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Detection of Electron Beam with a Gas Sheet

Norio OGIWARA*, Yusuke HIKICHI*!, J unichiro KAMIYA*! and Michikazu KINSHO*!
*1J-PARC Center, Japan Atomic Energy Agency, Tokai-mura, Naka-gun, Ibaraki 319-1195, Japan'

(Received November 30, 2015, Accepted February 9, 2016)

To demonstrate the function of a gas sheet for measuring the 2D profiles of accelerated beams, the following experiments were per-
formed: 1) A gas sheet with a thickness of 1.5 mm and a density of 2 x 10~* Pa was produced by the deep slit, and the shape of the
sheet was improved by the thin slit. 2) For an electron beam of 30 keV and a diameter greater than 0.35 mm, the position and the 2D

profiles were appropriately measured using the gas sheet.

1. FL&HIC

B, KRERTINESJ-PARC3GeV Yy v7otoy
(Rapid Cycling Synchrotron, RCS) W Tii, 1MW &
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X
Thin slit (60x0.3x0.5 mm) ~<__

\ ~|

R

\

\
\,
Deep slit

{50%0.15x100 mm)

_Reservoir

Gas feed

Cover for
differential pumping

Fig.1 Schematic of the gas sheet generator. It consists of the
deep slit for generating a gas sheet and the thin slit that is
placed on the cover for differential pumping. The deep slit,
which is formed between 2 SUS304 plates, has a length of 50
mm, a breadth of 0.15 mm, and a depth of 100 mm. The thin
slit that controls the thickness of the gas sheet has a length of
60 mm and a breadth of 0.3 mm. The origin of the coor-
dinates, O-xyz, is placed at the center of the exit plane-of the
deep slit.
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H2AGhasaBtie 5759 7 A= Z—% Wi, K
EoX—DEVRICIEMNZY v FBFIT DN TS, R
&, €010 mm, $8370.2mm, FEA(30.12mm TH5. &
DAYy b EHTAY—FEFRAAY v MOHTIC (TS5,
yz SFIENSFATIC), 22, ROBIUELRL%FETICL
RETBHSRS. 2535 LT, HAV—FDEZFH
EhR) ORESMEBELICUET AT LB TEA.
ArZBEBAL LD TS 9 7 AEZ X —IC L5 Art WO
WEF % Fig. 219 . #ihd, 759 7 A= 2 —%d
CRERIBLNTWAAY v FOFRLDx, y EEREERE (x,9)
= (100, 0) (mm) EIZH#E L 2RETO z BBiE%RY. O
T, HAZEAR (TAE) OArENHEIINGA—2 &3

8 ———r—r—————
F () =000,0)mm) " L2Tp ysp
TF =8~ P =59Pa
6L —=—p =112Pa
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2|
1
o
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Fig. 2 (Color online) The change in the Ar* current as a
function of z value of the center of the probe head for the flux
monitoring with a mass filter. The parameter is the Ar pres-
sure Py, in the gas reservoir of the deep slit (see Fig. 1) .
The coordinate system O-xyz is the same as that in Fig. 1.

Electron gun

|:l Electron beam ) ST
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HERERL THDH. AP D, HEICELT, BRSNS
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YE BB EBDNPD. 7Ty I AEZZ—IC L HREH
FIZOWTE, B, FHEiFRTH Y, AW ET 52, Hab
T5 LS, HALAIESA100 Pa fE T, H AT
» 5iE 85 mm ONLE T, % 2x10-4Pa OENCTHHY
HEEDH A — F BRI TV 5.

3. BFE—LODKERHEER

3.1 HHREE

EROFAEERICE VRIS NAH AV —F EHWTET
Y — ADME R LUMHEBRE RO L ERET- 1. #ia%
Fig. 3ICRd. BEHEZTT, LBROHTAY—FLETF
V—ARRESR, ELIATVEA TV INS—B XU
BEREHWTIIVFF v /R T — | (MCP) ITEL< .
AZ/CE> TELA2KRETII MCPIC X VRS, 8
K INS. ZOMNERE, AHEE AL THEZEHH»
SEET AT LI IV BT —LOEREZES.

AF VRS — riERIE, &@»5674Y, BEEL00
mm TH5. HiC, MBERIL, 4T VOEEEE L T5
7o, #E18.5um, 704 v/ 2D Ni&flEHEHL TW 5.
MCP %5 L TWB Y —)V F A/58—(F, E105mm DM
#C, MCP OARRMA30 mm TH5 T &h b, LMMIcE
R332 mm ORERFTH5. /o, MPER, ¥—IVED
JN—, MCPix, #hZh, 2mm O CHREIN TV
%. ix3, MCP, ¥¥Hi XUMBER (/—IV K h/5—
rals) BRIKRLT A3 VRHERE LS.

A ZV/INRS =L A /BRI, EExdby LT, &
FUE—AZPFATHRIC, 22, BFE—ALEIB—ETA

Faraday cup
_~ Gas sheet
=

/

- )—H—TnF

Fig. 3

[
| :
Quartz window

CMOS camera

(Color online) The experimental layout for the electron-beam detection with the gas sheet. The multi-channel plate (MCP) and

the fluorescent screen have the same rotational axis, which intersects the electron-beam perpendicularly at a point (called ‘‘beam cen-
ter’””) under the electric-field-free condition. The ion repeller has the same rotational axis and is placed on the opposite side of the electron
beam. The supplementary electrode is used to correct the disturbance of the electric field because of the hole on the shield of the MCP.
The gas sheet is orthogonal to the plane formed by the electron beam and the rotational axis of the MCP. Moreover, the sheet and the

electron beam cross each other at a 29.5° angle.
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BlGI% Fig. 51239, BEFE—ADEMFIE, 30keV, 5
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TWh. Fi, HHRCED 2880, BTE—LA 2 FH
KA ADWRIZE > THEL AT /LB DTHA.

HRORBIEEFE—ADOERR03S mm ICKIHL, §iE
i3, E& (tmm) OBAEIHAY—FRE—AICKL T
25 HVWTWAC LICHIELTWA. Thhb, HAY—
FOEZERDB L, t=1.75+025mm LRESH. TOfE
i, 2B TRl E (1.5£02mm) B —FHKLTWA.

N AFVIRS—LHER (LBICEHRD ORFEZ L, @R
BEOEMZELY VETEHE, MEBE V,DEFE—LANC
OEBMEZHB T 5 & 2ORFAERIT, BT T, R=
Vd2/(16hV,) tix5h. k-7T, V,=30kV, V=2kV, d=100
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Fig. 4 The change in the current /i via the Faraday cup as a
function of the distance between the beam center and the
edge of the cutoff plate, which is moved along the detector
axis to interrupt the electron beam. From the difference anal-
ysis of the Iy cutoff profile for the plate position, the diameter
of the electron beam is estimated to be 0.35+0.05 mm.

Fig. 5 (Color online) A photograph of the fluorescent screen
illuminated by the MCP during the electron beam detection
experiment using a N, gas sheet. The bright cigar-shaped
spot is caused by ions that are generated by the collision of
the electron beam with the gas sheet. The electron beam has
a diameter of 0.35 mm and a current of 5 #A. The gas sheet is
estimated to be approximately 1.5 mm thick by considering
the crossing angle of 29.5° with the electron beam.

/o, MEOW AT, BAH AL XUEFERLIEOH
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Fig. 6 The change in the density of the gas sheet as a function
of the N, pressure (Pyp) in the gas reservoir of the deep slit.
The density is estimated from the light intensity of the bright
spot on the fluorescent screen. In fact, the intensity of this
spot, which originated from the ions generated by the colli-
sion of the gas sheet with the electron beam, is compared
with the intensity at the same place on the screen generated
by the ions of a of uniformly distributed gas colliding with the
beam.
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Radioisotope Therapy of Japan: Future Perspective and Recommendations

Tatsuya HIGASHI,' Shuji IKEBUCHI,” Mayuki UCHIYAMA,” Noboru ORIUCHL*

Seigo KINUYA,’ Makoto HOSONO,*

' Department of Molecular Imaging and Theranostics, National Institute qf Radiological Sciences, National Institutes for

Quantum and Radiological Science and Technology
Japan Radioisotope Association

Department of Radiology, The Jikei University School of Medicine

Department of Nuclear Medicine, Institute of Medical, Pharmaceutical and Health Sciences Kanazawa University

2
3
* Advanced Clinical Research Center, Fukushima Global Medical Science Center, Fukushima Medical University
1
[

Institute of Advanced Clinical Medicine, Faculty of Medicine, Kindai University

In Japan, because of the rapid increase in the number of thyroid cancer patients and the recent severe shortage of
radioisotope therapy wards, the prolonged waiting time for the admission to the radioisotope therapy wards has
become a social problem. This situation is against one of the main purposes of the Cancer Control Promotion Plan
of our nation, which is advocating an equal accessibility of medical care for the Japanese citizens. In 20135, diet
discussions about the problems of radioisotope therapy took place and the prime minister stated that the promotion
of radioisotope therapy is one of the most important issues in Japan, therefore further promotion of research and
development is anticipated in this field. In this article, we have summarized the problems during radioisotope
therapy, and have added our recommendations in the social and medical realizable countermeasures in future,
according to the deep considerations of medical economy in Japan, an assumption of disease prevalence of thyroid

cancer in the future, and the situations of foreign countries.

Key words: radioisotope therapy, radioiodine, thyroid cancer, nuclear emergency medicine, healthcare system
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;; expression for the bremsstrahlung cross section differential in photon
i emission angle and energy ST
. B WEA (et L b RiHME B AN B
25 28 L W
= & A N2
e ®
- doQe,x) _ 4Z° 2 dk 16x°E B
2 dkdx 137 o k EETE = Gy ZEL
LTk
2 — D
E- + EZ 2
X+ D% -+ DE | & (36)
o o o
whers )
L iaNs s/ lD . R asss
HG) ~ | ZEE 111(x2 + 1) 2
\ (&4 &
= 1 \L@'uh AL""AE‘"_‘\ 1 /I%/‘:\
and 6: - }_‘ 9
@ (‘/~2}_n(’7\?§—~ A e
x = E 8/u. (36b)
&R R I AT < .
\/':A/_)a}r\ 3 Jor ¥ - k’i)f‘) T

In Eqs. (36), Eo is the initial totsl electron energy, E is the final

total elsctron energy, k (= Eo - E) is the energy of the radiated photon,

ST

Z is the atomic number of the targst element, T, is the classical elec—
#3% 3 T

tron radius, u is the reet energy of the electron, and x is ths reduced

angle of emission of the radisted photon which is s function of the angle
8, in radians, at which the photon is rsdiated with respect to the initisl

electron direction. The use of the atomic Thomas-Fermi model in consid-

ering the sffects of screening lesd to exaggerated vslues of do(k,x), but

254%2%4 %

T A DRI

the error introduced does not exceed 4% in the worst cass when Z is largs

TXE

and screening is intsrmediate (19,20,46).

TN
PISPRSNRY Ao

Thick-Tsrget Bremsstrahlung Spectra

Rl A
‘o't

The srguments previously presented considered only bremsstrahlung
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(the so-celled tip) when the energy of the emitted photon epproaches the
kinetic energy of the incident electron and the velocity of the recoil
electron is small compered to the speed of light. However, the use of
the Born epproximation formulas predict bremsstrahlung spectre which
agree reasonably well with experiment (19,46).

The most important contributions to bremsstrahlung cross section
formuletions obtained within the framework of the Born epproximetion ere
due to Bethe and Heitler (47), Heitler (48) and Schiff (20). Bethe and
Heitler obtained an expression for the bremsstrahlung cross section which
is differentiel in electron angle and in photon angle and energy. Their
expression was derived on the essumption that the field of the nucleus
is a pure Coulomb field, i.e., no nuclear screening by atomic electrons
was considered. Nucleer screening is an important parameter which must
‘be teken into consideration, perticularly in the case of bremsstrahlung
spectra from high Z targets. Schiff integrated the Bethe-Heitler differ-
entiel cross section assuming complete screening (20). The expressions
he obtained apperenély show the best agreement with available experimental
data (19,46,50). The Schiff expressions have been widely used in the
analysis of experimental results obteined with bremsstrahlung spectra
from high-energy accelerators.

In his calcula:ions,@tarted with the Mw

section and integrated it assuming that: 1) the initial and final ener-
< | T~

gies of the electron are large compared to its rest energy; 2) the Cou-
§1€es8 ~ALRS COMPATSC RO 05 Ao IENRIBY

lomb field of the atom may be represented by the pctential (Ze/r)e'r/‘

vhere qmzln (Thomas-Fermi model); 3) terms of the order of (Z]'/3lc)2

may be neglected. Under these assumptions he obteined the foilmwing

— - o | --..-.t ~~~~~~~~~ Nl e fmrite s Eeppcim o ~,
S8 2 PE P e L T ST s e ol ]
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ABSTRACT: Precision planar motion (XY) stages are widely used in semiconductor manufacturing systems, precision
machine tools, and scanning probe measurement systems. This research presents a design, modeling, manufacturing
and system interfacing of Stepper Motor based XY Scanning Stage for precision application. Serially mounted XY
stage is initially modeled using modeling software CATIA V5 and further analysis is carried out in ANSYS 14. Once
design was within acceptable limit it is further taken for manufacturing and entire XY stage is manufactured. Mounting
of Stepper is ensured by providing appropriate tolerances during manufacturing. Designed stage consists of two bipolar
Stepper Motor coupled with a lead screw as a feed drive by means of aluminium flexible coupling. These Stepper
Motors are further interfaced with PC via Arduino Microcontroller board. To control the movement of XY Scanning
Stage, Arduino programming is done with the Arduino Motor Shield board. This XY Scanning Stage finds various
precision micro positioning applications such as in 3D printers and precision machine tools.

KEYWORDS:3D Printer, Arduino, Stepper Motor, XY Scanning Stage.

1.+ INTRODUCTION

The XY stage, which is composed of a motion mechanism driven by actuators for moving an object in the XY plane,
is a fundamental component of a positioning system used in industries such as micromachining and scanning probe
microscopy [1]. Many of the state-of-the-art ultra-precision XY stages have a stage motion mechanism composed of
air-bearing or roller-bearing supported linear slides, which are driven by linear motors. Laser interferometers or linear
encoders are often used as the feedback sensors. While the conventional XY stage is stacked up by two linear stages
composing of many components, such as ball screw, bearing, linear slide, etc. [2]

Efforts have been made to develop the state-of-the-art XY micro-stages, in which flexure hinge mechanisms are
employed as the stage motion mechanisms. Piezoelectric actuators (PZTs) have often been employed as the actuators.
Rong-Fong et al. have developed a micro/nano-meter XY precision positioning table, in which the coarse and fine
positioning are performed by the permanent magnet synchronous motor (PMSM) and piezoelectric actuator (PA),
respectively [3]. Dongwoo Kang et al. have proposed compact high precision XY-scanner providing nanometer-level
resolution and a millimeter-level travel range composed of a voice coil motor (VCM) and double compound linear
spring flexure guide mechanism[4]. Yuki Shimizu et al. have designed XY micro-stage which consists of two PZTs and
a friction component made by permanent magnet is mounted on the centre of the stage base for driving the stage
moving plate made by steel in the X- and Y-directions based on a friction drive. Leaf springs are employed to guide the
X- and Y-directional motions of the moving plate over a range of 1 mm in both directions [1]. Chien-Hung Liu et al.
have presented a Dual-Axis Long-Travelling Nano-Positioning Stage (DALTNPS). In order to extend the travelling
and increase the accuracy, the two sorts of stages, a traditional ball-screw stage and a three-degrees-of-freedom (3-DOF)
piezo-stage, were composed. The traditional ball-screw stage which is composed of two guide-ways and a ball-screw at
each axis is a long-travel stage, and the 3-DOF piezo-stage, which is composed of three piezoelectric actuators and four
translation—rotation mechanisms, is a high precision stage [5]. Kuang-Chao Fan et al. have developed an innovative

Copyright to IJIRSET DOI:10.15680/1JIRSET.2015.0409021 8161
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Abstract

Radium needles that were once implanted into tumours as a cancer treatment are now obsolete and constitute a radioactive waste
problem, as their half-life is 1600 years. We are investigating the reduction of radium by transmutation on a small scale by bombarding
Ra-226 with high-energy photons from a medical linear accelerator (linac) to produce Ra-225, which subsequently decays to Ac-225,
which can be used as a generator to produce Bi-213 for use in ‘targeted alpha therapy’ for cancer.

This paper examines the possibility of producing Ac-225 with a linac using an accurate theoretical model in which the bremsstrahlung
photon spectrum at 18 MV linac electron energy is convoluted with the corresponding photonuclear cross sections of Ra-226. The total
integrated yield can then be obtained and is compared with a computer simulation.

This study shows that at 18 MV, the photonuclear reaction on Ra-226 can produce low activities of Ac-225 with a linac. However, a
high power linac with high current, pulse length and frequency is needed to produce practical amounts of Ac-225 and a useful reduction

of Ra-226.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Medical linear accelerator (linac); Actinium-225; Radium-226; Radium-225; Bismuth-213; Targeted alpha therapy; Cancer therapy

1. Introduction
1.1. Actinium-225

Ac-225 is an alpha emitting radiosiotope with a 10-day
half-life that decays to produce Bi-213. Either Ac-225 or
Bi-213 can be used as an agent for radio-immunotherapy.

Alpha particle emitters are the most potent sources for
lethal irradiation of single cancer cells and micrometastases
because of their densely ionising radiation. Alpha particles
are of considerable interest for radio-immunotherapy
applications since their short range in soft tissue is limited
to only a few cell diameters.

Alpha particles have high linear energy transfer (LET) in
tissues. High LET radiation induces far more biological
damage over a shorter range than low LET beta radiation,

*Corresponding author. Tel.: +61294871619.
E-mail address: gmelvill@bigpond.net.au (G. Melville).

0969-8043/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.apradiso0.2006.05.002

and is therefore much more cytotoxic. The delivery of such
a high energy in so small a volume makes alpha particles
especially well suited for targeting micrometastatic disease
and single cancer cells such as leukaemia and other blood-
borne disease.

The Bi-213 radioisotope is of special interest because of
its unique nuclear properties, which include a short 46-min
half-life and high-energy (8.4 MeV) alpha-particle emis-
sion. Its availability from the Ac-225/Bi-213 (Actinium
Pharmaceuticals, 2005) generator system makes this radio-
isotope particularly well suited for medical use.

Cancer trials are being conducted at the Cancer Care
Centre, St. George Hospital in Sydney, where the Targeted
Alpha Therapy (TAT) (Allen et al., 2004) programme using
Bi-213 offers the potential to inhibit the growth of
micrometastases by selectively killing isolated and pre-
angiogenic clusters of cancer cells. In TAT, the radio-
isotope is bound to a monoclonal antibody or protein and
their molecular subunits attach to the receptors on cancer
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cells, allowing radiation to attack the cancer while
minimising the potentially negative impact to surrounding
tissue.

1.2. Uranium-233 decay chain

The Bi-213 isotope that is holding promise for cancer
treatment is produced through a complex process that
starts with U-233 (Fig. 1). The key intermediates in this
process are Th-229 and Ac-225. Ac-225 is currently derived
from purified Th-229 extracted from U-233 at ORNL (Boll
et al., 2005).

There are a number of ways to produce Ac-225. The
most practical way at present is to derive these isotopes
from the decay of Th-229, which is produced by the decay
of U-233. Ac-225 is the product being shipped to medical
facilities. Bi-213 is separated from the Ac-225 at the
hospital and combined with the targeting agent.

1.3. Production method

Ac-225 could be produced using accelerators or reactors
or by separation techniques. Methods include producing
Th-229 directly as opposed to obtaining it by the decay of
U-233; producing Ra-225, which decays into Ac-225; and
producing Ac-225 directly. While each of these methods
eventually results in a supply of Ac-225 for use in a Bi-213
generator, they all require additional chemical processing
and/or separation steps that are yet to be determined and
will likely increase production costs.

U-233
159 000 y
| o
Th-229
7340y
la
Ra-225 B Ac-225
14.8d 10.0d
|
Fr-221
48m
1 o
At-217 B Rn-217
32 ms 0.5ms
l o (99.9%) la
Bi-213 B Po-213
456 m (98%), 42us
l a (2%) la
Ti-209 B Pb-209 B Bi-209
22m 33h stable

Fig. 1. U-233 decay chain (Korea Atomic Energy Research Institute,
2005).

Possible ways of producing Ac-225 (Koch et al., 1999)
are:

@ 2Th (n; 9, 2p) >**U: This method involves bombarding
Th-232 with thermal neutrons to produce U- 233, which
will then follow the U-233 decay chain leading to Ac-225
as shown in Fig. 1.

e **°Ra (3n; 2p) **’Th: This method involves bombarding
radium with thermal neutrons to produce Th-229 after 3
neutron capture events, which decays to Ac-225.

e 2Ra (p; 2n) **Ac: In this method protons from a
cyclotron produce Ac-225 directly with the peak cross
section being about 540 mb at 16 MeV proton energy.
(Private communication: G Dracoulis, Australian Na-
tional University) using the standard fusion-evaporation
code.) The #*°Ra (p; 3n)***Ac reaction rapidly takes over
at higher energies.

e >*Ra (n; 2n, B) ***Ac: Neutrons bombard radium to
produce Ac-225.

e *%°Ra (y; n) ***Ra: This reaction produces Ra-225, which
subsequently decays to Ac-225 through beta decays.

A number of the above reactions involve neutron
bombardment at thermal energies. For industrial applications
that require neutrons, users have three primary sources from
which to choose: nuclear reactors, radioisotopes. and
accelerator-based high-energy neuntron sources  Nuclear

reactors are the largest and most prolific sources of neutrons.

This paper investigates the photonuclear reaction route . )

as medical linacs are routinely used for radiotherapy in
hospitals.

1.4. Photonuclear production

Linacs are the mainstay of radiotherapy treatment. They
deliver megavoltage electron beams accelerated by klystron
or magnetron generated radio-frequency fields through
copper waveguides (Dowsett et al., 2001). The beam of
electrons from the gridded electron gun is focused by a
solenoid to a beam of less than 2 mm in diameter to strike a
0.76 mm thick tantalum or tungsten target and produce
bremsstrahlung radiation.

Although the theoretical model in this paper is based on
a 2100C MV Clinagc from Varian, it would be very similar
to any linac once the energy range was adjusted. The
spectrum of bremsstrahlung photons produced by the linac
extends from zero energy up to the maximum energy of the
electrons hitting the target, which is 18 MeV in this case.
Measuring or calculating the|bremsstrahlung specfrumlis
very difficult. The most common approach today is to use
Monte Carlo methods (Ahnesjo, 1989) for calculating the
spectra.

The photonuclear reaction is

26Ra + Y — 2°Ra +(n. (1

Reaction (1) involves exciting the radium nucleus with
bremsstrahlung photons so that a neutron is ejected. The
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reaction threshold of@is easily achievable with a
linac. The reaction is electromagnetic in nature and would
be virtually instantaneous. This means after irradiation,
Ra-225 will be at a maximum yield and will decay slowly
over time, the half-life being 14.9 days, producing Ac-225
by beta emission, by the following decay:

25Ra — P Ac+? 2

2. Theory
2.1. Bremsstrahlung production

An electrically heated filament (cathode) within the linac
generates electrons that are accelerated by waveguide from
the filament to the tungsten target by the application of
high-voltage pulses applied between drift tubes. Once
inside the drift tube, they are shielded from the field and
drift through at a constant velocity. When they arrive at
the next gap, the radiofrequency field accelerates them
again until they reach the next drift tube. This continues,
with the particles picking up more and more energy in each
gap, until they exit onto the target. The drift tubes are
necessary because an alternating field is used and without
them, the field would alternately accelerate and decelerate
the particles. The drift tubes shield the particles for the
length of time that the field would be decelerating.

Linac photons or bremsstrahlung radiation (Bueche,
1969) arise when high-energy electrons penetrate the anode
material passing close to its atomic nuclei. The electrons
are deflected from their initial path by the nuclear coulomb
field of the tungsten atoms causing changes in velocity.

Energy is lost in the form of electromagnetic radiation,
which is called ‘braking radiation’ or bremsstrahlung

Energy transformations that yield the photon radiation
vary since the bombarding electrons approach the nuclei at
different impact radii. There is consequently a spread of
bremsstrahlung energies from a maximum (where the entire
kinetic energy is transformed into photon radiation) to the
lowest energy photon emission when the electron is only
slightly deflected by the nuclear field.

A polar diagram (Nordell et al., 1984) showing the
variation of the intensity of bremsstrahlung rays with angle
produced by the electron bombardment of various targets
is shown in Fig. 2. Curve A, shows 34keV electrons
bombarding a thin aluminium foil and curves B and C, 10
and 20 MeV electrons bombarding a thin 0.05cm tungsten
target. Curve D is a typical intensity distribution for a
diagnostic X-ray tube with a 16° thick tungsten target, with
the beam taken at right angles to the electron beam and
excited at 90kV,. As the energy of the bombarding
electrons is increased, the two lobes of curve A, tip
forward to yield, at very high energies, a distribution with
all the radiation in the forward direction.

Mohan et al. (1985) found that the angular distribution
of 15MeV photons from a Clinac-20 was very narrow with
more than 99.9% of all the photons contained within 2

_degrees of the central axis of the target. A 2100C Clinac
will have a similar photon angle distribution. This means at
100 cm (SSD) the vast majority of the photon beam will be

contained in an area with a cross section of less than 7cm.

This, of course, assumes there is no interference with the
photons on their journey. In reality, however, photon
spread due to the linac collimator and flattening filter
would need to be considered.

electeon
beam 90 kV
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This study is based on an 18 MV 2100C Clinac. As such
the range in photon energies (bremsstrahlung) is a
positively skewed Gaussian curve with an average energy
of about 6 MeV and peak flux at 1.25MeV. The photon
intensity is high at low energies but quickly tapers off at
higher energies. More will be said about this later.

The most accurate way to calculate the yield (Y) of Ra-
225 produced by the photonuclear reaction (1) is by
summing up the individual yields Y(E) over all brems-
strahlung energies:

E,
Y=/
E,

where E; is the reaction threshold at 6.4 MeV (Centre for
Photonuclear Experiments Data (CDFE), 2005) and E, is
the maximum electron energy of the linac, i.e. 18 MeV.

To perform this integration, the number of bremsstrah-
lung photons and photon reaction cross section as a
function of energy must first be calculated over the
bremsstrahlung energy range.

Y(E)dE, (3)

2.2. Reaction cross section

The reaction cross section (Wehr and Richards, 1974) is
defined by
Ngr
T] )
where ¢ is the cross section (barns), the N; the number of
incident particles per unit time (s) per unit area (cm?), and
Ng the number of reactions per unit time (s) per nucleus.

The cross section is a function of energy and can be
evaluated at various energies using the cross section for the
photonuclear reaction given by the expression below, Eq.
(5), which is an application of the Breit-Wigner formula

0=

“)

(Allyn and Bacon, 1966). This formula describes the cross
section for the formation of a particle resonance, inter-
mediate between two other particle states:

/2y (g </ E —Ei
(E—E) + ()2} E) ' BBy
where is the E, = 13.45MeV (giant dipole resonance
(GDR) energy) (Berman, 1976), E, the 6.4 MeV (reaction
threshold energy) (CDFE, 2005), I' the 3.97 MeV (FWHM
at resonance) (Berman, 1976), and g the 521 mb = 52.1 x
1072 cm? (peak resonance cross section) (Berman, 1976):

a(E) &

£ ONv- 'ﬁl\(\i

@ The resonance energy (E;) and peak resonance cross

section (o) values are unknown for Ra-226 but are

assumed to be similar to other nuclides with similar

mass number. The values used here are for Bi-209,

which is one of the closest radionuclides with known

values, which are comparable to Th-232.

The reaction threshold energy (E,) has been calculated

using the mass formula (CDFE, 2005).

® The full-width at half-maximum (FWHM) at resonance
(I') is unknown for Ra-226 but is assumed to be similar

.

.

G. Melville et al. | Applied Radiation and Isotopes 64 (2006) 979-988

to nuclides with similar mass number. The value used
here is for Bi-209.
e The square root expression in the above cross section
equation is the normalisation factor. It will be equal to
one at resonance, less than one below resonance and
greater than one above resonance.
The above equation is only accurate up to 18MeV
where single neutron reactions greatly dominate (valid
for linac energies). At higher energies (CDFE, 2005) two
neutrons are produced. Because of the weak high-energy
tail of the photon spectrum (see later) these should not
affect the model calculation to any significant degree.

2.3. Convolution

The total yield (Y) of Ra-225 is calculated using Eq. (6):

18 MeV
N ¢(E)a(E)tdE,
v

18 MeV

y = /
6.4 MeV

where Y is the yield in Ra-225 atoms/s, N the number of
atoms of Ra-226/cm>, ¢ the photon flux/s, ¢ the cross

Y(E)dE = / ()

6.4 Me

section (mb), and ¢ the thickness of the Ra-226 target (cm): ,
g\ 3 o
l) 0{ &=

18 MeV
(N atoms/cm?

Y(atoms/s) = /

6.4 MeV

x ¢ photons/s x t cm)dE. 7

2.4. Transient equilibrium

Once Ra-225 has been produced it will decay to Ac-225,
as shown previously in Fig. 1. The ideal theoretical case is
shown in Fig. 3, where the half-life of the daughter
radionuclide is shorter than the parent radionuclide,
resulting in transient equilibrium. This passing matching

Sél’i FMa

100 =
- e AcatS
10 =
s F
2 B 7 ‘
%] 5 el
< : e -
1 | —— Ra-225 parent —
] s AC-225 daughter
0.1 IR BT 1 Ry ENI W T Y W S A O R Rl 1
0 20 40 60 80
Time (days)

Fig. 3. Theoretical transient equilibrium resulting from the buildup of the
shorter-lived Ac-225 activity beginning with a pure sample of the longer-
lived parent Ra-225 nucleus.
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of activity occurs after about 13 days and the activity of the
daughter at this point is about half that of the original
parent activity. However, in our situation, the curve only
approximates the theoretical since the Ac-225 (daughter)
half-life (10 days) is not much shorter than the Ra-225
(parent) half-life (14.8 days).

3. Calculations
3.1. Linac parameters

The relevant specifications of the 18 MV linac (provided
by Varian Australia) are listed below (Table 1).

Linacs do not produce continuous current because
pulsed electron beams are accelerated by klystron or
magnetron generated radio-frequency fields through cop-
per waveguides. This means the actual current-on time is
between 3.5 and 4pS, 180 times/s. Thus, the maximum
pulse current of 36 mA is equivalent to an average beam
current of 26 pA, using a pulse length of 4pS.

As lamp = 1 Coulomb/s = 6.25 x 10'® electrons/s, then
26 pA = 1.625 x 10" electrons/s.

3.2. Bremsstrahlung production efficiency — —® PATT SN 3t i

[ P 2 H¥' o

The probability, p, for bremsstrahlung photons is about
1-5% /electron (Dowsett et al.. 2001) at low energies but
increases with both atomic number Z of the anode material
(target) and the electron beam energy Ej. Most of the
electron energy (99%) is lost as heat. Above a certain
energy, called the critical energy (E.), bremsstrahlung
efficiency must be considered. This critical energy can be
calculated (Frauenfelder and Henley, 1991):

E.~600/ZMeV = 8.1 MeV, which is well below the
18 MV energy in this study.

The efficiency n of bremsstrahlung production at
electron energy (Ejp, €V) at low energies (Dimitar, 1998)
can be calculated from

n=kEyZ, (8)

where k is a constant, which depends on the material, and
equals 1.1 x 107 for the tungsten target (Z = 74) (Dowsett
et al., 2001).

The bremsstrahlung yield at low energies increases
linearly as the energy of the incident electrons increases
(Frauenfelder and Henley, 1991), but is generally less than

Table 1
Parameters of the 18 MV Varian Clinac 2100C

Electron energy (max) = 18 MeV (+3%)
Peak pulse current ~36 mA

Frequency = 180 Hz

Pulse length = 3.5p < 4pS

Mean current = 26 pA

5% at low electron energies (125kV~1%). At 1 MeV the
yield can be as high as 8% (Dowsett et al., 2001).

No expression will give the bremsstrahlung efficiency
exactly over the entire energy range. At medium energies
the general approximation formula (Emilio. 1975):

_EpZ
~ 750

This is similar to Eq. (8) but increases to over 100% at
energies around 12MeV. To find the bremsstrahlung
electron efficiency at 18 MeV three methods have been
examined:

where Ej is the electron energy in MeV. )

@ Use of a higher-energy approximation formula (Meyer-

2

hof. 1967): {7/ 6.4MeV FA BV (3 LV
o I I
6x 10 ZE/;

where Eg is in MeV. (10)

T T 6x 10 ZE,
This formula ensures the efficiency stays below 100%
and gives 44.4% efficiency at 18 MeV.
@ Use of measured bremsstrahlung efficiencies m water
(line of best fit) Fig. 4 (Emilio, 1975). e
The efficiency of bremsstrahlung in elements of different
atomic number Z varies nearly as Z> (Meyerhof, 1967).

L Zow 2122

Thus, the efficiency for tungsten is about 49% at
18 MeV. Hao 6 Bav = B2 (G :RA)

® Table 2 (Spring, 1960) below, gives a small number of
measured and theoretical values for tungsten. It shows
that roughly a doubling in energy results in an almost
doubling in efficiency. This gives an extrapolated
efficiency at 18 MeV of about 52%.

The higher-energy approximation formula (I1st method)
is the most accurate in determining bremsstrahlung
efficiency as the other two methods, which rely on
comparison with water and Z* related bremsstrahlung
increases, and are not accurate across the wide energy
range.

This model uses a conservative 40% bremsstrahlung
efficiency to normalise the photon spectrum in Fig. 5. This
means the total number of photons produced by the linac
from 0 to 18 MeV is equal to 6.5 x 103

o (B3 26/»(—\ — Lbwseo!

L’F"/’

1
3.3. Linac photon_spectrum igekd Gk

\v{'»s

o prats il gy | ¥ ¢ gdr

A photon spectrum can now bé constructed knowing the
total number of photons and their intensities. The
spectrum in Fig. 5 gives the number of photons as a
function of photon energy up to 18 MeV using photon
intensity data from Varian Corporation, and allows the
calculation of the Ra-225 yield at each of these energies
using the reaction cross section at these energies.

With the photoneutron Eq. (1) having a threshold energy
of 6.4MeV, the total number of photons that could
produce Ra-225 is 1.61 x 10",

il
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Efficiency (%))

/l 18 MeV ~ 7% |

N
0.0

o.ég’ S

Energy (MeV)

Fig. 4. Electron bremsstrahlung efficiencies in water.

%l\::;cztical and measured bremsstrahlung efficiencies for tungsten
Energy (MeV) Efficiency (%)
Experimental Theoretical
. 0.90 34 - 34
1.63 58 5.6

235 10.4 8.3

3.4. Calculated reaction cross section

The photoneutron reaction (Eq. (1)) cross section over
the range of linac energies can be calculated using
expression (5) and is shown in Fig. 6 below.

This graph shows a zero cross section at threshold
reaction-energy of 6.4 MeV followed by a steady increase
up to a maximum cross section of 532mb at an energy of
13.75MeV. The cross section is truncated at 18 MeV,
which is the highest electron and photon energy of the linac
in this model.

3.5. Yield of Ra-225

The total yield (¥) of Ra-225 can now be calculated
using Eq. (7) and the data that was used to construct both
Figs. 5 and 6. The result-of this calculation is shown in
Fig. 7, which is the yield in atoms of Ra-225/s over the
complete energy range that the reaction can occur, i.e. from
6.4-to 18 MeV. Maximum yield occurs at 13.5MeV.

A 1cm® volume of Ra-226 contains 1.33 x 10?2 atoms,
since 226 g of Ra-226 contains 6.023 x 10?* atoms and Ra-
226 has a density of 5g/cm>. Using Eq. (7), the total yield
(Y) = 2.8 x 10" atoms/s of Ra-225. Thus, an 18 MV linac
bombarding a 1cm? target of Ra-226 (with activity 5Ci)
~ with bremsstrahlung photons in the energy range from 6.4

to 18 MeV, will produce 2.8 x 10'° atoms of Ra-225/s or
about 10'* atoms/h of irradiation. This is based on a 40%
bremsstrahlung efficiency, which is by far the main source
of uncertainty in this simulation. This will be discussed
later.

The activity of Ra-225 is given by Azs = 4 x Nays (no of
atoms of Ra-225). The decay constant (1 = 0.693/t,2) of
Ra-225 (half-life: 14.9 days) is 41 =5.38 x 1077s™" and 1
Ci = 3.7 x 10'%dis/s. Thus,

Agps = 5.38 x 1077 x 10" ,
= 5.38 x 107 Bq (dis/s)/h irradiation
= 1.45mCi/h irradiation.

3.6. Optimum linac energy

Computer simulation programs using C+ + and MA-
TLAB were also used to calculate the theoretical yield of
Ra-225 using known Th-232 cross section data (Berman,
1976) and combining it with bremsstrahlung photon
spectra. The programme was designed so that it could be
used for different energies and currents. MATLAB was
particularly useful for plotting the graphs. The results are
shown in Fig. 8 and Table 3. One mole of Ra-226 was
irradiated in this simulation.

Calculations showed that the linac does not require the
highest possible energy, as the yield plateaus with increas-
ing energy. Therefore, the optimal energy for Ac-225 is
around 16MeV. 18MeV (Siemens) actually provides
15.25MeV, which is the nearest energy to 16 MeV. On
the other hand, 10 MeV (Varian) is not much greater than
the threshold energy of photoneutron reaction. 25MeV
(Elekta) provides the highest energy, however, the yield is
much less than 15MeV (Varian) because of lower
bremsstrahlung output.. The reason for this is that,
although linac power is the product of current and voltage,
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Fig. 8. Yield of Ra-225 using a 15MeV Varian linac. The peak occurs at
about 11.5MeV.

Table 3

Maximum Ac-225 yields obtained at different linac energies by irradiating
1 mol (6.02 x 10** atoms) of Ra-226 for 1 h using the simulation programs
C+ + and MATLAB

Energy (MeV) Maximum C+ + MATLAB
energy (MeV) maximum Ac- maximum Ac-

225 (mCi) 225 (mCi)

10 (Varian) — 4.0 5.1

15 (Varian) 15 243 326

18 (Varian) 16 25.0 . 264

18 (Siemens) 15 29.1 34.1

25 (Eleka) 16 17.9 17.9

and the voltage determines the electron energy, the electron
energy and current is inversely proportional so both cannot
increase together at a given power.

4. Discussion

The total yield has been calculated by summing the
individual yields over the energy range 6.4 MeV « 18 MeV,
so the calculation is quite precise since average values have
not been used. This model has been based on the linac
operating at maximum current with a pulse length of 4 ps.
In reality, the linac will pulse at between 3.5 and 4 ps, which
could further reduce the yield by up to 12.5%.

The important assumption here is that the Ra-226
interacts with all the photons in the beam. Thus, the
positioning of the radium source is very important.

A calculation of photon flux can now be done in terms of
photons/cm?/s interacting with Ra atoms/cm?® as seen in
Fig. 9.

This calculation assumes:

® The radium needles are placed at a distance of 49.2cm
from the tungsten target.

49.2 cm

Fig. 9. Angular distribution of bremsstrahlung photons from a linac.

® Angular distribution of photons is 4° in total (see
Mohan et al. (1985)).
e Photon flux is evenly distributed within the beam width.

" A total photon count of 6.5 x 10'% in an area of 9.3 cm?
through a distance of 49.2cm gives a photon flux of
7 x 10'2 photons/cm?/s. However, considering the number

~ of photons above the threshold energy that can actually

cause the desired photonuclear reaction, the above photon
flux reduces to 1.7 x 10'? photons/cm?/s.

The low yield results from the low current combined
with the low pulse width and frequency. In order to
increase the yield so that worthwhile amounts of Ra-225
and daughter radionuclides could be produced, a number
of factors need to be considered.

These are:

o increase the maximum current,

® increase the pulse length,

® increase the pulse frequency,

@ increase irradiation time,

@ irradiate larger amounts of radium.

A high-energy linac is needed to reach the GDR to
maximise yield. Irradiation time can be increased by a
factor of 10 (1-10h) or more without too much strain on
the linac. Packing as much Ra-226 as possible into the
target area is very important especially considering that
1cm® of Ra-226 is 5g. Other factors such as using an
efficient method of separating the Ra-225/Ac-225 from Ra-
226 are important when considering the small yield.

One way of obtaining reasonable amounts of Ra-226 is
to use radium needles, which were once used to treat
cancer. The treatment process involved encapsulating
radium in stainless steel needles, which were then imbedded
into a tumour. The use of radium for cancer therapy was
phased out with the development of cobalt and caesium
sources, and with linacs being introduced for radiotherapy.
It is estimated there are between 50,000 and 100,000
radium sources (Vicente and Sordi, 2004) worldwide that
still need to be processed. The Environmental Protection
Agency (EPA) in Australia is known to possess a
considerable store of old discarded radium needles. There
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is also a store of radium needles at some hospitals. These
needles are cylindrical in shape and are approximately
1.5cm long and have a diameter of about 0.25cm. They
contain about 20 mg (20 mCi) of very pure Ra-226.

Irradiating one of these needles for an hour using the
model in this paper will produce about 6 uCi of Ra-225
because of the small mass of the radium in each needle
(20 mg).

The cross section of the Ra-226 target for the photo-
nuclear reaction determined by its GDR. This type of
resonance is due to the mode of nuclear vibration in which
at any instant the protons and neutrons collectively
oscillate in opposite directions, with the centre of gravity
remaining constant. The resonance decays by the emission
of one or more nucleons of which at least one is normally a
neutron in the region of interest. The GDR leads to a
broad peak (energy vs. cross section) and occurs in nuclei
throughout the periodic table (Williams, 1991).

Linacs have a flattening filter between the tungsten target
and the irradiated source; its purpose is to give a more
uniform radial field. As expected, the filter absorbs some
lower energy photons and thus leads to higher average
beam energy. Since the threshold reaction to produce Ra-
225is 6.4 MeV, it makes little difference practically whether
the filter is removed or not.

The activity of the Ac-225 depends on the photon flux,
irradiation time, the activity of Ra-225, and half-life. The
Ac-225 production rate:

Ay = NHA\(T) /(T = To))(1 — "0 =T/ TiT2),

where N is the number of atoms A the irradiation time, and

t the time. Here, A,, A, are the activities and T, T are the

half-lives of the Ra-225 and the Ac-225, respectively. 4, is

the product of photon flux and cross section of Ra-226.
The dependence of the two radionuclides is seen in

Fig. 10. The C+ + computer simulation produced this

graph for a 15MeV Varian (maximum energy: 15MeV)
where a small amount of Ra-226 was irradiated in the
simulation. It shows that transient equilibrium occurs after
18 days and compares favourably with the ideal theoretical
result (assumes ideal situation where parent radionuclide
half-life was a lot longer than daughter radionuclide half-
life) in Fig. 3 where transient equilibrium was reached in
about 13 days.

The C+ + computer simulation programme predicts
that using an 18 MeV Varian to irradiate 1cm® of Ra-226
(5g) for 1h will give a yield of Ra-225 of 1.25mCi
assuming a consistent 40% bremsstrahlung efficiency, with
the maximum yield of Ac-225 being 0.554 mCi and occurs
after 430 h or 18 days.

These C+ + yield results are very consistent with the
other results in this theoretical paper where 1.45mCi/h of
Ra-225 was produced (p. 13) under the same conditions. As
mentioned previously, the C+ + results were constructed
using Th-232 cross section data and differ by only 16%
from that where Bi-209 data was used. By far the greatest
source of error in these simulations would be in the actual
bremsstrahlung efficiency. Although Ra-226 and Th-232
are deformed nuclei, using spherical cross section data
from Bi-209 has not significantly (less than 20%) altered
the result at linac energies.

5. Conclusion

On the basis of this theoretical approach, very low
activities (uCi) of Ra-225 can be produced by a common

high-energy linac. The two different simulations gave
consistent results when using cross sections data from
two different nuclei. An 18 MV linac irradiating 5 g of Ra-
226 for one hour will produce between 1 and 2mCi of Ra-

225. The simulation also shows that simply increasing linac

energy beyond a certain level does not increase the yield
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Fig. 10. The photoneutron product (Ra-225) is at a maximum after irradiation using a Varian (15MeV) and slowly decays while the decay product

(Ac-225) builds to a maximum in 430 h before it slowly decays.
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unless there is an increase in overall linac power. Although
the photonuclear reaction is inefficient, the yield can be
greatly increased by using a longer irradiation time, placing
the radium target in a prime position and having a high
mass Ra-226 target. Stacking together a large number of
radium needles may do this.

Furthermore, considering that after the valuable Ac-225
is extracted from the target the residual Ra-226 can again
be irradiated in a continuing process (Ra/Ac generator),
the project could also slowly reduce obsolete radioactive
material as well as produce Ac-225.
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