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ABSTRACT

At the radiation source ELBE (Electron accelerator producing a quasi-continuous electron beam of
high Brilliance and low Emittance) of the FZR a neutron source is being constructed. The electron
beam with energies of up to 40 MeV and pulse frequencies of up to 13 MHz is converted into sub-ns
neutron pulses by stopping the electrons in a heavy (high atomic number) radiator with a small volume.
The neutrons are generated by bremsstrahlung photons through (y,n)-reactions. The energy deposition
of the electron beam in the small neutron radiator is that high that any solid material would melt.
Therefore, the neutron radiator consists of liquid lead flowing through a channel of 11.2x11.2 mm2 cross
section. From the thermal and mechanical point of view molybdenum turned out to be the most suited
channel wall (thickness 0.5 mm) material. Depending on the electron energy and current up to 20 kW
power will be deposited into a radiator volume of 3 cm3. This heating power is removed through the
heat exchanger in the liquid lead circuit. Typical flow velocities of the lead are in the range of 2 m/s in
the radiator section. The electrons escaping from the radiator and the secondary radiation are dumped
to a large extent in an aluminum beam dump. To reduce the radiation background in the measuring
direction, the neutrons are decoupled from the radiator at an angle of 90° with respect to the impinging
electrons.

Particle transport calculations were carried out to determine the volumetric heat generation in the
liquid lead, in the channel wall and in the Al beam dump. Subsequent fluiddynamic and
thermo-mechanic finite element analyses are performed to proof the mechanical integrity of the radiator
channel. It could be shown that the equivalent plastic strain of the radiator channel can be kept
sufficiently small, i.e. less than 1 %. Thermal analyses of the water cooled Al beam dump proved, that
the maximum temperatures do not exceed 200 °C, thus a sufficient distance from the melting point is
maintained.
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1. INTRODUCTION

The new radiation source ELBE at Research Center Rossendorf uses the high brilliance electron
beam from a superconducting LINAC to produce various secondary beams. Electron beam intensities
of up to 1 mA at energies between 12 MeV and 40 MeV can be delivered with a wide variability in the
electron pulse structure. The maximum pulse frequency is 13 MHz with a pulse width less than 10 ps.
The small emittance of the electron beam permits the irradiation of very small volumes. These main
beam parameters led to the idea to convert the intense picosecond electron pulses into sub-ns neutron
pulses by stopping the electrons in a heavy (high atomic number) radiator and to produce neutrons by
bremsstrahlung photons through (y,n)-reactions. In order to enable measurements of energy resolved
neutron cross sections like (n,p), (n,a) and (n,f) with a time-of-flight arrangement with a short flight path
of only a few meters, it is necessary to keep the volume of the radiator for neutron production as small
as possible to avoid multiple scattering of the emerging neutrons which would broaden the neutron
pulses. It is the primary physics objective of this neutron source to measure neutron cross sections
firstly for construction materials of fusion and fission reactors, for which it is important to select radiation
hard materials, and secondly for the handling of waste from such reactors, especially in order to find
processes which transmute long-lived radioactive nuclides into short-lived and finally stable ones. In
addition, the distribution of fragments can be analyzed which are produced by neutron-induced
transmutation of long-lived radioactive nuclides. Furthermore experiments can be performed which
address problems of nuclear astrophysics.

A sketch of the photoneutron source driven by
the ps-pulsed electron beam of ELBE is shown in
Fig. 1. The electron beam will be directed to a liquid )
lead radiator where bremsstrahlung photons are & .
produced, which in turn produce by (y,n)-reactions | 3.6 m
photoneutrons. The electron pulse structure is
transformed into a similar pulse structure of the
neutrons allowing time-of-flight experiments. Concrete
Neutrons, which are emitted at an angle of about 90
degrees, will be directed to the measuring position
through a collimator. A flight path of about 3.6 meters
suffices to separate neutrons from bremsstrahlung
and secondary electrons. A beam dump will be

Radiator

+ Beam Dump

Heavy Concrete

placed in the primary beam direction behind the ¥ 0 |
neutron radiator, which is included in a vacuum M . ...
housing. easuring position
The development of a technologically feasible Figure 1: Sketch of the photoneutron

neutron radiator is a challenging task in itself. The source with a flight path of LTOF ~3.6 m
material selection has to satisfy physical and '

thermo-mechanical criteria. On the one hand the neutron production has to 12.2 mm
be as large as possible. For effective neutron production a radiator material 05 mm 12.2 mm
with a high atomic number has to be used. The localized deposition of RS \\
energy due to the focused electron beam requires the application of a :
heavy liquid metal radiator. Liquid lead was chosen as radiator material :
which circulates inside a closed loop.

The energy deposition of the electron beam in the small neutron
radiator is that high that any solid material would melt [1]. For electron * 0::0
energies of 40 MeV and a beam current of 1 mA about 20 kW heating
power has to be removed from the radiator and from the beam dump each.
The liquid lead flows through a channel of 11.2x11.2 mm?2 cross section
(Fig. 2). The edge radius of 1 mm is not shown in the figure. The heating
power is removed through the heat exchanger in the liquid metal circuit.
Typical flow velocities of the lead are in the range of 2 m/s in the radiator

Figure 2: Radiator tube
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section. The electrons escaping from the radiator and the bremsstrahlung photons are dumped in an
aluminum beam dump to a large extent. To reduce the radiation background in the measuring direction,
the neutrons are decoupled from the radiator at an angle of 90 degrees with respect to the impinging
electrons.

For the channel wall material a high melting point, a high heat conductivity, a high fracture strain
(larger than 2 %), a low thermal expansion, and a low specific heat generation rate are requested.
Table 1 gives an overview of candidate materials for the radiator channel. The symbols are explained in
the “Nomenclature” section.

Table 1: Main properties of the candidate materials for the radiator tube
Material Be Ti \% Nb Mo Ta W
Z 4 22 23 41 42 73 74
Fracture strain at RT 2% 0.4% >2% 40% 30% 40% 0.3%
am [10°/K] 11.5 8.60 8.4 7.8 4.8 6.5 4.3
Tiq [°C] 1278 1688 1910 2468 2622 2996 3380
p [ kg/m?] 1850 4510 6000 8570 | 10210 | 16600 | 19300
A W/m/K ] 161 22 31 54 146 57 160
Pgepo [ MeV cm2/ g ] 1.65 1.62 1.58 1.51 1.49 1.33 1.32
Quot [ KW/cm3 ] 43 103 134 183 215 311 359

Beryllium and molybdenum are the best materials considering the above requirements. However,
compatibility tests of Be and liquid Pb showed that Be is dissolved in the liquid Pb at higher
temperatures. Finally, molybdenum turned out to be a convenient and feasible wall material. For
thermo-mechanical reasons the wall thickness has to be approximately 0.5 mm.

On the other hand the neutron pulses have to be as short as possible to allow a good time
resolution after a short flight path. Since the time resolution of the time-of-flight-experiment depends on
the spread of the time the neutrons spend inside the radiator volume short neutron path lengths inside
the active radiator volume are necessary. Considering those two aspects the radiator size had to be
optimized both with respect to neutron yield and the required time resolution.

The beam dump (Fig. 3) is constructed from Aluminum because of the very good heat conduction,
the low activation by neutron and gamma irradiation and the good processability (casting). The beam
dump is directly cooled by a water flow through a coil inside the aluminum body.

Lead shielding Cooling coll

Steel shell /){/ H

Radiator channel

NAL 91 Ph
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beam dump

225.4 500
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Figure 3: Beam dump with the steel shell containing the radiator
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2. CALCULATION OF THE HEAT GENERATION RATES
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Figure 4: Heat generation rate
in the radiator; beam energy 50
MeV, beam diameter 8 mm; the
arrows indicate the beam direction
and width

The construction of the pulsed photoneutron source was
preceded by detailed simulations [1, 2]. These simulations not
only included the generation of neutrons in the radiator, their
transport through the collimator, the background, radiation,
activation, and shielding but also the heat generation in the
components hit by the electron beam. The power distributions
in the wall of the 11.2 mm radiator and in the liquid lead were
calculated using the Monte-Carlo Code FLUKA [3, 4]. For that
purpose an electron beam energy of E.. = 30 MeV and 50
MeV respectively, a current of I.. = 1mA, and beam diameters
of d, =3 mm and 8 mm were assumed. Table 2 gives the
energies deposited in the radiator, in the radiator channel and
in the beam dump. In Fig. 4 the heat generation rate in the
liquid lead of the radiator is shown for the 8 mm beam. The
axis of the channel is coincident with z axis, the flow direction
is +z, the electron beam direction is +x. The maximum heat
generation rate in the liquid lead is approximately 46 kW/cm3 =
46 GW/m3. In the case of the 3mm beam the maximum heat
generation rate is 249 GW/m3. Fig. 5 shows the heat
generation rate in the beam dump, based on an
axis-symmetric  calculation. The maximum is about
0.05 kW/cm3 = 50 MW/m3,

Figure 5: Heat generation rate in the beam dump;
beam energy 50 MeV, beam diameter 8 mm

Table 2: Deposited energy in different regions of the radiator and the beam dump in MeV per
incident electron (this corresponds to kW since the current is 1mA)

Beam energy 30 MeV 50 MeV

Beam diameter d, 3mm 8 mm 3mm 8 mm
AE Mo-wall (beam entry) 0.74 0.74 0.73 0.73
AE Mo-wall (beam outlet) 0.12 0.11 0.40 0.38
AE Mo-wall (sidewalls) 0.12 0.19 0.15 0.25
AE Radiator liquid Pb 16.67 16.22 22.48 21.92
AE Beam dump Al 8.92 9.22 20.68 21.10
AE Beam dump Pb ring 1.17 1.19 1.85 1.86
AE Beam dump Pb abutting plate 0.43 0.43 1.30 1.30
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3. THERMAL DYNAMIC AND MECHANICAL ANALYSES OF THE RADIATOR

The numerical flow and heat transfer simulations for the radiator were performed using the
multi-purpose finite elements code FIDAP [5]. The heat generation rates gy (X,y,z) were taken from the
FLUKA calculations (chapter 2). The standard k-¢ turbulence model has been used. Test calculations
proved that the heat radiation from the Mo surface can be neglected. Table 3 reflects some parameters
for the CFD calculations.

Table 3: Parameters of the CFD calculation for the radiator

Parameter Value
Density of liquid Pb (ppp) 10600 kg/m?
Dynamic viscosity of Liquid Pb (npg) 0.00155 Pa-s
Heat conduction coefficient (Apy) (5.51 + 0.0165-T/K) W/m/K
Specific heat capacity (Cp.pb) 150 J/kg/K
Reynolds number Re (approximately) 76,000 .... 383,000

Table 4 summarizes the results of the CFD calculations. The calculations of the temperature
distribution in the radiator section were performed assuming mean flow velocities of 1, 2 and 5 m/s and
a lead temperature of 400 °C at the inlet to the neutron radiator channel. With a mean lead velocity of 2
m/s, maximum temperatures in the molybdenum wall of Ty, max ® 1175°C are predicted for an electron
beam diameter of 3 mm. For the larger beam diameter of 8 mm the maximum wall temperature
decreases t0 Tyomax ® 675°C. The corresponding maximum temperatures in the lead are about
1095 °C and 658 °C. Analyzing the outlet temperatures, it can be observed that the mixing of the lead
above the beam is the better the higher the mean velocity is. The large beam diameter of 8 mm also
leads to a better mixing compared to the 3 mm beam.

The maximum temperatures change only slightly for different beam energies. In contrast to that,
the beam diameter has a significant influence to the maximum temperatures. These tendencies
correspond to the maximum values of the heat generation rates.

For the beam diameter of 8 mm all considered lead velocities yield temperatures uncritical with
respect to the mechanical strength. For the beam diameter of 3 mm this holds only for the velocity of
5 m/s. In all calculations the maximum temperatures in the wall are by far lower than the melting
temperature of molybdenum (cf. table 1). The maximum temperatures in the liquid lead are lower than
the boiling temperature of Pb (1740 °C) in all calculations. However, the cooling loop for the lead was
designed for a mean velocity of at least 2 m/s in the radiator channel to have a sufficient safety margin.

Table 4: Characteristic temperatures at the radiator obtained by CFD analyses; the inlet
temperature was assumed to be 400 °C

Beam energy 30 MeV 50MeV

Mean Pb-velocity im/s | 2m/s | 5mis im/s | 2m/s | 5mis
Beam diameter d, = 3 mm

Qvol,max 237 GW/m3 249 GW/m?3

T maxcwai [°Cl 1435 1175 911 1423 1168 907

Tmaxpb [°C] 1379 1095 802 1367 1088 799

Tout [°Cl 434 ....612 | 415....525 | 405 ....459 | 452 ....611 | 418....522 | 404 .... 458

(Tow) [°C] 488 444 417 519 459 423
Beam diameter d, = 8 mm

Qvol,max 44 GW/m?3 46 GW/m?3

Tmaxwal [°Cl 818 675 553 808 669 550

Tmaxpb [°C] 805 658 533 795 652 530

Tout [°Cl 437 ....577 | 417 .... 497 | 406 ....442 | 485....573 | 437 ....494 | 412 .... 441

(Tow) [°C] 489 442 417 520 459 424

Figure 6 shows the calculated temperature distributions with the beam diameter 8 mm, beam
energy 30 MeV and | =1 mA current for mean Pb velocities of 1, 2 and 5 m/s. The maximum
temperature can be found at the outside of the Mo wall. In Fig. 7 the temperature versus the vertical
coordinate is shown for the center line of the outer surface of the front wall, with z = 0 corresponding to
the center of the beam. The Pb mean velocity is 1 m/s.
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Figure 6: Temperature distribution [°C] in the liquid lead and in the channel for different
flow velocities, beam diameter 8 mm, beam energy 30 MeV, | = 1 mA
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Figure 7: Temperature [°C] versus z axis at the center line of the
outer surface of the Mo front wall; E = 30 MeV, | =1 mA, db =8 mm,
vPb =1 m/s
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The mechanical analyses

of the radiator channel were 1.40E+09 [ 7 3.30E+11
done with the finite element i ]

code ANSYS® [6]. For that ~ 120E+09 | 1 3.20E+11
purpose the nodal i ]
temperatures of the Mo wall ~ "00E*0® | 3BT E
obtained —in the CFD gy, | 3.00E411 2
calculation were imported to = i ] 3
ANSYS. The meshes of the g ¢ ygss | 2.90E41 £
channel wall in the CFD @ } ] =
model and in the mechanical 4.00E+08 | 1 2.80E+11 E
model were identical. Besides B

the temperature load an 2.00E+08 | 1 2.70E+11
internal pressure of 1 MPa i ]

was Considered_ 0.00E+00 b ol . 2.60E+11
Elastic—plastic material 0 100 200 300 400 500 600 700 800 900 1000
behavior has been assumed. Temperature [C)

Deflections, stresses and Figure 8: Tensile strength, yield strength (left axis) and
strains were calculated. The elasticity modulus (right axis) of Molybdenum versus
elasticity modulus of Mo is temperature

310 GPa at RT, which is about

1.5 times the value of steel. The temperature dependent Young’'s modulus, the yield strength and the
ultimate strength are depicted in Fig. 8. The engineering (nominal) fracture strain is about 30% (Table
1). It was assumed that the global axial thermal strain is not prevented. The construction of the Pb loop
has to ensure that no significant thermal stresses occur during the heating up of the lead. Therefore,
only the local thermal effects due to the electron beam are considered in the mechanical analyses.

As a consequence of the strong temperature gradients a local plastification of the channel wall is
unavoidable. Therefore the high ductility (fracture strain 30%) and the relatively low thermal expansion
coefficient (Table 1) are considerable advantages of molybdenum. Table 5 contains an overview of the
results of the mechanical calculations. The following quantities are listed: d, — beam diameter,
E, — beam energy, (vpp) — lead mean velocity, Tymax — maximum temperature in the wall, ATy max —

maximum temperature difference in the wall, Geqmax — maximum equivalent stress, el

eqmax — Maximum

pl

plastic equivalent strain, and &g

/&, - ratio of maximum plastic equivalent strain to fracture strain.

Table 5: Results of mechanical analyses of the radiator channel

pl
S
| ]
dy Eb VpPb Twmax ATy max Geq,max 8gq,max ==
Eq
3 mm 30 MeV 5m/s 911 °C 511 K 206 MPa 0.0045 0.017
8 mm 30 MeV 1m/s 818 °C 418 K 210 MPa 0.0037 0.014

The results show that from the mechanical point of view there is no risk of destruction of the
radiator channel. Molybdenum fulfills the thermal and mechanical requirements of the radiator channel.
Figure 9 shows the results of two calculations.
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Figure 9: Mechanical analysis results; upper figures: temperature load (°C); middle
figures: equivalent stress; lower figures: plastic equivalent strain; left side: calculation for
db = 3mm and vPB = 5 m/s; right side: calculation for db = 8mm and vPB = 1 m/s

1302 Copyright © 2005 by SMiRT18



4. THERMAL ANALYSIS OF THE BEAM DUMP

The construction of the beam dump can be seen from Fig. 3. The beam dump consists of a core of

ultrapure aluminum, which is covered by a
Pb shielding. The cylindrical Al core
exhibits a cone shaped notch (diameter
and depth 100 mm) in the center of the
front side. The major part of the scattered
electron beam hits the beam dump at this
cone surface. A coil of a stainless steel
tube (D = 30 mm) is located in the Al body,
through which the cooling water flows. To
ensure that the deposited heat can safely
be removed from the beam dump, a
thermal analysis has been done [7]. Figure
10 shows the element plot of the finite
element model. The colors correspond to
the different materials. The coin cooling
tube is approximated by four separate
rings with staggered coolant temperatures.
Therefore a quarter model is sufficient.

The deposited energies per electron Figure 10: Element plot of the beam dump; gray:
for different scenarios are listed in Table 2. Pb; light blue: aluminum, medium blue bi-metal,

The local heat generation densities were
taken from the FLUKA calculations

dark blue: steel, yellow: air

(chapter 2). The main parameters of the thermal analysis are given in Table 6. The heat resistance of
the interfaces of two different materials (e.g. steel and Al or Pb and Al) is modeled by an element layer

with an reduced heat conduction coefficient according to:

N
11
R
Aos-a

Eq1l

with s being the thickness of the element layer, A the nominal heat conduction coefficient of the con-
cerned material, and o the heat transfer coefficient for the contact interface.

Table 6: Parameters of the thermal analysis of the beam dump

Parameter Value
coolant water volume flux 1.7 m3/h
coolant flow velocity (vg) 0.66 m/s
coolant inlet temperature 32°C
heat conduction coefficient Al 230 W/m/K
heat conduction coefficient Pb 35 W/m/K
heat conduction coefficient stainless steel 15 W/m/K
heat conduction coefficient air 0.03 W/m/K
heat transfer coefficient for contact between different materials (o) 1500 W/m?/K
heat transfer coefficient for convection at outer surface 10 W/m?/K
heat transfer coefficient for inner surface of cooling tube calculated, Eq 2

The heat transfer between the coolant water and the inner surface of the steel tube is modeled by a

Nusselt correlation [8]:

NU = 0.03- (Reo.75 -180)- pp042 '[1_'_ (D/ L)z/a]‘[%
N Tw

Eq 2

(for the symbols see the nomenclature). The heat flow through the wall of a tube section of the length L
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follows from:

Qw:aW’Aw'(TW'TF):(XW'I—'W‘D'(TW'TF) Eq 3
with Ay being the inner surface of the coolant pipe. The heat up of the coolant is
___Q
Tou=Tin= W Eq 4

Ve Ceope-Ay

where T, and Ty, are the fluid temperatures at the end and at the beginning of the considered tube
section corresponding to Ay. As mentioned above, the cooling coin is represented by four separate
tube rings. The inlet temperature of a ring is equal to the outlet temperature of the previous ring. Since
the fluid temperatures in the cooling coil and the temperature distribution in the beam dump are cou-
pled via Ty, the thermal analysis has to be done iteratively. The calculation for the fluid temperatures in
the coil tube rings converges already after 4 iteration steps.

Figure 11 shows the temperature distribution in the beam dump for E, =50 MeV and d, =8 mm
corresponding to a total heat input of 24 kW into the beam dump (cf. Table 2).
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Figure 11: Temperature distribution [°C] in the beam dump for a beam energy of
50 MeV and a beam diameter of 8 mm.

The maximum temperature in the aluminum body is about 197 °C, which is a sufficient distance
from the melting point (660 °C). The maximum temperature in the lead shielding is about 101 °C, which
is also sufficiently far from the melting point (327 °C). However, if the electron beam missed the radiator
due to a wrong alignment (leading to a roughly doubled deposited energy) , the beam dump would
partly melt. Therefore it is mandatory to monitor the beam position or the Al temperatures and to
immediately switch off the beam in case of a miss-alignment.

5. CONCLUSIONS

The thermal mechanical analyses of two main components of the neutron source at the ELBE
facility were presented. For the radiator, the liquid lead target has been proved to be a feasible concept.
This concept enables the save removal of the extremely high energy densities (up to 50 GW/m3), which
are generated by the nuclear interaction of the electron beam and the radiator material. It could be
shown that the temperatures in the liquid lead and in the channel wall are low enough for a save
operation. Molybdenum turned out to be the most suited material for the radiator tube due to its high
melting point, high ductility, good heat conductivity, and low thermal heat expansion. The plastic strain
induced by the thermal load does not endanger the mechanical integrity of the channel.
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For the beam dump, it could be shown that the deposited energy caused by the scattered electron
beam and by secondary radiation can be safely removed by a directly cooled aluminum body.

NOMENCLATURE
A Surface area
CFD Computational fluid dynamics
c Specific heat capacity
dp Beam diameter
D Diameter
E Energy
HTC Heat transfer coefficient
L Length
Nu Nusselt number
Pdepo Specific energy rate deposited in the radiator due to the electron beam (stopping power)
Pr Prandtl number
Cvol Volumetric heat generation rate
Re Reynolds number
RT Room temperature
T Temperature (Tjq - liquidus temperature, T, - wall temperature, T - fluid temperature)
(Tou Mean outlet temperature (average over the flow cross section)
Vpp Mean lead velocity in the molybdenum channel
Z Atomic number
o Heat transfer coefficient (HTC)
ow HTC through the wall
Olth thermal expansion coefficient
sep; Plastic equivalent strain
Eg Fracture strain (true strain)
A Heat conduction coefficient
p Density
n Dynamic viscosity
Oeq Equivalent stress (von Mises)
REFERENCES

(1]

(2]

(3]
(4]
(5]
(6]
(7]

(8]

C. Beckert, H. Freiesleben, E. Grosse, B. Naumann, F.-P. Weiss (2003), Particle Flux Calcula-
tions for a Pulsed Photoneutron Source at the Radiation Source ELBE, Proceedings of the Annual
Meeting on Nuclear Technology 2003, Berlin, May 20-22, 2003, p. 47-51.

E. Altstadt, C. Beckert, R. Beyer, H. Freiesleben, V. Galindo, M. Greschner, E. Grosse, A.
Junghans, J. Klug, B. Naumann, S. Schneider, K. Seidel, A. Wagner, F.P. Weiss (2005):
Energiedispersive Untersuchung der Wechselwirkung schneller Neutronen mit Materie, Scientific
Technical Report, FZR 426, 2005.

A. Fasso, A. Ferrari, and P. R. Sala (2001), Proc. of the Monte Carlo 2000 Conference, Lisbon,
23-26 October 2000, Springer-Verlag Berlin Heidelberg New York, 2001, p. 159-164.

A. Fasso, A. Ferrari, and P. R. Sala (2001a), Proc. of the Monte Carlo 2000 Conference, Lisbon,
23-26 October 2000, Springer-Verlag Berlin Heidelberg New York, 2001, p. 955-960.

Fluent Inc.: FIDAP 8 theory manual, Lebanon, NH, USA, 1998.
ANSYS (2003), User's Manual for Rev. 7.1, Ansys Inc., 1999.

H. Bergander (2003), FEM-Thermalberechnung des Beam Dump  eines
Neutronenproduktionstarget, Technical Report HTS GmbH, 2003

Taschenbuch Maschinenbau, 1. Auflage, Band 2. Berlin: VEB Verlag Technik, 1985.

1305 Copyright © 2005 by SMiRT18



