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The new research reactor FRM II at Garching started operation in March 2004. The compact core is cooled by light
water, and moderated by heavy water. Two fuel plates mounted in the heavy water tank convert thermal to fast
neutrons. The fast neutron flux in the connected beam tube is up to 7 - 10°s™'ecm™ (depending on filters and collimation);
the mean neutron energy is about 1.6 MeV. There are two irradiation rooms along the beam. The first is mainly used for
medical therapy (MEDAPP facility), the second for materials characterization (NECTAR facility). At the former
therapy facility RENT at the old research reactor FRM, the same beam quality was available until July 2000. Therefore,
only a small program is run for the determination of the biological effectiveness of the new beam. The neutron and
gamma dose rates in the medical beam are 0.54 and 0.20 Gy/min, respectively. The therapy facility MEDAPP is still
under examination according to European regulations for medical devices. Full medical operation will start in 2007.
The radiography and tomography facility NECTAR is in operation and aims at non-destructive inspection of objects up
to 400 kg mass and 80 x 80 x 80 cm? in size. As for fission neutrons the macroscopic cross section of hydrogen is much
higher than for other materials (e. g. Fe and Pb), one special application is the detection of hydrogen-containing
materials (e. g. oil) in dense materials.

1. Introduction

Cooling
The high flux neutron source FRM II started its
operation in 2004. Since the beginning of 2006, the
reactor has attained the full capacity with respect to
the available beam time so that now, external
experimentalists find reliable conditions.

The reactor core consists of a single compact fuel
element containing 8.1 kg enriched uranium (93 %
#3U). The fuel element is cooled by light water, and
reflected and moderated by heavy water. The
maximum unperturbed thermal flux is 8 x 10'*s”cm™.
In addition to the usual thermal neutron beams also
hot and cold neutrons are available; further a high-
flux positron beam, and a beam of fission neutrons.
The spatial requirements for sources of ultra cold
neutrons as well as of neutron-rich fission products
have been met, but the realization of these sources is
pending.
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2. The converter facility
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The fission neutron beam is generated by a

thermal-to-fast neutron converter consisting of two
plates containing a total of 540 g highly enriched
uranium. The same type of fuel is used in the reactor
core, i.e. a dispersion of U;Si, in Al, cladded by Al.
The converter plates can be driven through a chute
from a low flux zone above of the D,O-tank into the
inner periphery of this tank, Fig. 1.

Thermalized neutrons from the reactor core induce
fission processes in these plates which are mounted
adjacent to the nose of beam tube SR10. Thus, there
is nearly no moderating material towards the beam
tube. A B4C-PE-filter suppresses contaminating
thermal neutrons and reduces epithermal neutrons so
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Fig. 1. Vertical section of the converter facility. The
converter plates are initially located in the light water
zone of the reactor pool. They can be driven down into
the D,O tank (dashed contour) by a drive shaft. The
cooling is integrated in the chute. The D,0O tank has 2.5 m
diameter and surrounds the reactor core (1m right hand,
not shown). The beam tube contains 4 shutter drums.

that, at the irradiation sites, the neutron spectrum is
essentially a fission spectrum. During each fission
process, also 7 prompt high energy photons are
emitted. In order to establish the effect of neutrons,
the gamma dose rate is decreased by 3.5cm Pb
without distortion of the neutron spectrum.
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This facility is the successor of a similar one at
the former reactor FRM called RENT which was in
operation from 1980 until July 2000. Both fission
beams have been designed for multiple use, e.g., in
clinical neutron therapy, radiobiology, dosimetry,
materials testing (e.g., radiation hardness), and for
computerized tomography and radiography;

moreover, nuclear models have been tested using
silicon and other filters for the generation of narrow
neutron spectra [1]. The beam at the FRM II is
formed by a multi leaf collimator (MLC), Fig. 2.
The leaves are 1.5 cm wide and 60 cm deep, and
consist of Fe, PE and Pb. Their vertical movement
allows the conformation to the radiation on the

Fig. 2. Multi leaf collimator (MLC).

3. Medical Applications (MEDAPP)

3.1 Beam quality and selection of tumours

MCNP calculations assisted the design of the
converter facility and were carried out from the
source to the target which consists of a polyethylene
(PE) phantom. Calculated spectra are shown in Fig. 4.

The basis of the physical treatment planning is
the dose distribution in the depth of a water
phantom. The distributions are dependent on the
form and the size of the irradiated field. The data are
measured by use of a cubic water phantom with
about 150 litres volume. It is equipped with
precision drives for the ionization chambers and a
computerized recording.

In mixed field dosimetry, two chambers with
different sensitivities to the neutron and gamma
components are necessary. One chamber consists of
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contour of the tumour. Radiography and tomography
need especially narrow collimation and very strong
suppression of the gamma component. The
corresponding filter-collimator can be inserted into
the beam pneumatically as well.

The new fast neutron beam is equipped with
redundant shutters (requirement for therapy). The
beam has a large cross section (maximum 30 x
x 20 cm?) into which various filters can be inserted
pneumatically. There are two large irradiation rooms
along the beam (Fig. 3), one for the patient therapy
and short term experiments, the other for permanent
setups like the radiography installations.

Fig. 3. Along the fission neutron beam: the beam tube
SR10, filters, collimator and the heavily shielded
irradiation rooms for medical and technical use.

the electrically conducting material A150 (so-called
“Shonka-plastic””) which is radiologically equivalent
to human muscle tissue; the chamber volume (1 cm?)
is flooded with tissue equivalent gas on a methane
basis. The second chamber is made of magnesium
and flooded with argon gas. In this way, the
chambers are sufficiently homogeneous so that the
Bragg-Gray condition for the determination of the
energy dose is fulfilled. The tissue equivalent (TE)
chamber is sensitive to neutrons mainly due to its
hydrogen content; the ratio of the sensitivities to the
neutrons and to the gamma component is 49:51,
respectively, for a fission spectrum. Hence, the TE
chamber current is essentially proportional to the
total dose rate. The Mg-Ar chamber has only little
neutron sensitivity (2 %). In this way, the neutron
and gamma components can be determined
separately.
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Fig. 4. Monte-Carlo simulation of the neutron spectrum at the patient site in 2 cm depth of a PE phantom.
Closed rhombi: unfiltered beam; open squares: beam filtered by 1cm B4C-PE and 1 cm Pb.

A typical depth dose curve is shown in Fig. 5.
Because of the dimension of the chambers, the
measured points start only at 17 mm depth. The first
points at 0 and 10 mm depth stem from a MCNP
calculation, which was normalized to the measured
points. The calculation does not show the expected

build-up of the gamma dose presumably due to the
low spatial resolution of the calculation.
Measurements at the former RENT beam showed
that the build-up is restricted to the first 4 mm of
depth; the neutron component showed no effective
build-up.

Neutron and gamma depthdose curves
field size 9x9 cm
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0,1
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Fig. 5. Neutron and gamma dose rates Dn and Dg, respectively,
on the beam axis with the standard filters.

At present, only one combination of filters is
foreseen for therapeutic irradiations; it consists of
lem B4C-PE and 3.5 cm Pb. With these “standard
filters”, the neutron-to-photon ratio decreases from
3.6 near to the surface of the phantom to unity at
about 10 cm depth. The half-maximum dose rate of
the neutrons is at 51 mm depth.

The course of the depth dose curve is the reason
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that only superficial and near-surface tumours can be
irradiated. Typical irradiation sites are therefore the
head (not brain), neck, breast, skin, and the limbs.
Fig. 6 shows the sorts of tumours which have been
predominantly irradiated at the former FRM.
Generally, slowly growing and/or highly
differentiated tumours as well as hypoxic tumours
respond favourably to fission neutron irradiation.
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Fig. 6. Tumours irradiated at FRM.

3.2 Progress of the MEDAPP project

The therapy performed at the former FRM has
been licensed on a research level. It has been
approved by ethical commissions and was prepared
and accompanied by a large number of dosimetric
and radiobiological experiments including the
irradiation of cell cultures and of hundreds of
animals, e.g., mini pigs, rats, and various breeds of
mice (investigated systems: transplanted mouse and
xenograft tumours, jejunal crypts, osseous healing of
the femur of the rat, pig skin etc. - a list of
publications is available on request [2]).

At the FRM I, the therapy is to be continued
using these approved methods. This means that the
beam quality (neutron spectrum and neutron-to-
gamma ratio) had to be re-established at FRM II.
Under this condition, only few accompanying
radiobiological investigations have to be carried out.
Currently, newly developed test systems consisting
of megacolonies of human tumour cells are under
investigation in order to determine the relative
biological effectiveness [3].

Since 1985, when the allowance for patient
irradiations had been attained at FRM, the formal
requirements to get an allowance have become more
stringent. Especially the required CE mark for the
irradiation facility was a big task. This means the
approval of conformity with the standards of the
European Medical Devices Directive, MDD
93/42/EEG, to an extent as if the facility was
intended to be reproduced and distributed like a
commercial product. In this context, the functional,
radiological, mechanical and electrical safety had to
be approved, and aspects of biocompatibility,
environment protection as well as electromagnetic
influence and compatibility (EMI/EMC) had to be
dealt with. The extent and depth of the
documentation and the tests including necessary
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changes took about 10 man-years. At present, all
checks have been successfully performed and the
documentation meets all requirements so that we are
expecting the approval from the independent experts
after which the responsible person of the university
may declare the CE conformity. Moreover, two
persons are charged with personal responsibility that
the facility will meet all requirements of the
conformity examination also in future.

Fig. 7. Irradiation room with treatment couch. The fixed
horizontal beam enters from the left, 1.45 m above the
floor.

With the CE-mark on the facility (Fig. 7), the
state authorities can formulate their permission for
the clinical irradiation of patients, thereby
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superimposing further conditions. We hope that
possible additional requirements can be met in time
and that the permission will be given still in 2006.
The first patients are expected immediately after
that.

4. Neutron computed tomography and

radiography (NECTAR)
4.1 General
The NECTAR  (NEutron  Computerized

Tomography And Radiography) facility consists of
different collimators, a manipulator system to handle
the sample and appropriate detection systems.

The beam geometry can be adjusted by two
collimators whose layout is based on extensive
MCNP calculations in order to achieve high L/D
values, large FWHH of the beam area at the sample
position and a minimized contribution of scattered
neutrons in the detector, while having a maximized

neutron flux and a reduced gamma-ray background.
The final layout is a sandwich structure made out of
Cd, Fe, Pb and borated PE. Details are presented in
(4, 5].

All components are controlled by computers
placed in a measurement cabin outside the rear wall
of the bunker.

4.2 The detection systems

The NECTAR facility is presently equipped with
two different detection systems, a CCD based
detection system and a set of four collimated single
beam detectors. The two-dimensional position

sensitive detection system consists of a liquid
nitrogen cooled CCD-detector, that images the light
created by incoming neutrons in a pp-converter [6]
via an aluminum coated mirror and a lens system.
The components are placed in a light tight housing

(Fig. 8).

Fig. 8. View in the measuring room of NECTAR with the manipulator for the samples (left),
and the CCD detector system (right).

The second detection system consists of four
NE-213 scintillators with attached photomultipliers
and iron collimators with rectangular slits of 4mm x
Imm (height x width) [7]. The electronics performs
an excellent gamma-to-neutron discrimination, thus
giving the basis for correction of beam hardening
effects.

4.3. First experimental results

One of the main tasks in setting into operation of
a  radiography/tomography  facility is  the
determination of all relevant parameters as there are
neutron fluxes and spectra, gamma dose rates, L/D
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values etc. Some first results using the main
collimator are reported next.

The fission neutron flux available at the
measuring position was estimated to about 4.9 x
x 10°cm™s™ taking into account the results of
MCNP calculations and measured dose rates. Both
data have to be verified by means of additional
activation measurements.

One important parameter of a radiography system
is the L/D value, where L is the distance between
collimator and sample position and D is the diameter
of the circular collimator outlet window. It is a
measure of the best available resolution. This value
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was determined experimentally for the main
collimator by using an iron cylinder (diameter 5 cm,
height 2.56 cm) fixed at the sample manipulator and
varying the distance between the cylinder and the
detector system. A first estimation resulted in L/D =
=233 £ 16. The relatively large standard deviation
may be caused by the contribution of scattered
neutrons in the cylindrical object. This will be
investigated in more detail in one of the next reactor
periods.

The radiographs shown here were measured
using the nitrogen cooled CCD camera system in
combination with the pp-converter. For each

radiography a set of typically 10 frames in total was
measured (measurement time per frame 1 minute).
Then a median filter (3 x 3) was applied on each
frame and the resulting images were summed. After
dark image subtraction and normalization the final
radiograph of the object is achieved.

Fig. 9. Photo (left) and radiograph (right) of a step wedge made of Pb, Fe, Al, and PE (from left to right).
The depth of the each step increases by 5 mm, i.e. the maximum depth is 50 mm.

Fig. 10. Photo (left) and radiograph (right) of a cylinder head.

Fig. 9 shows the photo and the corresponding
radiograph of a step wedge made of lead, iron,
aluminum and polyethylene (from left to right). The
depth of each step increases by 5 mm, i.e. the
maximum depth is 50 mm. The evaluation of the
intensity values for the individual materials derived
from the radiograph in combination with the known
thickness of each step enabled the calculation of the
corresponding mass attenuation coefficients. The
derived values are 0.0195 cm’g’ for lead,
0.0437 cm’g"  for iron and 0.0819 cm’g’ for
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aluminum, respectively. Within the measurement
uncertainty the coefficients are independent of the
thickness of the steps. For polyethylene the mass
attenuation coefficients range from 0.298 cm’g™ for
a thickness of 0 cm up to 0.322 cm’g’ for a
thickness of 5 cm thus showing a slight increase
with thickness.

Fig. 10 shows as a further example a radiograph
of a cylinder head. Turbine blades up to 30 cm in
height and a maximum thickness of 12 cm have been
radiographed successfully, too.
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KOHBEPTEP TEILIOBUX HEWUTPOHIB JIJII ONPOMIHEHb HEMTPOHAMM MOILTY
®. M. Baruep, T. Broxepab, C. Kamndep, A. Kacrenmioiuiep, B. BamkoBcbki

Hosuit nocnigannpkuii peakrop FRM 11 y I'apxinry Berynus y airo B 6epes3ni 2004 p. KomnakTHa akTHBHA 30Ha
OXOJIOJDKYETHCS JIETKOIO BOZIOK0. J[Bi MaNWBHI IUTACTHHM, IO MICTATHCS B KOPITYCi 3 BaKKOIO BOJIOO, MEPETBOPIOIOTH
TEIUIOBI HEWTpoHW Yy 1mBUAKI. [lOTIK IIBUAKMX HEUTPOHIB y BHXITHOMY TPYOOIIPOBOII MOXE IOCATATH
7 - 10® meiitpon/(cM” - ¢) (3almexHO Bix (iTbTpiB Ta KoNIMaTOpiB); CepelHs eHepris HelTpoHiB Gnm3bko 1.6 MeB.
Y3M0BXK IMyYKa pPO3MIIIeHO IBI po0Oodi KiMHATH AJs ompomiHeHHs. [lepmry BUKOPHUCTOBYIOTH TOJIOBHHM YHHOM IS
nmikyBanmpHOI Tepamii (ycranoBka MEDAPP), npyry — mus gocmimpkenHs MatepiamiB (ycranoBka NECTAR). Ha
noriepeHii ycranosi st tepanii RENT, mo mpamtoBana Ha ctapomy peakTopi FRM, Oyma Taka K SKiCTh ITydKa 0
mumHg 2000 p. ToMy TiTPKKM HEBENHWKY Iporpamy OyJio 3adisHO AJS BU3HAYEHHS 0i0J70TivHOi e(peKTHBHOCTI HOBOTO
myuka. [ToBHOMacmTabHa MenuuyHa pobota mouHeTbes y 2007 p. HeliTpoHHa Ta TamMMa-030Bi CKIIJOBI ITydKa s
MeanyHuX 1iied craHoBiaTh 0.54 ta 0.20 I'p/xB BimnosigHo. YcranoBka jyis Tepamii MEDAPP me 3Haxoauthes y
Juist pazgiorpadii Ta Tomorpadii 3HaXOIUTBCS B Iil 1 CIpsMOBaHa Ha OOCTEXEHHs mpenMmeTiB macoro no 400 kr ta
posmipamu 80 x 80 x 80 cm®. OCKUIBKH Il HEUTPOHIB MOLTY MaKpOCKOINIYHUI Niepepi3 BOAHIO HabaraTo BHMILE, HIK
JUIS HIDUX MaTepiaiiB (HampHUKIaid, 3amiza ad0 CBUHIO), OJHUM i3 CHCHialbHUX HANPSAMKIB € BUSBICHHS BOJIHEBO-
MICTKHX PEYOBHH (HANPHKIAA, HAPTH) y MIIJIBHUX MaTepiaiax.

KOHBEPTEP TEILJIOBBIX HEMTPOHOB JIUISI OBJIYUEHUA HEUTPOHAMMW JEJEHUS
®. M. Baruep, T. Broxepas, C. Kamndep, A. Kacrenmiouuiep, B. Bamkosckn

Hoserit uccnenosarensckuii peakrop FRM 11 B [N'apxunre BeTymmn B cTpoii B Mapte 2004 r. KommakTHas akTHBHAS
30Ha OXJIAXKIACTCS JIErKOM BOJOW. JIBE TOIUIMBHBIE IUIACTMHBI, HAXOSIIMECS B KOPIYCe C TSDKEJIOW BOIOH,
peoOpa3yloT TEIIOBbIE HEHTPOHBI B OBICTpHIE. [IOTOK OBICTPHIX HEHTPOHOB B BBIXOAHOM TPYOOIPOBOIE MOXKET
coctapysath 7 - 10° Heitrpon/(cm” - ¢) (B 3aBHCHMOCTH OT (HIBTPOB H KOIUTMMATOPOB); CPEIHSS SHEPIHs HEHTPOHOB
okojio 1.6 MaB. Bronp myuka pa3memnieHsl aBe pabdodne KOMHATHI Uit oOixydeHus. [IepByio HCIONB3YIOT TIIaBHBIM
obOpasom mis sedeOHOW Tepamuu (ycranoBka MEDAPP), Bropyo — i MCClefoBaHHMA MaTepuanoB (YCTaHOBKA
NECTAR). Ha npeamectBytoieit ycraHoBke s tepanud RENT, koropas padorana Ha crapoM peaktope FRM, 6bu10
TaKoe e KauecTBo Iyuka jo uroiist 2000 r. [TosTomMy TobKO HeOObIIas IporpaMMa NOHa00MIaCh AJIsl ONpeIesICHHs
ouonornyeckoit 3ddexkrnBHOCTH HOBOro myuka. [loaHomacmiTabHas MeOWIMHCKas pabora HauHercs B 2007 T.
HeiitponHass n ramMma-Zj030BbIe COCTAaBIISIIOIIME IMy4Ka sl MeJUUMHCKUX nened cocrasistor 0.54 u 0.20 I'p/mun
COOTBETCTBEHHO. YcTaHOBKa A Tepanuu MEDAPP eme HaxoauTcs B cTaiuu OTIaJKUA B COOTBETCTBHHM C IpaBUIIAMU
EBpormeiickoro peryaupoBaHus Uit MEIUIMHCKUX ycTaHOBOK. YcraHoBka NECTAR mist paguorpadun n tomorpadpun
HaxOJMTCs B JIGUCTBUU M ee padOTa HarpajeHa Ha oOcienoBaHue npeameroB Maccoit 1o 400 xr m pasmepamu 80 x
x 80 x 80 cm?®. ITockonbKy /Ui HEHTPOHOB JENEHUS MaKpOCKOIMYECKOE CEYEHUE BOJOPOJA HAMHOTO BBIIIE, YeM ML
JIpYTHX MaTepuasioB (HalpuMep, jKejie3a WM CBHHIA), OJHUM M3 CIICLHAIbHBIX HallpaBJIEHHUH sIBIsieTcsl 0OHapy)KeHHe
BOJIOPOIO-COJIEPIKAIIUX BEIIECTB (HAIpUMep, He()TH) B TUIOTHBIX MaTepHalax.
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