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Design of the NLC Positron Source, H.Tang (SLAC)

TR OERREINER T, S0 10V EMU LOBETFENEL T540, BE
FAFDBZRD SERVWE S ICHEFERENORREDERBRETHZ LM



PNC TN9600 97-002

ERITRD, BAREETIIRE L bR TV BN, 3/t EEAEs % sMak
HINH DB L B2 | SR 25em(PIE 23.6cm) D Y U ZROER (HE WesRegs)
ERIPLRATIRELRA LTS, ZOBEREATALICLY, #5k0
WETIIRETH > SN OBMERRITIRE LA THD, X2 v 7E
ZEW2EECEERS Y, BREGIEZA LESE TV, M. EEEE0 S — LR
6OV —~7IZKBEEEOELEH T2, EERRE2EAL TV, (53
#B) :
AERIIFEAPERE L —AF 7 CREIZ R > = EBS I OBET 3 51T
FELTEZICRY, SBEARTSF -4y FNROBHIZLED L Bbh 3,
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*G. Baur et al., Phys. Lett. B368 (1996) 251.
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! po y TU202 Multlbunches y of Superconducting Structures
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D.). SCHNEIDER (LANL) A. UENO (KEK) for Heavy lons TH202 s G;S:scﬁ:{ osr:rxztfe?m)mgh
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MAJOR PROJECTS FOR THE USE OF HIGH POWER LINACS

M. Promé
CEA/DSM
Saclay, 91191 Gif/Yvette France

Abstract

A review of the major projects for high power linacs is
given. The field covers the projects aiming at the
transmmutation of nuclear waste or the production of tritium, as
well as the production of neutrons for hybrid reactors or basic
research with neurron sources. The technologies which are
commmon to all the projects are discussed. Comments are made
on the technical difficuities encountered by all the projects, and
the special problems of the pulsed linacs are mentioned.
Elements for a comparison of normal conducting linacs versus
superconducting ones are given. Finally the technical
developments being made in various laboratories are reviewed.

Introduction

It seems reasonable to place the lower boundary for "High
Power Linacs" at the level of 1 MW average power. There is
no upper boundary; some projects reach almost 200 MW.
Most of these linacs accelerate protons {or H7), with the
exceptions of IFMIF (International Fusion Material kradiation
Facility), which is a deuteron accelerator, and of a CW electron
linac designed for PNC (Power Reactor and Nuclear Fuel
Development Corporation in Japan} {1].

The main purpose of these proton or deuteron linacs is the
production of neutrons, by spallation for the proton linacs, or
by breaking the deuteron for IFMIF. As far as spallation is
concerned, there is a possible trade off of beam current against
energy. Above 1 GeV, the number of produced neutrons is
roughly proportional to the beam power.

The neutrons are intended to be used in 4 main classes of
applications:

1. For transmutation [2], either for treating nuclear waste or
for producing tritium. Transmutation requires beams with a
power above some tens of MW. For such a power the CW
mode is the most convenient and the chosen energy varies
from one project to an other from 600 MeV to 1.7 GeV,
depending of the neutron flux needed and the technology
chosen for the high energy part of the accelerator (normal
conducting or superconducting cavities). The beam spot is
enlarged from the centimer size at the linac exit to the meter
size on the target. For such a large magnification, non linear
optics is usually preferred to other systems like raster scantting
or linear optics. A non linear optics can give an almost
homogeneous power deposit on the target area and is less
sensitive to beamn displacements at the linac output.

2. Future hybrid reactors are subcritical reactors where the
deficit in neutrons is compensated by the neutrons produced by
a proton beam shooting directly into the reactor core. Here a
CW beam is required, with a power in the range of 10 to
30 MW. On the low side of this range, cyclotrons may be
competitors to linacs [3].

3. For basic research with neutrons [4]. Here one needs pulsed
neutrons, with a pulse length of about | ps. The so-called

research reactors have up to now produced abundant continuous
neutron fluxes for research in physics. These neutrons have the
advantage of being thermalized at a temperature which can be
chosen to some extent. But it is very difficult to get pulsed
neutrons from reactors (an essential feature for time of flight
measurements) without reducing drastically the averaged flux.
Most proposed neutron sources are based on accelerators,
which can easily produce puised beams. In addition, it is not
so difficult to obtain the needed public acceptance for a new
accelerator than it is for a new reactor. There is no criticity risk
with accelerators, and they do not produce long lived
radicactive waste in the spallation target. Even if a pulsed
mode of operation is more natural for accelerators than with
reactors, one cannot get at once from a linac a large average
power in very short puises. This is the reason why a rather
long linac pulse is injected into a synchrotron or a storage ring
in a multiturn inject.iop mode, then extracted on one turn. The
ring behaves as a compressor, or an accelerator-compressor. An
efficient  multiturn injection requires a non-Liouvillian
mechanism: the linac accelerates H™ which are converted into
proton when passing through a stripping foil.

4. Irradiation of materials. IFMIF is designed to evaluate the
damages in matetials created by 14 MeV neutrons, those which
are created in the deuterium-tritiom reaction of the future
fusion reactors. This neutron energy is the reason for the
choice of 30 to 40 MeV for the accelerator. To get the required
neutron flux, one has to accelerate a rather large beam current.

Regarding the project of the electron linac mentioned
above, it is intended to produce a large photon flux for the
treatment of nuclear waste by photo-reactions.

There are common features to all the linac projects (except
the electron linac to which the rest of this text does not apply).
They consist of an ion source, a RFQ, 2 DTL section (more or
less modified) leading to roughly 100 MeV, and a high energy
part, usually referred to as CCL (coupled cavity linac). When
the beam current at the linac output is in excess of 100 mA for
protons, (or below for H™), the first part of the linac (ion
source, RFQ and sometimes a part of the DTL section) is
doubled. The two beams are then mixed in a funneling process,
which consists in interleaving the bunches with the help of an
alternate radial deviation produced by an RF cavity. When
funneling is used, it is mandatory that the cavities after the
funneling use a frequency being an even multiple of the
cavities before the funneling (usually twice).

Normal conducting versus superconducting
cavities

As pointed out by R. Jameson [8], "The age of adventure
(high risk) in SC is over... Projects can decide to use RT or
SC technology on the basis of their performance, cost,
availability, flexibility, and upgradability requirements”. One
will see below that almost all the major projects of high
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power linacs considered using sSC. Mo_st projects are based on
RT cavities, with SC as an option, with the exception of: ;he
japanese project that is now rather based on SC. For projects
with superconducting cavities, the RFQ and DTL section stll
in standard room temperature technology. Only thfa hfgh
energy part involves superconducting cavities {but this high
energy part represents 90% of the investment). However, SC
low energy cavities are being considered for IFMIF as an
alternative solution (2 Toshiba design, see [8]).

It may not be unuseful to summarize here the classical
arguments in favor of SC or against it, since they apply to
almost all the projests described below.,

1. With the same beam hole, the accelerating gradient may be
larger than for RT, reducing significantly the linac length. But
actually the usable gradient is not as high as one could think,
because the possibility of entering a large amount of RF
power per unit length along the linac is limited.

2. Alternatively, with the same gradient ene can chose a much
larger beam hole, hence a reduced risk of cavity activation.

3. 8C cavities are usually short, due to the limited power
passing through a single RF coupler. Therefore the cavities
have a large velocity acceptance. The same cell length can be
appplied to large parts of the linac, offering the possibility of
-having spare cavities.

4, The needed RF power is less for SC as it is for RT, since
there are only small losses in the cavity walls. But these
losses occur at very low tempeerature (2 K or 4 K) and cost
about 1000 times more at 2 K (or 300 at 4 K) to be evacuated
as compared to the same losses at room temperature , requiring
powerful cryogenic plants.

5. SC cavities must have thin walls to be efficiently cooled.
Lorentz forces mechanically deforms the structure when
operated at high gradient. This is a problem especially for
pulsed linacs,

6. RF couplers for SC cavities is a subject of concern.

7. Investment cost is not larger for SC than for RT (possibly
smaller).

8. Operating cost is smaller for SC,

9. Reasonable prices for CW RF power can be obtained only
with Jarge (I MW) units. Therefore the power must be split
between several cavities (4 or 8). This applies for both SC and
RT, but RF level and phase is more difficult to control for SC
cavities when several of them are fed by a single RF source.
10. SC offers the possibility of upgrading the lnac to higher
energy and current as the performance of couplers and windows
is improved.

SC clearly appears as an emergent technology, but a
quantitative study of cost and risk benefits has yet to be done
{8]. It appears that the weight of each of the arguments above
is evaluated for each project depending of the local context.

The European Spallation Source

The first phase of the studies for a European Spallation
Source is now reaching its term, that is to say that a choice
has been made between several possibilities [4—7]. The chosen
conﬁ_guration, al room temperature, is shown on Fig. 1. It
consists of a 1.33 GeV H- linac and two compression rings.

The requirements for the proton beam on the target are the
following:
1 ps long proton beam on the target
50 Hz repetition rate
5 MW average power
(actually there will be a second target accepting 1 MW at
10 Hz) : ‘

- Che
Poe, Funnel
< 5-TMe¥ 150MeV
> H oL, T
350MHz 700MHz

) oW ~
£ > = 3.7mA; T = 100mA
Tp = 1.2ms; rep. rate = 50H;z

Fig. 1 ESS LINAC, 1.33 GeV, 5 MW.

It may be noted that each proton pulse carries an energy of
100 kJ, which is the subject of some concern with the
building of stress waves in the target, and the reason for
chosing a liquid (Hg) target.

The linac beam pulse is 1.2 ms long, working at 50 Hz.
The injection into the rings must be made in such a way that
the rings are not homogeneously filled (40% of the
circonference is void), a condition necessary for an efficient
extraction. So the 1.2 ms pulse is sliced in 360 ns long
micropulses, separated by 240 ns gaps.

As one can see on figure 1, it has been impossible to avoid
a funnel, which takes place at the level of of 5 to 7 MeV.
With the present state of the art for H- sources, it would be too
difficult to get the required peak current of 100 mA at the linac
output with a single ion source. Moreover, the RFQ behaves
better for moderate currents. The DTL section is a classical
one. The quadrupoles are pulsed in the first cavity to ease the
cooling probiem in very short drift tubes. An accelerating
gradient E;T of 2.8 MV/m and a synchronous phase of 25° are
chosen. It must be noted that such a gradient is substantially
higher than the gradients chosen for CW RT linacs, which
usually stay at the 1 MV/m level. But the 6% ESS duty cycle
allows a gradient comparable to injector linacs, where the
power dissipated in the walls can be easily evacuated.

The RF system for the high energy part of the linac
consists of 66 4 MW peak power klystrons feedind 264
cavities. That is to say that 1 MW is available for each cavity.
The power going into the beam and the cavity wall amounts to
0.75 MW. Field and phase stabilization respectively at 1% and
1° require the 0.25 MW extra power. This is particular to
pulsed linacs, where the transient behavior requires a sizable
percentage of the total RF power to be correctly mastered.

Side coupled or disk and washer cavities are proposed for
the high energy part of the linac. The cavity length (1.27 m to
1.95 m) is short enough to allow 2 constant cell length inside
a cavity. Transverse focusing is provided by doublets located
every second cavity. Doublets are favored over singlets as they
give a more circular and smaller diameter beam.
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Even if RT is the base line design, the ESS project
considered the possibility of a SC linac from 150 MeV up to
1.33 GeV, or even 2.5 GeV with a halved cumrent. Figure 2
shows a SC module which consists of a couple of 2 cell
cavities. The chosen frequency is 352 MHz, hence the working
temperature  is - 4 K. Several possibilities have been
contemplated, with accelerating gradients in the range of 8 to
10 MV/m, RF power per input coupler from 300 to 500 kW
and 200 1o 300 cavities. The whole energy range cam be
covered with 20 different structures (20 different B).

two-cell

rﬂnpm
Rruchure

He vesse] .
T -

] F | _inpwt
uoupler
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_P valve

tuning
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Fig. 2 Cryomodule for the ESS LINAC.
Other Spallation Sources

There is a large number of spallation source projects around
the world [8, 9]. Most of them do not enter in the scope of
this paper for various reasons: too low power linac, no linac at
all. However it seems useful to mention of few of them:

1. The IPNS project (Intense Pulsed Neuwon Source) at
Argonne consists of a 400 MeV H- linac with an average
power of 400 kW and one RCS (Rapid Cycling Synchroton)
boosting the energy up to 2 GeV, or two RCS in cascade
reaching 10 GeV. The average power on the target amounts
respectively to 1 MW and 5 MW.

2. The 1 MW level is being reached on a spallation target at
PSI near Ziirich with a cyclotron.

3. LAMPF has been operating at Los Alamos with an average
beam power exceeding 1 MW. It has been proposed [10, 11],
to upgrade LAMPF for injecting into a accumulator/
compressor ring. A single turn extraction would allow to
obtain a 1| MW average power short pulse spallation source
(SPSS). The LAMPF modification would consist in replacing
the old part below 100 MeV by a new one including a
100EkeV H- injector, RFQ and DTL sections, the side coupled
cavity section being unchanged. '

4. Tt must be noted that the Japanese high power proton linac
project (see section 5) includes the possibilty of injecting into
a storage ring to obtain a short beam pulse to be sent onto a
spallation target,

The Japanese project

JAERI proposed in 1984 a Neutron Science Research
Program (NSRP) [13, 14]. At the core of this program is a
1.5EGeV proton linac with an average current of several mA.
This program covers OMEGA (transmutation of minor
actinides), basic neutron researches, nuclear energy related
technologies on material science, néutron irradiation,
radioactive beams, etc. JAERI originally proposed a pulsed

linac with a 100 mA peak current and 10% duty cycle. An
important R/D work has been made for the front end portion of
this linac (see section 9). JAERI has now modified the original
proposal to meet new requirements. Figure 3 shows the
conceptual diagram of the accelerator as it is now. One can see
that the high energy part of the linac, above 100 MeV, uses
SC cavities. The linac will be operated first in a pulse mode
for a spallation neutron source, with a 1 mA average beam
current in 2 ms long pulses at 50 Hz, and a H™ source. In a
second stage the linac will be operated in a CW mode, the
current being raised progressively up to 10 mA in protons An
ultimate goal could be several tens of mA.

15 VighBrghmenH YosSount
Ry Rl Freqascy Cusdoppole Linat
DL Arealax Erpe ik Trbe Lime:
RE5: Rache Frowveics Powes Soarce

. Beam intensity 1.5GeV, 10mA

Fig. 3 The Japanese Project.

In addition to the classical advantages in favor of SC (see
section 2) there is here an other one: the linac length can be
substantially reduced, an important point knowing the limited
space available at Tokai-Mura. One drawback in shifting to SC
is the necessity to modify the front end design to accept a CW
operation, Presently the RFQ is designed to work with a 10%
duty cycle and the hot test model of the DTL for 20%. For a
reliable operation in a CW mode, the maximum electric field
will be reduced from 1.68 EK (Kilparick limit) down to
1.43 EK.

The chosen frequencies are 200 MHz for the RFQ and the
DTL and 600 MHz for the SC section. The EIMAC tetrode
tube used for the front end has an output peak power of the
order of 1 MW. The conceptual design work for high power
CW tetrodes and klystrons has been started, taking into
account the two modes of operation, pulsed and CW.

Figure 4 shows the schematic drawing of the sSC
cryomodule. For a maximum electric field of 16 MV/m and an
iris radius of 7.5 cm, the accelerating field E,T is (in MV/m):

2.90 at B = 0.45
5.67 atp =0.73
7.18 at B = 0.88

1 : 600 MHz
a 0.7 (380 M)
T:42°K
4 Cails Model

Fig. 4 Half of a cryomoduie for the Japanese Project.
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With a synchronous phase angle of 30° the total active
length is of the order of 250 to 300 m, for a physical total
length of 650 to 750 m.

IFMIF

IFMIF is the project of an International Fusion Material
Irradiation Facility. The main motivation for IFMIF is to test
the behavior of materials which could be used for DEMO, the
Tokomak to come after ITER, presently being designed. The
neutron flux should produce 50 dpa (displacement per atom)
per year in a volume of 0.1 litre and 1 dpa/year in 10 litres.
The IFMIF requirements will be met by two 125 mA,
40 MeV CW deuteron linacs operating in parallel. The target
will be a curtain of molten lithium flowing with a speed of
15m/s. .

The IFMIF accelerator is shown on Fig. 5. A dual ion
source (one operating, one in stand by) generates a 140 mA
deuteron bearn at 100 keV. Then an RFQ accelerates 125 mA
up to 8 MeV. The final section of the accelerator consists of
DTL cavities. Both the RFQ and the DTL are operated at the
relatively low frequency of 125 MHz, a conservative approach
to minimize the beam losses. There will be ten 1 MW RF
power units per linac.

The 8 MeV RFQ is 11.7 m long. It is segmented in 3
longitudinal RF segments that are resonantly coupled through
irises in the intermediate end walls. This gives a fair separation
of the operating mode from the unwanted longitudinal modes
of the RFQ. Each of the 3 RF segments is made from 4
physical pieces. The needed RF power is about 3 MW. All the
losses (from 140 mA to 125 mA) occur below 2 MeV,

The DTL section consists of 7 Alvarez cavities with post
couplers, each fed by a 1 MW unit. The control of the resonant
frequency will be made by controling the temperature of the
cooling water. The inner diameter of the drift tubes is 3 cm,
the goal for current losses being 3 nA/m. It should be noted
that the accelerator may be operated with no acceleration in the
last (or the two last) cavity, providing a selectable output
energy of 30, 35 or 40 MeV.

The accelerator will be will be operated with H,* to avoid
activation during testing periods, and pulsed for tune-up and
start-up. The beam calibration station (see Fig. 5) will accept
the full intensity only with a duty factor < 2%.

JI 4

el

RN

i
] 154
J L™ s

Fig. 5 IFMIF general lay out

The high energy beam transport is basically a FODO
channel including "momentum compactor” cavities to fulfill
the requirement that the energy dispersion on the target be
limited to + and - 0.5 MeV. The beam spot on the target must
be 5* 20 om? with a flat top uniformity of + and - 5%. So
there is a beam expander section which comprises 2 octupoles
separated by 2 quadrupoles. An energy dispersion cavity
broadens the beam energy distribution in order to spread the
Bragg peak and reduce the maximum power density in the
lithivm curtain. To prevent beam scraping throughout the
channel, a large beam pipe radius is chosen (12 cm). In
addition to the achromatic 90° bend that can be seen on figure
5, there will be a 10° kick so as to shield as much of the final
optics from the backstreaming neutrons as possible.
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Fig. 6 TRIPAL general lay out.
A thorough RAM  (Reliability, Auvailability,

Mintenability) study has been made for IFMIF. The expected
availability of the accelerator itself is 88%. It is estimated that
the accelerator is designed with sufficient derating but no
significant upgrade capability. Additional beam current, if
desired, would be provided by adding other 125 mA modules.

TRISPAL

TRISPAL (TRItium, SPALlation) is the French project for
the production of tritium by spallation. The parameters have
been changed since a previous presentation [16]. It is now
estimated that the amount of tritium to be produced per year
will be covered by a 600 MeV proton accelerator with a
40EmA beam operating in the CW mode. The design of the
accelerator is deliberately conservative, for a number of
reasons. The goal is here to convince that an accelerator is as
reliable as a nuclear reactor. The key words are: feasability,
reliabiliby, proven off the shelf technology, existing RF
tubes. This is the reason for a CW low current, low energy

. accelerator instead of a higher energy, higher current shorter

pulsed accelerator, a single RF frequency for which klystrons
do exist (350 MHz), of course no funneling, and RT
technology, even is a SC version is envisaged as an option.

Figure 6 shows the general lay out of the accelerator,
which consists of an ECR proton source, a 5 MeV RFQ
working at 1.7 EK, a DTL section up to about 100 MeV, and
a CCL section. Then there is a transport channel to the 2
targets, only one being used at a time. The system includes a
82° bend, a FODO channel, a non linear expander and a final 8°
bend to avoid backscattered neutrons. The beam spot on the
target is a square with a side of 60 to 80 cm,

The chosen CCL uses the slot coupled structure working at
the = mode, similar to the LEP RT cavities or the ESRF
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cavities, with adequat cell length according to the B. Several
comments must be made on this choice. First on the
frequency: it seems that a 750 MHz CCL would a offer a shunt
impedance better by a factor 2; this is untrue if one keeps the
beam hole the same at 750 MHz as it is at 350 MHz; in that
case one can show [17] that, on the average from 100 to
600EMeV, the effective shunt impedance is roughly the same
in both cases; what is lost in Zg is gained on T and ZZST2 is
conserved. The second comment is about the chosen structure;
the choice has been made between several possibilities on the
gound of construction cost; moreover, there was some
suspicion on the behavior of on axis coupling structures under
heavy beam Ioading (the field in the coupling cells may cause
multipactoring problems); the fact that the 7 mode has a zero
group velocity is a question of concem for long cavities, but
not here for 5 to 7 cells cavities (same cell length inside a
cavity). Coming to the RF system, a single 1 MW klystron
feeds 8 cavities working at an average effective field EqT of
1.12 MV/m. There will be 40 klystrons, for an active length
of 500 m. It may be noted that here is here some derating of
the klystrons: for a nominal 1.3 MW power, they will be
operated at 1 MW for a better reliability.

There is no serous feasibility problem for the DTL
section, even if lodging DC quadrupoles in the first drift tubes
is not easy., However one can have second thought about the
necessity of quadrupoles inside the drift tubes. It is a
technology which is rather expensive due to the mechanical
difficulties of feeding and cooling the quadrupoles, but also the
stringent radial tolerance on the drift tube positioning. The
tolerance could be substantially relaxed were it rot for the
quadrupoles. Structures with quadrupoles outside of the drift
tubes have been proposed at Los Alamaos (see section 8). The
TRISPAL project has a somewhat different approach. It is well
known that the effective shunt impedance for DTL is better for
long cavities where the end walls have a small relative
contribution to the losses. This is true, but if one compares a
good long cavity with quadrupoles inside the drift tubes to a
short cavity (let say 5 cell) with drift tube shape optimized
without worrying for a quadrupole inside, then one ends up
with a better effective shunt impedance for the short cavity
[17]. This is what is being investigated now as a possibility
for optimizing the TRISPAL construction cost.

APT

APT, the Accelerator for Production of Tritium, is the
most advanced project of a family of accelerators studied at Los
Alamos for several years (transmutation of waste, plutonium
burning, energy production [2]). The present base line is a RT
1.3 GeV proton linac; there are two versions, depending on the
guantity of tritium to be produced per year: one with a 100 mA
beam, the other with 134 mA; in the latter case there are two
front end accelerators and a funnel. Figure 7 gives the main
parameters. It is worthwhile to point out that the classical
Alvarez DTL section has been replaced by a CCDTL section
(Coupled Cavity Drift Tube Linac) [18, 19]. This structure is
the solution chosen by Los Alamos to the problem mentioned
above (see section 7), after imagining and rejecting an other
solution, the BCDTL (Bridge Coupled Drift Tube Linac). One

can almost say that the construction of the front end part
(RFQ, CCDTL) has already begun under the name of LEDA
(see. :‘;ecnon. 9). The CCL section consists of side-coupled
cavities. It is estimated that the RT CCL technology is very
mature; only a modest effort will be needed to carry out the

conceptual design of this base line high energy part of the
linac.

njector

2-kghyr

1188 m

Fig. 7 APT room temperature linac (baseline).

But it is also believed that an SC solution should be
emphasized for this high energy section. One can see on figure
8 the two versions of this SC linac: same front end pan as
RT, SC from 100 MeV up to 1.3 GeV or 1.7 GeV depending
on the quantity of tritium. In both versions there is a 100 mA
beam, hence no funnel. Cryomodules have been designed for
two or four 4 cells cavities. the cavities are equiped with
stiffeners to reduce mechanical vibrations. The decision of SC
becoming the base line will be taken when electrical and
mechanical performance of single cell cavities are confirmed,
and when questions concerning the radiation tolerance of
niobium are answered. Single cell cavities are now being
fabricated and an experimental program for the niobium
behavior under radiation has been started.
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Fig. 8 APT superconducting linac.
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REQs have been one of the major breakthrough in
accelerator technology. They do work perfectly well in cw
mode for low currents, as cyclotron injectors, for instance. Or
for high pulsed currents as synchrotron injectors. However
their reliability when applied to large CW currents h?s to be
confirmed. It is the nawmre of RFQ that the focusing ﬁ.cld
cannot be tuned separately from the accelerating field. H:.gh
current means strong focusing, high fields, high power density
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in the walls; 2 CW operation brings the difficulties of cooling
the structure and avoid sparking between the vanes. There is
little experience around the world with the operation of CW
RFQs and DTLs [20, 21]. So it would be unwise to start the
construction of a large CW linac without a deeper acquaintance
with the technology of CW RFQs and DTLs, and also their
daily behavior. This is the reason why several laboratories
decided to build a front end part of a future large linac.

The Japanese started at Tokai-Mura an important program
consisting of a proton source and an RFQ working at 10%
duty cycle, and a DTL hot model without beam [22, 23]. The
protor: source has given 140 mA, of which 120 mA are
protons, and the RFQ accelerated 70 mA with a duty cycle
reduced to 7%. The measured transparency was 70% for a

design value of 95% [14]. This front end was taylored to a -

pulsed project which is now shifted to CW (see section 5), so
it has to be accordingly modified.

At Los Alamos, where RFQ tradition is streng, an
"Acceierator Performance Demonstration Facility” has been
proposed [24, 25]. A new version, LEDA, (Low Energy
Demonstration Accelerator) is now under construction. It is
intended to provide design confirmation and operational
experience. LEDA will be a nearly exact replica of the APT
accelerator front end, 100 mA CW, but will include exwa
diagnostics and instrumentation. It consists of a proton source,
a 6.7 MeV RFQ and a 20 to 40 MeV CCDTL, with an
“"almost seamless" transition between the RFQ and the
CCDTL section. The 8 m long RFQ is made of 4 segments
stabilized by resonant coupling.

At Saclay an ion source named SILHI is being constructed.
Oriented for TRISPAL and IFMIF, it will be able to deliver
CW currents of 100 mA in protons or 140 mA in deuterons. It
has been decided recently to go further: the now authorized
IPHI program will consist of a 7 m long RFQ plus a 6 m
long DTL, accelerating protons up to 12 MeV. Of course the
RFQ and DTL design will benefit from the studies made for
TRISPAL.
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Abstract

A high power CW (Continuous Wave) electron linac
has been developed so as to accelerate 10 MeV-100 mA
beam, and its injector section has been completed in
1996 at PNC. Itis essential for higher beam acceleration
to reduce the beam instability cansed by the space
charge effect and the beam-cavity interaction. Both are
important for PNC linac, because an accelerator with a
high beam loading generally has a low accelerating
gradient.

In this paper, beam induced fields for the regular
section with PNC accelerator structure are examined by
means of a pumerical wake field analysis. The BBU
start current is estimated in the relationship of the wake
potential to space charge force in injector section.

Introduction

The development of a high cument electron
accelerator is being carried out to target to treat high
level nuclear wastes via photo-nuclear reaction which is
selective and clean more then the spallation reaction.
The elementary design and the experiments[1-3] for the
high current linac are in progress using L-band RF
source which is effective to a high beam loading. The
traveling wave accelerator with an RF feed back called
Traveling Wave Resonant Ring(TWRR) is employed to
get higher with transfer with a shorter accelerator length,
the reasonable cost, and the ease of the maintenance.
The accelerator structure has a constant gradient disk
loaded type and accelerate 80 pC charge per bunch for
100 mA average current. The accelerating gain from
PNC structure is 1.3 MeV which is so low compared
with S-band linac that the effect on the beam such as a
microwave instability may cause undesirable beam
broadening in longitudinal and transverse direction at
lower than usual beam current.

In the regular section which beam energy is over
than 3 MeV in PNC linac, the beam instability originates
from the interaction with the accelerator structure. The
analysis for this interaction is recently developed by
means of a wake field approach for both circular and
linear accelerators. Monopole and dipole components of
wake field a nd related loss factors were calculated by
ABCI[4] and MAFTA[5] T3 in order to have the potential

_ for the longitudinal and transverse

and voltage compared with the accelerating condition.
Finally, the BBU start current was estimated by the
scaling of the wake voltage with the voltage and the space
charge parameter of the behavior in the envelope
eguations,

Definition and Calculation

When charged particle passes through a structure
with the speed of light ¢, it produces the electromagnetic
field. The wake fields W) and W, [6,7}both for
monopole and dipole components are described as

W“ = —la fdzEz(r,e,z, (z+5)/c),

W_L = —15 fdz(El + ¢ xB)(r,8,z,(z+5)/c)

where Ez, ) and H; are the electric and magnetic fields
produced inside the cavity, and Q and s are the bunch
current and the bunch coordinate, respectively. The
coordinate inside the cavity is represented in cylindrical
in this case. The associated loss factors &y and the induced

voltage AV are presented as

1

b= -5 / ds MV (s)
ky = —é [asris)vies
AV =20 K

where A is a bunch distribution. Vy, j_is the wake voltage
derived by the total beam bunch and the wake potential
in each. These
quantities except the induced voltage are ready to several
codes for numerical calculation.

The actual parameters for the calculation used for the
beamn and the accelerator structure is summarized in
Table 1. The typical dimensions of the accelerator
structure used are a = 50, b = 90, ¢ = 8 and D=24 mm,
which are exactly or approximately equal to the actual
structure dimensions for PNC linac. The beam bunch
shape is assumed filamentary and gaussian shape in the
longitudinal direction. Numerical calculation was done
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mainly by ABCI because of the less demand of cpu time,
while MAFIA was used for 3-dimensional structures
which is not available for ABCL In the case of off-
centered beam, MAFIA is suited because of the
symmetry free input for the beam parameter,

Monopole and dipole component were estimated to
examine the dependence of the bunch shape, the cell
distance and cell shape distance.

Table 1 Parameters of wake field analysis.

Iris (@) 90 (mm)

Boa (b) 50 (mm)

Disk thickness () 8

Pulse Length 0.3 ~ 200 (mm)
Periodic distance(D) 24 ~ 64 (mm)
Charge of single bunch(Q) 80 (pC)

Bunch length 0.3 ~ 200 (mm)
Beam displacement 0 ~ 20 (mm)

Characteristics of Wake Fields for PNC linac

The analysis was carried out for the cases ofa single
cavities and the accelerator structure consists of many
cells in order to make the effects in PNC linac clear.

Case of Single cavity

In the case of 2.5 mm bunch seen in Fig. 1, there
exists one down warding swing which is essentially only
a spike in this situation. This picture is magnified for an
only shot to display the potential on the beam bunch.
Fig. 1 has the abscissas which is presented by volt. The
gradient of the curve has a down swing at first which
means the gradient of the wake field is negative, which
can cause to have an attractive force on particles in the
right-shoulder in the bunch. The biasis changed around
10 cm bunch length. The wake potential for 10 cm and 1
cmare 10 V and 50 V in each for each 80 pC of the
single bunch. the voltages are smail enough to consider
the stability for PNC linac.

i
] x1012 o = 0.0025
Giinal RTY
g
-20
' 1.0:;102‘ 20x1002 30102

Fig. 1 Wake voltage from single cavity.

The analysis of the potential dependence for an off-
centered beam shows that there is basically only a spike
both in the longitudinal and transverse wake fields. But
MAFIA calculation may neglect calculation of higher
frequency area, because of luck of cpu time. This picture
notices also that the beam bunch gets an attractive force
for the longitudinal wake field at first and a repulsive
force for the transverse. The shapes of the potential are
the same but the amplitudes are different. The loss factor
normalized to a single bunch current and an induced
transverse voltage is summarized in Table 2. The
deflection voltage for 1 cm off-centered filamentary beam
with bunch length of 0.3 em is almost -200 V which
corresponds to 6 KV/m in the beam pipe. This potential
is not so strong compared with the potentials in the beam
pipe in present colliders like SLC and designed value for
SSC. Total loss of a wider beam is reduced for transverse
case, while the factor is enhanced for the longitudinal,
The energy emission is clearly mainly by longitudinal
process. Effectively there is no significance for such a
small energy loss into cavity for PNC linac.

Table 2 Loss factor and induced voltage in a single
bunch for beam displacement,

Displacement Loss factor* Induced voltage**
(cm) (Vyr*» V)
o=1cm
0.5 -17.4 112.0
1.0 -61.02 10.0
20 -243.8 420.0
_ 3.0 -548.4 630.0
¢=0.3cm
0.5 -56.8 89.9
1.0 -199.9 168.8
2.0 ~793.0 338.9
30 -1792.5 511.0

* Longitudinal,
** Transverse.
**¥ Normalized to a single bunch current.

Case of Accelerator structure for PNC

The examples of wake potentials and the impedances
are pictured in Fig. 2 for the longitudinal and transverse
wake field resulted from changing the cell displacement,
The effect is totally capacitive because of actual bunch
length and the speed of an electron beam. The patterns of
the potential change very little in different cell numbers.
This is cavsed by that Fourier component of the wake
field has stronger fundamental than high harmonics,
which can be travel inside the accelerator guide. This
seems plausible because the impedance spectrum has a
strong peak around 1.25 GHz which mode is 2n/3. The
dependence of Fourier component for the bunch length
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between 0.3 ~-1.0 cm is nearly constant. The strength of
the longitudinal wake potential is basically smaller than
the gradient from RF in monopole case. In the dipole
case, it gets larger, but still is coherent with bunching
effect as mentioned in single cavity case. It is notable
from general analysis that in the case of 3.3 ~ 10 cm
bunch length in which the bunch length is nearly equal to
the depth of the cavity, there is strong resonance which
is chanced by the accelerator structure. It is seen in the
impedance calculation that the resonance of wake field is
build by 1.9 GHz RF in the transverse wake potential.
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Fig. 2 Wake potential from PNC accelerator structure.

Fromn a numerical evaluation, the transverse spike
amounts to -270 V/pC, which comrespond to -2.2 kV per
bunch. This value is smaller than 100 kV order which

appears in modemn colliders. Qualitatively, just like a
theory of a electron synchrotron , the tune shift by space
charge is also applicable to a linac. In the scaling the
space charge parameter £ in the envelope equation from
the value of modern colliders to one for PNC linac, the
wake transverse voltage is 100 tires higher than the
voltage from 0.1 A beam. However, the space charge
parameter for the wake voltage for I cm radius beam is
10712 and still 102 smaller than beam defocusing value
emerged in colliders. The margin from 0.1 A is order of
one hundred. Therefore, from above comparison, BBU
starting current is assumed around 5 A for PNC linac.

Summary and Conclusion

The longitudinal wake field has one down swing
foliowed by many smaller oscillation in the beam
condition of PNC linac. It may assist phase stability if the
attractive force and repulsive wake can be controlled so
as to synchronize with RF bucket. Transverse wake field
is 100 times higher than the space charge force but still
considerably lower than the wake field of present linear
colliders. The wake field in the accelerator guide for PNC
linac is formed from the coherent sum of single cells, The
longitudinal wake has the same period as RF frequency.
The dipole component has -2.2 KV, which is the highest
potential of all transverse field. The transverse wake
potential in PNC structure is essentially not so high that
BBU by the transverse component is expected not to start
upto 5 A,

There is a possibility that the longitudinal instability
comes first because of phase instability. It is important to
observe the bunch lengthening which is common
phenomena called microwave instability known circular
accelerators. The accumulation of wake field should be
estimated for more accurate estimates for the BBU for
TWRR. It is important to analyze an overlap integral of
higher frequency from the dispersion relation in TWRR
which may have a resonance.
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Abstract

A high power CW (Continuous Wave) electron linac
has been developed at PNC and its injector section has
been completed in 1996, This paper presents the
conceptual design of beam dump for a high power low
energy beam (200 kW of 10 MeV electron). It has aRing
and Disk structure, The thermal analysis, stress analysis
showed that 200 kW electron beam could be securely

.stopped in the beam dump. The temperature rise at
highest position was estimated to be 343 degree.

Introductioﬁ

Design and construction of a high power CW electron
linac to study feasibility of nuclear waste transmutation[ 1]
was started in 1989 at PNC. The injector has been
completed and started its operation at 3.5 MeV beam
energy in summer 1996 and the whole facility is planned
to be commissioned at 1997, Main specification of the
accelerator is shown in Table 1.

Table 1 Main specification of the electron linac

Energy 10 MeV
Maximum Beam Cumrent 100 mA
Average Beam Current 20 mA

Puise Length 100ys ~4 ms
Pulse Repetition 0.1Hz~ 50 Hz
Duty Factor 0001~20%
Norm. Emittance 50 & mm mrad *
Energy Spread 0.5 %

* estimated value by simulation

As the beam is a considerably high power and of low
encrgy electron, the average power density of heat
generation due to the energy deposition is quite large, so
that it is of extreme importance to realize the beam dump
to be secured by removing the heat very efficiently. At
the same time, radiation shielding of the beam dump is
also of the major concern.

Design

The conceptual design of the beam dump is based on

the following design criteria:
(1) to disperse the beam by magnet in front of the
beam entry
(2) tostop the beam part by part in spatially separated
blocks
(3) to rninimize the induction of radioactivity

The first criteria is for making the power density
smaller by defocusing/spreading the beam. 1t is also
assuring to avoid mishaps of the pin point beam hitting
the component. The second criteria makes also a
reduction of power deposition in a small region of the
beam dump. The third criteria eliminates the use of water
to stop the beam. Liquid target does necessarily increase
the total inventory of the radicactive materials.

The concept of the present design is, as shown in
Figure 1, Ring and Disk (RD) system : The part where
energy is deposited consists of 17 rings and 5 disks
(thickness of 5 ¢m). Each plate is made fromm OFHC
(Oxygen Free High-purity Copper). All the rings have
different inside diameters (the beam runs inside this
ring.). The frontmost ring has the inside diameter of 19.6
cm and other rings have smaller diameter with increment
of 1.2 cm from upstream to downstream.

Vacuum Jacket
Lead Shield

1/ -
1 2
——Beam Line E)
!

/
Beam Pipe

Fig. 1. Beam Dump in cross-section

The beam enters into the cylindrical vessel through a
dispersion magnet which is located 2 m front of rings.
Since the beam has spatially a Gaussian profile, the inner
front edges of rings stop the narrow annual lobe of the
beam, from outside as going to the backward. Finally the
beam is stopped by the disk set at the backend of the
block. Figure 2 is a front view of the inner front edges.

These rings and disks are formed into 4 modular
units. Each module is electrically insulated from each
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other in order to measure the beam current deposited on

them. It can be replaced/exchanged as a unit. In a
module a cooling water flows in series from ring to ring.
In order to reduce radiolysis of cooling water and to
eliminate the vacuum window between the beam dump
(target) and the accelerating tube, cooling water is not
exposed to direct incident electron beam.

These modules form a total target block and it also
electrically insulated from the main body of the beam
dump. A total view of this target block is given in Figure
3 and the PNC beam dump is shown in Figure 4.

The problem of connecting between the beam dump
and the accelerator (the pressure difference between
1x10+ torr and 1x10- torr in the accelerating tube) was Fig. 4. View of the PNC beam dump
solved by using a differential pumping stations and a low
conductance beam transport tube,

Thermal and Stress Ahalysis

Several computer codes were used in order to
estimate the temperature rise and the stress of rings with
full beam power. This calculation assumed that the
transverse beam intensity is Gaussian distribution and the
electron is injected to the target block with the angle of
incidence varied between 0° and 3°. ‘

Firstly, the power density in the target block is
calculated using the EGS4 [2] code. The EGS4 code
performs Monte Carlo simulations of the radiation
transport of electrons, positrons and photons in any .
materials, Then we applied the PRESTA algorithm
(Parameter Reduced Electron-Step Transport Algorithm)
{31, which was developed by Bielajew and Rogers to
improve the electron transport in EGS4 in the low-energy
region. The maximum power density was estimated to be
2.2 kW/eme.

ANSYS 5.0 A

JUL 11 199§

17142:08
K.

AD0BEDNN £53533%5

Cooling
Channel

Fig. 5. Thermal analysis of a ring

Using the power densities from the EGS4, we

: proceeded to the thermal analysis using the finite element
Fig. 3. A total view of target block method code ANSYS [4). Examples of the results of the
analysis are shown in Figures 5 and 6. They are

cross-sectional views of aring in which stress is estimated

to become maximum. The results predicted that the
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maximum temperature rise in the ring is at the inner front
edge of ring and is 343 degree, and peak stress of 2.3
kg/mm2.

Since the Von Mises stress exceeds the yield stress
of copper (0.63 kg/mm?), a plastic deformation might be
induced over a major portion of the ring.  As it is
considered that the thermal stress cracking could be
generated by this deformation, we design the beam dump
such a deformed disk is easily replaced with a new one.

Fig. 6. The Von Mises stresses for the heat loads
calculated with ANSYS

Photon Production

The energy distribution of photons ( <y-rays )
generated by incident electrons in the target block are
studied using the EGS4 code. Figure 7 shows the
relationship between its energy E and the scattering angle
9 of the photon, where 8 is the angle from the incident
direction of electron beam.

Electrons are particularly susceptible to a large angle
deflection by scattering from nuclei and they are
backscattered out of the target block. In this context,
Figure 7 shows the concentration of backscattered
photons in the direction of 180°. A preliminary estimate
of the absorbed dose rate in the backward direction (180°)
at 1 m is 9000 Gy/h with full beam power.

Conclusion

A beam dump at PNC, employing the Ring & Disk
system, has been designed for the high power low energy
beam (200 kW of 10 MeV electron). The beam counld be
stopped at the inner edge of the rings which are cocled by
water.

The maximum power density in the target block is
2.2 kW/cm® with full beam power assuming Gaussian
distribution of the transverse beam intensity. The
maximum temperature rise in the ring ( at the inner front
edge of ring ) is estimated to be 343 degree.

10 EGS4/PRESTA

T 7 T I

E 1 e
e |
5] L
- L
o
2 0
= E
[ Farger Block .
0.01 L 1 L L I 1 1 1 E
- 0 50 100 150
Scattering Angle & (degree)

Fig. 7. Correlation between the photon energy E and
the scattering angle 0
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Abstract

The design of the positron source for the Next Linear
Collider (NLC) is presented. The key features of this design
include accelerating positrons at an L-band frequency (1428
MHz) and using a rotating positron target with multi-stage
differential pumping. Positron yield simulations show that the
L-band design yields at the source 2.5 times the beam intensity
required at the interaction point and is easily upgradable to
higher intensities required for the 1 TeV NLC upgrade.
Muliibunch beam loading compensation schemes in the
posiiron capture and booster accelerators and the optics design
of the positron booster accelerator are described. For
improved source efficiency, the design boasts two parallel
positron vaults adequately shielded from each other such that
one serves as an on-line spare,

1 Introduction

The NLC is designed to collide a 90-bunch positron
beamn with an identical electron beam with a bunch intensity as
high as 1.25x10!0 particles for each machine pulse [1,2]. The
beam puise intensity requirement for the NLC represents more
than a 20-fold increase over its SLC counterpart! While the
SLC positton source [3], by virtue of its relative design
simplicity and its proven operational reliability, isused asa
design basis for NLC, significant changes are made to greatly
boost the positron beam intensity to meet the NLC needs, In
this paper, we will first present a design overview, then
concentrate on the important aspects of the design and report
on the progress made in the design since the writing of our
previous paper [4].

2 Design Overview

The NLC positron source is of a conventioral type based
on e* pair production from an electromagnetic shower created
in a thick, high-Z target upon bombardment by high energy
electrons, Three subsystems comprise the NL.C source: a
drive beam electron accelerator, a positron production and
collection system, and a positron booster linac, Table 1
summarizes the important parameters of the NLC positron
source for both its phase-I design and its phase-il upgrade
(500 GeV and 1 TeV center-of-mass energy, respectively).

The drive beam accelerator uses S-band (2856 MEHz) RF
for acceleration and has an injector consisting of a thermionic
gun, two subharmonic and one S-band bunchers. The
positrons are generated in a 'WqsRe,s target, adiabatically
phase-space transformed in a flux concentrator and a tapered-
field sclenoid, and captured in an L-band (1428 MHz)
accelerator embedded inside a 0.5-T uniform-field solenoid.

Acceleration of the positron beam to 2 GeV for emittance
damping occurs in an L-band booster accelerator with a dense
array of quadrupole magnets providing transverse focusing,

Table 1. NLC Positron Source Parameters

Parameters NLC-I NLC-IT
Drive Electron Beam:
Electron Energy (GeV) 3.11 6.22
No. of bunches per pulse 20 90
Bunch Intensity 1.5x101° 1.5x101°0
Repetition rate (Hz) 180 120
Beam power W) 121 161
Beam o on target (mm} 12 1.6
Pulse Energy Density 4 6x10% 5.2x101
p_(GeV/mm?)
Pogsitron Target:
Material WisRezs | WasReys
Thickness (RL.) 4 4
Energy deposition (J/pulse) 126 188
Power deposition (kW) 23 23
Positron Collection:
Tapered field (T) 12 12
Uniform field (T) 0.5 0.5
Flux concentrator field (T) 5.8 58
Flux concentrator minimum 4.5 4.5
radius {mm)
Accel. RF frequency (MHz) 1428 1428
Accel, gradient (MV/m) 25 25
Minimum iris radins (mm) 20 20
Edge Emittance {m-rad) 0.06 0.06
Collection efficiency (%) 19% 17%
Positron yield per electron 1.4 2.1
Positron bunch Intensity 2.1x1010 3.2x10!0

The L-band design for the NLC positton capture and
booster accelerators is the key to achieving the order of
magnitude higher positron beam intensity over that of the SLC
positron source. By quadrupling the transverse phase space
admittance and boosting the longitudinal phase space
admittance as well, it not only immediately provides a >4-fold
increase in the positron capture efficiency, but ultimately
ensures the upgradability of the source to NLC-II intensities,
with a large intensity safety margin,

In operation, system reliability is always a critical issve.
The reliability of the positron production and capture system is
particularly important since the high radiation levels in these
areas would prevent human access for prompt repair in case of
hardware failure during a physics ran. In addition 10
engineering the best possible reliability into each component,
a most effective way to mitigate the reliability problem is to
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build redundancy into the system. In our proposal, two side-
by-side positron vaults housing identical positron production
and capture systems that are adequately shielded from each
other will be built. If one system fails, we may immediately
switch over to the other to continue the run. In the meantime,
we may wait for the radiation level in the vault with failed
hardware to drop and then repair the failed component(s). As
long as the mean time 10 fail exceeds the mean time to repair,
which we hope will be the case based on the soperior
reliability demonstrated by the SLC positron source, such a
redundancy design will ensure excellent reliability.

3 Target Engineering

By the nature of this design, the positron target that
serves the dual purposes of generating an electromagnetic
shower upon electron bombardment and inducing et pair
production must absorb a considerable amount of energy from
the drive beam. The drive beam energy density must be kept
below a critical threshold, which depends on the target
material, or excessive single pulse beam heating may cause
the target to fail. Asin the SLC positron source, WosReas is
chosen as the target material because of its high et pair
production efficiency and excellent thermo-mechanical
properties. Target R&D at SLAC using 20-25 GeV drive
electrons and 5-7 R.L. (radiation length) thick targets [5]
established a failure threshold for WosRe,s due to single pulse

beam heating at
N_E

— m
2o

where N_ is the number of drive electrons per pulse, E_ the
energy of the electrons, and & the rms radius of the electron
beam. Thus, the rins beam radius at the target has been
chosen to be 1.2 mm for NLC-I and 1.6 mm for NLC-II,
respectively, to keep the beam energy density per pulse about
50% below this threshold.

The WqsReqs target, shaped into a ring with an outer
radius of 25 cm and a radial thickness of 0.7 cm, will be
rotated at a frequency of 2 Hz. In this way, areas of
successive beam pulse impacts on the target will be adequately
separated and the target will be heated uniformly, Unlike
other types of target motions such as trolling, the rotating
motion preserves the geometry of the target with respect to the
incident drive beam and the emerging et beams as well.
Therefore, it is expected to eliminate positron beam intensity
modutations that might be induced if the target motion is such
that its geometry with respect to the beam changes
periodically, as in the SLC source. The target will be cooled
from the inner ring surface to which a silver or copper casting
containing stainless steel cooling tubes is brazed. With a
cooling water flow rate of ~2 I/s and a velocity of ~10 m/s, the
steady state temperature of the target is estimated to be
~400°C for the cases of both NLC-I and NLC-II, which is a
rather comfortable temperature for WsReos.

The rotating motion along with the necessity to cool the
target leads to a design in which the target is attached to a

Pmax =

rotating shaft that passes from vacuum where the target resides
to atmosphere where a driving motor is connected and cooling

‘water is coupled in and out. The high radiation levels near the

target precludes the use of conventional vacuum seals made of
organic materials such as viton. Instead of pursuing a
vacuum-tight seal, we propose to use multi-stage differential
pumping along the length of the shaft with radiation resistant
seals that limit conductance relying on tight clearances (<15
um) between sealing surfaces and long path lengths.
Candidate seals include axial and radial face seals, axial and
radial iabyrinth seals, and magnetic face seals.

Figure 1 depicts a conceptual design of the positron
target system with three stages of differential pumping. In
such a three-stage design, the first stage could use an oil-free
dry scroll pump, the second and third stages could each use 2
turbomolecular pump backed by a dry scroll pump. If the
pressure drops by three orders of magnitude after each stage,
which we have reason to believe, then, such a design could
casily realize the desired 10~7 Torr vacuum in the target
chamber. A test two-stage differential pumping system with a
rotating shaft will be built and experimented to prove the
feasibility of this design and also to select the best seals,
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Figure 1. A conceptual design of the NLC positron target
sysiem with three stages of differential pumping.

4 Capture and Booster Accelerators

The capture accelerator is required to quickly accelerate
the positron beam to relativistic energies to minimize
debunching due to the initial huge energy spread. As electrons
are also accelerated along with positrons, it also must be able
to handle up to 14 A of multibunch beam loading current in
the case of NLC-II. In our design, two 5-m detuned L-band
(1428 MHz) structuras with an average gradient of 25 MV/m
will be used for acceleration, and two 3-m L-band structures
sandwiched in between will be used for beam loading
compensation by operating off-frequency at 1428 + 1.428
MHz (i.e., the AF method). Each of the acceleration and
compensation structures will be driven by two 75-MW L-band
klystrons with SLED-I pulse compression. The beam will be
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focused by a long DC uniform-field solenoid with a 0.5 T
axial field that encloses all four structures.

The 250-MeV positron beam emerging from the capture
accelerator will be injected into the booster linac after an
achromatic and isochronous bend doublet, which also allows
the electron beam to be separated from the positron beam and
dumped. The booster linac, designed to accelerate the beam to
2 GeV, consists of 12 accelerating modules. Each module
contains two 5-m detuned L-band structures with a minimum
iris radius of 20 mm and will be powered by two 75-MW L-
band klystrons feeding one SLED-I cavity. The unloaded
gradient is about 20 MV/m. Beam loading in the booster
linac, with a maximum loading current of 2,75 A, will be
accomplished by using the AT method, i.e., injecting the beam
before the structure is completely filled. In comtrast to the AF
method, the AT method offers the advantage of not
introducing a large single-bunch energy spread, thus
minimizing chromatic emittance growth, The booster linac
has roughly a 15% energy headroom.

The lattice for the booster linac is designed using
TRANSPORT up to second order. It consists of a dense array
of FODO cells whose spacing is scaled approximately as \[E
along the linac except for the first structure where the cell
spacing is kept constant. Most of the quadrupole magnets
have apertures large enough to surround the L-band structures,
with one or two small-aperture quadrupoles in between
successive structures to match the optics across the gaps. The
strengths of the large-aperture quadrupoles are kept nearly the

same. The phase advance per cell starts at 60° at the -

beginning of the lattice and gradually decreases to about 25° at
the end. This design leads to a quasi-linear E scaling of the
maximum B function. First-order TRANSPORT calculation
shows that the positron beam size is shrunk to <15 mm after
the first few structures.

Using the program LINACBBU [6], multibunch beam
blow-up due to long-range transverse wake field has been
calculated for the booster linac. It is concluded that such
effects are negligible for structures with a 10% full-range
Gaussian frequency detuning.

5 Yield Calcnlation

The yield for both positrons and electrons from WisRegs
targets of thicknesses ranging from 3.5 10 6 RL. (1 R.L. =
3.43 mm) are calculated using the program EGS [7] for both
drive beam energies, i.e., 3.11 and 6.22 GeV. While it is
desirable to maximize the positron yield, the volume density
of pulse energy deposition in the target must be kept safely
below the failure threshold. These considerations leads to the
choice for the optimal target thickness to be 4 RL.. The
positron and electron yields per drive electron from such a
target are, respectively, 7.2 and 9.0 for 3.11 GeV drive
electrons, and 12.5 and 17.1 for 6.22 GeV drive electrons.
About 18% and 14% of the drive beam energies are deposited
in the target for 3.11 and 6.22 GeV beams, respectively.

The particle rays obtained from the EGS simulation are
traced through the adiabatic phase space transformer and the
capture accelerator, whose parameters are listed in Table 1,
using the program ETRANS [8]. The best positron yield at
the exit of the capture accelerator where the beam reaches an
energy of about 250 MeV is found to be 1.4 and 2.1 per drive
electron for NLC-I and NLC-1I, respectively, after applying 6-
dimensional phase space admittance cuts. Correspondingly,
the positron beam intensities at the 250 MeV point are
211019 /bunch and 3.2x10!° /bunch, respectively, each
exceeding the respective maximum desired bunch intensity at
the IP (i.e., 0.85x10!? and 1.25x10%) by a factor of 2.5.

Using the program TURTLE, the positron rays are
further traced through the booster linac, whose alignment is
assumed to be perfect. After applying a 0.06 m-rad transverse
emittance cut and a +2% energy spread cut, it is found that
beam transmission through the booster linac is about 95%.
While structure and magnet misalignments are inevitable in a
real machine, the transverse and energy admittances of the
pre-damping ring with an energy compressor are 0.09 m-rad
and +3%, respectively, or 1.5 times greater than the cuts
applied to the rays traced to the end of the linac, These two
factors have offscting effects on the beam transmission. Thus,
the large intensity safety margins after the capture accelerator
are almost fully preserved to the end of the booster linac.
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Temperature stabilisation of the accelerating structure
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Abstract

An important issue for the operation of a Linear Collider
with heavy beam loading is the temperature stability of the
accelerating structure. The phase and energy error is a
function of the temperature distribution on the surface of the
accelerating structure. Calculations prove, that keeping the
temperature constant at a specific point on constant gradient
accelerating structure minimises the energy error. This will
be used for a feedback system. The temperature at this point
is a function of the inlet water temperature, the average RF-
power and the beam loading.

Temperature Distribution

An important issue for the operation of a Linear Collider
with heavy beam loading is the temperature stability on the
accelerating structure. The heat source is the difference of the
total input power and the power extracted by beam loading.
This difference can be calculated as the vector sum of the
accelerating voltage and the beam loading. The shunt
impedance, the altennation , the repetition rate and the pulse
length are additional parameters. The phase emror itself is a
function of the temperature distribution calculated by this
difference voltage. It is a function of the wavelength, the
group velocity, the thermal expansion coefficient and the
temperature difference between the steady-state situation and
the instantanecus average temperature at every point on the
surface [1].

The taper of the group velocity is linear and its value at the

inlet side is = 4% and at the outlet side = 1.3 % of the

velocity of light. The temperature rises almost linear, but the

temperature distribution on the surface is not.

In order to calculate this temperature distribution the

following assumptions were made :

s the heat flow over the circumference is at every point the
same

e because of the symmetry only 1/8 of the geometry is
calcuiated

s the temperature gradient over the thickness has been
neglected

o the water inlet and outlet are on the same side as the
beam input (counter flow)

The following picture shows the average temperature between

the cooling mbes.
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Fig. 1 : Distribution of the surface temperature
curve 1 : no beam
curve 2 : beam current 100 mA
curve 3 : beam current 200 mA
curve 4 : beam current 300 mA

The temperature at the surface rises along the length of the
structure in absence of beam cwrrent. With increasing beam
current the power which is dissipated along the structure
decreases. Therefore the heat flow into the water is lower at
the end of the structure than at the beginning. This effect is
more pronounced with increasing beam current. Because the
heat flow from the surface to the water is a function of the
temperature difference between them, the surface temperature
increases at first and then decreases along the length with
Increasing currents.

The strong gradients on both ends are produced by the heat
flow into the tubes and in addition the return of the water at
the end.

The temperature distribution in a 3D-plot is shown in the next
picture. The beam current is 300 mA
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Fig. 2: Distribution of the surface temperature
beam current 300 mA

The next picture shows the phase error caused by the
temperature distribution from figure 1. The temperature for
the steady-state system was arranged to be 40 °C with a
constant temperature at the inlet.
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Fig. 3 : Integrated Phase error along the section
curve | : no beam
curve 2 : beam current 100 mA
curve 3 : beam cwrent 200 mA
curve 4 : beam current 300 mA

The integrated phase error turns into a beam energy error
along the structure length. This energy error on the other hand
can be minimised by changing the inlet water temperature
unless the integrated phase error is zero, which is always
possible because positive and negative phase deviations
appear along zero. Calculation shows that at a specific point

the temperature remains constant with varying beam or RF
power, and varying inlet water temperature for
compensation.[2]
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Fig. 4 : Surface temperature with optimised inlet water
temperature in order to cancel the sum of the
single cell phase error towards the end

of the structure

curve 1 : no beam

curve 2 : beam current 100 mA
curve 3 : beam current 200 mA
curve 4 : beam current 300 mA

Cooling circuit

There are two layouts for the cooling circuit of the linac :

The first one is for the test-facility. The main demand for
this cooling circuit was the high temperature stability over a
large range of power deviations.[3]

The second is for the overall layout. The main demand here
was to have a simpie cooling system with only a few
elements but flexible power handling capabilities

For the control of both systems the same elements will be
used :

the temperature is measured by a sensor at the specific point,
the temperature of the inlet water and the RF-power
difference between the input and output. The last one will be
used for a fast feedback system: with beam loading a definite
input temperature is required and therefore it is possible to
change the inlet water temperature before the surface
temperature changes. The time available to do this depends
on the water flow and the heat capacity of the structure and is
about two seconds. Therefore in both systems a hot and a cold
line is required and the regired temperature is mixed by fast
pneumatic mixing valves.

_48_
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At the test-facility the solenoid of the klystron is used as the
main heat source for the hot line and for the power reduction
( cool line ) a heat exanger. The rectangular wavegnides have
a similar control system. The scheme is presented in the next
picture '
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Fig. 5 : Outline of the cooling system for the test-facility
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For this circuit a simulation [4] was made { without the
feedback-system !): the power in the section and in the
waveguide was reduced by a factor of five ( this means e.g.
changing the repetition frequency from 50 Hz to 10 Hz ). The
next picture shows the result:
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Fig. 6 : Temperature of the surface by changing the repetition
frequency from 50 Hz to 10 Hz
curve 1 : accelerating structure temperature
curve 2 ; waveguide temperature

For the Linac Collider the klystron collector is used as a main
heater source. It isn’t possible to connect the heater with the
supply water tube because the waterflow wouldn’t be enough
for cooling the section. Therefore it is connected with the
return water tube and so a boosier-pump is needed. The next
picture shows such a possibility using only a few elements but

on the other hand not applicable for a large range of power

changes.
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Fig. 7 : Outline of the cooling system, overall layout

For this circnit a simulation was also made without the
advantages of the feedback-sytem for the control. The next
picture shows the inlet water temperature into the structure
and the structure temperature when the power into the
structure and klystron is reduced to a third of the previous
value
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Fig. 8 : Temperatures by changing the power into the
structure and klystron
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Abstract

A 40 MeV electron beam, using the inverse free-
electron laser interaction, has been accelerated by AE/E =
2.5 % over a distance of 0.47 m. The electrons interact
with a 1-2 GW CO; laser beam bounded by a 2.8 mm ID
sapphire circular waveguide in the presence of a tapered
wiggler with Bmax =1 T and a period 2.8%cm < 4, £3.14
cm. The experimental results of AE/E as a function of
electron energy E, peak magnetic field Bw and laser
power W, compare well with analytical and 1-D numerical
simulations and permit scaling to higher laser power and
electron energy. :

Introduction

The study of the Inverse-Free Electron-Laser (IFEL) as
a potential mode of electron acceleration has been
pursued at Brookhaven National Laboratory (BNL) for a
number of years [1-4]. Recent studies have focused on
the development of a low energy, high gradient, IFEL
accelerator [5] as a first step toward a multi-module
electron accelerator of maximum operating energy of a
few GeV. Experimental verification of the IFEL
accelerator concept was obtained in 1992 [6] , using a
radiation wave length of A= 1.65 mm, and more recently
[7] using a wavelength of 10.6 pm. In this report further
experimental evidence of the IFEL interaction (A = 10.6
um) is presented. The experiment used a 50 MeV electron
beam, a 1-5 GW CO, laser beam provided by BNL's
Accelerator Test Facility (ATF) and a uniquely designed
period length tapered wiggler.

The wiggler is a fast excitation electromagnet with
stackable, geometrically and magnetically alternating
substacks of Vanadium Permendur (VaP) ferromagnetic
laminations, periodically interspersed with conductive
(Cu), nonmagnetic laminations, which act as eddy current
induced field reflectors {8,9]. Four current conducting
rods, parallel to the wiggler axis, are connected at the
ends of the assembly, constituting the excitation {oop that
drives the wiggler. The overall wiggler stack is easily
assembled, is compressed by simple tie rods, and readily
permits wiggler period (A,) variation. Configured as a
constant period wiggler, A, = 3.75cm and B, = 1 T, the

system has shown [10] an rms pole-to-pole field variation
of approximately 0.2 %.

The CO, laser beam is brought into the IFEL
interaction region by a low loss dielectric (ALQO;
,sapphire) circular waveguide which evidenced very good
transmission properties [11] of the high power CO,
laser beam. Extensive studies were carried out to establish
optimum coupling into the guide and to measure the
transmission loss of the long (1.0 m) extruded single
crystal sapphire guides. Also, because of the overmoded
guide configuration (ID = 2.8 mm), attempts were made to
determine the transverse mode specttum. To this end
various wave gunide configurations were tested at low
laser beam power with the beam focused to a Gaussian
waist with adjustable radius at the entrance of the
waveguide. The beam profile was measured using a
pyroelectric vidicon TV camera combined with digital
frame grabber. For the 2.8 mm. ID sapphire dielectric
guide a laser power attenuation factor of 0.2 dB/m was
measured. The laser beam profile within the guide was
inferred by measuring the beam diameter at the guide exit
for wvarious guide lengths.The results show that,
commensurate with the near constant beam profile within
the guide, the mode structure is dominated by the guide
fundamental mode only. This is in accord with the
absence of mode mixing reported in Ref.[11] for
filamentary sapphire guides for CO, laser radiation
transport.

In the IFEL accelerator, the electron beam is
accelerated by the interaction with the laser radiation
wave in the medium of a periodic wiggler field. The

‘theoretical description of the interaction has been given

by a number of authors [3,12). Approximate analytical
expressions derived in Ref.[3] were used to parameterize
a single acceleration stage. Subsequently, 1-D and 3-D
simulation programs were written solving the self
consistent system of Lorentz equations for the electrons
and the wave equations for the input laser field as
discussed in Ref, [12]. The 1-D program has been used
to determine the seif-consistent wiggler period length and
its taper for given values of electron beam energy and
laser power and to calculate the bucket acceptance and
bucket leakage for a single or multi module accelerator.
The 3-D code has been used to study beam walk-off,
transverse phase space  distributions and emittance
growth.
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Experimental Arrangement and Result

Extensive IFEL simulation studies were carried out
both for a single IFEL accelerator module and for a
sequence of IFEL modules. The objective of the present
experiment was a proof of principle performance of a
single IFEL unit incorporated in beam line II of the ATF
[13,14]. A schematic layout, specific to the IFEL
experiment only, is shown in Fig.l. Beam transport

downstream from the nominal 50 MeV Linac is 50-

dimensioned as to yield a dispersion free’ IFEL interaction
region. The electron beam, at the IFEL location, is
matched vertically to the natural wiggler betatron
amplitude B, = 0.17 m, &; = 0.0 and to a horizontal
amplitude B, = 0.3 m, ¢, = 0.0 . Downstream of the [FEL
interaction region the optical system is configured as a
momentm spectrometer with  adjustable dispersion
magnitude (0.0 < 7, < 3.0 m) at a diagnostic endstation:
there the beam momentum dispersion is measured by
means of a phosphor screen-vidicon TV camera-Spiracon
frame grabber. Also shown schematically in Fig.l is the
CO; laser beam entry into the interaction region vacuum
envelope through a2 ZnSe window, and its propagation as
a free-space mode, to the sapphire dielectric waveguide
entry. With deliberation, the dielectric guide was taken to
be 0.6 m in length, whereas the accelerator module length
(wiggler length) was set at 0.47 m. This was done to
approximate a mode matching section, enhancing thereby
the mode purity in the IFEL module proper.

The design parameters used in this IFEL accelerator
experiment are listed in Table 1. With optimized
overlap of the electron and CO2 laser beams, both
spatially and timewise, and the interleaving of the lower
repetition rate CO; laser pulses with the higher repetition
rate electron beam pulses, the IFEL electron beam
acceleration could readily be established. Electron
acceleration was measured with the spectrometer at the
diagnostic screen. An example of the momentum
spectrum of the unaccelerated and accelerated electrons is
given Fig.2, where the beam intensity distribution is
shown versus VB,g, + MpAp/p, with the spectrometer
optics adjusted so that n,Ap/p >> VB.e, . Optimization
of the IFEL effect and exploration of parameter space,

Sapphire Circular
Guide, 2.8 mm ID
. €Oy Laser hv Diagn,
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e’ Diagnostics
Fast Excitation
Variable Period Wiggler

Fig.1, Schematic of the Experimental Configuration

Table 1
IFEL Experiment, First Phase
€ beam Injection Energy 40.0 MeV
Exit Energy 42,3 MeV
<Accel.Field> 4.9 MV/m
Current, nominal 5 mA
N(bunch) 10° e
I{max.) 30 A
AE/E(one ) +3.10°
Emittance (one o) 7108 m.rad
Beam radius 0.3 mm
Wiggler Wiggler Length 0.47 m
Section Length 0.6 m
Period Length, A, 29-31 em
Wiggler Gap 4 mm
Field max, 10 kG
Beam oscill.,a, 0.16-0.2 mm
CO, Laser  Power, W(Laser) 10° - Watts
Wave Length, A 10.6 ptm
Max.Field, E, 0.7810° MV/m
Guide Loss, & 0.05 m?
Field Attenuation 0.26 dB/Sect.
Pulse, (fwhm) 220 psec
A, 1.53 10°
ro(L/2) 1.0 mm

with variation of the electron beam injection energy, CO,
laser power and wiggler maximum magnetic field
magnitude was carried out in several consecutive runs, the
results of which established the unambiguous signature of
the IFEL acceleration. This is illustrated in Figs.3 and 4,
where (AE/E)rrg is shown both as given by the 1-D model
simulations and as obtained experimentally. Fig.3 shows
the relative energy gain for B,, and W, constant; in Fig.4
the plot (AE/E)g,. vs. By, is given.

The approximate IFEL design equations [3] are:
dy/dz = A(KMI(K)siny  with y = (k + k,)z - ket ¢))]
where the normalized laser electric field is A =
(e/mc?)(WRIAWZ,)'?, K = (eB A )(2mme) = 2.7 is the
wiggler parameter, f(K) = 0.38 is a correction factor due
to the linear polarization of the wiggler, Z, = 377 &, R, is
the waveguide radius and k, k,, are the radiation and
wiggler wavevectors, respectively. The resonance
condition leads to: '

A=0.5 AP+ K2) )
The relative energy gain of the electron beam in a

wiggler of length L, is:

AYY= (Ap/P)reL = A(KMAF(K)siny, L,  where  (3)

W is the resonance phase (45° for optimum bucket size).
In Fig.3 the solid line shows the results of the
numerical simulations with laser power W, = 1 GW and
By = 10 kG normalized to the maximum experimental
value. The agreement of the simulations with the
experimental results are good. Similarly, in Fig.4
experimental results are compared with the simulations for
35 MeV and 40 MeV, in both cases the agreement is
good. The maximum (Ap/p)g for initial electron energy
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—— Pe.

ﬁe-(+C02)
~-Ap/p=2.0 %—-#

Fig. 2, Momentum Spectrum of the unaccelerated
and IFEL accelerated electron Beam
E =40MeV,B,=10kG, A, =29-3.1cm, W,=1 GW

of 35 MeV leads to a value of the magnetic field B, =
8.35 kG, to be compared with the experimental value of
B.44 kG, and for E = 40 MeV, the calculated B,, is 9.98
kG and the experimental value was B,, = 9.96 kG.

In conclusion, the IFEL acceleration of a 40 MeV
electron beam by AE/E = 2.5 % with a 1 GW CO, laser
and a tapered wiggler with peak field on axis of 10 kG has
been confirmed. Agreement with the model predictions is
satisfactory, permitting the scaling of anticipated results to
higher laser power. Present IFEL operation is limited to a
maximum laser power of £2 GW. With the upgrading

Simulation, norm, {B.~=10 kG]
- - -0 Experimental Data [Bo=9.5 kG]

2.0+

E(e) [MeV]

4] 41

15 31 W 45

Fig.3. Relative Energy Gain AE/E vs E, with B, W,
constant

Simulation, norm.

(Ap/p)reL - - - 0 Experimental Data
[%]
1.64
1.2+
0.8 4
0.4
’
By [kG]
7 0 1t 12

Fig 4, Relative Energy Gain vs B,, with E and W, constant

of the ATF CO, laser to the 1TW level as presently
underway, an IFEL mean acceleration gradient of 100
MeV/m might become achievable.
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Name of Linac

Function

Institution and address

Person in charge

Name of person supplying these data :

HISTORY AND STATUS

Const. started : 1994 ; first beam : 1996 Normal ~ Max, or
Presentstatus  : Under the commissioning Operation ~ Design
Cost of facility : 5000 MJPY Final energy : 001 NA GeV
Present linac staff : 17 man-years Accel gradient : 1.0-1.4 NA MeV/m
Present yearly operation time : N4 h AEE(FWHM) : 0.2 NA %
Rep. rate : 0-50 NA Hz
LINAC PARAMETERS Pulse length : 104000 N4 us
Beam intensity 0.100 NA A
Electron Sources : Norm. emit. (16): N/A N4  mmm-mrad
Types: Triode ; emergy: 200 keV
Beam intensity (peak) : 0.400 A OTHER RELEVANT INFORMATION
Normalized emittance (16): NA T mm-mrad
. * Power Reactor & Nuclear Fuel Development Co.
Injector Oarai Engineering Centre
Longitudinal matching : (1) gineering
Output: 2.0 MeV; intensity: 0100 A
Pult:; width, spacing : 4 ms, J6 mti (1) L-band pre-buncher and buncher
Normalized emittance (16): N4 7 mm-mrad (2) 1.249135
(3) Resonant Ring filling time
Acceleration System (4) 0.011-0.025
Total linac length : 18 m (3) 20130-15392
No. sections : 8 ;lengths : 1.2 m (6) 1.2MW kiystron only
Fieldmode : 2a/3 ;frequency : (2) GHz
Wave type Tw ;fillingtime: (3) I3 pus
vp/crange 4) ;Q : (3)
Shunt impedance 16.2-39.1 MQm
Iris : aperture : diameter 24.5-32.4 mm
thickness : 12 mm
Attenuation/section 0.04076 - 0.06082 Np
Power units, Number: 2 type: Klystron
RF power peak :

Focusing System
Type, No. of elements, and spacing :

ELECTRON LINAC

: PNC Linac
: Electron Linac for Transmutation
: PNC-OEC* 4002 Oarai-machi, Ibaraki-ken 311-13, Japan

: Takashi Emoto
Takashi Emoto
e-mail : emoto@oec.pnc.gojp

tel. :+8129267 4141 ext.3130 fax: +81 29 266 3868

LINAC PERFORMANCE

1.2 MW; mean: (6) 240 kW

Solenoids up to 3.5MeV; a doublet at 3.5MeV and
between sections to 10 MeV; a triplet at 10 MeV

Beam Pulse Structure (if applicable)

No. of bunches/pulse : N4
No. of particles/bunch : N4
Bunch separation 1 NA
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PAUL SCHERRER INSTITUT

A Brief Overview of PSI = | =

The Paul Scherrer Institute (PSI) is a multi-disciplinary re-
search centre for natural sciences and technology. In na-
tional and international collaboration with universities, other
research institutes and industry, P8 is active in elementary
patticie physics, life sciences, solid state physics, materials
sciences, nuclear and non-nuclear energy research, and en-
ergy-related ecology.

The institute's priorities lie in areas of basic and applied re-
search, particularly in fields which are relevant for sustain-
able developmeant, as well as of major impertance for teach-
ing and training, but which are beyond the possibilities of a
single university department. PSI develops and operates
complex research installations which call for especially high
levels of know-how, experience and professionalism, and is
one of the world's leading user laboratories for the national
and international scientific community. Through its research,
PSI acquires new basic knowledge and actively pursues its
application in industry.

PAUL SCHERRER INSTITUT

The
— Paul Scherrer Institute

o= =g

Paul Scherrer Institut Phone. 056 31021 11
CH-5232 Villigen PSI Fax 0563102199
Switzerland htip:/iwww.psi.ch
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PSI's Guiding Principles

A changing PSI

With a staif of 1200 and an annual budget of close to 160
million Swiss Francs, PS! is the largest national research in-
stitute in Switzerland. Its research is aimed at today's global
challenges, oriented towards future needs of science and
embedded in the International research community. PSI is
affiliated to the Board of the Swiss Federal Institutes of
Technology and, as such, contributes to basic scientific re-
search and promotes new technologies for Swiss industry
while supporting sustainable development.

Guiding Principles

—— Scientific excellence, promotion of interdisciplinary re-
search, «market» orientafion, development of leader-
ship

— User Laboraiory: design, construction and operation of
large, complex research facilities for the national and in-
ternational scientific community

Contribution to educafion and training in close collabo-
ration with universities

=

Transfer of research results for application to new prod-
ucts and processes in partnership with industry

—_—

Relevance to soclety

==

Self-criticism, open-mindedness and accountability

==

PSl's research programme is bsing continuafly adapied to
match the current state of scientific knowledge. Over the last
few years, emphasis has shifted from the earlier priorities of
particle physies and nuclear-energy research towards
solid state physics and matetials sciences as well as
general energy research and environmental sciences.
These developments are reflected in the distribution of gov-
ernment funding for personnel. The new Neuiron Spallation
Source, SINQ, and the planned Swiss Light Source, SLS,
are initiating a strong shift of our research focus towards the
study of the structure of materials.

Development 1980 - 2000

1000

900-

800 { Nuclear Energy Research

700 _ .
Particle Physics
600
ife Sciences
500 | General Energy Research

nd Environmental Sciences
400+
wiss Ligiht Source (SLS)
300

olid State Physics and

200 Materials Science

Person-Years (financed by PSl1)

100 | Spallations Neutron Source

| (SINGY

0-=— ; .
1980 1986/87 @ g 2000
ag
Year
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Research at PSI

Material Structure
Studies at PSI

Focal Points:

- Nuclear Energy Research
Research and scientific services in the area of reac-

tor safety
Safety studies on the disposal of radicactive wastes

e

— Particle Physics
Study of fundamental interactions of matter

Search for rare decays of slementary particles

—. Life Sciences
Cancer therapy and medical diagnosis using particle

beams
Effects of radiation on living organisms

— General Energy Research
New methods for energy storage and energy use

Environmentally oriented analysis of energy systems

— Solid State Physics and Materials Sciences
Investigation of the atomic structures of solid matter

and liquids by means of particle beams
Analysis and production of minute structures, on the

micrometer and nanometer scale

PSI is becoming a centre for the structural analysis of mat-
ter. New basic knowledge is being gained and new technolo-
gies developed through the application of different kinds of
pariicle beams in life sciences, chemistry, materials sci-
ences and physics. To this end, PSI is continuously up-
grading its large and complex research facilties in order to

match the needs of science.
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PSl's Strength: Interdisciplinary Research
with Large Facilities
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Title “Beam Dump for High Power Electron Beam at PNC”
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Research and Development for Molten Heavy Metal Targets

G.S. Bauer
Paul Scherrer Institut, CH-5232 Villigen-PSI, Switzerland

Abstract. Spallation facilities of the future will, to a large extent, have to rely on molten heavy
metal targets to be able to remove the heat from the reaction zone and to avoid excessive
radiation damage in the target material. This, however, results in rather stringent requirements
on the safety and durability of the proton beam window and of the walls of the liquid metal
system. Effects to be considered in detail in this context are high gas production rates in both
the solid window and the liquid target itself, transmutation and fission products and their
effects on the solid material as well as on the corrosive and physical properties of the liquid
metal. In this context it is not only important to understand the direct effects on the wall
material, which are so far largely unexplored, but also the chemistry going on in the liquid
metal between the various species present after prolonged operation. Destruction and formation
of surface-coating layers, liquid metal-solid metal reactions and the effects of stress and
irradiation on these processes must be investigated in detail in addition to such fundamental
questions like flow configurations, the effect of buoyancy, heat transfer coefficients and the
influence of gases in the liquid. A joint effort has been launched between various laboratories
interested in the development of mext generation neutron sources in which existing and
available installations world wide shall be utilised to the largest possible extent in order to
optimise the retumn for the resources used in a co-ordinated research and development effort.

INTRODUCTION

In many accelerator driven neutron sources use of molten heavy metals as target
materials is considered the most efficient way to obtain a high flux of fast neutrons and to
remove efficiently the heat generated in the reaction zone. This is true for large future
installations designed to advance present day nuclear technology towards more fuel-efficient
systems and burning what is presently considered as problematic waste, as well as for
medium power-high flux neutron research sources which hold a strong promise to extend and
broaden the use of cold, thermal and epithermal neutrons in a variety of fields in fundamental
and applied research [1]. As with high performance research reactors of the past, the
requirernents tend to be more stringent with the research neutron sources than with their
industrial counterparts, but the basic problems to be solved remain the same. Presently, use of
liquid metal targets is seriously contemplated for three research neutron sources under study
or under construction: the Swiss SINQ-project [2], which is due to be commissioned early
1997, albeit still with a solid target, the I MW pulsed neutron source under study at Oak
Ridge National Laboratory [3] and the European Spallation Source Project (ESS) [4], which
Is being designed for-5 MW of beam power. It is in the context of these plans that the needs
and opportunities for research and development were analysed recently in a seres of
workshops [5], [6]. The present paper focuses mostly on the resuits of these workshops and
on steps taken in the mean time towards realising a corresponding research programme.

EXISTING EXPERIENCE WITH SPALLATION TARGETS
Although spallation neutron sources have now a cumulative operating time of almost 60

years (Table 1), available target experience is very limited in terms of accumulated proton
dose, because all of the existing sources are of comparatively low power. Furthermore, since
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metallic Uranium was used in the more powerful ones of them, data are by no means
encouraging, as is obvious from Table 2. ‘

Table 1 Existing experience with spallation neutron sources

Facility Beam power Target Operational since
KENS (Japan) 3kW 238-U, Zy-clad 1980
IPNS (Argonne, USA) TkW 238-U, Zy-clad 1981

: 235-U, Zy-clad 1988
LANSCE (Los Alamos, USA) 60 kW W, unclad 1977
TRIUMF (Vancouver, Canada) 50kW : Pbin SS 1978
ISIS (Rutherford Lab, UK) 160 kW 238-U, Zy-clad 1985

Ta, unciad

Table 2 ISIS and IPNS target load data [7], [8]. Thermal cycles to failure and total protons
to failure and approximate peak temperature Note:1750 mAh at ISIS corresponds to 280

MWh

Target Thermal Cycles* Total Protons(mAh)  Peak Temperature (°C)
ISIS depl.U #1 ' 92

ISIS depl. U #2 40000 53 120

ISIS depl.U #3 10389 175 130

ISIS depl.U #4 4147 139 150

ISIS depl. U #5 5074 296 165

ISIS depl.U #6 2628 126 180

ISIS depl.U #7 1085 107 216

IPNS depl.U #1 89600 240 225

IPNS enr. U #1 28000 121 175

ISIS Tantalum #1 3375 1750 320 (ate.o.])
ISIS Tantalum #2 ** 32630 1006 180 (atb.o.l)

* thermal cycling due to accelerator trips ~ ** Target still in use

The Uranium targets at both, IPNS and ISIS were Zircaloy clad disks of metallic
Uranium and their appearance after failure (cracks in the Uranium and in the cladding and
significant deforrnations on the surface) was practically identical. Although no clear
correlation can be found between thermal cycles (due to accelerator trips) or the number of
protons, the life time of Uranium targets in higher power sources would clearly be
unacceptably short. The ISIS-Tantalum target #1 did not actually fail, but the time to cool
down after the bearn was tumed off became increasingly longer and the . centreline
temperature had risen from 180°C to 320°C, indicating severe degradation.of the thermal
conductivity of the material.

The Tungsten target used at LANSCE (Tab. 1) has been exposed to about 107
protons/cm’. At this point it was taken out of service because of corrosion products found in
the cooling circuit. It was therefore made a design rule that Tungsten alloy should not be
used in direct contact with cooling water in future targets at LANSCE [9]. Also, inspection
of the target after it had been taken out of sevice showed that it had probably become too hot
where it had been hit by the beam, inducating that the thermal properties of the material had
degraded during irradiation.
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The ISIS-Tantalum target #! has been shipped to KFA IJiilich for investigation under the
current R&D-program. The Inconel window of this target and a test window from ferritic-
martensitic steel for the SINQ-target trradiated at Los Alamos will also be examined.
Experience with Los Alamos beam windows indicates that Inconel 718 can perform to a dose

of at least 7x10*" protons/cm” [10]. This corresponds to about 1600 hours at ESS-parameters

(85 Alem®),” assuming no effects from being in contact with liquid metal (see below) but
allowing for an effect of fast neutron flux similar to that of the protons.

EXPECTED BENEFITS FROM USING MOLTEN HEAVY METAL TARGETS

Apart from the most significant feature of not being sensitive to structural radiation
damage in the target material itself, liquid metal targets offer several other potential
advantages:

- Heat removal occurs by convection which makes it unnecessary to subdivide the target
into slabs or rods sufficiently thin to allow transport of the heat to the surface without
generating excessive centreline temperatures or dangerously high surface heat loads that
might impede efficient heat transfer and eventually lead to damage or destruction of the
target. '

- The pressure in the coolant (liquid metal) system can generally be kept lower than for
water cooling systems, thus reducing the mechanical load on the beam window.

- Radiolysis and associated corrosion effects in the water cooling system can largely be
avoided, eliminating the associated cléaning and recombination equipment.

- Water is not directly exposed to high energy radiation, avoiding the generation of "Be
from spallation of oxygen, which tends to plate out on all walls of the cooling circuit and has
an unpleasant half life of 53.3 days. '

- Due to the generally very large total target mass relative to the mass exposed to the
proton beam at any time, the specific radioactivity and afterheat generation of the target are
very low and no active emergency cooling system is required after the beam is shut off.

Candidate materials for liquid metal targets and their relevant properties are listed in
Table 3.

Table 3. Candidate materials for liquid metal targets and their relevant properties

Property Pb Bi ILME LBE Hg
Composition elem. elem. Pb97,5% Pb45% elem.
Mg2.5%  BiS5%
Atomic number, Z 82 83 "82” ”82.5" 80
Atomic mass A (g/mole) 207.2 209 202.6 208.2 200.6
Density (g/cm3) solid (20°C) 1135 975 (10.5) -
liquid 10.7 1007 106 10.5 13.55
Coefficient of thermal expansion (10° K1) 291  1.75 6.1
Contraction upon solidification (%) 332 335 33 0 -
Melting point (°C) 3275 271,33 250 125 -38.87
Boiling point at 1 atm (°C) 1740 1560 356.58
Specific heat capacity (J/gK) 0.14  0.15 0.15 0.15 0.12
Thermal neutron absorption (bam) 0.17 0.034 0.17 0.11 389
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From its low melting point and high density, Mercury is a good candidate because there

is no risk of freezing when the beam goes off and the operating temperature can be kept in a
~regime where heat transfer with conventional heat exchangers is not a problem. Furthermore,
in contrast to Pb and Bi, no alpha-active spallation products are generated in Mercury. On the
other hand, the large thermal neutron absorption cross section makes Mercury suitable only
for fast neutron systems in which the generation of a high thermal neutron flux through long
lifetime of the neutrons in the moderator is not a goal. PbBi-eutectic also has a reasonably

low melting point but, in particular in 2 thermal neutron environment, alpha-active ?%pg is
generated and adds considerably to the radiotoxicity of the system. Adding 2.5% of
Magnesium to lead also reduces the melting point significantly, but, since Mg is known to be
a strong oxygen getter, the chemistry of such a systemm would have to be investigated
carefully (see below).

RADIATION EFFECTS IN THE TARGET CONTAINER MATERIAL

An evaluation carried out at the workshop in Oak Ridge [11] showed that for liquid
metal targets operating at relatively low temperatures (mercury) and at pressure levels in the
container not exceeding 200 MPa, austenitic stainiess steel is the presently best known
candidate material. For systems working at higher pressure levels or containing Bi, Nickel-
free ferrtic-martensitic steels are considered superior, because of their better corrosion
resistance . towards liquid metals and because their recommended design stress in the
unirradiated condition is higher [12].

Although a vast amount of literature exists on the effects of irradiation on steels related
to their use in fission and fusion devices, the pertinent knowledge for the specific situation in
a spallation target is extremely limited and the effect on the mechanical properties of the
structure materials when irradiated with a spallation-typical spectrum at the temperature and
stress range in question is virtually unknown [13], [14]. The main uncertainty results from the
high Helium and Hydrogen production rate relative to the displacement damage and the
effect those high simultaneous production rates might have. For example, it was pointed out
[15] that Hydrogen might be trapped in very small Helium bubbles rather than escaping from
the material as is usually assumed in non-hydride forming materials. It is, therefore, crucial
for any spallation materials development program to have available facilities which allow to
do relevant experiments under controlled conditions.

At present, simulations can be performed on the dual and triple beam irradiation facilities
at HMI, Berlin [16] and at ORNL, Oak Ridge {17]. These experiments are limited to very
thin layers near the surface of the specimens, however and do not necessarily reproduce
correctly the spatial correlation between displacement damage and gas generation in the
situation where the generation of the gas ion itself is correlated with the generation of a
damage cascade in the host material. A more realistic picture is expected to result from a
series of irradiations currently under preparation at LANSCE in Los Alamos by an
international research team [18]. Irradiations are due to start in autumn 1996 and to continue
through autumn 1997.

An irradiation program is also being planned for the SINQ-spallation source in
Switzerland, which is expected to be commissioned in spring 1997. The target development
program for this source includes a solid, heavy water cooled rod target in the beginning
which will eventually be replaced by a liquid metal target later. The basic concept of the two
targets is shown in Fig. 1. The beam is injected from underneath into these targets.

— 89—
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The opportunity will be provided to remove individual rods from the target after the end
of its usage and to examine them. This can be done on full size rods or on specially designed
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Figure 1. Schematic representation of the solid and liquid metal targets foreseen for use in
the SINQ-facility.

irradiation capsules. Due to the rather severe level of radioactivity examination of full size
rods (11 mm diameter) is likely to be limited to non-destructive methods that can be applied
behind heavy shielding. One such class of investigations use neutrons as a highly penetrating
probe. At present planning for several of the peutron instruments on SINQ provides for
suitably shielded sample environment. The features to be investigated and the type of
instruments foreseen are:

Microstructural evolution and precipitates Small angle neutron scattering

Hydrogen distribution Transmission neutron radiography
Prompt gamma activation analysis

Internal stresses, phase separations High resolution neutron diffraction

Specially designed irradiation- capsules have been proposed at the Oak Ridge workshop
(6] to contain miniature tensile test specimens, miniature fatigue specimens and TEM-disks,
together with a dosimetry package and a thermocouple, as sketched in Fig. 2. The program
will be a joint effort between PSI (Switzerland), ORNL (USA), KFA lJiilich (Germany), and
LANL (USA) and interest in participation has also been expressed by CEREM (France).
Preparations to include such specimens in the second target to be used in SINQ are now in
progress. Testing of the irradiated specimens is foreseen to be done at the PSI and KFA hot
cells.

At PSI, a proton irradiation facility, PIREX, has been in operation for several years [19],

which is used for investigations in the European fusion program. In the framework of this
program work is being performed on so called "low activation steels" which tum out to have
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a lower ductile-to brittle transition temperature than HT-9 type ferritic/martensitic steels and
do not contain Nickel at all. The increase of the ductile-to brittle transition temperature
observed in HT-9 type steels at irradiation temperatures below 300°C seems to be much less
severe in these new materals [20], which makes them of great interest in systems using
Mercury or PbBi as target materials, where the window temperature is expected to be less
than 300°C, but where the nickel contained in austenitic steels must be considered
problematic because of potential corrosive attack by the Mercury. These materials will
therefore be investigated in a co-operative program.

Miniature bending fatigue Miniature tensile  TEM-
specimen test specimen disk

Arrangement in SINQ target rod (example)

Figure 2. Test specimens foreseen for irradiation in the SINQ-target .

LIQUID METAL CHEMISTRY AND LIQUID METAL-WALL INTERACTION

As a consequence of the spallation process and of concurring fast fission in the target
material significant amounts of elements throughout the periodic system with mass numbers
lower than that of the target nuclei will be generated. Figure 3 shows the calculated
distribution of the elements generated in a Mercury target (which, apart from the immediate
neighbourhood of the parent element) is almost the same also for Pb and PbBi. Because the

. total target mass involved is very high (about 20 tons), the solubility for most of the elements
is much higher than their concentration even after 10 years of full power operation, as
exemplified for those elements where experimental data for the solubilities are available.
Although this observation seems very comforting at a first glance, it may be very deceptive,
too. Four factors must be borne in mind:

(1) Many of the elements tend to form compounds with the host materials, the solubilities
of which may be quite different. _

(2) The solubilities, given for a temperature of 450°C in Fig. 3 are often strongly
temperature dependent and segregation is likely to occur at cold parts of the system.

(3) Although in rather dilute solution, elements must be expected to react among each
other and some of them, such as halogens and chalcogens are known to enhance corrosion
and to be readily transferred by metal halogenides and chalcogenides.

(4) A major problem may arise from the formation of mobile solid particles, intermetallic

" compounds, oxides, carbides nitrides, hydrides or hydroxides, which can have quite serious
abrasive effects on protective surface layers on the walls.

Furthermore, some of the elements formed, as well as the hydrides, can be expected to
reduce the protective oxide layer on the steel surface and thus give rise to severe
enhancement of corrosion and liquid metal embrittlement.



PNC TN9600 97-002

]E+OO 3 ry Py
1E-01 s M s I
2 1E02 . s
- -* > LY
° 1E03 > e ——
§ 1604 +— L Ni . ' L
Q 1605 W L x 2l
o™ o [ e ig =
£ 1806 e S
8 = '-u_' .I ax T Ama oty ax l.l_“l L
g 1E07 —s ol
g 1E-08 -; —nn . *
-— = .
§ IE-OQ n_m__ v n HETC (SChOGI)
§ 1E-10 ; * HETC-calculation WITH fission
1E-12 - - - < : -
0 10 20 30 40 50 &0 70 80 Q0
Element #,Z

Figure 3. Calculated element production in a mercury target after 10 years of operation at
SMW for 5000 hours per year [21], compared to experimental data on the solubilities (after

[22]).

It is, therefore, deemed necessary to study in some depth the chemistry of such a
complicated system both, by theoretical as well as by experimental means [22]. As a
theoretical basis it is proposed to use the MIEDEMA model [23] to calculate enthalpies of
solution and reaction enthalpies for binary systems in order to identify most probable types of
compounds as well as typical reaction partners as a basis for experimental verification.

For the experimental program solutions with known concentrations of selected elements
will be prepared and marked by radioactive tracers generated in the PSI-isotope production
facilities or with the fission product gas jet under construction at SINQ. Solid intermetallic
compounds obtained from mixing solutions with different solutes will be analysed and the
results compared to the theoretical expectations. Based on the results of these investigations
which, at 2 later point, may also be extended to more complicated systems, it is expected to
be able to predict the most significant potential problems in the target system and to devise
means for their rnitigation by suitable additions to the target material.

In order to determine the degree of corrosion attack by the "pure" target material on
austenitic and martensitic stainless steels at different temperatures and for the situations of
stagnant and flowing liquids, small-scale corrosion test rigs have been devised at PSI. The
results of these investigations will contribute to determine the amount of foreign elements to
be expected in a real target system and the degree of mass transport likely to occur between
the hot and cold parts of the circuit. An important feature in these experiments is the
possibility to examine samples under mechanical stress in order to determine its potential
influence on liquid metal corrosion and/or liquid metal embrittlement.

Since, in the real situation, the walls will not only be subject to varying temperature and
stress, but also to significant proton and fast neutron fluxes, the possibility is presently
studied to set up an irradiation experiment at the beam stop of the Moscow Meson Factory of
the Institute for Nuclear Research (INR) at Troitsk, Russia. The beam stop, as it is presently
constructed, is shown in Fig. 4a [24]. Fig. 4b shows a schematic sketch of the bottom part of
a possible replacernent of the current Tungsten beam stop module by a liquid metal container
which can be periodically rotated to minimise radiation damage to its walls, while the array of
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spectmens in the liquid metal is kept fixed to accumulate a high dose as desired. Specimens
can be amranged such that some of them experience proton and fast neutron flux

simultaneously while others are subject to the fast neutrons only.
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Figure 4. The beam stop at the Moscow Meson Factory (a) and its proposed modification
for irradiation experiments in liquid metals (b).

While, in contrast to the situation in water, no highly reactive radicals are expected to
prevail under irradiation in the liquid metal, it is not clear whether, or to what extent,
synergetic effects must be anticipated from irradiation, stress and the chernical activity of the
elements in contact. The proposed experiment could help answer this question.

FLOW AND THERMAL HYDRAULICS IN HEAVY LIQUID METALS

In spallation systems the distribution of heat in the target-beam interaction zone is very
inhomogeneous. Laterally it follows more or less the intensity distribution in the proton beam
which, to a certain extent, can be controlled. Axially, however, the distribution shows a more
or less exponential decrease, after a short build-up zone at the target head. For the case of
ESS, for example, this results in a peak time average power density of 2.6 kW/cm’, even with
a beam whose footprint on the target is an ellipse with major axes of 20 and 6 cm {4]. In the
steel window the peak power density is about 1.4 kW/em® for the same conditions.
Successful removal of this heat by liquid metal convection depends, among others, on
sufficiently fast flow in all regions that need cooling. Modern CFD codes such as FLOW-3D
or ASTEC allow to treat this problem theoretically in considerable detail, but experimental
verification is required to validate these codes for the particular use and to demonstrate that
the practical situation is in accordance with the theoretical model, in particular as far as solid-
liquid heat transfer and the effects of heat conduction and buoyancy are concerned. While
many such experimeats can be carmried out on model systems, a final full scale experiment is
highly desirable, also to demonstrate that the system is mechanically stable and that no
unexpected resonant vibrations are excited within the range of operating conditions, which
might lead to premature failure from fatigue.
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Experience with large liquid metal loops exists at MHD-Labs such as the ones at Ben
Gurion University in Beer Sheva, Israel, and at the Institute of Physics of the Latvian
Academy of Science in Riga. Planning is in progress to modify the large Mercury loop at
Riga in such a way that test sections representative of the targets foreseen for SINQ, as well
as for ESS, can be incorporated and measurements can be performed regarding the flow
distribution, the mechanical stability and the heat removal from the beam entry window .

A technique to measure velocity distributions in opaque media by ultrasonic Doppler-
shift analysis has been developed at PSI {25] and methods to investigate the heat transfer
from an externally heated window into the liquid metal are currently being evaluated. This
includes the use of small resistive heaters whose temperatures are determined via their
resistivity through the voltage-to-current ratio and where the product of the two quantities is
used to determine the power transferred to the wall. Another possible option to check for
adequate window cooling might be to heat the window by radiation and to observe the
temperature distribution with IR-cameras.

A question of particular concern in this context is the effect of wetting and/or gas
residues in the liquid on the heat transfer from and to the walls. Both parameters may well be
affected by the spallation products generated in the liquid and, in particular, by the cover gas
atmosphere in the volume expansion tank of the system. Furthermore, in the case of ESS, one
possible means discussed to mitigate the effect of pressure waves in the liquid is to inject in a
dynamic way a small volume fraction of helium (see below). It is absolutely crucial that this
shall not adversely affect the cooling of the beam window. By the same token, the effect of
gas admixtures on the flow distribution itself must be studied.

ADVANCED HEAT REMOVAL SYSTEMS

Removing the heat from the liquid metal requires special attention in two respects:

(1) the potentially high temperature level (in particular for Lead targets) may make use of
conventional heat exchangers difficult due to the high temperature gradient across the walls;

(2) when the beam is shut off, heat removal must be terminated fast enough to avoid
freezing of the target material in the heat exchanger (except for Mercury targets).

In an attempt to solve both of these problems, a study was initiated, aiming at variable
conductance heat pipes that would contain a certain amount of non-condensable gas which
would expand as the pressure in the heat pipe drops due to the lowering of the wall
temperature and thus reduce heat transfer between the working fluid and the condenser part
of the wall [26]. A design for such a heat pipe system suitable for use in a PbBi-target for
SINQ and also (without the variable conductance feature) for the ESS-Mercury target has
been completed and materials compatibility tests at the expected operating temperatures are
presently being conducted. A PbBi-circuit is under preparation at PSI to allow field tests of
complete heat pipes. '

Use of heat pipes is expected to result also in an operationally very safe system because
they provide extra decoupling for the secondary cooling system and overpressurization of the
liquid metal circuit due to tube rupture in a heat exchanger is avoided, since only a small
amount of working fluid is contained in each heat pipe. Also, there is enough design margin
in each heat pipe to allow continued operation of the system even if one or a few of them fail.
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EFFECTS OF PULSED POWER INPUT

Since a liquid metal has only a very small compressibility, it is sensitive to sudden input of
a large amount of energy. Hindered thermal expansion in a limited region will, in this case,
give rise to the formation of pressure waves which, in turn, can cause substantial stress levels
on the beam window and the container walls. This is particularly important for the case of
ESS [4], where puised operation with 100 kJ per puise at 50 Hz is planned. In order to
estimate the magnitude of this effect, a computer code was developed [27]. The results of
scoping calculations for a cylindrical target with a domed cover and the same peak power
density as expected for ESS are shown in Fig. 5. The stress distribution along the wall (as
labelled by a running index) is given as a function of time after the injection of a 1us long
pulse with an energy of 56 kJ, the fraction of the 100 kJ actually dissipated in the target
volume as defined by the beam footprint and the axial distribution of the energy deposition.
The peak stress reached (458 MPa), although only for very short time, is well beyond the
maximum design limit for the type of steel foreseen for the target container. A reduction of
more than two orders of magnitude can theoretically be obtained, if a volume fraction of 3%
of gas is added in the interaction zone and the "bubbles" are assumed to have the same
compressibility as Helium when compressed slowly.
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Figure 5. Calculated stress on the rarget container wall for a cylmdncal container of 20
cm diameter and with 3 cm thick walls, resulting from the deposition of 56 kJ of energy
within I us in the liquid. The insert shows the labelling used along the cylinder wall. )

Although this result seems to open up a way to eliminate almost completely the
generation of pressure waves, it must be viewed with great caution:

(1) there is no quantitative experimental proof available so far;

(2) a method of obtaining a suitable distribution of Helium must still be developed and
the effect of the gas on the flow and heat transfer must be investigated;

(3) the question whether small Helium bubbles can be compressed sufficiently fast is not
clear.

While point (2) can be dealt with in the laboratory and is part of the program mentioned
earlier, investigating points (1) and (3) is much more difficult. Fortunately, there is a proton
accelerator available, the AGS at Brookhaven, which can deliver pulses of nearly 100 kI,
albeit at 7 GeV and with a duration of 2.4us. These parameters can, however easily be used
for theoretical calculations to be compared with measured data. Such comparison is
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considered crucial for a final decision about the pressure wave mitigation strategy to be used
in pulsed spallation neutron sources in the muiti-megawatt range.

Figure 6 shows the recent improvements in beam intensity on the AGS [28]. With 7x10"
protons in one pulse and when extracting at 7 GeV, just before the transition energy of the
AGS is crossed, the power per pulse is 78.4 kJ, which is enough to test the predicted effects
both on the pressure waves in the liquids and on the window itself. Clearly such an
installation would allow to perform a variety of other experiments ranging from verifications
of predictions about energy- and geometry dependent total and differential neutron
generation all the way to the test of new detector systems for high pulse intensity neutron
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A presently unused section of tunnel at the AGS could be reactivated to house this target test
stand and, since the experiments would only be using one or a few pulses of beam at a time,
no serious activation of the area or impact on other programs would have to be anticipated.
Presently an evaluation of the total effort required to do these tests is being carried out.

SUMMARY

Although much theoretical work has been carried out on the nuclear performance of
spallation neutron devices for application in both, fundamental research and technical
installations, very little information is available that would allow to assess the technology of
such devices. This is true despite the fact that low power installations have been operating for
a total of roughly 60 years now, and this experience and research done in conjunction with
several proposal, in particular the one in Germany for a SMW installation in the early 80ies
[29], has been documented in the proceedings of up to now 13 meetings of the International
Collaboration on Advanced Neutron Sources [30]. For this reason two workshops were
recently organised [5], [6], aimed at establishing the needs and opportunities for research
efforts to fill this gap. A variety of options have been identified. Several of them do, however,
require significant level of funding. It is therefore clear that, in view of the widely spread and
steadily growing interest in these questions an internationally co-ordinated and supported
effort would be desirable to obtain the required information at optimum efficiency in utilising
available resources. '



PNC TNS600 97-002

REFERENCES

f1] ESS-study report, part 2, to be published

(2] G.S. Bauer, "The New Swiss Spallation Neutron Source SINQ and its Planned Day-One
Instruments” [AEA, Vienna, TECDOC-836 (1995), pp 97-114.

[3] B.R. Appleton in Proc. ICANS-XIII, PSI-Proceedings 95-02 (1995), pp 814- 818.

{4] G.S. Bauer, "The ESS-Project” this conference _

[5] B. Appleton and G.S. Bauer, eds., Proc. Int. Workshop on the Technology and Thermal
Hydraulics of Heavy Liquid Metals, Schruns, Austria March 24-29, 1996, ORNL-report
CONF-9603171, to be published

(6] L.K. Mansur and H. Ullmaier, Proc. Int. Workshop on Spallation Materials Technology
held at Oak Ridge, USA April 23-25, 1996, to be published.

[7]1 J.M. Carpenter and A.G. Hins "Experience with IPNS Targets" Proc. ICANS-XTI, report
RAL 94-025, (1994) pp T1-T11.

[8] T.A. Broome, private communication

[9] N. Bultman and W. Sommer, MLNSC-Upgrade Review, (Feb 1996), priv. com.

[10] W. Sommer, in Materials for Spallation Neutron Sources, report LA-13097-C (1995)

[11] G.S. Bauer " Workshop recommendations on materials selection " in [6]

[12] Y. Dai "Materials Selection for ESS Mercury Target Container" in Proc. ICANS-XIII
PSI-Proceedings 95-02 (1995)

[13] H. Ullmaier and F. Carsughi, NIM B101(1995)

{14] F. Garner, this conference

[15] M. Louthan, discussion contribution in [6], F. Gamer, this conference

[16]1 E. Camus, N. Wanderka and H. Wollenberger Proc ICANS-XII and ESS-PM4,
PSI-Proceedings 95-02, (1995) pp. 707-715

[17] M.B. Lewis, W.R. Allen, R.A. Buhl, N.H. Packan, S.W. Cook and L. Mansur; Nucl.
Inst.Meth. in Physics Res. B 43 (1989) 243-253

[18] W.F. Sommer et al, this conference, paper M9.

[19] M. Victoria and D. Gavillet, Proc. 1st Int. Conf. ADTTA, Las Vegas AIP Cof Proc 346,
(1994) pp 891-902. :

[20] R.L Klueh and D.J. Alexander in ASTM-STP 1125, (1992) p. 1256 and ICFRM-7, to be
published in J. Nucl. Mat.

[21] H. Schaal, private communication (1996)

[22] B. Eichler and R. Dressler in ESS-Liguid Metal Target Studies. 2nd Status Report,
G.S. Bauer, ed., report ESS 95-33-T, (Oct. 1995)

[23]A.K. Nissan, F.R. deBoer, R. Boom, P.F. deChatel, W.C.M. Mattens, F.A.R. Miedema :
CALPHAD 7/ 1, (1983) 51

[24] Yu.Ya. Stavissky in Proc ICANS XI report KEK-90-25, (1990) pp. 87-99

[25] Y. Takeda, in Experimental Heat Transfer, Fluid Mechanics and Thermodynamics 1
(1993) pp 126-131.

[26] M.T. North, J.H. Rosenfeld, D.B. Sarraf, G.S. Bauer and Y.Takeda, in Proc. ICANS-
XIII, PSI-Proceedings 95-02 (1995) pp 559-571

(27] K. Skala and G.S. Bauer, in Proc. ICANS-XIII, PSI-Proceedings 95-02 (1995) pp 559-
576

{28} D. McWhan, private communication

[29] G.S. Bauer, H. Sebening, J.-E. Vetter, and H. Willax (eds.) "Realisierungsstudie zur
Spallations-Neutronenquelle” report Jiil-Spez-113 and KfK 3175 Kernforschungsanlage
Jiilich und Kemnforschungszentrum Karlsruhe (1981) and G.S. Bauer, Atomkemenergie-
Kemtechnik 41 (1982) p.234-242

(30] Information on ICANS is available on the World Wide Web under the URL:
http://www pns.anl.gov/icans/icansdescript.html.




PNC TNS600 97-002

The European Spallation source Study, ESS

G.S. Bauer

Paul Scherrer Institut,
CH-5232 Villigen-PSI, Switzerland
- for the project team -

Paper prepared for

Second International Conference on Accelerator Driven

Transmutation Technologies and Applications
3-7 June 1996, Kalmar, Sweden

H:\bqI0\P9604.DOC



PNC TN9600 97-002

The European Spallation Source Study; ESS
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Abstract. A Europe-wide effort to study a next generation pulsed spallation neutron source has
been conducted over a period of 2 years. The work lead to a concept for a 5 MW beam power
short pulse (1 us) facility which is driven by a linac of 1.334 GeV of energy and 50 Hz repetition
rate. In order to achieve the desired short pulses, the linac beam is accumulated in two
compressor rings which are filled by charge-exchange multiturn injection and emptied over a
single turn. Although this feature, as well as the resulting high power of 100 kJ per pulse, pose
special requirements to the design, many of the main parameters of the project can be considered
as prototypical for an ADTT-facility. This includes the 100 mA current requirement for the linac
as well as the technology of the liquid metal target which was chosen to optimize neutron
generation and make the high power density manageable.

INTRODUCTION

Throughout the development of nuclear technologies research neutron sources have
played an important role in providing essential data and experience for the design of
technical and industrial facilities as well as in serving fundamental and applied science in a
variety of ways. This was true for fission-based systems and it will also be true for future,
technically even more demanding accelerator-based systems. Although, like in the case of
advanced research reactors, advanced research spallation neutron sources will ultimately
have to fulfil more demanding requirements than their technical counterparts, the
technologies used and the problems that need to be solved are the same.

Much of our present knowledge about spallation and accelerator technology has in fact -
been acquired during the design, construction and operation of existing research facilities,
among them the four operating spallation neutron sources in Japan, the US and the UK,
although they are of relatively low power only.

While the ESS now under study in the European Union is clearly designed as a very
high performance research facility, its pulse parameter are close to the upper limit of the
beam parameters discussed for ADTT-facilities.

THE BASIC CONCEPT OF ESS

ESS is designed as a short pulse spallation neutron source. This has deliberately been
decided in this way because

(1) short pulse spallation sources have demonstrated excellent scientific potential in
various fields of research using neutron scattering and have broadened substantially
the range of application of neutrons to science, providing possibilities which are, to a
large extent, complementary to high flux reactors and

(2) short pulse sources are technically more demanding than continuous or long pulse
spallation neutron sources. So, by studying a short pulse source, implications of
building a long pulse source would automatically become known.

—100-
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Neutron sources to be used for neutron scattering must provide neutrons that were
slowed down by several orders of magnitude from the energy with which they were
released from their parent nucleus. A short pulse neutron source (SPNS) is then defined as
a facility in which the duration of the neutron pulse is determined by the properties of the
moderator, and not by the duration of the beam pulse generating the fast neutrons. So, the
obvious design goal of an SPNS is to provide as many neutrons of 2 desired energy range
as possible in a pulse as short as possible and at a suitable repetition rate to make optimum
use of the neutrons.

The total number of neutrons generated scales roughly with beamn power, which was
chosen to be 5 MW for ESS, i.e. a factor of 30 higher than the present most powerful
pulsed spallation source, ISIS {1] at Rutherford Appleton Laboratory in the UK (160 kW).
A reasonable pulse repetition rate being 50 Hz, this means that, with an accelerator current
of 100 mA as presently considered an achievable goal in a linac [2] pulses of 500 ps
duration would result. On the other hand, slowing-down of neutrons in a moderator is
much faster than this, A good estimate can be obtained from the rule-of thumb:

vAL=C ()

with v being the desired neutron velocity (20000 m/s and less) and Ar, the standard
deviation of the time it takes to slow neutrons down to the velocity v. The constant C
depends on the slowing-down density of the moderator and is found to be of the order of 2
to 3 cm in a good moderator, like water. In order not to contribute significantly to the
pulse width, the proton pulse should then be shorter than 10 sec or 1 s.

In order to achieve this, the beam coming from the linac must be stored in an orbit into
which it can be injected over many turns and then be extracted in a single turn. This is
called pulse compression. Depending on the amount of current to be stored, this may
require more than 1 ring, because the number of particles that can be stored in a single ring
is estimated to be about 2 - 10". For ESS two rings have been chosen. After extraction
from the compressor rings, the beam is directed onto the target which is designed to
generate as many neutrons as possible in as small a volume as possible. This requires a
maximum density of heavy metal, with as little dilution by cooling channels as possible.
This is one reason, why a flowing liquid metal was chosen as target material for ESS.
Other reasons are the absence of structural radiation damage in the target material, the high
heat removal capability and the fact that no spallation products are generated in the cooling
water circuit because the metal-to-water heat exchanger can be located in a region away
from the beam-metal interaction region.

The neutrons generated in the target should be slowed down as efficiently as possible in
small moderators to keep distance (flight-time) effects on the neutroa pulse small.
Depending on the desired use of the neutrons, either ambient temperature (H,Q) or
cyrogenic temperature (liquid H,) moderators are used. In order to moderate as many
neutrons as possible, the small moderators are surrounded by reflector material which
should scatter neutrons that would otherwise escape the moderator, and thus increase their
probability of hitting the moderator. The reflector may also return slow neutrons back into
the moderator which, in some cases may lead to undesired pulse broadening. In order to
avoid this, the moderator are often ,,decoupled” from their surroundings by a material of
high absorption cross section for slow neutrons, such as Boron or Cadmium. Similarly, to
limit the depth from which neutrons can diffuse to the surface after thermalization, an
absorber, called poison, is placed at a certain depth below the moderator surface.
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Figure 1 shows the principal layout of a short pulse neutron source and Table 1 gives
the parameters chosen for ESS.

Table 1 ESS Parameters

Accelerator Baseline
(Injecton) Power in the proton beam: S MW
- Pulse repetition rate 30 Hz
Proton pulse duration: <lps
Two target stations, pulses shared 4:1 ratio
Puilse Reference Concept
Compressor Accelerator system:
{(Synchrotron or Injection 70 keV H'
Storage Ring) Rf-linac 1.35 GeV
pulse current 100 mA
duty cycle 6%

Followed by two compressor rings
pulse of 2x 400 ns (1 us total) duration,
74 nAs (4.63 E14 protons, 100 kI)
Beam on target:
2-dimensional parabolic,
6 cm x 20 ¢m base width

Target svstem:

Target Station TH 5 MW beam power, 50 Hz, 1 us,
- horizontal injection,
Fig. 1 Schematic of a short pulse neutron Mercury target
source showing the linear accelerator, TL 1 MW beam power, 10 Hz, 1 ps,
pulse compressor ring and the target and horizontal injection,
moderator  with  their  surrounding Mercury target

reflector and shielding. Decoupling and
poisoning is indicated for one of the
moderators.

A large degree of flexibility exists in the layout of the moderator-reflector system to
suit the users’ needs best. Much of this does not need to be decided up front, because the
moderators and reflectors, as well as the target, must be exchangeable for radiation damage
anyhow.

As a reference, four different types of moderators, cryogenic and ambient, with and
without decoupling and poisoning have been selected and their performance has been
evaluated. Fig. 2 shows the pulses calculated for the coupled ambient temperature water
moderator for different reflector configurations [3].

The overall layout of the facility is shown in Figure 3. After compression to a double
pulse of 400 ns each, with a separation of 200 ns between them, the beam is directed onto
the target stations via a switchyard which allows to deflect individual pulses onto one of
two target stations. While differing in details of their utilization, the two target stations -
will employ the same technology because the requirement to withstand the full load of the
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100 kJ pulses is the same for both and substantial savings are expected from using the
same type of equipment and parts in both target stations. The standard mode of operation
will be for one target station to receive 4 out of 5 pulses with a time separtation of 20 msec
(50 Hz-station) and the second one to receive pulses at 10 Hz repetition rate (average
power of 1 MW). The low repetition rate target station will be mainly used for cold (slow)

neutron work which requires longer time frames.
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Fig. 2 Pulse shapes for the thermal neutron pulse as calculated for a mercury target and a
coupled ambient water moderator surrounded by reflectors of different materials (Be and

Pb) and sizes [3].
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Fig. 3 Site plan of the ESS-facility showing the arrangement of the accelerator- and target

buildings as well as user and support facilities.

THE ESS-ACCELERATOR SYSTEM

The choice of accelerator parameters is discussed in detail in ref [4]. Here we only
outline the arguments that lead to the final decisions. Although optimization of neutron
yield from the moderators, and hence neutronic coupling from the target to the moderators,
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is a major concern in ESS, it tuns out that, in the range from little under 1 GeV up to
several GeV, proton energy is not a big issue in this context [5]. Neutronic performance
depends, to a first approximation, on beam power only. In a second level of optimization,
proton energy enters through

a} the cost of the accelerator system for a given power level
b) current limitations in the accelerator system

c) the fact, that only about 2 - 10" particles can be stored in one ring and the number of
rings required thus depends on beam energy at a given power

d) radiation damage considerations in the window separating the proton beam vacuum
from the target coolant.

e) beam losses associated with certain necessary manipulations; for ESS in particular the
injection into the compressor rings.

It turned out that b) and ¢) were the most important aspects for ESS because injection
into the compressor rings requires acceleration of H-ions in order to be able to use
stripping to H' at injection for efficient and rapid filling of the phase space in the ring at
optimum density. This affects strongly the design of the low energy end of the linac and
also has an influence on the choice of its final energy.

Since H-ion sources of the required performance (approx. 200 mA current and 10%
duty cycle) are presently not available - and may not be even after a reasonably high
development effort, the decision was made to incorporate a funneling section in the low
energy part of the linac which merges the beams from two ion sources and preaccelerators
into one at twice the microbunch frequency (Fig. 4). This certainly complicates the system
relative to acceleration of protons but it keeps the necessary R&D-effort on this issue at a
reasonable level. '

70keV 2MeV OMeV 150MeV 1.334GeV

<I> = 3.7mA; T = 100mA
te = 1.2ms; df = 6%
f = S0Hz @ 4.6E14 ppp

SCC—ILinac i

to achromat and
compressor rings

/
176MHz 175MHz  350MHz 700MHz

Figure 4: Schematic representation of the ESS-linear accelerator showing the two low
energy lines plus funnel and the intermediate and high energy sections with their
respective energy limits and rf-frequencies.
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The low energy end thus consists of two ion sources with 70 keV preacceleration,
followed by one 175 MHz RFQ each. A beam deflector (chopper) is installed behind each
of these RFQs to be able to impose the necessary time structure on the beam (see below).
The chopping energy of 2 MeV is chosen to have a sufficiently well defined beam on the
one hand and not to cause severe activation on the other.

The chopped beams are then accelerated to SMeV in two 350 MHz-RFQs with only
every other bucket filled. After merging in the funneling section, the bunch frequency
doubles and in the 350 MHz coupled cavity drift tube linac that accelerates the beam to
150 MeV, every bucket is filled. At 150 MeV a transition is made to the high-B structure
which is a 700 MHz side coupled cavity linac. '

As explained in detail elsewhere (2], great care must be taken to match the lattice
structure between the various sections of the linac, in order to minimize losses and
activation along the accelerator, The goal set for ESS is no more than 1 nA/m loss in the
high energy part of the linac, in order to ensure the long term possibility of hands-on
maintenance.

Besides the normal-conducting side-coupled structure chosen for the reference design, a
super-conducting, on axis-coupled structure is also being considered for the ESS-linac.
The recent progress made in developing superconducting cavities even for pulsed
operation may make this a very attractive option. It would allow an accelerating gradient
of 8 MeV/m in the cavities and could result in a much shorter and more energy efficient
linac than the normal conducting one would be. The total length of the superconducting
linac is estimated to be about 300 m, as compared to 660 m for the normal conducting
version.

As mentioned before, the decision on the final energy of the linac was also affected by
the need to inject into the compressor rings, which is accomplished by passing the beam
through a stripper foil (thin Al,0,-sheet) located inside a dipole magnet. Careful matching
between the field strength of this dipole (0.177T), the thickness of the foil (345 pg/cm’)
and the energy of the protons (1.334 GeV) is expected to help minimize uncontrolled
losses at injection. It is anticipated that 98.5% of the beam will be trapped. An
incompletely stripped H'-beam of about 75 kW power (ca. 60 HA) can be collected and
used for example to feed a radioactive ion beam facility.

Low loss injection also requires careful phase-space matching and halo scraping which
is accomplished by a 180° achromatic bend between the linac and the rings, which can, in
addition, provide some energy ramping during the filling time of each ring.

Since it is necessary to keep part of the rings' circumference free of beam to be able to
excite the extraction system, a rather sophisticated time structure must be imposed on the
linac beam by the chopping system in the low energy end. For injection into 1 ring, this is
shown in Fig. 5. The chopping results in a 60% fill factor of each linac macropulse only,
making correspondingly longer pulses (1.2 ms) necessary to provide the desired pulse
charge.

The two rings will be located on top of one another. After the first ring is filled, the
beam will be stored until filling of the second one is complete. Both rings will then be
emptied sequentially with a pulse duration of 400 ns from each ring and a 200 ns gap
between them to be able to merge both pulses into the same beam line.
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LINAC—pulse structure :
: 20 ms J 1.2 . 2000 micropulses 100 mA

i (5400 km) I (324 km) i duty factor 0.06 !

130 _RF—bunches

injection
turn

v=270000 km/sec
T=600 ns
R=26 m (2 rings)

injection
turn

Injection into compressor over 1000 turns
Extraction during one turn (gap required)

Figure 5: Time structure manipulation for injection into a compressor ring at ESS.

THE ESS-TARGET SYSTEM

Although the proton pulses hitting the ESS-target will be double pulses of 400 ns each
with 200 ns separation, for all practical purposes they will appear as 1 Uus long single
puises. Each of these pulses contains 100 kJ of energy, about 60% of which will be
deposited at a rate of 50 Hz in the target volume. The beam cross section has been defined
as elliptical with major axes of 20 and 6 cm and a 2-dimensionally parabolic intensity
distribution leading to a maximum current density of 80 pA/cm’ on the beam entry
window. Mercury was chosen as target material for a variety of reasons [6], mainly
because it does not require auxiliary heating and has the highest density of all candidate
liquid metals. Also, in contrast to Lead and, in particular, Bismuth no &-active Polonium is
generated in Mercury. The high thermal neutron absorption cross section of Mercury is not
a disadvantage for a pulsed source, because the target material is expected to act as its own
decoupler from the moderators.

Fig. 6 shows the calculated power density in the innermost cylinder of 1 cm radius
along the beam axis [7], and Fig. 7 gives the calculated neutron leakage from a slab-type
target which is surrounded by a lead reflector [8], showing that the meutron yield of a
Mercury target is superior to that from its solid competitors Tungsten and Tantalum, which
must always contain a certain fraction of cooling water (D,O, varying from 22% at the
high heat load region to 8% at the downstream end). This cooling water not only dilutes
the target density, it also moderates neutrons and makes them susceptible to resonant
absorption.

A schematic representation of the Mercury target system and its surroundings is shown
in Fig. 8. In the beam interaction zone the shell containing the Mercury is surrounded by a
double-walled, water cooled hull which serves to return the Mercury to its storage tank in
case of a leak in the inner shell. Since the inner shell beam window must be cooled by the
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Mercury, a configuration of baffles was developed, which generates sufficient directed
flow across the window to cool it on the one hand and reduces recirculation behind the
window to a level where no unallowably high temperatures occur in the liquid on the
other. In order to optimize window cooling and to move the hot spot as far down into the
target as possible, the forward flow is in the peripheral parts of the target volume (bottom
and side channels) and the return flow is in the central part of the target. In this way the
target material is hit (and heated) by several pulses as it moves away from the beam
window and the hot spot is generated at a distance of about 42 ¢cm downstream from the

window (Fig. 9).
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Fig. 7 Calculated neutron leakage for

targets of Mercury, Tantalum and
Tungsten (the latter ones containing D,0
Jor coolant) for 3.75 mA of 1.334 GeV
protons and embedded in a lead reflector.
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Fig. 8 Schematic representation of the ESS-liquid mercury target circuit and its
surroundings. Only the shell containing the Mercury in the beam interaction region and
the surrounding Mercury return hull will have to be exchanged at regular intervals for
radiation damage.
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Fig. 9: Temperature distribution in the vertical (top) and the horizontal plane (bottom,
only one half of the target shown) of the active target region of the ESS-Mercury Target
containing the point of maximum temperature.

Several details of the liquid metal target concept have yet to be worked out. This
includes the liquid metal-solid metal chemistry as affected by the spallation products
generated, the choice of the most suitable container material, as well as the decision about
pumping, heat removal and diagnostics. All these are not real feasibility questions but will
affect the maintenance intervals and concept and thus the overall availability and cost of
the facility. Current experience is that steel (Inconel 718) can survive at least 7 - 10
protons/cm’ [9], when used for water cooled beam windows. Accounting for the fact that,
at the ESS-target, fast neutrons will generate almost the same radiation load as the proton -
beam and that the peak current density at the beam window is about 80 LA/cm’, this would
lead to an expected service time of the outer (water cooled) hull of roughly 1600 hours
which is about 1/3 of the anticipated annual operating time.

As for the target container, nickel-containing materials may be susceptible to liquid-
metal corrosion and/or embrittlement. Little information is available on this problem, but a
research program has been initiated [10] to investigate these questions and also the effect
of simultaneous stress and irradiation on the evolution of the mechanical properties of
candidate materials, in particular 316 austenitic stainless steel and some types of nickel-
free ferritic-martensitic steels. This program will also include research into the effects of
the pulsed power input which might have rather severe consequences in terms of stress on
the container walls, as first calculations have shown [11]. The assumptions made in these
calculations (e.g. zero tensile strength of the liquid even for short times) and possible ways
to mitigate the effect of pressure waves proposed will also be subject to further study in the
upcoming R+D-phase.

= 108—



PNC TN9600 97-002

CONCLUSIONS

=- . The present study has demonstrated that a spallation facility with 5 MW beam power is
feasible with existing technology. The special feature of short pulsing required in order to
achieve the goals set for ESS as a scientific tool make the facility more demanding that an
ADTT-device in some respects and, while solutions for the resulting problems have been
proposed, important R+D work is still required to prove their viability. In other respects,
such as high current accelerator and liquid metal target technolgy, ESS can well be
considered as prototypical for an ADTT-device. Its further development, construction and
operation will therefore not only provide condensed matter science with an unprecedented

tool,

it will also mark an important milestone in the endeavors to develop the new

technology of accelerator driven transmutation devices and power generation facilities.
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Abstract— The thermohydraulic behavior of the liguid-metal target of the spallation neutron source
at Paul Scherrer Institute has been investigated. The configuration is a natural-circulation loop in a
concentric double-tube-type container. The model is based on a one-dimensional loop analysis, and
the thermohydraulic behavior of the target liquid, as well as the total performance of the target, are
studied analytically and numerically. These results are verified by two experiments using liquid metal,
The results show that the naturai-circulation loop concept is valid for the design phase of the target
construction, and the current specified design criteria will be fulfilled with the proposed parameter

values.

I. INTRODUCTION

The SINQ project at Paul Scherrer Institute
(PSI) is to construct a spallation neutron source
at the physical end of a proton cyclotron beamline!
{590 MeV, 1.5 mA) (Fig. 1). Heavy nuclei in a target
are bombarded by the proton beam in order to gen-
erate neutrons by a spallation nuclear reaction. For
efficient neutron generation in the target, either lead-
bismuth eutectic (LBE) or pure lead will be used as a
target material, and one of these will be contained in
a long, vertical, cylindrical container. The design is in-
tended for effective coupling between the target.and a
heavy water moderator. Since specific heat generation
in the target is nonuniform and fairly large (~1 MW/?),
the target is used in the liquid phase. Historically, with
the proton beam directed vertically upward from the
bottom into a liquid target, natural-convection heat
transfer of the target material itself has been used as
the primary cooling mechanism. However, it has been
found experimentally? and numerically® that with this
configuration, there are difficulties in the control of the
facility due to a hydrodynamic instability. Subsequently,
the configuration was modified by adding a coaxial
tube inside so that the cooling mechanism is a natural-
circulation loop of the coaxial tube type (Fig. 2). We
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call this inner cylinder the guide tube. This configura-
tion is attractive from the standpoint of maintaining the
dimensions of the outer containment of the target, pro-
viding efficient transport of the heat deposited by the
proton beam from the reaction zone to the cooling
zone, enabling a higher liquid velocity than that by nat-
ural convection and thereby lowering the maximum
temperature in the system, and not necessitating the
placement of a cooling water circuit down in the reac-
tion zone.

The natural-circulation loop is simple in configu-
ration and efficient in generating flow circulation. Its
mechanisms are relatively well understood and exten-
sively used in industry. Recent studies, as reviewed
by Mertol and Greif* and by Greif,’ show that a wide
range of applications is possible. It is also of conse-
quence that a one-dimensional analytical model can
successfully predict the overall behavior of the steady-
state temperature distribution and average velocity.
Most of the early works, however, except for a toroi-
dal loop, were done in a configuration of a closed loop
that consists of two vertical legs. For a concentric two-
tube geometry, Seki et al.% performed experiments using
water, and their results were analyzed by Steimke’
using a one-dimensional model. These studies were,
however, for high-Prandtl-number liquid and directed
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Fig. 1. Vertical cross section of the SINQ neutron source.
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Fig. 2. Vertical cross section of the SINQ target.

toward investigating the heat transfer characteristics
only. To the authors’ best knowledge, only a group in
Israel is constructing a natural-circulation loop using
liquid metal® (LBE). It is a closed-loop-type configu-

ration, and flow is driven by gas injection instead of

a thermally generated density gradient.

The objective of this paper is to present the concept
of a liquid-metal natural-circulation loop in a concen-
tric tube configuration as the primary cooling mecha-
nism of the spallation neutron source target. We applied
a one-dimensional model to this configuration, and its
thermohydraulic behavior was analytically and numer-

NUCLEAR SCIENCE AND ENGINEERING VOL. 113

ically studied. The results are given in Sec. II. We also
performed two experiments using LBE, one small-scale
and the second at half-scale. These results are presented
in Sec. II1. The feasibility of this concept, considering
the overall performance of the target, is also discussed.

II. ANALYSIS

II.A. Analytical Model and Formulation

The analytical model® is illustrated in Fig. 3. The
loop consists of two long vertical legs of the same di-
ameter as the guide tube and the height of the target.
One leg corresponds to the inside flow channel of the
guide tube (inner channel) and the other to the outside
annular channel (outer or annular channel). An inter-
nally heated region is located at the bottom of one leg,
and a heat exchanger is at the top of the other leg. The
heat exchanger is simulated by a volumetric heat sink.
By assuming a constant flow area over the loop and by
neglecting the effects arising from the turns at both
ends, the problem becomes one-dimensional with only
one velocity component (see Nomenclature on p. 298):

V= (0,0,v) . (1)

The basic equations are the conservation equations
of mass, momentum, and energy. Substituting Eq. (1)
into the mass conservation equation gives

v=u(t). @

With the Boussinesq approximation, the momentum
equation is expressed as

dv/8t + v{dv/3z) = —~1/p(3p/82) + v(9%v/8z2)
+ 1/pF, , 3)

where F, is the external force or the buoyancy force in
this case,

+
Heat Exchanger

Internal Heating
Loop

Target

Fig. 3. The analytical model.
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From Eq. (2), this is reduced to
dv/dt = —1/p(dp/9z) + 1/pF, . {4)
The energy equation is
3T/8t + v(3T/3z) = a(3*T/3z%) + q , (3
where
0 forO<z<h
0 forh<z< L
~DT forL<z<L+1
0 forL+i<z<2L .

Internal heat generation was assumed to be uniform
inside the heated region. The parameter 4 corresponds
to the range of the proton beam rated at 590 MeV
(~30cm), and D is the volumetric heat sink rate, which
is described later.

Since the model is a closed loop, a continuity con-
dition has to be satisfied, giving

T)y=TQL) . | (6)

q=

The initial conditions are
T(z,0) =T;
and '
v{0) =0 . N
The buoyancy term is expressed as usual:
Fp = —pg(l — BAT) . (®

For the first term on the right side of Eq. (4), a nor-
mal pressure drop correlation was used. Thus,

dp/dz = —Apv?/2d , ©)

where A is the frictional coefficient in a smooth tube,
and the formulas used are!®

N 64/Re for Re < 2000 (laminar)

"~ 1 0.3164/Re®?  for Re > 2000 (turbulent) .
. (10$)
To eliminate the static pressure in Eq. (3), the equation
was integrated arcund the loop to give

2L
v/t = —-Av*/2d + g.B/ZLf (ATYdz . (11)
0

Therefore, the governing equations are Egs. (2}, (5),

and (11). These equations are normalized by using the
following normalization scheme:

0=(T-T,)DQ,
r=tV,/2L ,
w=v/V, ,
Z=z/2L ,
6=h/2L ,

NUCLEAR SCIENCE AND ENGINEERING

and
v=I/2L ,

where ¥, = 2DL is the characteristic velocity.
Finally, the governing equations in nondimensional
form appear as

38/37 + w(36/3Z) = a/(2DL?)3°0/32%* + q' ,

12)

(13)
where
1 for0<Z<$§
, 0 ford<Z<l
R [ forj<Z<i+y
0 fori+v<Z<l
and

1
aw/dr = —\Lw*/d + QgB/2D°L f 0dzZ . (14)
Q

I B. Theoretical Analysis

A closed-form solution for the steady state can
be obtained when the axial heat conduction term in
Eg. (13) is neglected. The equations then become

w(do/dZ) = q’ (15)

and
1
—ALw?/8 + QgB/2D°L f 0dZ=0. (16)
0

With a boundary condition of continuity in temper-
ature at every boundary of the regions in a loop, solu-
tions of Eq. (15) are obtained as follows:

0=Z/Ww+C
= Z/w + d exp(—y/w)/w([l — exp(—~y/w)] ,
0<Z<6;
C,=8/w[l —exp(—y/W)] ,6<Z< i
Cyexp(—Z/w) = 8/wexp(—3iw)[1 — exp(—y/w)] ,
<Z<i+q;
and
Cy = S exp(—y/w)/w[l — exp{—y/w)] ,
I+y<Z<1.
(17)
The temperature increases linearly in the heated region,
decreases exponentially in the cooling region, and is
constant in other regions. Figure 4 illustrates the tem-
perature distribution of Eq. (17).
By substituting these temperature results into
Eq. {16), one obtains

VOL. 113 APR. 1993
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Heated Heat From this, we estimate D to be
Region {(Hot Leg} Exchanger {Cold Leg) .
P I ) D =2Urn/pC,R} , (23)
i where
J c r = radius of the heat exchanger tube
L 2
8 n = number of tubes
[+
g Ca R, = radius of the loop.
g fc, Foraset of representatlve nurnerical values of the actual
£ target (U =0.1 W/em?-K, r = 1.5 cm, R, = 5.5 cm,
= | n =30, p=10.5 g/cm?, C, = 0.15 W -s/g-K), we cal-
« L >t L > culated D to be 0.19/s.
Position. The solution of Eq. (18) is shown in Fig. 5 with di-

Fig. 4. Analytical temperature distribution: Eq. (17).

—ALw?/8 = QgB/2D3L(5(1 — 8)2w — 6
+ &y exp{—vy/w)/
w1l —exp(—y/w)l} . (18)

The steady-state velocity value can be evaluated by solv-
ing this nonlinear algebraic equation.

We examined extreme cases as examples. If v/w < 1
(the target is sufficiently long), the following relation-
ship is obtained for the steady-state velocity:

w?— QgB8(1 —y)/4D?L ; v—QY3 . (19)

This tells us that the steady-state velocity is roughly
proportlonal to the } power of the beam power. The
maximum temperature in the system is

Opmax = Co~8/y ; Tgx— Qh/DL . (20)

We see that this is linearly proportional to the input
power but inversely proportional to D and L.
The temperature difference in the system is

Ay = — Cy > Q_U3 i ATpae— QZ/3 . (21

This agrees with the results of the preliminary analysis.!!
The volumetric heat sink rate is obtained from the
heat exchanger charactenstlcs based on the total amount
of heat transfer:
UST/pC,V =DT , (22)
where

U = average overall heat transfer coefficient
§ = total heat transfer area
p = density of LBE
C, = specific heat of LBE
V = volume of the shell of heat exchanger.

NUCLEAR SCIENCE AND ENGINEERING VOL. 113

mensions of L =350 cm, A = 30 c¢m, and / = 200 cm.
The maximum temperature was calculated as C; with
corresponding velocity values. It shows the { power
law dependence of velocity Vi, as in Eq. (19) and a lin-
ear proportionality for the maximum temperature
Tmax s Eq. (20).

II.C, Numerical Calculations
II.C.1. Simple Tube Loop

The governing equations, Eqgs. (13) and (14), were
solved numerically in order to study the time-dependent
behavior of the loop and the effect of axial heat con-
duction. A backward differencing formula was used for
the space derivatives and forward differencing for the
time derivative. Simpson’s formula was employed to
evaluate the integral in Eq. (14). The mesh number was
taken as 100, and the time step was 0.01 (in dimension-
less units) for all computations.

Figure 6 shows calculated time-dependent temper-
ature distributions. After a sudden heat addition (as
seen in Fig. 6a), the heated region shows a temperature
increase with a flat distribution because the velocity is

200
100
500 450 5
2
& 200 420 3
E [
S 100 410 &
Z 3
B 50 5 -
©
=
20 2
10 ! 1 1 1 |
10 100 1000

Input Power (kW)

Fig. 5. Dependence of the steady-state maximum tem-
perature difference T, and velocity V;,, on input power.
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Fig. 6. Time change of temperature distribution (L =180 ¢m, /= 100¢m, 100 kW): (a) 0.25<¢ < 1.75sand (b) 2.5 <

t<6s.

still small. However, it can be seen that this distribu-
tion moves slowly upward, and deformation of the flat
distribution begins because of the increasing velocity.
During this period, the maximum temperature in the
system lies in the heated region. In Fig. 6b, the veloc-
ity becomes relatively large, and the heated liquid is
transported rather efficiently. At the same time, it the
region without heating, deformation of the distribution
continues only siowly because of the heat conduction.
The velocity value increases during this time, and this
might be called the accelerating phase. When the heated
liquid enters the heat exchanger region, the deforma-
tion is accelerated, and maximum temperature drops
faster. At this time, the distribution in the heated re-
gion shows a nearly linear increase, while it is approx-
imately constant in the nonheated region. The liguid
initially heated cannot be completely cooled down, and
it returns to the heated region at a higher temperature.
The velocity value decreases up to this point, and this
is called the decelerating phase. These are the charac-
teristic trends of the time-dependent temperature dis-
tribution during the first cycle of circulation. In the
second cycle, a similar behavior is observed. However,
since the velocity is already developed, the temperature
increase in the heating region is not as large, and this
results in a smaller increase in the velocity.

This circulation pattern is one of an oscillating na-
ture in both velocity and the maximum temperature,
as shown in Fig. 7. In the temperature history, there is
a very large and sharp overshoot during the first cycle.
After this overshoot, a drop occurs when the cold lig-
uid flows in from the outer leg. The central value of this
oscillation increases gradually, and the oscillation
damps out, leading to the steady state. The velocity also
shows a similar oscillatory behavior but does not show
a sharp overshoot. The difference between the two dur-

NUCLEAR SCIENCE AND ENGINEERING

ing one cycle is that the temperature has some flat but
slightly decreasing period on its upper envelope, while
the velocity changes continuously. This is because the
maximum temperature lies in the nonheated region
above the heated region, where the small temperature
change is mainly due to the heat conduction. However,
the liquid is continuously accelerated.

The temperature distribution for the steady state is
shown in Fig. 8. It shows a linear increase in the heated
region, an exponential decrease in the heat exchanger
region, and a nearly flat distribution in the two re-
gions between them. This distribution coincides with
the analytical resuits for the extreme case without heat
conduction in the previous section. The maximum tem-
perature is at the outlet of the heated region, and the
minimum temperature, as expected, is at the outlet of
the heat exchanger. A slight decrease is seen in the up-
per part of the inner channel (above the heated region)

100
Velocity —
@ ¢
5; 4150 5
= 50 o
§ — Temperature 100 &
L 5
-.50 | o
[ I L 1
0 20 40 60 80 100

Time (s)

Fig. 7. Time histories for the highest temperature and
the average velocity.
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Fig. 8. The steady-state temperature distribution (L =
180 cm, ! = 100 cm, 100 kW) at 46 5.

and an increase in the lower part of the outer channel
(below the heat exchanger). They are due to axial heat
conduction and account for the difference from the an-
alytical results given in Fig. 4.

A series of computations was made for the ac-
tual target size for input powers of 100, 200, 500, and
1000 kW. Temperature distributions and oscillatory be-
havior similar to what was described earlier were ob-
served. The results lie on the curves given in Fig. 5.
The maximum temperature shows a linear proportion-
ality and the velocity shows a power dependence to ~}
powet on the input power. This result indicates that the
effect of the axial heat conduction is small.

11.C.2. The Effect of the Pressure
Loss at the End Turns

It may be expected that the pressure drop from the
U-bend at the bottom of the target will have a large
effect on the flow characteristic. To see this effect, the
governing equation, Eq. (14), was modified to

ow/dr = — (K + 2AL/dYw?/2 + 2QgB/D3L

1
XdeZ,
a

where K is an empirical coefficient of the pressure loss
produced by geometry variations such as sudden en-
largement, contractxon, and bends.? Here, it is taken
as K = 2.86. This value is several times larger than that
for the smooth tube pressure loss {the second term in
the parentheses) for the dimensions of the actual target.

Numerical calculation including this effect [sohution
of Eq. (24)] showed that the general oscillatory behav-
ior in the time-dependent variation of the velocity and
the maximum. temperature is similar to that without
this effect, However, the period of oscillation became
longer because the development of velocity is slowed
by a larger pressure loss. Figure 9 shows the steady-
state velocity and maximum temperature with respect

24
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to the input power. Compared with the case without the
U-bend pressure loss, the steady-state velocity ¥, is
lower, and this results in a higher maximum tempera-
ture. In the case of the full target with I-MW power in-
put, the differences in comparison are ~44 cm/s smaller
in velocity and 11°C higher in maximum temperature
without turning loss.

Iil. EXPERIMENT

IIT A. Experimental Facility

Figure 10 shows an illustration of the experimen-
tal facility prepared for the liquid-metal experiments,
It consists of test sections for the Small-Scale Experi-
ment (SSE), the scaled-down mockup (MUP) experi-
ment, and a water loop common to both the SSE and
MUP. The SSE has two identical test sections; one is
for thermohydraulic testing and the other for corrosion
testing. The dimensions of the test sections are given
in Table I together with those of the actual SINQ tar-
get. The water loop used for cooling maintains an out-
let {(supplying) temperature of 130°C and a maximum
inlet (returning) temperature of 200°C (16 bars). The
maximum cooling capacity is designed to be 200 kW,
Each test section has its own LBE reservoir tank, and
LBE is always stored and frozen in this tank. The LBE
is transported to the test sections by pressurization of
the reservoir tank.

II.A.1. Small-Scale Experiment

The SSE was intended for gaining experience in
handling liquid metal, and as such, the configuration
and instrumentation were assembled in a one-dimen-
sional sense. That is, the heat was added from outside
the container at the bottom, and the heat exchanger
was set inside the guide tube at the top. Although this
configuration is topologically opposite to the real

200
- 100
500 {0 5
@ -
E ®
£ 200 =20 3
= m
‘g 100 10 38
I E
= 50 15 &
201 -12
10 1 ! ] 1 I
10 100 1000

Input Power (kW)

Fig. 9. Performance of the SINQ target: highest temper-
ature and average velocity at steady state.
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Fig. 10. Schematic of the SSE facility for thermohydraulic dynamics of liquid LBE.

target situation, the expected one-dimensional thermo-
hydraulic behavior is expected to be identical. The
container and other structural materials were made of
a high-temperature steel, DIN 1.7335. The guide tube
is quartz glass of 2-mm wall thickness. The heating
block consists of 16 heater pins (900 W for each) em-
bedded in a copper block that surrounds the outer
container. The maximum heating power available is
14.4 kW. The heat exchanger is a coaxial tube type
where inlet waier flows inside the inner tube and flows
out in an annular gap. The outside tube is made of the
same material as that of the container, and the inner
tube is of stainless steel. It has an 18-mm outer diam-

eter and is 37 cm long. Four of these heat exchanger
tubes are positioned at the upper part of the container
on the top flange and inside the guide tube. The sys-
tem was monitored at 16 points for temperature, 2 for
pressure, 2 for LBE levels, and 1 for mass flow rate of
cooling water. As for experimental measurements, 46
thermocouples were installed to measure the vertical
temperature distribution.

III.A.2. Mockup Experiment

This facility is a scaled-down mockup geometry for
two-dimensional temperature distribution measure-
ments, as shown in Fig. 11. The scaling factor is -21. The

TABLE |
Dimensions of Scaled Test Sections and Actual Target
SSE MUP SINQ
Diameter
Lower 133.3 96 180
Upper 134.5 370
Height 88s 1701 3340
Guide tube diameter 100 64 123
LBE inventory (£} 11 i2 160
Maximum power (kW) 20 200 650
Heating method Heaters outside container Heaters inside guide tube Proton beam

NUCLEAR SCIENCE AND ENGINEERING
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outer container has different diameters for the lower
and the upper portions, and the inner heat exchanger
is placed at the upper location, while the inner diame-
ter of the guide tube is constant. All structural mate-
rials were the same as that used for the SSE. Heat was
supplied at the bottom of the inner channel with 12 spe-

eb11 —

eb10 —

eb9 —

eb8 — 8

. @ﬂ: g

eht —
eb5 — ;
o
eb3 —
eb2 — 7
L
#
k4
17

Fig. 11. Detailed schematics of the MUP. The eb num-
bers show the approximate heights of the temperature mea-
surement. See Fig. 14 for the exact positions.
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cially fabricated heater pins affixed to a bottom flange.
The maximum heat input with all pins was designed to
be 200 kW. The heat exchangers are of the annular shell
type for both the inner and the outer cooler. The lower
part of the test section is insulated to approximate an
adiabatic condition for heat transfer. For measuring
temperature distributions, 196 thermocouples are in-
stalled in the test section. The system is monitored with
a separate system that measures temperatures with 28
thermocouples, pressure at the upper open space, LBE
levels, and mass flow rate of cooling water.

III.A.3. Operation and Experimental Runs

In both experiments, after the LBE was transported
into the test section from the reservoir tank, it was left
for several hours without heating in order to establish
a stagnant state as the initial condition. Sudden heat-
ing was possible only for small heat input into the
MUP. This restriction was dictated by the initial sharp
temperature rise inside the heater pins. Thus, the tran-
sient measurement of the temperature distribution was
available only up to 25 kW. For larger power, the in-
put power was gradually increased in small steps. This
was also the case for the terminating transient. An
abrupt power cut can destroy the heater structure.

Experimental runs were made in the SSE with a
fixed input power of 13.8 kW and in MUP by varying
the power from 3 to 80 kW. Steady-state measurements
were made over 1 to 2 h.

IIT.B. Experimental Results and Discussion
III.B.1. Temperature Distribution

IIL.B.1.a. Vertical Temperature
Distribution in SSE

The average vertical temperature distribution un-
der steady-state conditions in the SSE is plotted in
Fig. 12. The general behavior is in good agreement with
the one-dimensional prediction. There is a sharp tem-
perature increase in the heated region, a flat distribu-
tion above this region, a large temperature decrease in
the cooled region, and again a flat distribution below.
A very slight discrepancy is observed in the adiabatic
region. This is due to the heat conduction in the lquid
as verified by a parallel numerical calculation includ-
ing this effect. In the top region, the distribution is con-
siderably distorted, supposedly because of the existence
of the guide tube supporter and some three-dimensional
effects.

II1.B.1.b. Vertical Temperature
Distribution in MUP

Figure 13 shows the vertical temperature distribution
in the MUP at steady state and averaged over radius,
angle, and time. The general trend of the distribution
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to widening of the beam (see Appendix). It is known
from a one-dimensional analysis that this does not af-
fect the bulk velocity of LBE but that it elevates the
maximum temperature of the system. These results sug-
gest that further investigation of the effect of the ther-
mal conductivity of the guide tube materials and its
structure should be made,

Fairly large temperature fluctuations, which caused
a scattering of data points in Fig. 13, were observed at
the position just above the heater pins and at the top of
the LBE layer. This is likely due to a three-dimensional
effect arising from the existence of supporting struc-
tures for the heaters and coolers.
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Fig.  12. Measured and calculated temperature distri-
butions in SSE (13.8 kW). For numerical caiculations, see
Ref. 2.

is in agreement with the analytical prediction, as can
also be seen in the SSE. However, several discrepan-
cies have been found. There is a large temperature de-
crease in the inner channel toward the top. This is
considered to be mainly due to the cooling by the in-
ternal heat exchanger. A large temperature increase can
be seen in the annular channel at the bottom near the
heated region. Although a slight temperature increase
was seen in the SSE, this increase is much larger in the
MUP in this region. The reason for this large temper-
ature increase is the heat transfer through the guide tube
wall from the inside to outside. The guide tube mate-
rial of the MUP has greater thermal conductivity. The
heat transfer through the guide tube wall may corre-
spond to the heat deposition in an annular channel due

300
L3
] .
n B n
" " e | ®
» -‘I
100 = — ———
Heaters Coolers

Fig. 13. Vertical temperature distribution in the MUP
at 60.5 kW averaged over radius, angle, and time.
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III.B.1.c. Horizontal Temperature
Distribution in the MUP

Figure 14 shows horizontal temperature distribu-
tions at various heights of the test section under steady-
state conditions and averaged over angle and time.
There is a clear temperature difference between the in-
ner and outer channels at all positions, which is the
driving force for the natural circulation. In the lower
region below the heat exchanger (eb2 and eb3), the tem-
perature decreases monotonically outward, while in the
upper region (eb6 through eb11), it shows a small dip
at the wall of the inner heat exchanger. The former
clearly indicates heat transfer through the guide tube,
and the latter is due to cooling by the internal heat ex-
changer. The temperature difference between the inner
and the outer channels becomes smaller, and the tem-
perature distribution is flatter for the higher positions,
which reflects an aspect of the vertical temperature de-
crease shown in Fig, 13.

eb2 eb3 ehb eb?

— e

eb8  ebd eb10 eb

Fig. 14. Horizontal temperature distributions for the
same conditions as in Fig. 13. The heights are as follows:
eb2 =18.0cm, eb3 = 33.5 ¢m, eb5 = 53.2 em, eb6 = 60.2 cm,
eb7 = 80.2 cm, eb8 = 100.2 cm, eb9 = 120.2 cm, ebl0 =
140.2 cm, and ebil = 160.2 cm from the bottom.
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I11.B.2. Thermohydraulic Performances of Target

The thermohydraulic performance was evaluated
using the results of the MUP experiment. The maxi-
mum temperature difference in the system was esti-
mated from temperatures at 30 cm above the heated
region and at a point exiting the cooling region at the
outer annular channel. This temperature difference is
plotted with respect to the input power in Fig. 15. It
shows clearly a power law relationship as predicted by
the analysis. The power coefficient is 0.56 + 0.003,
which agrees with the prediction of Eq. (21).

The bulk velocity of the circulating LBE has been
estimated from an energy balance of liquid tempera-
ture flowing through the heated region and plotted
against the input power in Fig. 16. This also shows a
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very good power law relationship with a power coef-
ficient of 0.32 %+ 0.03, while the predicted value is 1

[Eq. (19)].

IV. SUMMARY

The SINQ target consists of a natural-circulation
loop of liquid lead-bismuth eutectic in a concentric dou-
ble-tube configuration. The thermohydraulic behavior
of this target system has been investigated analytically
and experimentally. The analytical model is based on
a one-dimensional natural-circulation loop with uni-
form heat deposition at the bottom and a volurmetric
heat sink for the heat exchanger at the top. The results
of the theoretical and numerical analyses have been ex-
perimentally confirmed in two different experiments.
The following conclusions were drawn:

1. Analytically, the steady-state velocity is propor-
tional to the % power of the beam power, whereas the
maximum temperature is linearly proportional to the

log({A Ty (°Ch

1 J
0 1 2
log(Power) (kW)

Fig. 15. Target performance: maximum temperature dif-
ference in the system compared with input power.
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log{Power) (kW}

Fig. 16, Target performance: bulk velocity of LBE com-
pared with input power.

input power. Numerical calculations and experimental
results showed the same proportionalities and confirm
the analysis.

2. The effect of the axial heat conduction is small
for the steady-state velocity and for the maximum tem-
perature in LBE.

3. A well-established flow was observed at higher
velocity Ievels. For the full-power condition of the ac-
tual target, it would be ~160 cm/s,

4. The maximum temperature increase at steady
state is ~206°C and below a specified design value of
250°C.,

5. The effect of the pressure loss due to the U-bend
at the bottom of the loop was studied and found to
show a fairly large effect. However, the velocity value
is still within a reasonable range, and the maximum
temperature is lower than the specified limiting value.

6. The temperature difference in the system at full-
power operation is extrapolated to be 244°C. Using an-
other scaling law approach [Eq. (20)], this gives a
maximum temperature of ~250°C. Both are below the
specified operating temperature of 350 to 400°C.

APPENDIX

FRACTIONAL ENERGY DEPOSITION OUTSIDE
GUIDE TUBE (BEAM SPILL)

Beam size or position may vary slightly because of
some instabilities of the operational conditions. Since
the proton beam with its heat deposition is the driving
force for natural circulation, these variations might

APR. 1993
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have an influence on the flow behavior. This effect has
been studied by assuming that some fraction of energy
is deposited outside the guide tube and by modifying
the source condition of the basic energy equation.

The dimensionless form of the modified energy
equation is

80/01 + w(00/9Z) = «/(2DL*)3%0/3Z* + ¢' ,

(A.1)
where
(f for0<Z<s
0 ford<Z<!
g =4 =T forj<Z<i+y
0 forj+y<Z<1~-
L (1—f) forl-s<Z<1

and where f is the fraction of the energy deposited in-
side the guide tube. Here, again by neglecting the heat
conduction, a solution in closed form is obtained:

0=fZ/w+ C,
=fZ/w+ sexp(—y/w)/
wil — exp(—y/w) — f1 ,
0<Z<é;
C, = 6/wil — exp(—y/w)] ,
d<Z<i;
Csexp(—~Z/w) = 8/wexp(—3iw) [1 — exp(—y/w)] ,
1<Z<i+g;
Cy = dexp(—y/w)/w[l — exp(—y/w)] ,
j+r<Z<l;
and
A-NZ/w+ Cs
= (1 =NZ/w+ [8/]1 — exp(—y/w)]
-1+f(1-8)],

1-6<Z<1. (A2

Substituting this temperature distribution into Eq. (16),
one obtains

—Mw?/8 = QgB/2D3L{5(1 — 8)/2w — &
+ &y exp(—y/w)/wil — exp(—y/w)]} ,
(A.3)
giving a steady-state velocity value. This equation does
not include f as a parameter and is exactly the same as
Egq. (18) for the ideal case. This shows that the steady-

state velocity is determined only by the total amount
of energy deposition and not by its distribution. This

NUCLEAR SCIENCE AND ENGINEERING

may be understood as follows: The total buoyancy
force to generate the flow that is balanced by the pres-
sure loss is the difference of the two integrals over the
temperature distributions of the inner and the outer re-
gions. Although both integrals become larger because
of the higher temperatures, their difference remains the
same.

Moreover, the highest and the lowest temperatures
in the target, C, and C,, are also the same. They are
determined by the total power and the heat exchanger
performance. Only the inlet temperature of the LBE at
the bottem window, C;, will be higher, but it results
in an increase in the stored heat in the target.

NOMENCLATURE

C, = specific heat of LBE

D = volumetric heat sink rate

d = effective channel diameter

g = gravity '

h = length of heated region

K = geometrical correction factor for pressure drop
L  =target height

! =length of heat exchanger

P = pressure

0, g = uniform volumetric heat deposition

Re = Reynolds number

§  =total heat transfer area of heat exchanger
T = temperature

T, = initial temperature

t =time

U = average overall heat transfer coefficient of heat
exchanger

V,v = velocity

V; = characteristic velocity
w = dimensionless velocity
Z,z = space coordinates

= thermal diffusivity
= thermal expansion coefficient

o

8

6 = dimensionless length of heated region
v = dimensionless length of heat exchanger
A

= pressure loss friction coefficient

v = dynamic viscosity

VOL. 1i3 APR. 1993
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p = density 5. R. GREIF, “Natural Circulation Loops,” J. Heat Trans-
. . . fer, 110, 1243 (1988).
7 = dimensionless time
€& = dimensionless temperature 6. N. SEKI et al., “Single Phase Heat Transfer Character-
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The thermofluid behaviour of a2 Pb—Bi eutectic (LBE) target for a spallation nentron source have been studied numerically. in
order to investigate the effects of (1) target height, (2) beam power. (3) beam radius and (4) adiabatic side walls on the behaviour of
natural convection. The results show that within the parameter values studied. the natural convection of target fluid is stabilized and
the temperature distribution is not complicated. There is a steep temperature gradient only in a boundary layer region. In the core
region the temperature distribution is relatively smooth. It can be expected that the cooling mechanism using natural convection in a

vertical larget with proton beam entering from below is feasible.

1. Introduction

The spallation neutron source under design at SIN is
to use 1-2 mA of 590 MeV protons; this leads to a
target power of the order of 1 MW and a power density
in the region of 1-2 kW/cm’. In order to avoid
sophisticated engineering to process such a high power
density, the design concept for the target is to use a
vertical cylinder of liquid LBE with the proton beam
entering from the bottom, and exploit natural convec-
tion as the primary heat transfer mechanism inside the
target. From a mechanical point of view, this has several
advantages such as:

a) no radiation damage and corrosion of the target
metal,

b) minimal structural material in the beam region,

c) low operaling temperature,

d) remote location of the first heat exchanger from the
beam region.

Since natural convection is used as a primary heat
transfer mechanism in the target, the thermofluid dy-
namics of the target LBE is one of the most important
study subjects for a practical design. The thermofluid
behaviour should exhibit the following characteristics; a
simple profile of temperature distribution and of a
stable flow effective to heat transportation at the sta-
tionary state from the viewpoint of monitoring and
control, and a weak transient behaviour for any changes
of beam conditions from the viewpoint of operation and
safety.

For natural convection in enclosure, generally, it is
emphasized [1] that the temperature field is divided into
two regions of “core” and “boundary layer” which
entirely surround the core. In a vertical cylindrical

0168-9002 /85 /503,30 © Elsevier Science Publishers B.V.

{North-Holland Physics Publishing Division)

system like the SIN target, this “core” is an annular
region which is surrounded by the “boundary layers”
on wall, bottom, ceiling and a center line. As these two
regions interact strongly with each other, the boundary
layer theory cannot be applied to the problem and
solving the basic equations requires more careful treat-
ment than for the problems in other configurations than
in enclosure.

The purpose of this work is to clarify the effects of
several difficulties which are intrinsic in our problem
such as high aspect ratio or distributed internal heat
generation on the thermofluid behaviour of the target
liquid.

2. Calculations
2.1. Assumptions

In formulating the problem, the following assump-
tions were adopted:

1) All the physical phenomena are axisymmetric and
the beam profile does not change during irradiation,
so that the problem is treated as & two-dimensional
system.

2) The flow is laminar.

3) The Boussinesq approximation is valid, that is, all
the physical properties are constant except for the
demnsity affecting the buoyancy force.

4) The LBE is always molten so as to avoid the moving
boundary problem.

The coordinate system adopted here is shown in fig.

1. Only the half plane of the vertical cross section is

shown.
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Fig. 1. Schematic of target and coordinate system.

2.2. Basic equations

The basic equations are the coupled partial differen-
tial equations of continuity, momentum and energy
conservation. These are transformed into terms of
vorticity by applying the rot-operation and introducing
the stream function, and then expressed in dimension-
less form by normalization (see appendix) to give:

§£+r1’rﬂ+ﬂéaa—?-vl¢%

ot ar
_pfor@.v3e, @0 1d%] . oT.
=Pr J"2+’_ 3r+ya,-3+r 322 Pr Grar,
(1)
aT 8T 8T yoT 3T 193*r
8!+YV’ar+YI{'Bzhrar+Yar2+Y 22+@’
(2
2 2 92 2
Y 3% yPTY 137
o rt or roar? or ozt (3)

where Pr is the Prandtl number and Gr the Grashof
number. The stream function is related to the fluid
velocities by :

13¥ ‘

o120, _1a¥

FyE (4)

Through this relationship the continuity equation is
automatically satisfied.

~ |

2.3. Boundary and initial conditions

Boundary conditions for the stream function are
given as '

e

\I,= a7=0; z::O’l 0<r<1; (5)
‘I,=aa_‘f=0: r=0,1 0<:z<1, (6)

while the thermal boundary conditions are

a__T=0; r= 0<:<11
ar

r=1 OC<z<H,; (M
T=0: r=1 H,<z<1: (8)
aT
3,=0 =01 0<r<i, (2)

where H, is the length of the adiabatic surface (un-
cooled part of the boundary) as defined in fig. 1.
Since vorticity boundary conditions cannot be given,
they are approximated with the values at the next inside
grid points and corrected by iteration.

Initial conditions were determined from the assump-
tion of having a quiescent liquid with a uniform temper-
ature

V=V.=¥=0=T=0 atr=0. (10)

Most of the calculations were carried out with the
boundary condition of constant temperature on the full
tength of the side wall (conducting wall, H, = 0).

2.4. Profile of heat generation

As the only driving force for the fluid motion of the
target liquid is the buoyancy force due to the internal
heat generation, and no external temperature difference
is applied to the system, the profile of heat generation
needs to be approximated fairly well. For these calcula-
tions an empirical formula for the volumetric energy
deposition [2] was used. The formula is expressed as

[
57X 10 T e_(,/(0-0+0_04;))2 e-—.'/30' (11)

q(r,z)=
(oo +0.042)"

where r and z are the position variables in ¢cm units, J
the beam current in A and o, is the width parameter
which was determined experimentally as 1.6 ¢m,

2.5, Numerical calculation

For solving the time dependent equations, egs. {1)-(3)
above, the [inite difference technique was used. The
normal cenired differencing formula was mainly used,
but the so-called upwind difference scheme was used for
the inertial terms in egs. (1) and (2). The vorticity and
temperature equations were solved by the alternating
directional implicit (ADI) method and the stream func-
tion equation by the successive overrelaxation method
(SOR). Since all the boundary values cannot be given at
a certain time level simultaneously, the values of the
preceding time level were used and for correcting this
approximation, some internal iterations were carried
out. Furthermore, to take account of the nonlinearity of
the basic equations, another iteration was performed.
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These internal iterations were terminated when maxi-
mum changes of the values decreased to 0.1%. The total
iteration with respect to time was terminated when the
maximum change of the stream function decreased to
0.1% of the value at the preceding time level.

From the preliminary runs to determine the optimal
time step, numerical stability of the ADI method was
found to depend on the beam power: the higher the
beam power, the smaller the time mesh required. The
lime step was kept constant in any one computational
run. For the different beam powers. however, it had to
be varied from 1 X 107% 10 1 X 10~% (dimensionless) as
for the beam power.

In order to determine the number of grid points.
several trial compuiations were also performed for the
highest beam power and the largest aspect ratio, using
grid points of 20 X 20, 40 X 40 and 80 X 80. The results
showed sufficiently similar profiles of transient temper-
ature field and stream lines .for 40 X 40 and 80 X 80.
Hence 40 X 40 grid points were used in the series of
computations,

2.6. Calculations

A series of calculations has been performed in order
to investigate the effects of target height, beam power.
beam radius and adiabatic side walls. For the adiabatic
side walls, two sets of calculations were carried out. one
with constant height of target but changing the height of
the adiabatic wall, the other with a constant height of
the adiabatic wall but changing the target height. The
parameters of this series of calculations are tabulated in
table 1. The run of 150 cm height and 0.1 mA current
without adiabatic side wall is referred to as the standard
case.

The results are presented as two-dimensional con-
tour maps of stream function and temperature in the
same frame as fig. 1. Since the figures are drawn with
the same aspect ratio, the radial components of distribu-
tions are exagerated. The outermost contours for both
temperature and stream function correspond to the
lowest values (=dT and d¥) for the maps. These

457

values are also used as the interval between the lines,
Explicit values of d7 and d¥ are given in figure cap-
tions.

3. Results and discussion
3.1. Development of circulation

Fig. 2 shows the transient temperature distributions
and stream line fields for the standard case. It shows
clearly the process of generation and growth of circula-
tion (a-m). At (a). a clockwise circulation starts in the
lower portion of the liquid where most of the energy is
deposited. As time proceeds. the circulation grows (the
number of contour lines increases) and the center of the
roll rises (a—g}. When this roll reaches the top. it grows
rapidly (h). A second roll appears (k). grows and moves
downwards elongating the total circulation (k-p). The
coexistence of these two rolls lasts until the second
reaches the bottom, when they both merge into the total
circulation (p—t). giving a stable laminar flow by time
step (x). The distributions of temperature follow these
changes of stream line fields. At first the flow is so
small-that the temperature distribution is- similar to the
profile of internal heat generation. but at the bottom
part of the distribution a small distortion can be seen
since cold liquid flows inward due to the circulation. As
time proceeds. this shrinkage spreads upwards, follow-
ing the rise of the roll. resulting in a vertical hot column
around the center line {vertical and parallel contour
lines). The presence of a weak secondary roll leads to a
slight distortion of the temperature distribution {c-g). A
stronger effect can be seen from the first roll in figures
()-(m). At the top of the container the strong local
circulation transports heat horizontally from the central
region to the periphery. Following the downward mo-
tion of the second roll, the hot liquid column (which is
partially cooled at the surface) flows downward, leaving
the intermediate region (core) between the central hot
column and surface at low temperature (k—p). When the
second roll reaches the bottom (q). this core becomes an

Table 1
Parameters for caleulations performed in this study
Height Radius Height of Beam prefile Current Effecis
(cm) {cm) adiabatic {cm) {mA) investigated
wall (cm)
A 75. 150, 300, 450 15 ] 0 5 0.1 Height
B 150 15 o 5 0.1.05.1 Beam power
C 150 15 0 25,510 0.1 Beam profile
D 150 15 50, 75, 100 5 0.1 Adiabatic side wall
E 150, 225, 300 15 100 5 0.1 Adiabatic side wall
375. 450
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Fig. 2. Transient behaviour for a 150 cm high target. Beam current is 0.1 mA. Contour lines are for d7 = 0.05 (6.3°C) for all
temperature distributions and with d¥ = 5 for stream lines in (a)-(h), 10 in ()~(2). (2) is at 1.6 ¢ 10~* (5.1 s) and the time interval is

4%107° (1.25 s).

island of lower temperature. During this time when the
two rolls are merging and the total circulation is grow-

ing, the central hot column is washed away and the’

position of the maximum temperature moves from the
bottom center to the top center (q—t), and a relatively
uniform temperature distribution is formed (t-v). How-
ever, once the total circulation is established, the heat is
accumulated around the center line and forms the central
hot column again (x-z). The maximum temperature is
also at the bottom center. The high temperature gradi-
ent due to the side wall cooling can also be seen. Fig. 3
shows the time behaviour of the maximum temperature
in a system {not always located at the same place). The

curve can be divided into four sections typical for each
stage of the development of circulation mentioned above.
They also are illustrated in the figure.

This general aspect of temperature profile and stream
line field during transients as well as at the stationary
state agrees well with the experimental and numerical
investigation by Torrance et al. [3]. Their work was
done for natural convection of air in a cylindrical con-
tainer of unit aspect ratio (but with local heating at the
bottom surface) and, in particular, showed the vortex
shedding during the transient phase for a high Grashof
number system.
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Fig. 3. Time behaviour of maximum temperature in the system.
Its position can move from time to time,

3.2. Height

The effects of target height on the behaviour of
temperature distributions and flow patterns have been
studied by changing the target height from 75 ¢m to 450
cm. For all cases calculated, the flow patterns show a
single circulation totally inside the target at stationary
states, (similar to Fig. 2(z) and referred as a *“iotal
circulation™) although their centres are not at the same
vertical position.

The time behaviour of the maximum temperature is
similar to that in fig. 2. The maximum temperature rise
above initial temperature (melting temperature. here)
for the stationary states is the same for all four cases
and about 25°C, The duration of the initial transient is
plotted as a function of height in fig. 4 and shows a
linear relationship; this is expected since the transient
time is proportional to L/U and the characteristic
thermal velocity U(=gBR?AT/v) does not depend on
the target height.

603~
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0 1 1 ]
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Fig. 4. Transient time vs 1arget height.

Time [sec]

Fig. 5. Time behaviour of the maximum temperature for vari-
ous beam powers: (a) 0.1 mA, (b) 0.5 mA. {c) 1 mA.

3.3. Beam power

The effect of beam power has been studied by calcu-
lations with three different beam currents, 0.1, 0.5 and 1
mA (1 mA, 0.6 MW). The flow patterns and tempera-
ture distributions are very similar for the three cases
and “total circulation” is obtained. The maximum value
for the stream function (which corresponds to the maxi-
mum volumetric flow rate) increases with the beam
current.

The time behaviour of the maximum temperature is
shown in fig. 5. The duration of the transient is not
strongly influenced by the beam current. On the other
hand, the maximum temperature rise increases with
beam power, both during the initial transient and at the
stationary state. Moreover, the amplitudes of the
damped oscillation at the end of the initial transient are
larger for higher beam currents. The maximum tempera-
ture rise in the stationary state is plotted as a function

- 100 5

- L

el =

o

» 20 Radius 15¢cm

5 F Height 150c¢m

o L A-wall Ocm

§. B. Profile Scm

.E 20 1 1 1 L 1.1 113l
01 0.5 1.0

Beam Current [mA]

Fig. 6. Power law relationship for the temperature rise in the
stationary state with input beam power.
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of beam current in fig. 6, and shows a simple power law
relationship. The estimate of the exponent is 0.73, which

is slightly larger than the value of 2/3 given by a simple -

one-dimensional analysis [4].
3.4. Beam profile

Three calculations were performed for different
half-widths of the beam, namely 2.5, 5.0 and 10.0 cm.

All the flow patterns in the stationary states show
total circulation. The radial center of the initial circula-
tion moves to larger radii with increased beam size (fig.
7). This implies that the broader beam generates a rising
column with larger radius around the center line. How-
ever, in the stationary state, the centers are situated at
the same radial position. Fig. 8 shows a variation of
axial velocity at mid-center with beam radius for the
same beam power. A fairly good power law relationship
is evident. The estimate of its exponent is 0.6. Simply
considering the convection component as a product of
velocity v and temperature T, it can be assumed to be

proportional to the energy deposition density g, i.e.

vT « q. Since T« ¢2/3 (from the previous section), v &
g'/?, and as g & R™2, the velocity should be o R=%/3,
This supports the power law relationship in fig. 8.

Fig. 9 shows the development of the temperature
distribution for a 10 cm beam. The distribution in the
core region has a complicated profile and shows a high
temperature island. This high temperature island ap-
pears at (400), and it grows and stably exists, until
thermal convergence is reached.

Fig. 10 shows the variation of the highest tempera-
ture in the target with time for the three cases. The
position of the highest temperature is situated at the
bottom center for the two narrow beam cases but for
the 10 cm beam it is at the center of the high tempera-
ture island in the core region mentioned above. The
transient time is shorter for narrower beams. This is to
be expected, since the transient time is inversely propor-
tional to the characteristic thermal velocity which is
proportional to the characteristic temperature. For nar-

10 r
Rl
3,
; 7k Radius  15¢m
E ) Height 150 cm
S s
i ; 0

Beam Profile (¢m)

Fig. 7. Positions of the center of circulations at initial stages.
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=
<
10 L ! L

2 5 10
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' Fig. 8. Axial velocity (V) at mid-central position vs beam

profile.

rower beams the maximum temperature is higher and
shows a larger damped oscillation. Also the end of the
initial transient is more clearly marked. This suggests
that aithough narrower beam systems show stronger
transient phenomena they may have a higher stability.

The maximum temperature rise for the stationary
state as a function of beam profile is shown in fig. 11. It
is lower for the cases with broader beam as expected
due to the broad distribution of the energy deposition
despite the weaker natural convection.

3.5 Adiabatic side walls

3.3.1. Constant target height

Using a fixed target height of 150 cm, the effects of
uncooled parts of the side wall have been studied by
calculating systems of adiabatic wall height ( H,) of 50,
75 and 100 cm. The flow pattern for cases with an
adiabatic part of the wall look very similar to the result
with a totally conducting wall (H, =0 cm), showing a
simple smooth circulation. However, the actual velocity
distributions are slightly different: the average rising
velocity is plotted as a function of height in fig. 12.
With an adiabatic side wall the velocity is increased by
about 10% in the region above the level of the adiabatic
wall, but is only slightly increased elsewhere.

In the boundary layer near the side wall, there is, as
may be expected, a steep temperature gradient only at
the surface where the wall temperature is kept constant.
For the case with the 100 cm adiabatic side wall, an
island was seen in the upper core region. This is a low
temperature island which appears and disappears peri-
odically. It is caused by the enhancement of the flow
and the poorer cooling of the target due to the smaller
heat transfer area. ’

As for the time behaviour of the maximum tempera-
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Fig. 10. Time behaviour of the maximum temperature for
various beam profiles: (a) 2.5 ¢cm, (b) 3 em and (¢) 10 cm.

ture, the initial transient is exactly the same for all three
cases. This is due to the fact that the temperature of the
central portion is not influenced by the conducting wall
until the strong *total circulation™ is established. Since
the smaller area of heat transfer for the higher adiabatic
walls results in a less effective cooling, the maximum
temperature after the transient naturally becomes higher.
For the case of the 100 cm wall it still increases with
time.

3.5.2. Constant height of adiabatic side wall
Calculations were made for systems with a constant
height adiabatic side wall (100 cm) and with five differ-
ent target heights. The flow patterns are almost the
same, showing *total circulation” for all cases. The
temperature distributions become more complicated as
the target height is reduced. This is due to the smaller

70
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L0
s 30t
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"
2
a 20 .
5 Radius 15c¢m
L] Height 150 cm
2 A-Wall  COcm
e B.Curent 0Am A
[
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Beam Profile {cm)

Fig. 11. Temperature rise in the stationary state vs beam
profile.
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Positive Average Rising Vetocity [cm/sec]

Fig. 12. Comparison of the average positive axial velocity as a
function of height for the results with and without adiabatic
wall at 51.0 s.

heat transfer area, as discussed in sect. 3.5.1.

The time development of the maximum temperatures
in the system are almost the same as for the cases of
corresponding target height with a total conducting wall
(cf. fig. 6). After the initial transient, the maximum

. temperatures are stabilized for all except the 150 cm

case (as discussed in section 3.5.1).
The temperature for the stationary state is plotted in
fig. 13 as a function of the target height for cases with -

= Radius 15c¢m
s, S0 B.Profile Scm
F « B.Current 01mA
C: Wk s A-Wall 100cm
é Ocm
< 30k
N S *
Qu
= 20F

T 1 1 L L 1

150 300 50
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Fig. 13. Temperature rise in the stationary state vs target height
with fixed height of adiabatic side wall of 100 cm. The values
from the results with total-conducting wall are also plotted. As
the value for the target height of 150 cm is not at a stationary
state, it is plotted in brackets.
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and without adiabatic side walls. For a target height
larger than 300 cm, the difference between cases with
and without adiabatic wall is only marginal.-

4. Conclusions

In order to investigate the effect of target height.
beam size, beam power and adiabatic side walls, a
numerical survey has been mae for the natural convec-
tion in a liquid lead-bismuth target. The following
conclusions can be drawn:

(1) During the establishment of natural convection.
the flow and temperature distributions show a typical
initial transient, during which the system reaches the
maximum temperature in its history. The transient time
depends linearly on the target height.

(2) In all cases studied. a simple total circulation of
the liquid flow was obtained as stationary state.

(3) A power law relationship exists between the
maximum temperature in the stationary state and the
deposited energy. The exponent of this power law is
0.68 which agrees well with a one-dimensional model.

(4) A narrower beam leads to a stronger natural
convection and to a simpler temperature distribution.
However, the temnperature of the stationary state will be
higher. Some optimization study would be needed for
the beam characteristics.

(5) An adiabatic side wall can be tolerated at the
lower part of the target. A sufficiently large area should.
however, be left for the heat transfer. To allow an
adiabatic wall of 1 m length, the target height has to be
around 3 m,

The author is grateful to Dr. W.E. Fischer, F. Atchi-
son and Dr. C. Tschalar for their helpful discussions
and encouragements.

Appendix

Nomenclature

H : target height,
H, : height of adiabatic wall.

: target radius.

: radial coordinate,

: time.

: temperature.

: radial velocity.

: axial velocity.

: axial coordinate.

: aspect ratio (= H/R).
: vorticity,

: stream function.

: internal heat generation.
: Grashof number.

: Prandt! number.

SR T T A

XX

Physical variables (expressed with *) were normal-
ized in the following way.

t=at*/HR, r=r*/R.z=:-*/H,
U=V*/H Q=HRQ*/a. T=(T*~T)/T,.
V,.=RV?/a.V,=R*W:*/Ha. ®=HRq/({aTypC,).

where « is the thermal diffusivity and T, the melting
temperature. p the density and C, the specific heat of
LBE. Dimensionless numbers are defined as

Pr=v/a. Gr=gBT,H R />,

where » is the dynamic viscosity, g the acceleration of
gravity, and § the thermal expansion coefficient of LBE
respectively.
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