam can be regarded as a beam of monoenergetic photons whose energy
is the same as the mean energy of the former, the emergent electron flux may be determined directly by
expression (2). Since the X-ray beams used in the present experiment possess the mean photon energies
of about 70-, 90-, 110- and140-keV?, the relative magnitude of the electron flux per roentgen are given
by the underlined figures in Table 2 for 150 kVp to 300 kVp X-rays. They are plotted in Fig. 5 as a func-
tion of HVL-values (curve A).

Method II: Calulation Using Continuous Spectrum of X-rays

If the continuous X-ray spectrum is taken into account instead of using simply the mean photon

energy of the beam, the emergent electron flux may be determined by

1
n~-—4—2¢(E) 4E {(r/o) Ri+ (a/0) Ro} (%)
where ¢ (E)4E represents the number of incident photons in each energy interval E to E44E. In

practice, the photon energies were divided into 10 keV internal and calculations were carried out as

shown in Table 3. Relative valus derived from this method are plotted in Fig. 5 as curve B.

— 925 —
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Table 2 Calculation of Electron Flux Emerging from Surface of Aluminum,
for Monoenergetic X-ray beam.

Photon (zle)R, (alp)R; #{ (/o) R+ (o/o)R.}
energy photons per cm? electrons per cm?
(keV) per roentg?f, \ . per ro:entg_sn,
x10 * 10 %10 ® 10
20 53.1 2230 (.34 11.8
30 124 1340 1.58 16.7
40 214 837 4.00 18.9
50 285 628 7.98 18.1
60 312 475 14.6 15.3
70 310 375 23.4 12.3 (2.89)
80 290 310 34.0 9.98
90 260 252 . 47.7 7.79 (1.82)
100 237 T e8 606 689
110 210 185 77.7 5.51 (1.29)
120 190 165 96.0 4.96
130 172 145 119 g 4. 54
140 158 128 | 143 4.28 (1.00)
150 145 | 117 170 418
200 | 102 i 70.0 352 4.31
250 | 77.0 ! 48.3 609 5. 06
300 | 63.4 i 35.1 917 5.03

Table 3 Calculation of Electron Flux Emerging from Surface of Aluminum, for
Unit Roentgen of 150 kV X-rays

Photon energy @(E)JE GIPR, +(g/p)R. | @(E)AE{(z[pR,
interval, photons per cm? + (ofp) Ry}
per roentgen, electrons per cm?
| per roentgen,
(keV) x10-¢ x10° | x 10~
15—25 0.60 2230 1 134
25—35 9.10 1340 | 12.2
35—45 18.3 882 | 16.1
45—55 36.8 636 | 3.4
55—65 39.0 490 i 19.1
65—75 29.0 398 11.5
75—85 26.5 344 | 9.12
85—95 23.3 300 | 6.99
95—105 20.2 279 | 5.64
105—115 16.8 263 | 4. 42 |
115—125 13.3 261 5,42
125—135 9.10 264 | 2.40
135—145 5.00 271 1. 36

Method III:

Total ==11.7x10%

H3E

Caleulation Using Angular Dependence of Electron Emission by Heterogeneous X-rays

Above-mentioned two methods are based on the assumption that secondary electrons are emitted
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Fig, 6. Diagram illustrating the simplification of the angular dependence of
secondary electron emission.

isotropically in the material by X-irradiation. The third calculation, however, will be made by tak-
ing account of the angular dependence of electron emission. Though the angular distribution of secondary
electrons is given by a complicated formula®®, the actual calculation is made by assuming simply that
electrons are emitted uniformly only in the directions given in Fig. 6.

Om shown in Fig. 6 is the angle corresponding to the maximum intensity of emitted electrons, be-
ing given by expression (5), since the angular distribution of photoelectrons per unit solid angle is pro-

portional to the term in bracket of expression (5).

‘ ing
o~ [a=g- o 10 ®)
where § is the angle between the photon and the photoeleciron, /3 is the ratio of the electron velocity
to the speed of light®.
On the basis of the assumption given in Fig. 6, the solid angle, Q, into which the photoelectrons are
emitted can be determined by
/2 +0m
.Q=f2 7 « sinf « d9=2 (1 +sinfim). 6)
§=0°
Therefore, for a single photon incidence per cm?, the number of emitted photoelectrons per steradian
may be given by 7/2x(1+sinfly,) instead of t/4m used in method I or II. Similarly, the number cof
Compton electrons emitted into unit solid angle may be given by ¢/27 per photon per cm?®.

Thus, the emergent electron flux for the continuous X-ray spectrum may be given by

— 27 —
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1 1 )
n~—g~3¢(E) 4B |~y ga— (clo) Ry + (afo) Ry ™)
Relative values were calculated by expression (7) for each quality of X-rays. The results are ploted

in Fig. 5 as a function of HVL-values (curve C).

5. CONCLUSION

Experimental work was undertaken to know whether aluminum could be equivalent to bone with
regard to the nature such as the secondary electron emission produced by heterogeneous X-rays. When
an X-ray beam was incident normally on the front surface of a plane slab of aluminum, the energy spectra
of electrons emerging from the rear surface of the slab were measured with a magnetic spectrometer at
different emerging angles. The results were compared with those obtained previously with bone, and
it was found that aluminum is fairly well equivalent to bone so far as the energy of emitted electrons is
concerned, while it is not exactly equivalent to bone in respect of the numbers of emerging electrons.

Then, approximate calculations were made as to the emergent electron flux, being compared with
experimental results. On the basis of the comparison between calculated and experimental results, it
may be suggested that the angular dependence of electron emission should be considered in calculating

the electron flux for high-Z material and for low-energy K-rays.
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