Chapter 1 Production Target

1.1 Introduction

Production target design, Figure 1, has undergmméfisant evolution. Limited progress in produciag
suitable radiation-cooled target has spurred isterea water-cooling system with drastically lower
operating temperatures. This system results sitlean about five percent reduction in stopped muon
yield compared to a similar radiation cooled uhiie theoretical and experimental research surrogndi
target design is discussed.
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Figure 1. MECO production target installed in the Production Solenoid. The water-cooled design is shawhere,
viewed at the upstream end of the muon beamline. hE entrance of the proton beam is the opening in ¢hheat and
radiation shield seen left of center and nearer theottom of the figure.



Negative muon production is accomplished by dirgct high-intensity 7.5 GeV proton beam onto a
small dense metal target, nominally the size amrgbslof a pencil, located within a solenoid with an
axially graded magnetic field. Approximate targesition is indicated by the black star in Figurd Be
primary beam strikes the target end-on to produmespthat decay into muons. The proton beam is
pointed in the direction of increasing field inténso that charged secondaries spiral along in a
magnetic bottle towards the “closed end”, reflegtimany charged particles back towards the Transport
solenoid entrance, thus collecting pions over geaolid angle. A similar system was discussed by
Djilkibaev, Lobashev, & collaborators [1, 2], artbir ideas were later adopted by proponents of the
muon collider [3].

Figure 2: MECO Production Solenoid; the grey structire is the iron return yoke. The interface to the Tansport
Solenoid can be seen at the left.



In particular, pions produced in the target witmgverse momentum below ~180 MeV/c travel in
helical trajectories within the clear bore of tiidesioid and decay to muons. Invariance of the tityan
p’/B and energy conservation imply that charged pagiotoving towards the closed end of the “bottle”
are reflected down stream if
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whereBmax andBiarge are the values of the axial component of the miagfield at the target and the
upstream end, respectively, afids the angle of the pion with respect to the isoi@ axis at the target.
For the production region magnetic field values, lttes cone, where particles are not reflectedahas
half angle of about 30giving a solid angle acceptance for pion captl@@%. The transport solenoid
filters the beam for unwanted particles and pasded remains to the stopping target.

To set the scale, a radiation-cooled target is1\gdten cylinder 16 cm long and 4.0 mm in radiuggive!i
about 155 g and receives an instantaneous on-peedr @f 10 kKW, i.e., a time average of 5 kW.
Production of some 0stopped muons in the planned 30-week running tégaires that MECO aim

4x10° protons/sec at the production target. The AGSjcially suited to provide the required beam
energy and intensity, along with a pulsed microaddime structure and high beam extinction between
pulses, features crucial to rejecting two kinddatkground. The target-heating scenario is didthte
the macroscopic time structure of the beam; nantlieéyAGS cycle time of one second and duty factor
0.5.

The average number of muons reaching the stoppnggt per incident proton depends on many factors.
Critical to achieving a high stopped muon yield, wast collide protons on a target with as large an
atomic number and density as possible. Yield, @fag cooling, depends on target geometry, pasitio
and orientation. More generally, muon yield is $#resto solenoid design and material anywherehin t
clear bore of the magnet. Hence, the target, cgalystem, and mechanical support must be compact
and introduce little additional mass beyond thaheftarget, thus minimizing pion reabsorption.eTh
target mounting must be sufficiently insensitiveviborations to maintain good positioning. Furthersy
temperature must be controlled to avoid operatigctose to the melting point and avoid thermadssr
levels that may lead to mechanical failure or getoiced distortion. Still other factors contributie the
stopped muon yield, which are discussed elsewhettds document; e.g., proton beam energy,
production and transport solenoid fields, and tbgigh of the collimators used to select muons ef th
appropriate momentum and charge.



1.2 Muon Production

The basic principle of the production region igstrated in a GEANT simulation, Figure 3, showing a
view of the production and beginning of the tranmspgolenoids. Design of the production solenoidscal
for a graded magnetic field with maximum intensifythe axial component to be 5 T at the upstream
end, decreasing linearly to 2.5 T. The targetl® @nlong, pencil-sized cylinder and has its axis tilted

away from that of the solenoid to intercept thetpndoeam. The direction of this beam is opposiét th
of the muon beam in order to reduce the fluendewfenergy photons and neutrons into the muon
channel and eliminate complications associated thighnteractions of the diffuse exiting proton imea
and the beginning of the muon transport. A collionatf radius 15 cm, visible in the figure, defirthe
entrance to the transport solenoid.

Tungsten is a suitable target material for ingi@idies comparing various cooling schemes; it hagta
density, 19.3 g/cth good refractory properties, and a large pion petion cross-section. Tungsten has
the highest melting point, ~3683 K, and thermaldartivity of all pure-metal refractories. In addit,
this metal has good mechanical stability at highgerature, with yield strength about 5800 psi at
2000 K, and modest thermal expansion coefficiebit 8.10° K at 3000 K.

The calculated values of particle fluxes in therheae based on GEANT simulations of proton
interactions in a tungsten target. GEANT has aetaof hadron interaction codes, and we have
primarily used GHEISHA. However, there is signifitaariation between different codes for the total
7T production cross-sections and kinematic distrimgi For example, the GHEISHA and FLUKA
codes differ by a factor ~4 in the muon yield &@&V incident proton energy; the variations with ralod
were discussed extensively in the original MECOppsal [4]. In order to reduce the uncertainty ia th
muon yield (and hence the sensitivity of the experit) due to the uncertainty in the hadronic models
of low energy hadron production, we have scaledekalts from GEANT (with GHEISHA) by a factor
determined from comparison with measuregroduction cross sections in proton tantalum adgons.
The effect of this scaling is to reduce yields bhaetor of ~2 with respect to the GEANT + GHEISHA
prediction. The backgrounds that depend directlpion production rates have also been scaled in the
same way.

The data to which we compare our simulation arefiateractions of 10 GeV/c protons with tantulum,
which is adjacent to tungsten in the periodic taMeasurements [5] include the invariant crossisest
for /7 production as a function of pion kinetic enefiggnd production angl@ measured in the reaction
p'Ta - 77 + X over the full angular production range and fpeB0 MeV/c. One mm thick Ta plates
with spacing of 93 mm were placed in a 2 m prodangble chamber that was operated under a
magnetic field of 1.5 T. Pion trajectories were fodently identified with minimum momentum of 80
MeV/c (T = 21 MeV). The measured averagemultiplicity at 10 GeV/c is 1.5% 0.03. The
experimental7 inclusive differential cross section measuremenogether with a phenomenological fit,
are shown in Figure 4. The dependence of the iamtdross sections on the kinetic energy is well
approximated by an exponential functiér: C exp(—T/Tp). The total pion production cross section for
Ta at 10 GeV/c found by integrating this formuldahwiitted values ofC andTy is 2.36 barn. With a
nuclear inelastic cross section for Ta of 1.56 p#rare is good agreement with the measured pion
multiplicity of 1.51.
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Figure 3: GEANT simulation of Production Solenoid;cross-section, viewed from above. Note that coordites are in
centimeters. The AGS beam enters from the righttskes the target at approximately (-650 cm, 400 cip and exits
through a thin window at the lower left.
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Figure 4: Negative pion inclusive differential cros section in different angle intervals for 10 GeV/protons incident
on tantalum [5]. The lines are the result of a fito an exponential form: f = Cexp(-T /T,).

To compare the MECO muon flux simulation usinglthdron codes with the experimental data, a Ta
proton target$ = 16.6 g/ cm) with length 19.34 cm (1.67 nuclear lengths) aadius 0.4 cm was

studied. For the muon flux calculations, the GEABIZ1 code with the GHEISHA hadronic model was
used. A proton beam with Gaussian shapesartsy = 0:2 cm was caused to impinge on the target. The
proton interaction point was chosen using GEANT #ens7 were produced at that point according to
the measured production cross sections. ;Thehere then tracked using the GEANT code and the
resultingy yield calculated. The ratio of thig yield based on measured production cross sedions
that based on GHEISHA is 0.54. We scale all reshtisdepend on pion yield at 8 GeV/c down by a
factor of 2 to account for this difference and émergy dependence of the production cross sechien,
latter taken from a GEANT calculation.



As previously mentioned, and here in more detlad,\tield of muons depends on the target shape, the
proton energy, the value of the field in the praductand transport solenoids, the clear bore of the
production solenoid, and the size of the collimaitdihe yield was optimized [6, 7] with respect to
variations in these parameters. It is relativebemsitive to small variations in target positiownl &m the
target length in the range of 12-20 cm. The yieddrdases by about a factor of two with target adiu
variations between 3 mm to 9 mm due to absorptsihna pion exits the target and as it passes throug
it again while moving in a helical trajectory iretproduction solenoid. We currently use a targaiusa

of 3 mm. This has some implications on target Ingaths discussed below. In addition to being
necessary because of the incoming proton beam,ahgléarget tilt also helps reduce scatter of pion
following a helical trajectory. For a 5 T maximurnalél in the production solenoid and a 15 cm radius
collimator, the muon yield decreases by only ~3%amg from a 30 cm to 20 cm radius clear bore.
This region may thus be available should more diriglbe necessary. To reduce pion loss, the target
support structure should also be as low in mag®mssible.
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Figure 5: Distribution of positive (top) and negatve (bottom) muon creation points in the ProductiorSolenoid. Most
positive muons are generated in the walls of the kmoid, surface muons, whereas negatives are largdtom negative
pion decay in flight.



1.3 Target Heating

The use of a heavy target in a very intense prbeam requires careful consideration of target hgati
The power deposited in the target is determinech fR0GEANT simulation; it is not very sensitive ket
hadronic code used. Table 1 shows the GEANT [8pkation results for average energy loss per proton
and heat release in the target for 8 GeV/c protbhs.calculated average energy loss per protoguale

to ~0.7 GeV/proton and ~0.8 GeV/proton for targeigiths 16 cm and 20 cm, respectively, equivalent to
a peak power of 9.4 kW and 10.2 kW. The longituddistribution of the average energy loss per
primary 8 GeV/c proton is shown in.

Table 1: Average energy loss per proton and poweredivered to a tungsten target by an 8 GeV/c protobeam with
emittance 6pi-mm-mrad. An average of 40 Tp per amsecond machine cycle was used.

Hadron Target Target Average Peak Average
Code Radius Length Loss Power Power
(cm) (cm) (GeV) (kw) (kw)
GHEISHA 0.4 16 0.7 94 4.7
GHEISHA 0.4 20 0.8 10.2 5.1
FLUKA 0.4 16 0.7 94 4.7
FLUKA 0.4 20 0.8 10.2 5.1
GHEISHA 0.6 16 1.0 12.8 6.4
GHEISHA 0.6 20 1.1 14.0 7.0
FLUKA 0.6 16 1.0 94 6.4
FLUKA 0.6 20 1.1 10.2 7.0

The data in Table 1 was used in design calculafimnsadiation cooling. Based on later studies
comparing the effect of a water-cooling system topged muon yield to that of radiation-cooled, see
Figure 7 and [9], target radius was re-optimize8.0 mm. Subsequent to this, energy depositia wa
re-evaluated, leading to a total instantaneous poWeé550 Watts; Figure 6 shows the results ofeéhes
calculations in more detail.
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Figure 6: Power distributions for MECO target with 3.0 mm radius and 16 cm length cylinder. Nota bendhese are
the distributions used in cooling calculations, sdad to 9500 Watts total instantaneous power, the aal GEANT
value is 7550 Watts.
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1.4 Stopped Muon Yield

Target geometry re-optimization. A study of howpgied muon yield depends on radius reveals that the
optimum target radius is now, 3.0 mm, see Figur@urning to the relationship between target length
and yield, Figure 8 shows that 16 cm is still ssozmble target length. We will learn more about
possible target geometry modifications after stagythe relationship between target pressure drdp an
flow rate.
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The first entry in Table 2 is for similar to a ratilon-cooled target, except for the presence oirtled
and outlet tubes. Current design of the water-abseiestem calls for a gap size of 0.3 mm.

Table 2: Optimization of stopped muon yield as a faction of coolant containment shell thickness andap size.

Water | Ti Wall | u™- Stopg Acceptancy:
Thicknes{Thicknesy  per Loss (%)
(mm) (mm) | Proton | (+/-1.5)

0 Of 0.005( 0.()

0.5 0.4 0.00494 4.4

0.25 0.15§ 0.0048 4.l

0.2 0.1 0.0049 2.7

0.3 0.15§ 0.0048 4.5

0.4 0.15 0.0047 5.3

0.5 0.15§ 0.004Y 6.3

0.25 0.2 0.0048 4.4

0.25 0.3] 0.0047 6.1

0.25 0.4 0.0047 6.(

0.25 0.5/ 0.0047 5.4

2.35 0.7¢ 0.0037 27.0

0.5 .d 0.0041 17.4
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1.5 Target Cooling

Two cooling strategies have received significantigiradiation andforced convection with water as
the coolant. Radiation cooling is attractive besaaill provides a high muon yield, is simple to aper
and virtually maintenance-free. On the other haigh operating temperatures lead to evaporation of
some of the target material; requiring strategiesantrol contamination of the rest of the muonrbea
line and detector area, and require good contrtherimal stresses. Convective cooling makes
drastically lower operating temperatures possiséending the possibility of achieving even greater
muon beam intensities. An essential requiremangdoh a system is to maintain a non-boiling
condition, since gas formation would impede flowotigh small water channels. This type of cooling
provides more latitude in selecting target matenwth higher densities and thermal conductivittbsis
raising the possibility of reduced thermal stress®es an increased useful lifetime of the target.
However, this cooling system requires greater nea@nce, and significantly more system design
consideration. Protocols for coolant storage aspasal would be required.

1.5.1Radiation

The design currently under consideration consiststioin tungsten wires to hold the target in place,
with a system of springs designed to take up thestate slack produced when the wires expand upon
heating. Using radiation alone to cool the tardgsd aninimizes absorptive material. This puts steimg
constraints on possible target geometry.

The temperature and stress distributions were ctedpusing ANSYS, including a realistic power
distribution. This calculation shows that a singgéinder is not mechanically stable under these
conditions because of stresses induced by longiéhdind radial temperature gradients.

Significant reduction of target temperature camti@eved in several ways: segmenting the target to
increase the radiative area and decrease radipktature gradients, use of a high emissivity cgatin
and using a more uniform beam profile to decread®l temperature gradients.

Table 3: Thermal and mechanical properties of tung®n as function of temperature. Displayed here arethermal
conductivity K, specific heat at constant pressureg,ccoefficient of linear expansiona, modulus of elasticity E, and the
elastic limit, designated here as the yield poirdyieq. The total emissivity of tungsten is temperaturelependent;
however, for this study it is held fixed at 0.43.The melting point of tungsten is the highest of albure refractory
metals, 3683 K.

T (K) 300 | 500 | 1000] 1500 2000 2500 3000
Kk (Wicm K) 16 | 14| 125/ 11| 1006 09 085
¢, (/g K) 0.1313| 0.1380| 0.1465| 0.1570| 0.1723| 0.1946| 0.2255
a (109 0 | 404 | 442| 482 522 561 6.0
E (MPa) 41.0| 380| 360 340 320 2800 230
oy (MPa) 1519 | 150 | 110| 75 40 20| NA
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A simple lumped thermal analysis of radiation coglillustrates the gross behavior of local target
temperature. Non-uniform heating and a finite itirconduction time do not radically distort the
temporal features we wish to point to: namely,waem-up time and small oscillations about a cortstan
time-average temperature after times large comparédte warm-up time. In Figure 9, the target hegi
at room temperature, and then the heating statis. black oscillating line is the instantaneous
temperature, and the red line is the cycle-averégagerature. For comparison, we include the
solution for a continuous (not pulsed) power souwriche same intensity.

3500 ‘

33296 K, contimuous 7

5000 [ S— A— S— .
‘ ‘ ‘ ‘ 2825 K

T—temperature, (K)

2500 [ f- rrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrr eEen R .
2000 [ rrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrrrrr rrrrrrrrrrrrrrrrrrrrrrrrr —
1500  ’ 3 j 3 j ,,,,,,,,,,,,,,,,,,,,, |
1000 [ e — — .

BOO [ oo e s —
300 ‘ ‘ ‘ ‘

0 20 40 60 a0 100

t—time, (sec)

Figure 9: Numerical solution to lumped heating equton, including the temperature dependence of thepecific heat
and emissivity. For an 8 GeV/c proton beam delivémg 40 Tp in each one-second cycle, with duty faat.5, the
instantaneous power for a 16 cm long, 0.4 cm radiuangsten rod is 9500 Watts.

ANSYS calculations were performed using realistinditions, including the spatially non-uniform,
pulsed power distribution expected for MECO assuntive same target geometry and conditions
explained in the caption of Figure 9. Both on- affespill temperature distributions are given iigle
10. Figure 11 shows the distribution of Von Misa®sses.
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Tungsten surfaces with higher emissivity (~0.9)éenbgen formed using methods such as chemical
vapor deposition. We are exploring with engine¢@NL and materials scientists at the College of
William and Mary whether this type of surface candoepared on a solid tungsten cylinder. The use of
materials other than tungsten for the surface gasiralso being considered. Such coatings also theve
advantage of eliminating oxidation of the tungstarface in the unlikely event of catastrophic loks
vacuum while the target is hot.

To minimize absorption off in support material in the production solenoid tdrget would be
suspended suspended in position with very low reapports. Tungsten's high melting point makes a
radiation-cooled target possible even with the \egh proton flux and resulting energy deposition.

The power distribution along the length of the ME@@yet is peaked within the first two to four
centimeters and slowly decays over the remaindiexatarre reflected in the temperature distribution
shown in Figure 10 for an early target design. fwgal power distribution in this figure was
approximated with a Gaussian. Note that the mamiroare temperature near the power deposition
peak is 3231 K, with a surface temperature the@laB K.
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Thermal stress analysis of the radiation-cooledlsisolid cylinder has shown that this geometry is
mechanically unstable. Redesign efforts aimeéduicing operating temperature and thermal stresses
have sought to add high emissivity coatings, dividetarget into thin slices & space them out althrey
beam, and adding to these smaller pieces slotsabaly & perpendicular to the target axis. Theiltss

of this investigation have produced a significamédgluced operating temperature, with the maximum
between 1977-2032 K on spill. This target cong$t3.0 mm slices, spaced by 8.0 mm along the beam,
assuming the surface is treated to obtain an entissif 0.9. Unfortunately, this modification of a

single rod makes the length of the target unacbéptdue to the increased complexity of the support
and greater probability for pion reabsorption. &&sh on radiation cooling continues.

The structural analysis used many different prqtetiarget types each of which consisted of 16 ¢rg lo
tungsten divided into pieces whose thickness apdragon were varied. All of the targets have ausd
of 0.4 cm. The emissivity of the target and therbg@ofile (uniform or a gaussian ef= 0.2 cm) were
also varied. The properties of tungsten, the desan of a subset of target models and the resdltise
calculation are presented in Tableedror! Reference source not found.shows the results for a target
consisting of 0.4 cm disks separated by 0.8 cm.

As can be seen in the table, it is possible toinptéth a small enough disk thickness and largeugi
spacing, a target which is mechanically stable unde beam conditions.
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The Von Mises stress criterion is also know astlagimum distortion energy critierion; in this picgy
failure occurs when the potential energy of distorreaches the same value as in yield under waiaxi
tension. The Von Mises stress is less conservétiae other commonly used measures, such as the
maximum sheer stress criterion.

Table 4: Target stresses and temperatures, on-spifior a radiation-cooled tungsten target separateéhto slices and
spread evenly along the length by 0.8 cm. Temperat and stress dependence on slice thickness andissivity are
shown here. The radiation form factor for each slie was 0.87 and the radial energy distribution is naeled by a
Gaussian. The “warm-up time” given here is the chiaacteristic time to reach a constant cycle-averagegtmperature
distribution. The stress values given are the mamium compression and tension values found for eachrget. In a
cylindrical coordinate system, with the target axisalong z, “axial” stresses are oriented along z, hbop” stresses are in

the theta direction, and radial stresses are along radius. The Von Mises stress is explained in thext.

Trail number 6 7 8 9 10 11 12
Thickness (cm) 0.8 0.4 0.4 0.2 0.1 0.4 0.4
Emissivity 0.9 0.4 0.9 0.9 0.9 0.9 0.9
Warm-up time (sec) 14 16 14 12 10 14 14
Max. temperature on-spill (K) 2396 2705 2236 2032 1803 2271 2285
Stresses (Mpa)
Axial 85.9 18.1 18.2 2.5 1.1 13.5 115.4
-95.3 -20.5 -20.0 -2.5 -0.7 -23.7 -37.8
Hoop 94.6 73.7 715 44.2 31.2 105.1 105.7
-83.7 -74.6 -72.4 -45.0 -30.0 -44.9 -26.9
Radial 44.7 23.7 23.8 1.9 1.0 58.3 34.2
-87.3 -74.5 -72.2 -45.0 30.1 -44.9 -27.0
Von Mises 82.8 70.1 67.7 43.5 30.7 89.1 95.3

However, these targets are longer overall thaessrable. We are currently investigating a tapered
target consisting of smaller radius disks upstreBins will result in smaller radial stresses du¢ai@et
size where the energy deposit is largest, but adoger radii downstream where the beam has spread
due to multiple scattering.

Overall, moving the beam position over the targaititain greater uniformity in heating [10] canuee
stresses; this subject has been studied, but snaatgh by itself. It is currently unknown how rhuc
precision the AGS operators will have running ie gnoposed MECO mode; this subject will be
revisited when accelerator performance is bettdetstood. Slicing the target along the lengthef t
rod relieves axial stress; the effect this hashenMfon Mises stress and, thus stability, is evident
comparing Figure 11 witkrror! Reference source not found. While trial 10 of Table 4 has very low
stress values, slices 0.1 cm thick and spacednd.8part is complicated to construct and support
because of the spread and curvature (due to theldd-bf the beam. Slotting at a fixed positiooraj
the length of each slice and axially can both fertteduce stresses in the target;Seer! Reference
source not found.
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1.5.2Forced Convection

A water-cooled target has been designed usingrav@lpcity water stream (turbulent) surrounding a
cylindrical target in an annular coolant channeg &igure 13. The coolant circulates in a closeg,lo
passing through a recouperative heat exchangeondeptual design of the full layout is shown in
Figure 17. In this section, we will discuss theufessof our design studies and prototype testing.

1.5.2.1 Cooling stytem overview

The current design, see Figure 13, calls for a gololatinum rod, 16.0 cm long, with a 3.0 mm ragliu
and cooling channel gap size 0.3 mm. The coolamiagoment shell is made from a high-strength
titanium alloy; it consists of five pieces: a eyrical shell, two endcaps, and inlet & outlet gip€he

wall thickness of the cylindrical shell is 0.51 nf020”) and the pipes have a 3.175 mm (0.125"¢out
diameter, wall thickness 0.55 mm (0.021"), and 2blang. The endcap details appear in Figure 14. The
target rod is held in position by three rounded &each end, shown in Figure 15, and forms the
cooling channel.

Inlet Maximum temperatu Outlet

Beam directio

Figure 13: Cross-sectional view of current target@oling design. In our design, the beam strikes aotl target end-on
from the left. The target shell, end caps, and iet & outlet pipes are made of titanium. The targehas a slight taper
at the inlet which helps reduce the operating presse; the coolant channel then narrows to 0.3 mm.
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Water Cooled Target Assembly
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Shell length: 147.3 mm
Rod length: 160 mm
Inlet & Outlet pipes: 25 cm
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7925 Shell wall thickness: .51 mm
3.195 Water gap: 31T mm
Material types
Target rod: Au or Pt
Containment shell:  Titanium
Inlet & outlet pipes:  Titanium
3.175 End caps: Titanium
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Water-Cooled Target Rod

Shell: titanium
Rod: Au, Pt, or W

0312 5.9%

shell

6.30

Side view

End view - scale = 10 x side view

Figure 15: Target rod and shell design. Note thabr the rod, current design calls for no tapered ed at the outlet.
The tube shaped “Shell” is constructed from high-sength titanium alloy. The “Rod” may be gold, tungsten, or
platinum.
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MECO Target: Au, Constant Radius Temperature Profiles
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Figure 16: Target and coolant temperature at fixedadii as a function of position along the length.The results shown
here are for a worst-case scenario, steady statedtmg, with power distribution shown in Figure 6 ard 9500 Watts
total instantaneous power.

Assuming an inlet water temperature 20 C and amettic flow rate of one gallon per minute, our
calculations, shown in Figure 16, that the maxintarget surface temperature (at the outlet) canelek h
at 71 C. Target surface temperature is given bytimee with r = 3.0 mm. The top curve, labeled
Teritical, gives the boiling point assuming 25 cm inlet antled pipes

The conceptual design shown in Figure 17 conveygémeral idea and we expect further development.
The loop is designed to be a constant flow coatiysfem. There are three monitors for temperatuge; T
(reservoir), T, (inlet), and T (outlet), two for pressure;and By, and one volumetric flow sensor

FM. The single-speed pump must provide a steady-fudsed) flow. There are many highly efficient,
reliable, low flow impedance, compact recouperafiw® separate fluid chambers) heat exchangers
commercially availablé.

Coordinated system control is essential. Flow gail@ed with two needle valves, N&d NV,. The
gate valves GYthrough G\, and DV are necessary for servicing. All valviesdd be watertight,
durable (e.qg., stainless steel), with positionaathbrs, and manual & remote control. All valvés t
pump, and heat exchanger cold side supply shoutddmdanically slaved together to ensure they are
operated properly; more importantly, the entiredesysmust have electronic control and monitoring
interlocked with the AGS. All sensors and hardwapeept the titanium assembly, will be located far
from radiation and magnetic fields; thus everythiagove” G\; and G4, including these valves,

will reside away from the PS.
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4@ Temperature, T
Gate valve, GV, £ T

Reservoir, R

Flow meter, FM @ w

Drain (Gate), DV

— Gate valve, GV,

Heater exchanger, HE

o< Filter, F,

Needle valve, NV, Needle valve, NV,

Damper, D
Temperature, T o Temperature, T
Pressure, P ot Pressure, P,
Gate valve, GV; Gate valve, GV,

Target

Figure 17: Conceptual design of the recirculating ater-cooled target system for MECO. Note the ovepressure
relief valve across the pump.

Construction and materials for coolant transporsinie selected to maintain control over coolant
leakage. Corrosion resistence, strength, radiatelding must guide material selection. Figure 1
shows 0.5-inch titanium alloy service pipes conimgcto the inlet and outlet pipes. These largpepi
extend out through the Production Solenoid vacuutkhead; see Figure 18 and Figure 19. A robotic
arm will allow remote manipulate the entire titamieitanium assembly. The water pipes that conrgect t
the target assembly and extend to the pump (to Eenthe circulation path) should be made of
corrosion resistant high-strength stainless stéetording to Figure 18 the target-circulation gyst
distance is approximately 40 feet; thus, the emstpsgem should utilize 80-90 feet of stainless|gigee.
Although schedual 80 pipes were used in the tastdssetup, proper wall thickness should be evaluate
when coolant chemistry (along with other factossheétter understood. In any case, during target
installation and removal, the two titanium and tsteel pipes must be capped until connection is made
All joints, possibly with the exception of the caution just mentioned, should be welded continuousl
to ensure proper seals.
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The amount and types of radioactive materials &eanécal compounds that are formed in the coolant
affect the size and composition of the reservoithig;reservoir may also require a level indicaasra
safety precaution. Laboratory safety guidelines eetermine the number of allowable Curies at a
specified distance from the tank, and thus itsgfesshielding may be required. Filtration needs ar
determined by the same coolant contamination fact@ntioned above. A more appropriate filter
location may be necessary.

Direct target temperature monitoring is unnecesaad/posses no additional risk in operation; #l$®
advisable due to possible risks to pion reabsanp# constant flow, water pressure and temperature
monitors will serve as sensitive indicators of stete of the target. For example, a gradual
accumulation of material in the flow channels woalsb cause an instant response and similar rise in
pressure on;P. Any narrowing of the cooling channel would prodwa greater coolant velocity, thus
raising the target cooling efficiency. A rise ardget surface temperature will result in an instesg in
Tout Of course, a complete risk assessment of the apeliatem will be required, and valid concerns
addressed before a design is finalized.

The reliability of the system shown in Figure 15 lh@en extensively tested. We have built a mobile
target test system, based on this design (withlgmadtical modifications), which we have usedéstt
full-scale target and cooling assembly prototypét) and without heating. Target heating was done
using induction heating with a radio frequency 28dtt power supply. All target testing results
presented here were performed with the equipmestrited here.

Mechanical stresses in target assembly joints antbonents are very unlikely to reach dangerous
levels. We recommend, based on our experiencenadisg numerous target prototypes, that joints be
electron beam welded, to avoid damaging or distgrtine flow channels. Compared to the importance
of proper & continuous welding of all joints, indiwal component failure is remote. We have
computed and verified the internal pressures likelge present in the full-scale coolant recirantat
system; these results are discussed below.

Surface roughness changes over time as coolantitmeguattack (interact chemically with) the target
surface. Impurities arise from target, coolant aontainment assembly materials undergoing nuclear
fragmentation when they are in direct contact \hign proton beam. This subject has not been fully
explored yet.

The material that collects in the coolant and asaentration determine how it will be handled and
stored. Tritium has a half-life of 12.3 years, mgkit one subject of possible concern. A cursaugyg
of *H production using GEANT3 [11] showed that over pienned running time 4.72E-6 moles of
tritium stop in the coolant that lies within theabahield. Less than 1% of all tritium is producsd
beam interactions in the water itself. The primamgin of tritium is due to beam particles interag
with the target. Tritium that stops in the coolaatnes, primarily, from beam-induced nuclear
fragmentation at the target surface; in fact, odlements in the cooling water also originate tay.
When tritium comes in contact with oxygen it wiblrin tritiated water, that is, one of the hydrogena
water molecule is replaced . Tritium can also form if suitably slow neutroae present, by
interacting directly with H or witfiHe. If we leave aside, for now, the neutron spectinithe
Production Solenoid region, the total tritium prodd is small enough (based on [11]) that the teitia
water concentration will not reach a maximum. Hogrewa mixture of tritium and water will result in
some hydrogen gas production, as weflkes (decay product, but not a health hazard). Tiseaéso no
danger present from hydrogen, since the conceoitratiair must rise above 4% before it is an

26



explosive risk. The low-energy electron, < 18.8 kifom *H decay can be easily shielded. We plan to
carry a complete study of coolant radiochemistryrniderstand what hazards exist and how to prevent
them.
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1.5.2.2Cooling design calculations

The flow conditions in the MECO target are necagsturbulent. That is, there is a mean (time
averaged) flow velocity at every location in theidl; but the overall flow is unstable, due to pstesnt
fluctuations locally in space and time in fluid mlent motion, boundaries, and thermodynamic
conditions. Closer to the surfaces of the watetaioment channels the fluctuations cease andule f
slows to laminar flow; continuing to the walls akéinite viscosity) fluid must come to rest.

Our chief calculation tool has been CFDesign, d Aed mass transfer program designed for solving
complex engineering problems. In all calculatioms,have tried to assume “worse case” conditions.
Thus, the water containment shell is assumed ankediabatic wall - ensuring all heat transfer sake
place in the rod and water, the instantaneous pdelerered to the rod is 9500 Watts, and is coratirsu
(not pulsed). The fact that the actual inlet towzer jacket is perpendicular to the rod has aeabd
effect on flow, pressure, and temperature in pcacths we shall see. So, for simplicity, we chdbse
boundary condition of a uniform inlet flow velociparallel to the rod. Our calculations included th
temperature dependence of all relavant physicalgit@s: viscosity, specific heat, and thermal
conductivity.

CFDesign has many features that speed the proloess éOne, in particular, is a great aid in gejtin
started: the software generates a mesh in the gp&ceishes to study heat and mass transfer; using
various algorithms to determine how many mesh pan¢ required and their distribution based on the
given the boundary conditions, geometry, and dégrecision. However, one must always vary
precision and conditions about their desired vataesssess the stability of the numerical solution.
Hence, multiple calculations are sometimes unavdéa Figure 21 illustrates how we setup our
calculations: rotational symmetry (if feet are reaged) reduces the problem to two spatial varialhes
coordinate directions are drawn, we have labeletl sarface, and the left end is the channel inlet.

Error! Reference source not found.and Figure 24 show the time averaged temperatoféep
(cylindrical coordinates, r and z) of a gold targ@&hout tapered ends. The maximum core temperature
is lowest for gold, due its high thermal condudivin this case we have a maximum temperature of
397.6 K (124.6 C). Away from the containment wtik bulk motion of the water dominates heat
transfer in the fluid; however, on a scale of tehmicrons above the target surface, the fluid nsove
very slowly and heat transfer here is diffusion dwated and thus limited by the thermal conductiaty
the water. The target surface temperature is 3507KC).

Figure 20: All design calculations assume a uniforrfluid velocity at the inlet.
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SLTURN i ic m/s Turbulent Flow
Axial Velocity, V(r,z)

Coolant containment wall

Target surface

Figure 21: Axial fluid velocity profile illustratin g the general layout of the calculations.

Error! Reference source not found.and Figure 24 show the time averaged temperatoféep
(cylindrical coordinates, r and z) of a gold targ&hout tapered ends. The maximum core temperature
is lowest for gold, due its high thermal condudivin this case we have a maximum temperature of
397.6 K (124.6 C). Away from the containment wtik bulk motion of the water dominates heat
transfer in the fluid; however, on a scale of tehmicrons above the target surface, the fluid nsove
very slowly and heat transfer here is diffusion dwated and thus limited by the thermal conductiwty
the water. The target surface temperature is 3507KC).

Good heat distribution in the coolant, particulasiyer the energy deposition maximum, means that we
must attain a turbulent condition as soon as plesaiter a fluid element enters the gap. In circdlacts
the transition from stable laminar flow to fullywd#oped turbulent flow occurs over the range of
Reynolds numbers Re: 2100-4000. The maximum viia@rvelocity in the MECO target is above

10.5 m/s, leading to a local value of Re: 12000a@450ur calculations suggest that fully developed
turbulence is attained in about 7 gap thicknessbigh is certainly adequate.
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The importance of minimizing mass in the inner bafréhe Production Solenoid makes it desirable to
have the water containment assembly as thin asgb@sisowever, restraining internal pressure drives
the design to minimize the ratio of radius to whitkness of the weakest component, the cylindrical
shell. Our calculations suggest that at one ggllemminute the pressure drop from inlet to ouslet
below 150 psi, a fact confirmed in flow test resftrototype 03) shown in Figure 31; see Figure 13
through Figure 15 for target details. A slight tajpethe rod was introduced at the inlet to redinee
pressure drop to about 110 psi. Measurements atbitnee flow rate show that the pressure drop across
each pipe is 67 psi.

The maximum gauge pressure at any point in thesysutlined in Figure 17 is expected to be below
250 psi. The half-inch titanium alloy service @peill extend out of the high radiation and magupeti
field region connect to stainless steel pipesreditey behind the iron return yoke, away from thghhi
radiation and magnetic field region between thernepsn end of the muon beamline and the beamdump.
and heat exchanger constribute less than 1-2 atreospare unlikely to raise the pressure drop acros
the recirculating pump by an amount comparabléab across the assembly, the actual operating
pressure at every point in the target assembly wistalled inside the Production Solenoid is likedy

be below approximately 300 psi. Our calculatiordicgate that tensile stresses in the water contaihm
assembly are no more than a factor 10 higher tmamiaximum pressure. Thus, since the tensile yield
stress of high-strength titanium alloys is typigdietween 100,000-200,000 psi, the system we dedign
will operate at stresses at least one-tenth thatielanit of the construction material.
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Figure 22: Temperature (K) profile for prototype 03, target with tapered inlet, water channel, and staight outlet.
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Figure 23: Prototype 03 temperature distribution (K), close-up of inlet (top) and water channel-targeinterface over
the location of maximum energy deposition (bottom).Conditions: target radius 3.0 mm, radius 0.3 mm1 gpm.
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urefHehin)

Figure 24: Magnification of coolant channel temperture distribution, revealing the thin diffusion dominated heat
transfer layer: 10-20 microns. Target surface tempmture is 350 K (77 C). Conditions: 1 gpm, targetadius 3.0 mm,
gap 0.3 mm, uniform heat flux through target surfa@ — total 9500 Watts.
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1.5.2.3Target testing system

To confirm our target design calculations and eestcoolant circulation & heat management system
design a unit was built to test target prototyses Figure 25. Our tests proceeded in two stages:
optimizing flow vs. pressure drop and then cooliegts. Six prototype designs have been testediffo
were aimed at optimizing target geometry with relgarflow, pressure, and cooling, assembly methods,
and the design of the coolant containment shelhé&ating tests. Roadmap!

MECO Water-Cooled Target Test Stand

Deionized water supply
@ Temperature, Ty

I
Globe valve, V,
Reservoir, R
Flow meter. FM

Filter, F,

Globe valve, GV,
Heater exchanger, HE

Filter, F,

Needle valve, NV, Needle valve, NV,

Damper, D

Temperature, T .y Temperature, T

Pressure, Py Pressure, P,

Target

Legend: Components not to scale

PVC pipe

exzzzmm  Flexible teflon hose with braided stainless steel cover

—— 316 stainless steel, schedule 80 pipe

OPR| Over pressure relief valve

Figure 25: Mobil target test stand. Thermistors an thermocouples proved to be useful as temperatum@onitors.
Pressure sensors proved durable and reliable, witB-300 psi, less than 1% accuracy full scale, superilinearity,
excellent repeatability, 0-30 Volts DC output, andjood shielding. The flow sensor, of the impelleype, with 0-6 V
output. Flow rate and frequency were linear to beer than 1% over 0.1-10 gpm; pressure drop acrogfe unit was
no more than 1-2 psi at 1 gpm. The rotary vane pup" produced no measurable flow pulsing. A circulatio
pumpwas placed in the reservoir to maintain a homogneous temperature (not shown).
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Test stand flow control is very simple. Whileifih the reservoir R, valves G¥nd G\, are closed,

and then opened after the deionized (preferabhjldd) water suppy is shut off. Beginning witheth
pump off, N\ is closed and NVis open. The pump is switched on, circulatingwlager through NY

and back through the pump. Clearly, at this ptiatflow meter FM reads zero flow. The desired flow
range is obtained as follows. The pressure,a@ Ry must read the same, as they are shown to be in
Figure 26. As NYis opened, R:falls. When N\{ is completely open,dzis only a few psi above
atmospheric pressure. The discontinuity in thpeslat approximately 0.6 gpm marks the beginning of
the process of closing NV

100
¢ Outlet test 01 o
90 = QOutlet test 02 °°
80 = Outlet test 03 P
e Outlet extended range o’

. 70 « Inlet test 01 So°
2 = Inlet test 02 °®
g 60 « Inlet test 03 L
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Flow (gpm)

Figure 26: Test stand operation and repeatabilityThe target is unspecified here, however the qualitave features of
the curves remain the same regardless of the targdesign. The lower curve corresponds to N)MP,:) and the upper
to NV (Pi,). The lower limit of the flow meter FM is approximately 0.1 gpm.

The heat exchanger chosen for the test stand, simkigure 27, is highly efficient, with a neglidg
pressure drop on each side. The hot side is eaghéatoperate at 1 gpm and the cold at 6-12 gpus, th
according to Figure 28 both sides experience xabtismall pressure drop, hot side <1.0 psi. Tha he
transfer coefficient of the unit, using incompreéssifluids, relates the heat flow to the differemténlet

temperatures:

P=a (Qhot ’Qcold )(Tii;m _Tiﬁmd) ’

where P has units of power, Q is volumetric floverand T is temperature.The superscripts “hot” and
“cold” refer to the side of the heat exchangere Tlbw rates, gallons per minute, are designateg.as
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Much smaller and
lighter than conventional
shell-and-tube designs

Extremely efficient
herringbone configuration

Cfr:ﬁ.ﬂer brazed for water,
E and other comman
coolants Nicksl brazed
available for high-purity
and corrosive coolants

Operales at pressures up
to 450 psig (31 bar)

Copper brazed units H 3
handle temperatures =~ ' @

up to 365°F (1B5°C) G

INTERNAL VIEW OF

LIQUID-TO-LIGUTD BRAZED
FLATE HEAT EXCHANGER

Mickel brazed units
handle temperatures
up to 660° F (350° C)

Figure 27: Lytron LL820G02: Counter-flow liquid-to- liquid 20 copper brazed plate heat exchanger.
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Figure 28: Heat exchanger pressure drop, Lytron LL20GO02. The horizontal axis is the flow rate forither fluid side,
in gallons per minute (gpm); gauge pressure is inqunds per squiare inch (psi).
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1.5.2.4Target flow tests

The first crucial series of tests was to optimirnd aharacterize the volumetric flow vs. pressure
relationship of the target geometry and coolantamoment assembly. Prototype 03 has shown the best
performance. Pressure is a quadratic functiotoef,faas shown in Figure 31. At 1.0 gpm, the press
drop across the target itself is 100 psi. A phapgrof the full-scale prototype with inlet and ettl

pipes, mounted for testing is shown in Figure 29.

,_.v-”__=_g._, ¥

Figure 29: Photograph of full-scale prototype targé shell, end caps, and 30 cm long inlet/outlet pgs.
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Target geometry must be able to accept the inleast with gradually changing surfaces that do not
create dead zones and vortices; prototype 02, &80y has both design flaws. Prototype 03, seen in
Figure 14 and Figure 15, corrects this with a tagenlet. Figure 31 compares our design calcuiatio
with experiment, which are in approximate agreem®@nt may also infer that inlet & outlet
approximations and neglecting the three-dimensioaalire of the target with “feet” were very helpful
and time-saving simplifications.
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Figure 30: Target prototype 02. Target has rightangle steps at both ends.
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Figure 31: Comparison between two target geometries
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1.5.2.5Target cooling tests

Target cooling tests were both a test of our cdatantainment assembly and our monitoring system
design. Flow rate controls pressure and temperatuat locations in the system; with the exceptbn

the reservoir, at atmospheric pressure. The drquentities to measure are the power deliverdteo
target, the maximum target surface temperatursspre drop across the target, absolute pressute, an
how the system temperature reaches steady statepdndent confirmation of these quantities sesges
a useful check during the experiment and addset@epeatability of the measurements themselves; thu
as many sensors as was practical were positiomesh@ithe coolant circuit.

A high-frequency power supply [12] designed to hesdt metal components provides good control
over target heating. Maximum power delivery to Wk piece is obtained using as high a frequency as
possible; the metal should be chosen to have mimiskin depth and the coil as many turns per unit
length as possible. Figure 32 illustrates the bemiponents involved with induction heating. Albwl
copper coil is wrapped around the work piece anmtheoted to the power source. Water flows through
the coil for cooling. When the AC power unit idisi@ted, an oscillating magnetic field generatddye
currents in the metal rod. The skin effect in nsetanfines the eddy currents to a region near the

surface. The skin depth=./2p/awu sets the length scale of this region and dependBeresistivity

p, angular frequencg, and magnetic permeability. Assuming a long coil, the power per unit area
2

delivered to the rod B/ A, = p;o f(R,,

Arod = 2IMRrog Acoil. The function of the ratio of rod radius to skin thefs an expression involving Bessel
functions, which need not concern us now[13, 14 Tagnetic field of the coil is not uniform or
simple; however, as for all solenoids, its sizeat®s on the number of coil turns per unit lengties

the colil current.

/ d), with the surface area of the rod covered by tike c

I

RN
-
-

'I

Figure 32: Example of induction heating. Note therare two separate coils in this picture.
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Another important benefit of induction heating athfrequencies is that it greatly simplifies targe
surface temperature measurements. For a very saial ofd/R;.q, the temperature profile in radius is
constant for most of the body of the target, exespdn draws within a few skin depths of the s@fac
(neglecting end effects). The height of the dmopfemperature as the surface is approached faillseas
ratio &/Roq. The frequency of the power supply was 175 kHz &eddrget material was selected to
have a high permeability/po = 2050, giving a skin depth at this frequency of 0.018 nSulving
Maxwells equations to obtain the eddy current dgrier a long coil and rod, one can compute the
power deposition distribution. The heat condugguation, when solved, yields the temperature
distribution relative to the surface temperatuigufe 33 shows the result of our calculation. butle
temperature varies very little inside the rod amperature sensor positioning is not crucial.

Q 0.4 : T T . T T T . T T l T T T . T T '|:
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Figure 33: Target temperature (relative to that atthe surface) computed solving Maxwells equations drthe heat
equation for induction heating. Position (horizonal axis) is measured from the target surface, for aylinder of the
same size as the target, made of permalloy. Alstofted is the actual power distribution shaped by the skin depth.

Induction heating required the coolant containnassembly to be redesigned. Delrin was the natural
choice for the shell. It is a high strength plastised to make pump gears, and other applicatinats
require geometrically stable parts while under laeat stress. It has a very small coefficient of
expansion up to 82.2 C, with a density slightlyslé#san water, 0.95 g/cmFigure 34 shows the entire
cooling unit, without the inlet and outlet fittingsd plastic tubing to substitute for the 25 crrepiplrhe
cylindrical cavity housing the target and flow chahhad to be gun drilled, since the radius hauokto
accurate to one mil (0.001”) over approximatelyénes. The endcaps were threaded and gasketed for
a tight seal; the one at the outlet had a narrde tidlled in it to accomodate a temperature sensor
inside the target.
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Delrin Cylindrical Cooling Shell: Induction Heating Tests

Prototype 5

Units: inches

End Caps to be threaded into body. -

Body has circular cross-section. | 0.310™ (1/16 NPT (F))
Swagelok inlet/outlet - (1/16 NPT (M) Part Number NY-400-1-1)

Threaded surfaces: NPT (F) A & B, Standard C & D.
0.060"

aToaso i
/ p L T L e
1.450" ! !
: < T €4’/
0.060 /[ b 0.270" T 0.400"
0.190"

0.590"
6.300"

7.800"

8.980"

Side View

Figure 34: Design drawing of Delrin cooling shelldr induction heating tests. Correction: only one edcap has a hole
drilled init. The inlet and outlet are designatel by “A” and “B” and are designed to accept NPT threaded plastic
compression fittings.

It is particularly important to install the targetmperature sensor correctly. The primary cone&rs to
insure that the sensor did not come in contact wethlant. The solution was to seal the sensodénsi
the target and endcap (which extended up to tiget@nd). However, this raised a second condeen, t
rod and endcap had to be centered properly, oteersarewing the endcap down could drag the target
feet over the carefully machined target cavity ywalbdifying the flow channel. Figure 35 shows a
delrin tube for maintaining allignment of the caglaod. The delrin endcap and tube, target rod, an
temperature sensor are glued together as a singjecare full attention was paid to filling all ids

with glue. Note that unrelated features of theand cap were not included in the drawing.

Foremost in the list of tasks is to be certain pogaa be measured and controlled; there are theses a
we have investigated which could help adjust powewer unit output control, target material choice,
and coil design. As Table 5 shows, the vacuum tabéel Lepel 20 power unit (rated at 20 kWatts)
delivered about 15% of the power sought. Probnedfield further revealed that the design freqyenc
475 kHz, was unobtainable, nor was the maximumeaitirrHowever, this did not prevent making the
measurements listed abadVe.Varying target materials can also increase palgposition. Target rods
were machined using Iron (100% Fe), Nickle AlloyoA€Commercially pure Ni), Nickle alloy HX
(47.5% Ni, 18.5% Fe, 21.8% Cr), and Permalloy (388650% Ni); these were selected as most likely
to attain as high a magnetic permeability as ptessibhigh magnetic fields and frequencies. Thetmo
successful target rods were iron and Permalloyl. €@mistruction is also fundamental to controlling
power. The coil was constructed from copper tubuith 0.635 cm OD and 0.483 cm ID (standard %4”
copper tubing), wrapped with electrical tape faulation, and coiled tightly around the unit shdawn
Figure 34 from endcap to endcap; acheiving 152sfurn The inductance, not including the targetisod
approximately 1QuH . Further improvement in coil design may be possible.

44



We compared three methods for measuring powefirgies entirely independent of the second and
third. The manufacturer, design, and type of thstons used in the first test were also completely
different from the second and third. We will uee same notation from Figure 25 to be completely
clear what sensors were used. In all cases werahagtempted to account for heat lose to the
environment.

Delrin Endcap

0.1256" ’I I —){ }(— 0.0625"
¥ | TF

0

1396" |
L J 2.395"
i . P

0.125"

Delrin Tube

7. 769"
Metal Target Rod

¥

Figure 35: Target temperature sensor mounting asseloly. The design shown here is slightly improved @r the actual
sensor assembly used in the first heating tests. &fdelrin tube provides proper centering and stabity for the cap and
rod. The tube OD was made slightly smaller and th&D slightly larger to accommodate gluing the threepieces shown
and sensor together. The exact sensor tip positi@ould be varied from 0-1" from the end for the rod.

The difference between the target inlet and otdletperatures is the most direct measure of power;
thus,P = pc Q,.(T,..—T,,) » Where gis the specific heat of the coolant gmt the mass densityhe

out
streams in and out of the target were assumedrubed. An example of the data collected with
constant power, as a function of time is given in

Figure 36. The average temperature differenceSMa€, in other words, 1425 Watts.
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If the reservoir is suitably mixed, so that the pemature is the same throughout the reservoir, tthen
sensor labeledglcan be used to measure power. The first simpdyg tlee measured temperature rise in
the reservoir (neglecting the small amount of wptesent in the pipes). So we have

P= pCPVR (TFEi”f’“ _Tli?nitial ) /(tfinal _tinitial)’

where “initial” and “final” refer to the times whehe power unit was switched on and off. Finalhg t
slope in the temperature rise may also be used:
dT,
P=pcV;—=.
The results of these calculations are shown iné&blGiven that the power unit showed some
instability in output and the later revelations abthe state of the device, the results from tieeth
different calculations may be considered to beourgh agreement.

Table 5: Power deposition: First cooling tests of qptotype 03 using two different target metals. Thgower unit was a
vacuum tube model Lepel 20, designed to provide 2@Vatt at 475 kHz. However, its actual performancevas
significantly lower. The frequency was verified oberved to be 175 kHz. The volume of water used all tests was
about Vr = 23.5 gallons

Target] Gap] Target | Power ]| Mean ] Mean|] Target Temp Measured Measured | Measured ]| Average
size Rod unit | flow | pres. | Internal Rise Power Power Power of three
Material | setting] rate Temp Difference: | Difference: | Res. Temp.] Slope of | methods
Outlet - Inlet | Outlet - Inlet] Change | Res. Probe
# mm % gpm | psig deg C deg C Watts Watts Watts Watts
1 0.41 | Permalloy 50 0.99 | 118 0.2 64 319 351 245
1 0.41 | Permalloy 60 1.16 118 1.6 490 487 517 498
1 0.41 ] Permalloy 70 1.00 | 108 2.5 658 717 813 730
1 0.41 ] Permalloy 80 1.00 46.2 3.7 974 869 1193 1012
1 0.41 | Permalloy 80 1.00 3.8 1005 1017 1211 1077
1 0.41 | Permalloy 80 1.01 100 3.7 995 1058 1175 1076
1 0.41 ]| Permalloy 90 0.99 98 4.3 1129 1197 1296 1208
1 0.41 | Permalloy 100 0.98 54.1 5.5 1428 1324 1331 1361
1 0.41 ]| Permalloy 100 0.99 53.0 5.8 1518 1379 1412 1436
1 0.41 | Permalloy 100 0.99 42.3 5.4 1408 1343 1278 1343
3 0.30 Iron 100 0.93 | 201 6.5 1601 1740 1587 1643

Target surface temperature was straight-forewarddasure. The target sensor was a thermistor
encased in the epoxy used to assemble the targiae, centering tube, and sensor into a singke ltini
was confirmed that the sensor wires were not stiavith the target. Due to pressure limitatiomshaf
plastic water containment shell, cooling tests werdormed with a 0.4 mm gap rather than 0.3 mm, fo
the most part. The sensor was positioned 1.9 dmnom the target end (In future this will be made
smaller). The coolant conditions were 1.0 gpm\aiild a pressure drop across the target of 125qpsi f
the Permalloy tests at 100% power. The differdseteveen the target temperature and the inlet water

temperature is shown in Figure 37. The averaderdifice isT. -T2 =21.0 C, with a target power

target target™
of about F};),get =1425 Watt:. A close upper limit to target outlet surface parature can be gotten from
Pl
the expression for other power leveTg; .= T+ (T oo T o I

target
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(FO5) Target 01 - High Permeability Alloy - 100% power

10 \ ¢ Outlet - Inlet

Temperature (C)
(6] [e)]
L 4
&

4
3 .
2
.
l A
0 F %
0 100 200 300 400 500 600 700 800 900

Time (sec)

Figure 36: Power deposition measurement for Permally — Carpenter high permeability alloy 49. The sesors, T, and
Tou, Were identical. The average step in temperaturis approximately 5.5 C, with a flow rate of 0.98 gpm.

arget - Hi ermeabillit oy - bpower
(FO5) Target 01 - High P bility Alloy - 100% p

25 ! ¢ Target - Inlet l_

20 #@%‘M—
— *
O 15
© .
=]
T 10 *
g
= *
e 5 *
<
(g Sw——, | S
-5 : : : : : : : :
0 100 200 300 400 500 600 700 800 900

Time (sec)

Figure 37: Upper limit to the target surface tempeature minus the inlet temperature of the coolant.
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Scaled up to MECOR,,., = 7550 Watts, we haveT,, . .=T;+111.0 C. Figure 16 assumes an inlet

coolant temperature of 20 C. Even though outlgase temperature is certainly below the likely
temperature limit, MECO would not run undertheseditions. The iron target had a gap of 0.3 mm,
flow rate 0.93 gpm, and pressure drop 201 psi. tatget-inlet temperature difference is

To .~ To .=9.5C; scaling to MECO we hav&., . =T:+42.0C. To compare to Figure 16, we must

target target

scale top! =9500 Watts, yielding T}, .. =T +53.3 C; however, our cooling calculations suggest

target —
only a 40 C rise. Gap size, flowrate, and cootpated are closely related. The larger gap sizé mos
certainly lead to lower coolant speeds and thubkdrigurface temperatures. However, there is aatruc
performance-reducing feature that became eviden¢ siowly.

Close examination of the Delrin shell with reveadileat the inlet and outlet fittings were miss-aégn
with the inlet and outlet holes drilled throughthe target cavity. The difference was slight, wat
have learned that steps, rather than smooth ttamsjtead to vortex motion and dead zones, which
ultimately narrow the flow channel at the geomaeiricansition and slow the fluid down. The effe@swv
sever enough to cause some visible cavitationmalely, a different approach to mating the
compression fittings to the shell will be requiteefore the next round of cooling tests.
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1.6 Installation and Removal

Figure 38 shows the all-titanium target shell amdiise pipe assembly fully in place in the Produgati
Solenoid. The system rigidity is due to the metaks braces spaced along the large diameter pipes.
The braces are shaped to fit into the dovetail@lobut of the heat shield, which supports thgdar
assembly securely. The sensitivity of target pmsitnder normal heating conditions is currentlgdemn
study. However, prototype tests using a “non-pgfsrotary vane pump and slightly longer inlet/euit!
and support pipes, indicate that coolant circufatisthout heating does not cause significant vibres.

Over the lifetime of the MECO facility the produmti target will require periodic disassembly and
detailed mechanical inspection. In addition, spargets require removeal & storage, and replacemen
units installed. Target manipulation will be acg@ished using a simple robotic arm mounted on the
shielding blocks forming the roof over the ProdartSolenoid. Once in position, there are threenmai
steps to target installation, shown in Figure 38ulgh Figure 41, below.

Figure 38: Target & service pipes fully installed. The target assembly is made rigid with steel credraces between
the larger diameter service input and return pipes.Hanging in a dovetail slot cut out of the heat shld supports the
arrangement.
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Figure 39: Step 1, target insertion through vacuunport. Top shows entire production solenoid; bottononly the
down-stream end of the top picture; the target is rore clearly visible.
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Figure 40: Step 2, lowering the target & service jpie structure to line up with the dovetail slot in he shield.

Figure 41: Step 3, target in final position and vagum port closed.

Step 1 of installation is completed once the taagsembly is brought into the orientation shown in
Figure 39; in this case, the target undergoesgieshorizontal translation, with the target passing
through the vacuum port and finally positioned jauside the port. Step 2 is a linear translation
downwards, until the large-diameter service pigss$ on the bottom edge of the port and the first
crossbrace on the upstream end of the large mdesed up with the dovetail slot. Step 3 is &é&n
translation parallel to the solenoid axis. Thepss complete when the leading crossbrace redbbes
end of the slot, and the vacuum plate is sealed.
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' Alpha Laval; US representative: Air Treatment Gogtion, 807 South Lemon Avenue, Walnut, CA 9178%®-831-3260,
(FAX) 949-349-0304http://alphalaval.conjpedersen@airtreatment.corhytron, Inc., 55 Dragon Court, Wobum, MA
01801, 781-933-730Gittp://www.lytron.com brollins@lytron.com

" Teel carbonator-mount rotary vane pump, 316 stambteel body, max. pressure 240 psi, max. temaperz0 C; Dayton
capacitor-start C-face ¥ hp electric motor.

" Induction Heat Treet, Co., Huntington Beach CAedithe Lepel 20kWatt unit on their shop floor, galowever,
demands on its specific performance wer rare, aflatlts owners deemed this fifty-year old equentreliable. The decline
in performance was unknown to them; our work atguadought it to their attention. Service persorenfirmed our
conclusions and it was deemed more economicaltite tais particular unit rather than repair it.
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