High-Power Targets for Superbeams and Neutrino Factories

(and Muon Colliders)

K.T. McDonald
Princeton U.
NuFact08
Valencia, July 3, 2008

Targetry Web Page:
http://puhepl.princeton.edu/mumu/target/
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Topics Covered (as per NuFactO8 Organizers)

Can solid target vs. liquid target survive Superbeam and/or Neutrino Factory beam
structure at 2-4 MW?

What additional experimental results are needed to make a choice of Superbeam and
Neutrino Factory target?

Presentation:
Introduction
Comments
51 backup slides for discussion
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The Context

- Physics: Nature presents us with the opportunity to explore the richness of the
mixing of massive neutrinos using neutrino beams: Mass hierarchy, sin®6,5, ¢Pviolation.

- Neutrino Beams:
- Superbeam neutrinos from * - y v, (7,) (Pions from pA — 77 X. )
- Factory neutrinos from 4" — e v e(v ) (Muons from 7*~ = v, (V). )

- Detectors: Cheapest large detectors are calorimeters with no magnetic field.
= Cheapest to study v, — v, oscillations with a sign-selected source.
= Long time to study both neutrino and antineutrino oscillations.

Alternatives to permit simultaneous studies of neutrinos and antineutrinos:

- Magnetized iron calorimeter with Neutrino Factory (u* only).

- Magnetized liquid argon detector with Superbeam and/or Neutrino Factory.
(Only magnetized fine-grain detector {LAr, TASD, ..] can distinguish e*.)
(Neutrino Factory needs magnetized detector even if sign-selected beam.)
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Targetry

The exciting results from atmospheric, solar and reactor neutrino programs (Super-K,
SNO, Borexino, KamLAND, ...) reinforce the opportunity for neutrino physics with intense
accelerator neutrino beams, where targetry is a major challenge.

Targetry = the task of producing and capturing ©'s and p's from proton interactions
with a nuclear target.

NN,

m,
A

At a muon collider the key parameter is luminosity: .£ =
= Gain as square of source strength (targetry) [but small beam area (cooling) is also critical].

At a neutrino superbeam and a neutrino factory the key parameter is neutrino flux,

— Source strength (targetry) is of pre-eminent concern.
[Beam cooling important mainly to be sure the beam fits in the pipe.]
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The Target is Pivotal between a Proton Driver and v or u Beams

MUON COLLIDER

TEST FACILITY NEUTRINO
/) or FACTORY
l O Collider PROJECT
Recycler Main Injector Rebunch R&DHEHD
| 8 GeV 5C Linac , (Q)—Decay_Cool J Pre-Accel (3 o
Q Tlar—"get Phase Rot. 0.2-0.8 ﬂg“"‘ GeV)
& Bunch GeV e
o PROJECTX Y
A Muon Collider is an energy-frontier 4 g 3 Ring
particle-physics facility (that also 6D Cooling © © ‘:
produces lots of high-energy v's). EXISTING FACILITIES v
Higher mass of muon (]
. . : e B
= Better defined initial state miianies § Far Detector
+A- : 1.5 TeVY ] at Homestake
‘rhan.e e at high energy. MUON COLLIDER Muon Acc
A muon lives ~ 1000 turns. e
Need lots of muons to have enough Collider Ring O—A
luminosity for physics.
Need a production target that can B Mors e
survive multmegawatt proton 4 TeV
beams. MUON COLLIDER Larger ring
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High-Power Targets Essential for Many Future Facilities
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2-4 MW Proton Beams

- 10-50 GeV beam energy appropriate for Superbeams, Neutrino Factories and Muon Colliders.
0 0.8-2.5 x 10% pps; 0.8-2.5 x 1022 protons per year of 107 s.

* Rep rate 15-50 Hz at Neutrino Factory/Muon Collider, as low as = 2 Hz for Superbeam.
= Protons per pulse from 1.6 x 10'3 10 1.25 x 10%°,
= Energy per pulse from 80 kJ to 2 MJ.

- Small beam size preferred:
~ 0.1 cm? for Neutrino Factory/Muon Collider, ~ 0.2 cm? for Superbeam.

* Pulse width ~ 1 us OK for Superbeam, but ~ 1 ns desired for Neutrino Factory/Muon Collider.

— Severe materials issues for target AND beam dump.
* Radiation Damage.
- Melting.
» Cracking (due to single-pulse "thermal shock").

- MW energy dissipation requires liquid coolant somewhere in system!
= No such thing as "solid target only option” at this power level.

K. McDonald NuFact08
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Radiation Damage

The lifetime dose against radiation damage (embrittlement, cracking, ....) by protons
for most solids is about 10%2/cm?2.

— Target lifetime of about 5-14 days at a 4-MW Neutrino Factory
(and 9-28 days at a 2-MW Superbeam).

= Mitigate by frequent target changes, moving target, liquid target, ...
[Mitigated in some materials by annealing/operation at elevated temperature.]
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Remember the Beam Dump

Target of 2 interaction lengths = 1/7 of beam is passed on to the beam dump.
— Energy deposited in dump by primary protons is same as in target.

Long distance from target to dump at a Superbeam,
— Beam is much less focused at the dump than at the targeft,
— Radiation damage to the dump not a critical issue (Superbeam).

Short distance from target to dump at a Neutrino Factory/Muon Collider,
= Beam still tightly focused at the dump,

= Frequent changes of the beam dump, or a moving dump, or a liquid dump.

A liquid beam dump is the most plausible option for a Neutrino Factory, independent
of the choice of target. (This is so even for a 1-MW Neutrino Factory.)

The proton beam should be tilted with respect to the axis of the capture system at a
Neutrino Factory, so that the beam dump does not absorb the captured «'s and p's.
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Target and Capture Topologies: Toroidal Horn

The traditional topology for efficient capture of secondary pions is a toroidal *horn”
(Van der Meer, 1961).
- Collects only one sign, = Longer data runs, but nonmagnetic detector (Superbeam).
* Inner conductor of toroid very close to proton beam.
— Limited life due to radiation damage at 4 MW.
= Beam, and beam dump, along magnetic axis.
= More compatible with Superbeam than with Neutrino Factory/Muon Collider.

0.75-MW Gr‘aphl’re target with He gas cooling Mer'cur'y Je’r ’rar'ge‘r (CERN SPL study):

(T2K): 2.2 GV

at AMW
50 Hz
operation

Protons

If desire secondary pions with E_< 5 GeV (Neutrino Factory), a high-Z target is
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Target and Capture Topologies: Solenoid

Desire ~ 1014 /s from ~ 10!° p/s (~ 4 MW proton beam).
Highest rate u* beam to date: PSI uE4 with ~ 10° /s from =~ 10% p/s at 600 MeV.

= Some R&D needed! R. Palmer (BNL)
Palmer (1994) proposed a solenoidal capture Neutrino Factory Study 2
system.
Low-energy n's collected from side of long, thin 100 [- SC Coils
cylindrical target. 0 [ J——
Collects both signs of n's and p's, =50 o . Coils ————
— Shorter data runs (with magnetic detector). % : Hg Containment _
. . . = =l Be Window
Solenoid coils can be some distance from proton 0 [~ e
b I “:'hl: _
eam. ~Ig Poa
— > 4-year life against radiation damage at 4 50 —_—
MW.  J——
Te :g_-n—':‘—-el--li‘—uaguel-?e" | -100 —
Proton beam readily tilted with respect to | | | |
magnetic axis. 0 950 500 750
— Beam dump (mercury pool) out of the way of length  (cm)
secondary n's and u's.
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Solenoid Capture System for a Superbeam

* Pions produced on axis inside the (uniform) solenoid have zero canonical angular
momentum=r(F +ed,/c)=0, = P =0 on exiting the solenoid.

* If the pion has made exactly 1/2 turn on its helix when it reaches the end of the
solenoid, then its initial P, has been rotated into a pure P, = P, = 0 on exiting

the solenoid. o
= Point-to-parallel focusing for Y. /P}W PLo> \ P,=eBd/3nc P,=eBd/nc
P_=eBd/(2n+1) mc. {\ B
—=Narrowband (less background) ( P —p - ’ ’ L J_ S
. . r 1,0 target magnetlf:
neutrino beams of energies \ L=0 , s ,
P eBd ~ o -
2 (2n+D)27c (KTM, physics/0312022)
= Can study several neutrino
oscillation peaks at once,
1_27M223[6V2] Llkm] (2n+D)rx Study both vandv at the same time.
E [GeV] N o) ' — Detector must identify sign of 1 and e.
. — Magnetized liquid argon TPC [TASD?].
(MGPCIGHO, hep—ph/0108181) (GSTI"O'ph/OIO5442)
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Simulation of Solenoid Horn
(H. Kirk and R. Palmer, NuFACTOQ6)

B vs. z for 3 + 30 m solenoid:

Horn and Solenoid Collection

- 0.0001 T T
3m/30m Solenoid Field . . £ Solenoid ——
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o £
(] ~
m 3 4005
g10} o
g £ 2e-05 |
(O]
O . . . Z 0 '] '] L
0 5 10 15 20 0 2 4 6 8 10
Axial Length, m Neutrino Energy, GeV
0 Pﬁ minimized at selected Ptot' Horn and Solenoid Collection
' 0.0001 r r r
Stepped Taper E Solenoid
1.2 T | — T T T T T T . — Horn
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Results very encouraging, but comparison with toroid horn needs COHfir'mGTion.e@@“"“\“'Fﬁbr%
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Target Options

- Static Solid Targets
- Graphite (or carbon composite) cooled by water/gas/radiation [CNGS, NuMI, T2K]
- Tungsten or Tantalum (discs/rods/beads) cooled by water/gas [PSI, LANL]

* Moving Solid Targets
- Rotating wheels/cylinders cooled (or heated!) off to side [SLD, FNAL p, Bennett]
- Continuous or discrete belts/chains [King]
- Flowing powder [Densham]

* Flowing liquid in a vessel with beam windows [SNS, ESS]

* Free liquid jet [Neutrino Factory Study 2]
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Static Solid Targets

Pros:
- Tried and true - for low power beams.
- Will likely survive "thermal shock” of long beam pulses at 2 MW (Superbeam).

Cons:

- Radiation damage will lead to reduced particle production/mechanical failure on
the scale of a few weeks at 2 MW.

- If liquid cooled, leakage of radioactive coolant anywhere in the system is
potentially more troublesome than breakup of a radioactive solid.

— Must consider a "moving target” later if not sooner.

R&D: Test targets to failure in high-power beams to determine actual operational
limits.
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Moving Solid Targets

Pros:
- Can avoid radiation damage limit of static solid targets.
- Will likely survive "thermal shock” of long beam pulses at 2 MW (Superbeam).

Cons:

- Target geometry not very compatible with neutrino "horns” except when target
is upstream of horn (high energy v's: CNGS, NuMI).

- If liquid cooled, leakage of radioactive coolant anywhere in the system is
potentially more troublesome than breakup of a radioactive solid.

R&D:
- Engineering to clarify compatibility with a target station for Superbeams.
- Lab studies of erosion of nozzle by powders.

Personal view: this option is incompatible with Neutrino Factories.
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Flowing Liquids in Vessels

Pros:
- The liquid flows through well-defined pipes.
- Radiation damage to the liquid is not an issue.

Cons:

- The vessel must include static solid beam windows, whose lifetime will be very
short in the small proton spot sizes needed at Superbeams and Neutrino
Factories.

- Cavitation in the liquid next to the beam windows is extremely destructive.

- Leakage of radioactive liquid anywhere in the system is potentially more
troublesome than breakup of a radioactive solid.

R&D: This option is not very plausible for Superbeams and Neutrino Factories, and
ho R&D is advocated.
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Free Liquid Jet Targets

Pros:
- No static solid window in the intense proton beam.
- Radiation damage to the liquid is not an issue.

Cons:
- Never used before as a production target.

- Leakage of radioactive liquid anywhere in the system is potentially more
troublesome than breakup of a radioactive solid.

R&D: Proof of principle of a free liquid jet target has been established by the
CERN MERIT Experiment. R&D would be useful to improve the jet quality, and
to advance our understanding of systems design issues.

Personal view: This option deserves its status as the baseline for Neutrino Factories and Muon
Colliders. For Superbeams that will be limited to less than 2 MW, static solid targets
continue o be appealing.
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Thermal Issues for Solid Targets, T

The quest for efficient capture of secondary pions precludes traditional schemes to cool a
solid target by a liquid. (Absorption by plumbing; cavitation of liquid.)

A solid, radiation-cooled stationary target in a 4-MW beam will equilibrate at about 2500 C.
— Carbon is only candidate for this type of target.

Carbon target must be in He atmosphere

t blimation.
0 suppress sublimation A moving band target (Ta, W, ...) could be

(Neutrino Factory Study 1) considered (if capture system is toroidal).

Support Tube r'oTaTind —

15 cm

toroid magnetically
levitated and driven
by linear motors

solenoid

magnet
toroid at 2300 K radiates

heat to water-cooled
surroundings

B. King (BNL), R. Bennett (RAL)

proton beam

NuFact08 4?-5( (
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Thermal Issues for Solid Targets, II

When beam pulse length ¢ is less than target radius r divided by speed of sound v beam-induced

. . sound~
pressure waves (thermal shock) are a major issue.

Simple model: if U = beam energy deposition in, say, Joules/g, then the instantaneous temperature rise AT
is given by U
AT = ek where C = heat\ capacity in Joules/g/K.

The temperature rise leads to a strain Ar / r given by

— =0oAT =—, where o = thermal expansion coefficient.

The strain leads to a stress P (= force/areaq) given by

P:EAr:EaU’
v C

In many metals, the tensile strength obeys P ~ 0.002 E, a. 105, and C ~ 0.3 J/g/K, in which case
PC 0.002-0.3
Umax ~ ~ -5
Eo 10

— Best candidates for solid targets have high strength (Vascomax, Inconel, TiAl6V4) and/or low thermal
expansion (Superinvar, Toyota "gum metal”, carbon-carbon composite).

where E = modulus of elasticity.

~ 60 J/q.
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How Much Beam Power Can a Solid Target Stand?

How many protons are required to deposit 60 J/g in a material?

What is the maximum beam power P this material can withstand without cracking, for a 10-GeV beam at
10 Hz with area 0.1 cm2.

Ans: If we ignhore "showers” in the material, we still have dE/dx ionization loss, of about 1.5 MeV/g/cm?2.

Now, 1.5 MeV = 2.46 x 1013 J, so 60 J/g requires a proton beam intensity of
60 /(2.4 x 10-3) = 2.4 x 10%/cm?.

S0, Prax =10 Hz - 100 eV - 1.6 x 100 J/eV - 2.4 x 10" /ecm? - 0.1 cm2 = 4 x 10° J/s = 0.4 MW.

If solid targets crack under singles pulses of 60 J/g,
then safe up to only 0.4 MW beam power!

Empirical evidence is that some materials survive 500-1000 J/g
= May survive 4 MW if rep rate > 10 Hz.

Ni target in FNAL P source: “damaged but not failed"
peak energy deposition of 1500 J/g.

K. McDonald NuFact08




A Carbon Target is Feasible at 1-2 MW Beam Power

NUMI TARGET DESIGN

Y T NEUTRINO-FACTORY TARGET DESIGN
i arget Tooth
X Exit Beam
Beam
Aluminum Plate
Lol 1
/ Incident Beam
Water Coolant /

Channels Cylindrical Graphite Target

HASSANEIN (ANL)

Low energy deposition per gram and low thermal-expansion coefficient reduce thermal "shock” in carbon.

Operating temperature > 2000 C if use only radiation cooling.

A carbon target in vacuum would sublimate away in 1 day at 4 MW, but sublimation of carbon is negligible
in a helium atmosphere.

Radiation damage is limiting factor: ~ 12 weeks (?) at 1 MW,

— Carbon target is baseline design for most neutrino superbeams.}

Useful pion capture increased by compact, high-Z target, = Continued R&D on solid targets.
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Radiation Damage Studies at BNL (Simos)

to AGS BOOSTER -/ g /

BLIP
Target Station

Irradiation takes
place at BLIP
using 200 MeV or
117 MeV protons at
the end of Linac

Proton Energy (MeV) 66-200
Pulse Current 37 mA
Pulse Rate 7.5 Hz

Pulse Width 525 us
Maximum Current 146 pA
Typical Current 80 pA

Beam Lines 1

Remotely operated mechanical

Post-irradiation analysis at testing system

BNL Hot Labs

Thermal Expansion/Heat
Capacity Measuring System
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Recent/Ongoing Solid Target Projects

MiniBooNE Horn Target

Up to 5 x 10'2 8-GeV protons. NUMI Target Upgrade

Up to 1.5 x 10'* 120-GeV protons every 1.4 s.
Beam ¢ = 1.5 mm.
Designed for 1-2 MW.
Graphite + water cooling.  owwwocsshgg

Survived 108 pulses.
Gas-cooled Be target.
30 kW beam power.

CNGS Target System
Up to 7 x 1013 400-GeV protons every 6 s. JPARC Hor'n Target
Beam ¢ = 0.5 mm.

5 interchangeable graphite targets.

Beam o = 4 mm.
Designed for 0.75 MW.

Designed for 0.75 MW.
Gr‘aphlfe + He gas cooling.

.........

WA AW

\ ‘[M-l\

Up to 4 x 10 50-GeV protons every 4 s.

Pulsed-Current Studies of Ta & W
Wires at RAL (R.Bennett et al)

otbgraph of the tantalum wire showing
aracteristic wigglesbefore failure.

e

Tungsten wire survived ~ 108 pulses equivalent )
to a 2 MW beam on a 5-cm-diameter target. solenoids

—— Xg

T o~ ™
The target bars are M

connected by links -

like a bicycle chain. =

—
— o mm——

Flowing Tungsten Powder Targets
(C.Densham et al, RAL)

Jet velocity ~ 10 m/s, density ~ 6 g/cm? /

o
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Tungsten Powder Jet R&D at RAL (Densham et al.)

Helium

Tungsten
powder
hopper

Helium

Powder jet target plant -
outline layout (S)

| EXHAUSTER

—§ GAS
. COOLER
POWDER
COOLER v~ 15 m/s on top
30 cm
COMPRESSOR AIR
L 5 LIFT
’ Q POWDER JET
|1’:D=-==ﬁ \ v = 15 m/s on bottom
NOZZLE / / —— Gas
—t POWDER
SOLENOID BOR RECEIVER —— FLUIDISED
M"V"C PRODUCT
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Beam-Induced Cavitation in Liquids Can Break Pipes

ISOLDE: Cavitation pitting of SS wall surrounding Hg target
il after 100 pulses (SNS):

TL - High Power Target
Specimen # 29754
Equivalent SNS Power Level = 2.5

Mitigate(?) by gas buffer = free Hg surface:

) :
Protons 0 owing mercury
- 60 HelBeamYdynamic forces  Hg
N gan values)
Q/) Reynolds stresses

Water jacket of NuMI target developed a leak after ~ 1 month.

Perhaps due to beam-induced cavitation.
Ceramic drainpipe/voltage standoff of water cooling system of CNGS horn failed after 2 days

operation at high beam power. (Not directly a beam-induced failure.)

3 — Use free liquid jet if possible. ey Fao"’z
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—TRON CORE
REPLACEABLE HOZZLE ——, %

AMAERT —— HOLLOW CORE

Neutrino Factory Feasibility Study 2 N =

5 HOLLOW CORE
HERCURY SUPPLY — - MAGHET 2
TUBE 3

—HOLLOH CORE

Infrastructure studies based on SNS mercury target experience. emgron s

ORNL/TM-2001/124, P. Spampinato et al.
http://www.hep.princeton.edu/~mcdonald/mumu/target/tm-2001-124 pdf

Z_ MAGNET SUPPLY ‘
LINES 7

MAGHET SUPPORT ——'
IND SHIELD CASTHG

Should be extended during the Muon Collider Feasibility Study.

TARGET INTERACTION —/
REGION

OVERHEAD MAMNIPULATOR

——OVERHERD GRNTRY
: CRENE ( 30TOH)

—— HATHTENAHCE

HLOW
| CONTROL —

TYPICAL STACKED
SHIELDING

DECAY CHAHMEL /

SRYOSTATS HAIH CRYOSTAT
(TARGET REGIOH})

. VBIVES = HPAT EXCHANGER—
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Features of the Study 2 Target Design

Mercury jet with 1-cm diameter, 20 m/s velocity, at 100 mrad to magnetic axis.
4-MW, 24-GeV, 50-Hz proton beam (2 x 10!3 p/pulse) at 67 mrad to magnetic axis.

Iron plug at upstream end of capture solenoid to reduce fringe-field effect on shape of
free jet.

Mercury collected in a pool in ~ 4 T magnetic field.
Issues: Distortion of jet by magnetic field.
Disruption of jet by proton beam.

< MAGNET SUPPLY ‘
LINES

MAGHET SUPPORT —
IND SHIELD CASING

TARGET INTERACTIOH it
REGIOH

K. McDonald NuFact08




Beam-Induced Effects on a Free Liquid Jet

Beam energy deposition may disperse the jeft.

FRONTIER simulation predicts breakup via filamentation on mm scale: R. Samulyak (BNL)

 after the third proton pulse

Brookhaven Science Associates BROOKHRVEN Bl Ealnes A ssocbi _—
U.S. Department of Energy NATIONAL [ABORATORY (DS St sri SEEnsray NE%I\IEI[(‘HHE.HEH‘

Water jet ripples generated by a
8 mJ Laser cavitation bubble

Laser-induced breakup
of a water jet:

J. Lettry (CERN)
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Mercury Target Tests (BNL-CERN, 2001-2002)

Mercury thimble:

Mercury
Jet

Data: vy ~10 m/s for U~ 25 J/q. :

dispersal f . g Model: . oA U
Vgispersal APPeArs to scale with proton intensity. Vaispersal = 3= T T TS
The dispersal is not destructive. U5 1/ o
Filaments appear only ~ 40 us after beam, S e

— After several bounces of waves, OR v, 4 Very low.

K. McDonald

NuFact08



Mercury Jet Studies at Grenoble High Field Magnet Lab (2002)

Ravleiah surface instabilitv dambed bv hiah maanetic field.

Thesis: A. Fabich (CERN)

TELIRATN

This qualitative
behaviour can be
observed in all
events.

10Tesla

20Tesla

nozzle

Shide 5

) S \y"f’z
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Magnetic Damping of Jet Filamentation

Magnetic pressure suppresses (but does not eliminate) breakup of the Hg jet by the
proton beam.

OT

2T

4T

6T

R. Samulyak (BNL) |10 T

(=) %@o““‘\t’;ﬂ%g
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Distortion of a Mercury Jet by a Transverse Magnetic Field

S. Oshima et a/, JSME Int. J. 30, 437 (1987).

T N

e v e
_ 11

Noncontact
~ indicator

OC Supply 8 LED | Contact e I O Pt
— ! { Na=0.57, Wa =456 ) : o
met er W ].nd l Cﬂ.t or Fig. 9 Photographs of the jet for various applied mag- netic field strengths
L4 Ea’.— =15 4

et

A 1-T transverse magnetic field caused severe TR
quadrupole distortion of a 1-cm-diameter mercury

ELF Epa!c% k] L ooba 5 L s 95
. E o, o
\JeT i B0 S 0 £ 1 0 2k
<:|§3 JD .ﬁq;.gooajon.;g} %.;puogrnan%u}
-LF age -LF =L}
EL: apoo-zct\% 55 L Sk 5 -"." ’n g5
. . . L] 9 o9 ag
Along a line at 100 mrad to a 20 T field the transverse -4 1% . Eay ey
" ﬂn
fieldis2 T I TN T e s it A
|e l . =8 -L 0 " L L S 8 -12 -8 -4 0 & 812
mm X mm X mm
(a) 'lD1 LG
Bou =0T Bou = 1.41 T Bou = 1.88 T
(Na =0, Wa=496)( Na=0.29 , Wa =496 ) ( Na=0.57, Wa = 436 )
Fig. 10 Cross-sectional shape of the jet obtained by spot a electrode probe
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Modeling of the Distortion of a Mercury Jet by a Magnetic Field

Quadruple distortion depends on nonuniformity of the transverse field (Gallardo et a/., 2002).

Samulyak (BNL)

Simulations by Samulyak and by Morley 015 ad
confirm this behavior. o 010 1d

tx 0.05rad
—Reduce angle of jet to magnetic axis. £
—Place nozzle close to peak field region. § Center of —

5 ‘¢ solenoid ~
—Reduce field nonuniformity. g
Study 2: Nozzle in iron plug that smoothes
upstream field. i W a m Tk

Longitudinal coordinates, cm
Morley:|Jet at 100 mrad and O, 20, 40, 60 cm from nozzle (which is 45 cm from magnet center).
(UCLA)| ~

0.005

0.005

o
M
00000 -0.005

-0

-0,015 Mum—.
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The MERcury Intense Target Experiment

CERN-INTC-2004-016 .
INTC-P-186 Proposed: April 2004

26 April 2004

Approved: April 2005

A Proposal to

the ISOLDE and Neutron Time-of-Flight Experiments Formal name nToF11
Committee

Studies of a Target System for
a 4-MW, 24-GeV Proton Beam

J. Roger J. Bennett!, Luca Bruno?, Chris J. Densham', Paul V. Drumm?!,

T. Robert Edgecock!, Adrian Fabich?, Tony A. Gabriel®, John R. Haines®,
Helmut Haseroth?, Yoshinari Hayato?, Steven J. Kahn®, Jacques Lettry?, Changguo Lu®,
Hans Ludewig®, Harold G. Kirk®, Kirk T. McDonald®, Robert B. Palmer®,
Yarema Prykarpatskyy®, Nicholas Simos®, Roman V. Samulyak®, Peter H. Thieberger®,
Koji Yoshimura*

Spokespersons: H.G. Kirk, K.T'. McDonald
Local Contact: H. Haseroth
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CERN nToF11 Experiment (MERIT)

The MERIT experiment is a proof-of-principle demonstration of a free mercury jet target
for a 4-megawatt proton beam, contained in a 15-T solenoid for maximal collection of
soft secondary pions.

MERIT = MERcury Intense Target.

Key parameters:
14 and 24-GeV Proton beam pulses, up to 16 bunches/pulse, up to 3.5 x 102 p/bunch.
o, of proton bunch = 1.2 mm, proton beam axis at 67 mrad to magnet axis.
Mercury jet of 1 cm diameter, v = 20 m/s, jet axis at 33 mrad to magnet axis.
= Each proton intercepted the Hg jet over 30 cm = 2 interaction lengths.

Every beam pulse is a separate experiment.
~ 360 Beam pulses in total.
Vary bunch intensity, bunch spacing, no. of bunches.
Vary magnetic field strength.
Vary beam-jet alignment, beam spot size.

o
@}wﬂ Fae %
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MERIT @ CERN is Proof of Principle not Prototype

MERIT @ CERN used a 180° bend in the mercury delivery path because CERN would not
permit any mercury-wetted connections to be made onsite.

K. McDonald NuFact08 3 July 2008




All Mercury Contained in the Primary Vessel

Reservoir to collect mercury
1" pipe to transport mercury to nozzle returning from a jet.
at upstream end of primary vessel

Electronic scales monitor
piston velocity.

Design: V. Graves (ORNL)

Op‘rigal diagnos'rigs mounted on Pressure monitor of Giant syringe can produce a
outside of the primary vessel. mercury supply pipe. mercury jet for 15 s.

The primary vessel was not opened at CERN, other than for filling and emptying the mercury.

QPQ““M Fa%ﬁ
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Secondary Containment of Mercury

Charcoal filters

T

The secondary containment vessel was monitored for
mercury vapor at all fimes with a VM3000 vapor monitor.

When the secondary containment vessel was opened for
maintenance, a "Scavenger” with charcoal filters was used to
capture any mercury vapors in the work area.

QPQ““M Fa%ﬁ
NuFact08 3 July 2008 7%
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Beam Windows

Windows made of Ti6Al4V alloy.

Single windows for primary containment, double
windows for secondary.

Pressurize secondary windows, monitor to
detect failure.

ep&{mo FQQ'OQ_
NuFact08 3 July 2008 7%
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Optical Diagnostics via Fiberoptic Imaging

Retro reflector

largest FOV
NIR illumin
0.01 ms

One set of optics
per viewport

Mercury jet

¥ Tx
2

45° Mirror

Imaging fiber

Tllumination fiber

Design: T. Tsang (BNL)

K. McDonald

3 July 2008
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Section through the Primary Vessel at the Magnet Center

Secondary
Containment
Hg Supply
0
Reflector
Optics
Mercury Jet

Fiber Bund .\ ‘

Containment SN Facy,

Z
K. McDonald NuFact08 3 July 2008 7%
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Proton beam

direction

shot & 17020 & bunches

j M

Hg flow derectlon

tor signal

scintill

Viewport 4, Olympus Viewport 3, FV Camera Viewport 2, SMD Camera Viewport 1, FV Camera
33 s exposure 6 US exposure 0.15 us exposure 6 US exposure

160x140 pixels 260x250 pixels 245%259 nivals 260x250 pixels




15-T LN,-Precooled Pulsed Solenoid Magnet

15-T Pulsed Magnet

r=40cm

3 nested cylindrical P
Soppor colls Design: R. Weggel (BNL)
L=048H LN, coolant channels
R=0060Q@ 77K
R=0458@ 300K § r=10cm Engineering: P. Titus (MIT)
magnet axis —— == mercury jet (22 mrad)
warm bore -~ proton beamn (67 mrad) . )
Pl Fabrication: CVIP,
15-T field @ 7200A Everson-Tesla
fotal magnet mass V=700@ 77K
~ 6000 kg

z=-50cm

Conducter 12mm x 12m

Ttaem berperatur

N0
@}wﬂ F&ofo
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5 MW Power Supply

Recycled from the old SPS West Area extraction line.

30 MJ delivered during 15-s pulse.

—Magnet temperature rises from 80 to 110K.

See Legend

20

MERIT/ENL Simulation of 15T Shot

15

—a— Target Cumend 1000

—=— Actual Current 1000
olage(fromSim 100
Tield

—— Simulation Temperatura/10

—a Targe! Temp/11

10

10

Time in Seconds

o
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Magnetic Field Profile

Pulsed Solencid Field
16 . . .
14
— | Nozzle at
N 12 z =45 cm
0
- 10
L)
L 8
S
% 8
®
< 4
2
0
=100 -50 0 50 100
Axial Length, cm 0 P,
v L M2
@ 2 K McDonald NuFact08 Ij[




LN, Cryogenic System

-| | | ssmrinnt | Comct List | Corigran [ snmm
= _-'_J = | ﬁm Tl e —Tr
Farbor 4 L e

v
e [pester tna

=

Design: F. Haug, O. Pirotte (CERN)

Frai

Fabrication: AES (UK)

LTse

A 15-T pulse of the magnet deposited ~ 30 MJ,
= 30K increase in magnet temperature.
~ 100 | of LN, needed to cool magnet back to 80K,

This took ~ 40 min, which set the cycle time of the
experiment.

LN, flushed from magnet during beam pulses to
minimize activation of N2 exhausted to room air.

K. McDonald NuFact08




Secondary Particle Detectors

PIN diode ACEM
~1-cm? active area, detector
200 um thick

pCVD diamond
+ PIN diode

pCVD Diamond

7.5x7.5 mm? active area,
300 pum thick

Particle fluxes - 3x10!3 protons
charged hadrons (E > 200 KeV) - i
(MARS Simulation: S. Striganov)

I.Efthymiopoulos Particle = __
M. Palm (CERN) Detectors e
T:f» @}ﬁ'\ﬂﬂ Fao’o
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MERIT Locations at CERN

Power supply
building

MERIT

o =3
e

Build.272: Offices
& Control Room

K. McDonald NuFact08




MERIT Layout in the TT2 and TT2A Tunnels

Material
access
LIGNE TEL
shaft Racks & e TUN/\(EO/ #NE N, Exhaust
electronics \y/ ﬁne
Personnel \R
access ]
TUNNEL TT2

TT2 TUNNEL

—

TUNNEL TT2
TUNNEL TT2A c TT2 TUNNEL
T7A TUNNEL

Upstream beam elements (new)
mQuadrupoles for final focusing
mCollimator

BBeam profile measurement
mBeam intensity measurement

Solenoid & Hg loop

Beam dump

K. McDonald NuFact08 TQ( {




MERIT Layout in the TT2 and TT2A Tunnels

«no Fg
N %,

K. McDonald NuFact08 3 July 2008
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MERIT Installed in the TT2A Tunnel

K. McDonald NuFact08




MERIT Beam Pulse Summary

350
200 | arget OFF «— MERIT was not to exceed 3 x 101
H Hg target IN .. . .
'E 250 - protons on Hg to limit activation.
E § 200 -
E; 150
? 2 100 - 30 Tp shot @ 24 GeV/c
E 50 - * 115 kJ of beam power
E o * a PS machine record !
' ' * & * ' ' * &
14 | !
12 | \ .
= 107 " s o . <..:.>
=R -
— * LN B *
LT' 6 *
1 Tp = 102 protons omeemess s 2 0t 0
2
(o oee » oo L X ] » , g
0 3 10 15 20 25 30
Beam intengity [protons/pulse]
@}ﬁ'\ﬂo F&ofo
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CERN nToF11 Experiment (MERIT), IT

Data taken Oct.22 -- Nov.12, 2007 with mercury jet velocities of 15 & 20 m/s, magnetic
fields up to 15 T, and pulses of up to 3 x10!3 protons in 2.5 ps.

As expected, beam-induced jet breakup is relatively benign, and somewhat suppressed at
high magnetic field.

"Pump-Probe" studies with bunches separated by up to 700 pus are still being analyzed.

— Good success as proof-of-principle of liquid metal jet target in strong magnetic fields
for use with intense pulsed proton beams.
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Geometry of the Beam-Jet Interaction

The proton beam enters the jet from below, and exits from above, about 30 cm
downstream.

The camera on viewport 2 takes only 16 very high speed frames.
The cameras on ports 1, 3 and 4 took 200 frames at 2000 fps, = "movie” 1/10 s long.

A "movie" at viewport 3 sees the beam exiting the top of the jet first, and it entering
the bottom of the jet ~ 100 frames later.

vp4 VD3 VD¢ vpl Nozzle

p p : p Mognet

L et

—-— - N
—— BeOM
- —
Direction of jet velocity
z=0
@‘}“Imo Faofo
K. McDonald NuFact08
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Jets of 15 m/s without Beam

0.4T

10T 15T

K. McDonald NuFact08




Logitudinal Hg jet velocity

Jet Properties without Beam

20 7 22
19 4 . . .
] Jet speed vs. magnetic field s | Hg pressure vs. magnetic field
17 T T
16 : N
154 i ¢ B £ 18] E { E x
] L :
12 ] g 16
11 =
10 E 14
0 -
8 1 m Di f le, @ o
. o Nowoveloaty = 21| Data analysis: H.-J. Park (SUNY)
6 - =
5] T — T T T T T T T T T T 1 g 101+ T T T T T T

0 2 4 6 8 10 12 14 16 0 5 10 15

Magnetic induction field, T Magnetic induction field, T

30

28 - . _ Jet velocity not noticeably reduced on entering

1 Jet width vs. magnet field magnetic field.

22 ] ®

20 s A
£ 12 e * 1 _ Pressure needed for v = 15 m/s does not
£]" S . increase with magnetic field.
= 12
g 104

8 . . .

6 e Distance from nossle. 300 Vertical height of jet not affected by

X Dictince rom nosse, soam magnetic field - but the height is ~ double
T T T T T T T T T T T T T The nOZZIe diameTer‘.
0 2 4 6 8 10 12 14 16 SN0 Fap,
Magnetic induction field, T 'Q‘qr \’ o‘.’l
K. McDonald NuFact08 TQ((
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“Typical” Interaction: 16 Tp, 5 T, 14 GeV/c, 15 m/s

time .
S time
EE——
S time
S
E— ;
S < time
C Q
v + N
+ <
< Q
S
. time
time S
EE—

Note disruption of top of jet at early times, and of bottom at later times.
"Disruption length” inferred from number of frames the disruption lasts. &Y ’;5%2

K. McDonald NuFact08 TQ( {
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Disruption Length vs. Beam Intensity

14 GeV Proton Beam 24 GeV Proton Beam
0.4 — 0.35 . . . . . . .
£ 035|101 o Y4 E 03¢t ° -
g 0.3+ OT v . . g 0.25 ® . |
§0-022: vv. § 0.2 t ° . :
é 0.15 | . 41 sgobbr o e |
=2 01y . A 1 § 0.1r :AA 5T ©
0005F o A 1 R 005f ¢a %g : -
A — olea—— 7, -
01 2 3 456 7 38 9 1011 0O 4 8 12 16 20 24 28 32
Proton Intensity, TP Proton Intensity, TP

Disruption length is never longer than length of overlap of beam and jet.
Maximum disruption length same at 14 and 25 GeV/c.
Disruption length smaller at higher magnetic field.

Disruption threshold increases at higher magnetic field.
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Jet Breakup Velocity Observed at Port 2 with Fast Camera

3.8TP, 10T V=24 m/s

t = 0.150 ms
V =54 m/s

t=0.175ms t=0.375 ms%@oﬁ“‘\“:;f"%g
NuFact08 TQ((
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Jet Breakup Velocity Measurements

130

51 14 GeV/c ; -1 246eVv/c j'L
0 " » 100
E 20 - | E_ 90_- %
‘5 T [ ] "g 80—-
o 154 3 70
G } i : % 60 -
2 10 E 50-:
3 ¥ } g 404 % m B=0T
= i { £ 30 - ® B=5T
SO ° Q 1 Y A B=10T
" B=5T 20 1 . v B=15T
e B=10T 10_' . !
o 5 10 15 20 25 30 S A
Beam intensity, TP Beam intensity, TP
Beam spot area at 24 GeV/c is (14/24) of that at 14 GeV/c.
Beam intensity = energy/cm? is (24/14)? ~ 3 times greater at 24 than at 14 GeV/c.
Measurements are consistent with model that breakup velocity«cbeam intensity.
= Y ?%2
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Pump-Probe Studies via Extraction Gymnastics

Example: Operate PS at harmonic 16, fill only bunches 1-6 and 11-12.
Extract bunches 1-6 first, and then bunches 11-12 N turns later.

PUMP: 6 bunches,
15*10'2 protons

| Example: 4 -0-4-0 filling

Possible
** Chosen

i [ L. N IR | .
20 40 60 8O0 100 120 140 160

PROBE: 2 bunches delay [h16 bucket |
5*10'2 protons
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Pump-Probe Study with 4 Tp + 4 Tp at 14 GeV/c

Single-turn extraction 4 Tp probe extracted 4 Tp probe extracted
= O delay, 8 Tp on subsequent turn after 2nd full turn
= 3.2 ps delay > 5.8 ps Delay

Target supports 14-GeV/c, 4 Tp beam at 172 kHz rep rate without disruption.

Preliminary analysis of studies at 14 GeV/c with 15 Tp pump and 5 Tp probe with delays
of 2-700 us indicate Ilittle change in secondary particle production by probe.
= Initial breakup of jet does not reduce particle production immediately.
= May be able to use bunch trains of several-hundred us length.

K. McDonald NuFact08 TQ( {




Summary of MERIT Analysis to date

Jet velocity, shape and delivery pressure little affected by magnetic field.
Jet surface instabilities are reduced at higher magnetic field.

Jet height is larger than expected, perhaps an effect of the 180° bend upstream
of the nozzle.

Jet disruption velocity scales with beam intensity, and is not destructive.
Jet disruption length is less than length of beam overlap with the jeft.
Jet disruption length and velocity are reduced at higher magneftic field.

There is no jet disruption for pulses of less than 1 Tp (or higher in higher
magnetic field).

Bunches more than 5 us apart act separately in causing disruption.

While visible disruption begins 50 us after a proton pulse, secondary particle
production is the same for pulses that follow at several times this value.

In sum, the MERIT experiment provides a proof of principle
of a mercury jet target in a high-field solenoid for
multimegawatt proton beams.
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Post-MERIT Liquid Target Issues

MHD simulations

Optimize performance of nozzle in Fe plug
Eliminate 180° bend

Splash in liquid pool beam dump

Particle production

Rep-rate delay limits

Use of a Pb-Bi alloy rather than Hg
Target station engineering

Study these issues in context of IDS/MCFS

o
@}wﬂ Fae %

< %
K. McDonald NuFact08 1%

&
Peon, o




Issues from MERIT: Jet Quality, Vertical Height

Jet quality poor in zero magnetic field, and improves (as expected) with increasing field.
Jet vertical height 1.5-2.4 times nozzle diameter, and little affected by magnetic field.
Simulations predict that vertical expansion of jet would be small, and would vary as B2.

Suggests that 180° bend before nozzle leads to vertical expansion of jet.

Interesting hydrodynamic issues, but 5

may be best to focus of aspects relevant o 25
v Factory/Muon Collider - where no 180° 26
. 24 A
bend is contemplated. o
7] ®
20 - ; A
oT 10T £ 18 s .
5 14- . [
2 12
() 4
™ 10—
8]
6'_ B Distance from nozzle, 30cm
4 - ® Distance from nozzle, 45cm
2_' A Distance from nozzle, 60cm
0 | ! | ! | ! | ! | ! | ! | ! | ! |
0 2 4 6 8 10 12 14 16
Magnetic induction field, T ino Fa%
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Could Reuse MERIT Equipment to Study Jet Issues without Beam

At a facility suitable for more general handling of mercury, could connect the mercury test
volume to the mercury pump by hoses so that mercury enters at one end of magnet and
exits at the other.

Could study jet quality in nozzles with no sharp bends.
Could use optical diagnostics with both side and top views.

Could add iron plugs to the MERIT magnet to study effect of field on a jet at 100 mrad
(instead of 33 mrad as in MERIT @ CERN).

Could also study collection of the jet in a mercury pool.

N e A A
A

portinozzle for 5
Hg @ 100 mead — [~ {—

1 _——downstream
iron plug

proton beam — =
@67 mad

upstream
iron plug

- __ Borgiron rods
‘ ¥ ‘ ‘ ‘ to separate plugs
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Option for Follow-On Studies at ORNL

Bldg 7627

A new fusion test facility in bldgs 7625, 7627 will be
completed in late 2008.

Several 10-MW power supplies available.
LN, dewar 20-t overhead crane, equipment pit.

Could begin with zero field studies (nozzle
optimatization, Hg splash in pool,....)

Eventual option to use MERIT magnet at 15 (or 20) T. ¥l 32

Bldg 7625

:l |‘—=It 'r\ B ‘r l= / . r; -'=|r’| r T : T -v'":l_ o t! TTIT
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Vertical field power supplies (capability of each)
650V peak
15,000 A pulsed > 5 sec
Voltage and/or current can be controlled by SCR
gate waveform control
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Lead-Bismuth Alloys

Lead-bismuth alloys are solid are room temperature, but liquefy at 70-125°C.

Easier to contain a target "spill” if material solidifies at room temperature.

More radioisotope production with Pb-Bi than with Hg (but "trivial” compared to a reactor).
Boiling of liquid target by proton beam (> 4 MW) less of an issue than with mercury.

Design studies for MERIT-like tests mandated by the NFMCC.

Some Pb-Bi alloys wet quartz, so difficult to use with optical diagnostics.

Woods metal (Low 158) does not wet glass (Palmer), but contains cadmium.

Pb-Bi-Sn alloys melt as low as 95°C.

Lab tests will be done soon on wetting of quartz by several low melting alloys.

Type/

ApPpProx Antimony | Bismuth| Cadmium | Lead | Tin |1-81b 1?'1349 5?b+
Temp

_ow 158 0 % 50% 10% |26.7%]13.3%]17.99]16.19|14.39
Iigg-wn 0 % 42.5% 8.5% |[37.7%|11.3%|17.99]|16.19[14.39
|_ow 203 0% 52.5% 0% 32% |15.5%]17.99]16.19|14.39
| ow 212 0% 39.4% 0% 29.8%]30.8%]17.99]16.19]14.39
| ow

b17-440 9% 48% 0% 28.5%(14.5%|17.99|16.19[14.39
ow 255 0% 55.5% 0% 44.5%| 0% |17.99]16.19|14.39
| ow 281 0% 58% 0% 0% | 42% |17.99]16.19|14.39
| ow

b31-338 0% 40% 0% 0% | 60% |17.99|16.19(14.39 %@}Wﬂg?%g
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