





IV. p+p COLLIDER STUDIES, A. Sessler (LBNL)/A. Tollestrup (FNAL),
Chairs

Muon Colliders - R. Palmer (BNL)

Higgs Factory Collider Ring Lattice Studies ~ A. Garren (UCLA/LBNL)

Muon Collider Rings - C. Johnstone (FINAL)

Lattice for 50-50 GeV Muon Collider -~ K 7. Ng (FNAL)

JHF: Japan Hadron Facility - 7. Mori (KEK/Tanashi)

Ultlmate Luminosity Muon Collider (Problems and Prospects) ~ A. Skrinsky (Russia)

New p Cooling for p Colliders and Possible Realizaton at JHF/KEK - K Nagamine KEK/Riken)

Muon Dynamics in a Toroidal Sector Magnet - 7.C. Gallardo (BNL)

A First Look at Emlttance Exchange in a Bent Solenoid System - R.C. Fernow (BNL)

Ionization Cooling for p p Colliders - II (~Fermilab) - D. Neuffer (FNAL)

3-D Cooling Scheme -~ F. Mills (FNAL)

Three Bypasses of Bottle Neck of Data Flow in Neutrino-Higgs Factory and Device R&D of
OMC-QMD Based on EEEE Laws for PPPP - 7. Shen (IHEP, China)

Bunching Near Transition in the AGS - 7. Norem (FNAL/ANL)
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MUON COLLIDERS COLLIDER
PARAMETERS l
The 4th International Conference
on Physics Potential and Development c of m energy GeV 3000 | 400 100
of u*u~ Colliders p Energy GeV 16 16 16
Fairmont Hotel, p’s/bunch 1013 25 | 25 5
San Francisco, CA bunches/fll 4 | 4 2
December 10, 1997 rep rate Hz 15 15 15
p power MW 4 4 4
R. B. Pal p/bunch 102 2 | 2 4
[ power MW 28 4 1
Brookhaven Nat. Lab. wall power MW 204 | 120 81
SUNY, Stony Brook collider circ m 6000 | 1000 300
LBNL min depth (v) m 300 | 0.7 0.01
rms dp/p % 016 | 0.14| 012 001 0.003
Ims €y mmmrad| 50 50 85 195 280
iy cm 03 | 23| 4 9 13
o, cm 03 | 23 4 9 13
o, spot pum 3.2 24 82 187 270
tune shift 0.043 {0.043| 0.05 0.02 0.015
luminosity em~2sec™t [510%) 108 [1.210%2 2103 10*
cof mdE/E  10~° 80 | 80 | 80 72
Higgs/year 103 year™! 1.6 4 4

) - 3
Al Cases 6D emdtance = 170 lOm’ (!I M)
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NEUTRINO RADIATION / N
/ N
/ AN
/ AN
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/ ’ @ AN
/ N
. . 3 // h N
e Radiation ox E3/length? < E3/depth / N
. / ?
e Use: 1/10 Federal Limit = 10 mR /year )/ E /.
. f-. >
THEN /) Ny
/ =7
4 .
e Negligible Problem at 1.5 TeV N //
—= 1 mR/year o N //
o E = 3 TeV ok at 300 m Depth \\\ ,'
— = 10 mR /year , AN /I
e E > 3 TeV Requires: —_ AN . ’l
— Beam Wobbles, and/or - 8 AN /
— Special Locations, and/or 8 e = AN ,’
. (a B /7
— Better Cooling S |8 AN y
;’: \ . P N . 4
P
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50 GeV recirculator

Collider

Cooling

Proton Source

100 m

100 GeV HIGGS FACTORY
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Rorem

PROTON SOURCE

NEED:
o Proton Beam Power 2-4 MW

¢ Very short bunch: rms 1-2 nsec

FNAL PROPOSAL: 4 MW

¢ Upgraded linac (.4 — 1 GeV)

o Higher field operation in Booster
o New Pre-Booster

16 GeVv

Linac Pre-Booster Booster

Final Energy GeV 1.0 45 16
Protons/bunch 5103 5 1013
No of bunches 2 2
Rep. freq Hz 15 15 15
Circumference m 180.6 4742
Norm. 95% emit. w mm mrad 200 240
sp ch tune shift .39 39
Final Field T 1.3 13
BNL PROPOSAL: w

e Upgraded linac (.2 — .6 GeV) 24 G o\/”

e Increased AGS rep rate: 2.5 Hz




Mo khov
TARGET, CAPTURE &
DECAY stod of 3ot
e TARGET
- High Z material preferred
— Small diameter preferred SO P ﬁm.r

— 1 Serious heating problem
—: Liquid jet 2 Mercury ?
— EM forces entering capture magnet e lo-2

—: Insulating material: PtO, ? T, A450° CERN ;-Demawd‘mi‘s‘w gf A.ru.s l"la Targ ot
arg

e CAPTURE
~20 T, 15 cm Diam Solenoid C. Tohuetorn (CERN)
— Resistive insert (8 T)

— Superconducting Outsert (12T) - Tob grus 20 w[sec

e DECAY & PHASE ROTATION Rﬂaﬁﬂ[& No. ¥100, 0006 ;def .Fvb[
—5 T Solenoid Channel ‘ i x&&, CPQ,LS
- rf to compact energy spread (30-90
MHz)
—~ Momentum selection gives polariza-
tion
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Kosswmew sl
IONIZATION COOLING
o (lae' arzobion Vs eC less e TRANSVERSE
D e et et el e

' | : ol less py restored

‘ p. less p; still less
1.0 -fl'llll'lll;ll‘lllllllll' ¥ ¥ T 4 ' T T 7Y l LELELIR) ' ¥ ll"l'll'l'l‘l'!ll'"l'r":
I ‘dash~line: before cooling |

- . Material Acceleration

08— solid—line: after cooling ]

¢ LONGITUDINAL COOLING (exchange)

Polarization

High ép/p
Low ¢,

o llllI I 241 l | ' '] i 1 i I i1 2 1 I 1L L l'llIl]lllllllllllllll“""':
0.05 0.07 0.10 0.20 0.30 050 0.70 1.00
Luminosity loss factor Fy,,
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\ covl % éaua«éa'
TRANSVERSE COOLING

e Energy Loss lowers ¢, HOW TO GET LOW g,

e Coulomb Scattering Increases ¢;

e Equilibrium:

— Alternating solenoids (Early Stages)

1
B,Lr dE/dz

fLO(ﬂ_L

NEED

e High Lp dE/dx

Low Z material

Hydrogen > Lithium > Beryllium ~ Lithium Lens (Late Stages)
[ ]
e Low (3, eu‘-
I I{ N - { M FB -
C Li | \)| —>
B 300 kA
r»ulcef Cument



Alternating Solencids (loss=8/1000)

mﬁmo
£ 1500 factor=0486
B 1250
« 1000
E »s0
- 500 5 10 15 20
E 2000
E 1780
& 1500 x j\\h&\\k«\j
o 1250F- X -
r = w
mpooo
750 factor=168
M moo_ i i _ ) L L A _ 1 1 i il — 11 1 i 1 _ J
S 5 10 15 20
o 4000 x
2 asoo
E L]
e 3000 factor=0 .32
Aeas00
o 2000
> 1500 |
1 1 11 i 5 i L
mpooc 5 10 15 20
BE
8... - +
i I ]
E-| 10f
n Ou ‘.lll..l\l\\ ] /lﬂ
0 e . e i N { N N N N N " 1 . ) Y ]
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gv
- wf
e 3
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T
-10fF
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length (m)
1]
50
\mr 40
K
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S
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0.0 0.5 1.0 18 2.0
length (m)
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rms emittance norm (mm mrad)

1
Alternating 30 T =solenocids + LH + Be foils {30T) A6 :b<\°
hoo L) Ll — L) L] _ L) L) ) Li — T L L] L] ¥
r
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200 | ¢ o
I 1 cf
100{— _la¢c
: ] Rer
i L L — A “ L 1 1 L — L i 1 i L i
OO 2.6 50 r.5
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o { ¥ ¥ T T L v T ¥
\ Transverse emittance €; (solid line)
// Longitudinal emittance ¢; (dash line)
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~ ! Tav
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1073 — 4 /e
<003
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emit8 (10¢-12 (pi m)¢3) > Foruou-
| = FOR LoNg COOLING
s B8 &5 8 B
[ T—TT"7 I ™7 TT I T &I TTTY ] E
_ | 5 HOW TO GET
A ] @ DISPERSION
- ] =
s b +4 ¥
i | L g" e Spectrometer
. - : ) % High dp/p—v |
Lo o i g g n Low e, ]
[hd b B ] +
oy : 1 ™ L d Magnet
51 1 o7 i /i
5 ::": ;:__ B ~ S’ Materia
G e o
N ! | % &
—3 I | = e Bent solenoids .
& =1 - 3 I"\”‘“On o welicel
a o[ ) ,\,ﬁ%’biott wedqe-
I y - ¥
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ACCELERATION HIGGS ACCEL. SEQUENCE
. ) acc type linac  linac recirc recirc recirc | sums
® Acceleration must be rapid: tf type sledCu sledCu sledCu sledCu SC Nb
— Linac Eemit (GeV) | 010 020 070 2 7
— Recirculating Linac (= 10 turns) Efina (GeV) 020 0.70 2 7 50
— Pulsed Synchrotron (10_40 tums) Circ (kﬂl) 0.04 0.07 0.06 0.18 1.21 1.57
turns 1 1 8 10 1
o Longitudinal emittances initially large: decay loss (%) 231 398 674 777 988 272
— long bunches: initial low frequencies decay heat W/m 08 188 1050 1239 1214
. By (T) 2 2 2
~ large dp/p: initial | rt Jized
arge dp/p: initial large apertures pipe width  cm 3066 2122 1044
e Instantaneous acc power high (worse at low E) pipe ht cm 10 8 4.30
—low E: SLED and/or low temp, allow sag RF Freq (MHz) %0 %0 1220 10 400
 Med E: s cavitics. orefill. allow srad Acc/ftun  (GeV) | 020 040 017 050 4
o o » Preith grac 5ag acc time (us) 1 6 43
— High E: sc cavities + cw rf power Acc Grad (MV/m) 8 8 8 10 15
o Cost Optimization | gradsag % 1308 1682 27.15
Low E Li rf time msec 055 056 037 024 204
N Loumac peakrf /m (MW/m)| 272 256 221 440 020
~Med E: Recirculating ave tf power MW 061 110 028 08 199 | 488
— High E: Hybrid pulsed /sc Magnet Synchrotron total wallp MW 471 850 167 520 587 |25.94
beam power MW 000 001 003 012 092 |108
wall-beam eff % 0.06 0.15 1.93 222 1562 | 4.16



COLLIDER RING

o Low beta
—3mm at 3 TeV, 4 cm at 100 GeV
— Needs local chromatic corr.
— Large Quadrupole Magnets
e Short Bunches
~ equal to above beta’s
— Needs nearly isochronous ring
~ Use Flexible Momentum Compaction
e Tungsten Beam Shield
— 6 cm at 3 TeV, 2cm at 100 GeV
— large dipole coil diams
16 cm at 3 TeV, 8 cm at 100 GeV

o Status

— feasibility demonstrated at 4 TeV
— NEW: Lattice ok with good aperture

iy
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CONCLUSION

It is said that the Muon Collider will
Require Several Miracles

But Remember

e Antiproton-Proton

— Lithium lens

— Stochastic cooling

— Accumulation

— Superconducting Magnets
— 107 turns

o Electron Linear Collider

— Few nanometer spot

- 10 times smaller emittances

— Damped Accelerating Structure
— Sled II Pulse Compression

— New Klystrons

— New Generation of Feedbacks

Miracles require R and D
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HIGGS FACTORY COLLIDER RING LATTICE STUDIES Two lattices
Al Garren Currently there are two lattice designs, one by Trbojevic and
one by Johnstone and myself. For this talk, | will designate
MUMU97 them by authors initials : T for Trbojevic's and JG for the

Johnstone-Garren lattice.
December 11, 1997

These rings have both similarities and differences:

The designs of the Interaction Region are similar but not

Designs for a 50 GeV collider ring lattice are progressing identical.

well, but have not yet converged. Both use the same principle for sextupole correction,

This talk, and the next ones by Carol Johnstone and Bill Ng, g‘;g’ﬁgﬁ; tc’l}?f:rtructures of the Chromatic Correction
are about the cugentl status of this work - ‘\;vhich h?s Nl‘:eerlnk )

done mainly by Carol, Dejan Trbojevic and myself. My talk is . . .

mainly a description of a Iatticc:je by Carol ?nd myself. Cgrol’s The arc modules are different in design and number.
talk will discuss design considerations, alternatives an : . . .
stability range. The talk by Bill Ng has a discussion of the The matching sections between the regions differ.

Trbojevic lattice, to which he contributed. The JG lattice contains a long straight section for

. . . scraping and injection, the ring is closed geometrically
We have had essential help and input from: and has zero momentum compaction.

Weishi Wan - tracking runs with COSY The T lattice has not yet been Completed; there is no
scraping-injection straight section, the ring does not

A. Drozdin - designs for halo scraping and injection close and the momentum compaction is not quite zero.

|. Stumer and N. Mokhov - shielding studies and designs After the T lattice has been completed, comparisons of ring

size, dynamic aperture, and suitability for injection, scraping
and rf will be made. If possible, the best features of each will
be combined in a future design.

Bill Ng and Ernest Courant for lattice contributions

Juan Gallardo and Martin Berz for helpful advice
The balance of this talk is a description of the JG lattice.



The JG lattice

The first figure shows the lattice and beta functions of the full
ring. The interaction region is in the center. One can see that
the ring is symmetric about the IP. Three beta function curves

are shown, for By, By, and D.

The second figure shows the lattice and beta functions of the
half ring with the IP at the left end. Each half ring is composed
of six lattice components, which are labeled under the lattice
schematic at the top.

The third figure shows an expanded view of the lattice
schematic of the half ring, without the beta functions, with the
six lattice components labeled. These components are:

IR - Interaction Region - this region begins with the IP; and
contains the low beta quadrupoles, as well as dipoles
and quadrupoles for matching into the the Chromatic
Correction Section.

CC - Chromatic Correction Section - this region contains
two pairs of sextupoles that control the horizontal and
vertical chromaticity of the ring. The members of each
pair have a betatron phase separation of 180°

CCMAT - this region matches betas from CC into ARC.

ARC - this section, which contains dipoles and quadrupoles,
is used to adjust the tunes and momentum compaction.
Its bend angle is chosen to bring the total bend angle of
the ring to 360°.

SSMAT - this section matches the beta functions from the
ARC into the SCRAPE, a straight section.

305

SCRAPE - this region is used for scraping, injection and f.

Following these three figures, six others are shown, one for
each component of the lattice.

In all of the lattice schematics, the boxes centered on the line
represent dipoles, those above or below the line represent
focusing or defocusing quadrupoles, respectively, and the
small boxes centered on the line represent sextupoles.
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Chromaticities
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Interdiciplinary facility based on 50-GeV high intensity
proton accelerator comlex

Accelerator complex:

3-GeV rapid cycling proton synchrotron
50-GeV high intensity proton synchrotron

* K-arena

* E-arena

* M-arena

* N-arena

50GeV Neutrino oscillation

3GeV

3GeV

3GeV

JHF
-Japan Hadron Facility-

326

Y. Mog,
/{EK~7QJ74;/L\,‘

JHF 50GeV Proton Synchrotron Complex

Symmetries violation
Hypernuclei
High density nuclear matter

Unstable nuclei

Muon physics : et " { phase 2

Spaliation neutron source



e 200-MeV linac high brightness
accelerated particle H ion
peak beam current >30(50) mA (25Hz, 400us)
structures RFQ + DTL + ACS
* 3-GeV booster rapid cycling
intensity 5 x 10" ppp
repetition rate 25Hz
beam power 0.6 MW > {.2Mw #>2M
RF frequency 1.99-3.43MHz
RF voltage 389kV

circumference

339.4m (KEK-PS tunnel)

» 50-GeV main ring transition free(negative o)

intensity

acceleration cycle

RF frequency

RF voltage

momentum compaction
circumference

2 x 10" ppp

0.3Hz -> > 1H,
3.43-3.51MHz

270kV

~-10°

1442m (north site of KEK
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JHF Accelerator Review 1071 397

Distinctive Features

(a) BEAM OPTICS Small Beam Loss
Lattice
*Imaginary Transition-gamma Lattice
Slow Beam Extraction
*Preseptum + Dyn. Bump (1/3-, 1/2-integer resonance)
(b) HARDWARES
RF System

*New Type of RF Cavity Magnetic Alloy(MA) Core, R&D
High Field Gradient >75kV/m
No Frequency Tuning Q=1~2

Magnet Power Supply

*Converter-chopper Scheme > IGBT PS, R&D, ~1MW, World Largest!
Suppress Reactive Power
High Speed Controi

*Double-fed Adjustable Flywheel Generator(DAFG)
Suppress Active Power

JHF Accelerator Review  10713/97

Imaginary Transition-gamma Lattice

Transition Energy

momentum compaction factor

no phase stability
non-linear effects: Johnsen effect,Umstatter effect
instabilities: Keil-Schnell criterion

—> "beam loss"

If ordinary FODO lattice is applied to 50-GeV PS,

N —_
of. ¥, =V.~5=20( R=200m, f=10m)

Transition Energy ~ 20GeV




JHEF Accelerator Review  10713/97

Imaginary Transition-gamma Lattice

]

« <0 - hegative dispersion at B-magnet

momentum compaction

—> imaginary ¥,

I,
2w “.Mm@&mﬁ%mr@—

Ifv<k,
a, (K - th harmonic mod ulation, k = K ) = o <0

“If v is slightly less than K, the term k=2K in eq. is large and
negative , and can be made to cancel the leading term k=0."

JHF Accelerator Review 10713197

Imaginary Transition-gamma Lattice

(1) B—modulation *trim Q
*B, D : modulated: LARGE APERTURE
(2) p-modulation missing B magnet section
. * small f- modulation: SMALL APERTURE
* large ring

Momentum Compaction Factor in p-modulation

10 7 T
, g=1p2 ]
S K =1
s \ E1/4
- -
0 : — .
200 250 300 350
phase advance
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JHF Accelerator Revien 10713197

Imginary Transition-gamma Lattice

g
w

E»
m 10 o
=2 g
c 3 =4
S o=
™ o
.m.u. ’
LD 3§
o0 15¢ B J ™ o
phase advance (degree)
JHF Accelerator Review  10/13/97
RF System

A high-intensity medium-energy proton synchrotron

A large RF accelerating voitage is needed because,

*large ring radius

*fast rate of change of the dipole magnetic field
Effective RF Field Gradient (RF Voitage per Unit Length) shouid be raised
as high as possible.

*The total length of the RF cavities becomes short.

*Impedance seen by the beam becomes small.

Conventional ferrite-loaded accelerating cavity suffers from,

a)uQfvalue (=shunt impedance per unit length), decreases aiong
with the RF magnetic field strength.

b)Low Curie temperature, which is typically 100-200°C limits use
at the high RF field gradient.

c)High loss effect at the static magnetic field limits use at a high
RF magnetic field.

d)Cavity with the high Q-value ferrite may excite the longitudinal
coupled-bunch instability through a de-tuning process for
curing high beam loading or in the parasitic mode.




Magnetic Alioy

JHF Accelerator Review  10/13/97

A high-permeability soft magnetic alloy, such as FINEMET and METGLAS has be-
come available for applying the RF cavity, recently.

Characteristics of MA:

(1) The uQf-value remains constant at a high RF mag-
netic field of more than 2 kG.

(2) A high Curie temperature, typically 570°C for
FINEMET.

(3) No frequency tuning loop is necessary in the
cavity control system because of its low Q-vaiue
(Q~1). This substantially widens the stable operat-
ing region of the cavity loading phase angle under
heavy beam loading.

(4)The longitudinal coupled-bunch instability may
be reduced, since the Q-value of the cavity is low.
(5) Fabrication of a large core is possibie because
the core is formed by winding the very thin tapes.

upQf

2.00E+10

1.00E+10

0.00E+00

1 10 100 1000 10000

Brf (Gauss

Typical characteristics of Ni-Zn ferrite
and Magnetic Alloy(FINEMET).

JHF Accelerator Review  10/13/97

Power Density vs. Effective Field Gradient

Average power density for a toroidal core is given by,

where ﬁsvmm an Effective Field Gradient(EFG).

a)Ferrite
EFG is less than ~15kV/m.

b)Magnetic Alloy
EFG can be more than 75kV/m !

MA consumes RF power but not so much
for high intensity operation because the

beam power is relatively large.
Relative Loading y=l/ <1

Powser Density(W/em?®)

Power Density vs. Effective Gr.

7 1 \l T

Lo
M --@:- Forrite
_.. -4 Magnatic Alloy(FINEMET)

.l\j.,.w
[ 2s . .

210" 4 10 8 10* 810 110°

Eftective Field Gradient(V/m)
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TEST CAVITY

*Single core (0.D=580mm,l.D=250mm, t=25mm)
*Direct water cooling
*RF power :30kW max.(B-class)

Achieved:

| EFG = 220kV/m !

5kVicore) |

332

limited by RF amp.

JHF Accelerator Review  10/13/97

Schematic View of MA-loaded Cavity

Single Gap MA-loaded Cavity

RF Voltage

No. of Cores
Shunt impedance
Q

Total Length

16-20kV  RF Gap mew: Oow__w
out out
4-6
500-750 Q
1-2
30-40 cm

Beam

Waterin Water in

_ 30-40 om -
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Gap Voltage Spectrum
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ULTIMATE LUMINOSITY MUON COLLIDER GENERAL SCHEME of MUON COLLIDER

(problems and prospects) proton injector

A.Skrinsky
Budker Institute of Nuclear Physics
Novosibirsk

proton synchrotron

proton-to-pion target/collection system
m "I" pion-to-muon decay channels
preliminary ionization cooling

& single polarized +/- muon bunches
formation

San Francisco +/- muon accelerator
December 1997
1
muon collider




Let us remind first the primary importance of the final stage of
jonization cooling for the reaching the highest possible muon collider
luminosity.

If at this stage normalized transversal emittance Euequran and longitudinal
€Mittance Eueqieng Were reached, the ultimate luminosity would be: (F»O “"‘:' G'ec agec

2 2
N 7
B coll
Ly max(B pe* Iong) a4t

-A ‘Nen T
Ecol VtN''O
neqtrnn(ﬂ pok Iong)" neqlcmg(B po* Iong) ¢

With the equilibrium emittances reachable (below) and optimal parameters
for muon collider

(E,=5TeV+5TeV  N=1*107 Hp=10T f=155") [WREYA
in dependence of cooling energy E, and fraction of cooling decrement
transfered to the longitudinal direction King:

20
\

18 \

L L.

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Ep(p p) - 0.105
GeV, kin
But if calculate the beta-value at collision, assumed as always here to be
equal to the muon bunch length, we would get 10 to 20 microns!
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Such bunch length and beta-function look impractical; if we limit these

values as Beo™Clongcon » the following formula for “practical® maximum
luminosity should be valid:

3
2 2 1

N Y >

/ R coll 2

Luu \B p* Iong> T ax 1 l'A Ecoll NeNTo

(‘ nqu(B ne* Ion‘g))z'“ Iongcoll2

For reasonable limit .= 300 microns:

6
54

48 ~
10'35-L B, .033 4.2 \\
o uu( poo )3.6 . <
3 e —
-35 24 t-4. e
10 (Py01)
1.2
0.6

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

E, (p " ) - 0.105
GeV, kin
Less than the ultimate one - but still quite good.

. Albeit, equilibrium normalized emittance enters the maximal luminosity
directly. And the aim of final ionization cooling is to reach minimum of

€neq6 -

Next problem: to transform this 6-dimensional emittance - properly
(below).



Final cooling stage.

The “cooling length” for 6-emittance in lithium:

150
120L

9 ]
B 8 yop )V +
- 3 60 ///

30

0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Ep(ﬁ;u) - 0.105
kin, GeV

Transversal cooling - straightforward.

For longitudinal direction - more complexity.

“Naturally”, when the longitudinal damping is caused by direct
dependence of energy losses on muon energy, at kinetic energies above 200
MeV the longitudinal cooling length is § times longer than a transversal

one; and ionization cooling even transforms into anti-damping below
100 MeV.
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The “natural” length of longitudinal cooling:

80007

1600t N D Iy oo
ALSSRIUIR PR FEE-E e
0 0 0.2 0.4 0.6 0.8 1
Eu(a u) - 0.105
GeV, kin

Hence, it is obligatory to redistribute the decrements sum in favour of
longitudinal degree of freedom.

This is especially clear when looking on the equilibrium relative energy
spread (due to balance of struggling and cooling):

0.3 -

0.27

0.24

0.21

8 E1(p,) 018

- 0.15

0.12 S

0.09 S i

0.06

0.03

0

mpasiada
.-

s E2(p )

0 0.2 04 0.6 03 1
E,(p,) - 0.105
GeV, kin

First (upper) line - “natural” decrement; second - upon redistribution.



The final stage of ionization cooling is the crucially important and the most
difficult part of the whole cooling problem.

The task is to reach minimal 6-dimension emittance of muon beam.
For this stage it means:
- to arrange the strongest transversal
and longitudinal focusing;
- to cool all 3 degrees of freedom simultaneously;
- to distribute the decrements sum “equally” to all 3.

‘341

The optimal solution for transversal emittances is -
to use a high current carrying (liquid) lithium thin cylinder.

Surface magnetic field - 10 Tesla.
Lithium cylinder diameter - 1 mm.

'“’9"‘:1»(” b2
L I I
" v/ 3 300-H a0y

l 2 -1
l'au ‘(I—Klong's \ )

3 2 20(” ll)/’
Bll

s
H ey = 110 ay - 005

2
£ neqtnn(a TR Iong) s4xr,"NgZL, B Ii(” u)

Transversal equilibrium radius in cylinder:

\
teqPpoky) = Bu(Bp)

& neqtrlu(‘3 B 'kO/
B Y weoot (B y)
a eq(0.73,0.3) =0.011 -compareto ay; !

0.03

0.024
® neqtranl® 5 :933) 4 014

£ neqmm(“ " ,0.1) 0.012
0.006
[}

em racl

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
£y (0 ) - o108
kin, GeV
Hence, transversal emittance is almost constant for reasonable cooling
energies.



I |+ longitudinal ool

Possible solution for the final stage simultaneous cooling - to transform
the current carrying cylinder in to
lithium-beryllium helix
with “teeth like” boundary between these two metals
{more of high density beryltium at larger radius of the spiral - where the
muon energies are higher).

(Huax1 - external bending field)

Hmnl
higher energy
Be Be
[ava e~y = muon beam
Li Li
lower energy
l-lI‘III!
Axial view of the helix
helix RF belix RF = muon beam

L
H oyt = 0.5:10°Gs

CEu(B )8 ,10

rhetis(B ) * jegm g helin(082) <1009 cm
P (B
dE gy (P )="~f—rg——'ﬁ-——'——~1o‘3 dE 4,(09) = 1.065-10°  GeV/em
o B“'C 2m el
4
eV ORF
ARp - 10cm ky =3 = o
K(p,) - 1 l:( Pulfy) )2, walts) K(0.73) = 0.463
' T nml(’ p)’l r"'“’(’ ll) peoeliTR
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Equilibrium relative energy spread in such helix:

; 2
! {m \
2: [ 2\ i “n
(P uKtong) PR\ Nel2- 8,7 (€ long B z0lp )
~ B/

0.06 i
0.048 .

f_E(p B '0'33) 0.036 -
(P .01) 0024
0.012
0

0 0.02 004 006 0.08 0.1 0.12 0.14 0.16 0.18 0.2

E“(ﬁ ") - 0.105
kin, GeV

Equilibrium bunch length and longitudinal emittance:
LEn(3u)™ REK( )

2% -dE gy(p , ) kg - 1
O longeool (0-8,033) = 0.114  cm
: (A E(B nk Iong))"’ longcool (B px Iong)" jt cool (B u)'ﬂ M

0.03
0.027 —
0.024 e

 jongcool (B TR Iong) : ‘A E(B p-x Iong)

£ neql(mg('3 pek long)

0.021 -
ol neqlong (P 1 +933) g.01 ot
§— 0.015 -t
-
€ neglong (P 1 -0-1) o012 -
o’ e /-

0003 ——

0
0 002 004 006 008 0.1 0.12 0.14 0.16 0.18 0.2

E”(ﬂ u) - 0.105
kin, GeV




Consequently, equilibrium 6-emittance: To reach this “practically maximal” luminosity, we need to transfer
’ transversal emittances into longitudinal one (keeping 6-dimension phase

\2, /
€ neq6<B po¥ Iong) =€ neqtran(ﬁ ¥ long; ¢ neqlong\ﬁ n-¥ long space density reached under final cooling as constant as possible!).

1 - , — For this emittances gymnastic purpose, we need to use combination of
o8 ! | dispersive and septum elements, RF accelerating/decelerating structures,
e L delay lines (and not ionization components, which damage 6-density!).
& (8 .0.33)-10 ! 0 p
,% € neqs\P p 0770 o6 T -at "any" convenient energy.
. e
f_nqu(h‘“")"“s :‘: . f/«‘//’
) /r" l Schematics of the transformation
® 6 0.0z 0.04 0.05 0.08 01 0.12 0.14 0.16 0.18 02 (in comparison with a bunch monochromatization process):
E, (s ”) - 0.105
GeV, kin ’
01 y .
0.09 — . In-coming muon bunch:
0.08 T ‘“wide, but short”
3 0.07 ——= " wmmned)
g }: neq6(P i 033)107 ¢ —— - —_—
€ 0.08 T e
S ’ ( ) 3 004 - [—
€ 6 g.,.01)10° 003 r——
R 0.02 —A
¢.01
]

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
E, (a n) - 0.108

GeV, kin
‘ 33 ( f o 0.73 )ul |
KL(% tong) © J197'5 peqs(0.73.8:333)| J10%¢ neqs (8735 fong) '
Out-coming muon bunch
(“narrow, but longer”)
1
:: /’ Familiar transformation of the bunch of The “opposite” transformation of the bunch
b /’ \‘ high momentum spread in to the bunch of with big transversal emittance in to the
. . the same length with smaller spread, but bunch with smaller one but with
AR ) b with proportionally bigger transversal proportionally bigger momentum spread and
o3 emittance. longitudinal emittance.
01
(X
*e (X1 . [¥] Y] [ [ [}
* long
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Prevention of muon losses in cooling process.

30 .
I
Losses happen due to: 24 ! ! S
I H s ;
multiple scattering - the requirement follows: acceptance of the cooling ¥ tot(P  -0-1.033) 44 st e
channel should be several times wider than equilibrium one. - 010 _,_,_.———-———-"”“‘_\
Y_!ot(ﬁ p01.01) 12 vl | l \
6 ! I lv .
single scattering - limits number of “cooling lengths” - | ; l E | !
1-¢, 0 015 03 045 05 075 05 105 12 135 1S
ong
¥ tran(P 1 % tong) = Xlife(H max.B y .8 p)————"5 5 o(B E,(B,)- 0108
an( [ ong) ife, " max-¥ p |> 2 20( p) GV, kin
-1
v long(” 8 Eace'® long) - I(B pod Eacc) '(‘ long ' zo(ﬂ n))
AE tm g 2y p,)? 2
3 Epcc® 2 ('u ) Tenax(8 y) - ¢k "‘“'(m") ey - 0510 20
pe(Tp-1 129 p.)—S
l|¢°°|< F) Mp 16— ——— _—
3ea byt pnlfy)? ke T
3eetn R el (e "--ﬂ('!) IO ED) ' . . v tot(ﬂ [} ‘0'07'0'33) 12 T =
et ) 5"-'-’ IR = T
BT st T 0 pomtl3) 7| : ¥ tor(B  0.07.00) gf -
4 Ba .- -
2m, «? B y ] -1 4
¥ tot(P o8 Bace* bong) ¥ tran(? % oug) ¥ . 'md( ") [[" « pml(’v)")] <8 pacc
1427y cont (P u) 0 0 o0
015 0.03 0.045 0.06 0.075 0.09 0.11 0.12 0.14 0.1S
1 . 1 - : E,(B,)- o108
(' wanlP 4% loug) ¥ loag(P B Bace lus)) g ( v,

GeV, kin

(Losses due to muon decay is not very limiting:
¥ 5te(® 4 tong) * % tong D 20(P ) Py " ¥ 1ife(0.73,0.33) = §31.563 )

/l~ﬂ”2 "




Multi-channel proton/pion conversion system:

=

[

E, - high I
€p = low x
i
\

A8, - big
Ay - small!

Hence, in a single channel:

O-emittance is big;
¢-emittance is very small.

(Maybe, it is reasonable to arrange multi-sectioned target:

This could be especially useful at high proton énergy -100 GeV?)

Hence, possible solution - many pion channels
with one transversal emittance being very small.

In this direction, we can split
each pion broad spectrum beam -
in to several ones of +/- § % momentum spread.

J

As a result, at the exit of multi-channel proton-to-pion conversion
system we have many independent pion beams with at least one transversal
emittance quite small. These beams can easily be transported straight away
of the target space, and the following channel gymnastics will happen in
reasonably free room.

The next step is to arrange in each channel the energy dispersion in this
smaller emittance direction, and than to direct each of the +/- 5%
momentum spread pion beams in a separate strong focusing decay channels.

Such narrow momentum spread pion beams (with very small emittance
in one direction), upon passing about 2 decay lengths (proportional to the
pion energy in each channel, around 15*8,*E,/E,, meters), generate muon
beams of momentum spread about +/- 30%, with strong correlation of muon
spin direction and its momentum.

At the figure the dependence of relative muon momentum in lab system
on polar angle of decay 6 in CMS is shown, for pion kinetic energies 300
MeYV (solid line) and 60 MeV (dotted line).

4 prro
12 St .
P long (3 .8 0) 3
1
P long (3 s e
2 08 . SN
el
P long (1.5 ,8 o) 0.6
®
P long (l.s ,7) 0.4
e 0.2

o 0 031 063 094 126 157 188 2.2 251 283 3.14
09
rad
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Consequently, ifwan for every particular muon beam:
cut away the middle 30% of muon spectrum;
separate upper and lower parts of muon spectrum
with opposite helicities in to 2 sub-channels.

The next phase - to shift the enmergy in each muon channel by RF
acceleration/deceleration to the energy optimal for ionization cooling
(around 100 MeV).

Then - several stages of:

preliminary cooling + combining of several muon bunches in one + next
preliminary cooling + ...

All the upper p* (1) bunches will be combined in the “first” bunch and
all the lower p* (1) the “second” one, and 4 bunches will be cooled down to
lowest 6-emittances.

Afterwards, we reverse helicity of the second at the later stage upon
acceleration to 45 GeV (by additional non-accelerating turn) and than
combine both beams in one (1 p" bunch + 1 p* bunch) - and we shall get

70% longitudinal polarization degree muon beam
of 70% of full intensity and dubbled ultimately small 6-emittance
- the same for each particular beam -
and the luminosity would rise 2.8 times.

(90 GeV for muons are equivalent to 440 MeV for electrons)

Helicities of colliding bunches are modulated at relative frequency
Egev
9
At integer spin resonances remain the same all the time.
At half-integer resonances the helicities reverse at consequent turns.

v spin

Relative helicities (from ++/— to +-/-+) at the interaction region can be
controlled by choosing a proper injection path (maybe, by additional non-
accelerating turn of one beam at, say, 45 GeV) - to acquire proper angle
between spin and velocity.

There are no losses in polarization degree at cooling stage (and almost no
angle appears between spin and velocity).

Polarization losses (second term) due to energy spread in muon collider:
. 2
-1 Ecoll A
ch -~ 2 Ecoll
Cq. T 0910°
heq = 2

2-x-v

To half-turn muon helicity - full turn of muon trajectory at ? =45 GeV

45.10%.2.%

300 107 = 942,478 Tesla meter

==> corresponds to J' Hsds =



MAIN FORMULAS: “OPTIMIZED OPTIONS”
A requirement - By = Ojongeat =3 mm  (?) N, - 1-1012
3
2 1
N ,12 7 coll 2N oot
L (ﬁ pex lon£>  ax 1 .l_-A Ecoll "V tN10 High energy 5 TeV +5TeV:
2 2 Y coll = 50000  E oy =525-10° MeV
(‘ neq6(5 net Iong)) *® longcoll coll 5 coll s
GeHeon't 4o Heop - 08:10° R gy =2.188.10° cm Ny = L12:10°
NN = 500 2
My A Eeon = 0000015 v - 40 eVoymy - 16 A ppeoy - 10 em
12 s o A =0, .86,0.33) = 5.008.10°
Nllz‘q <t po ; T ot VoMYV e . : . ¥ coll ® longcoll'® Ecolt =0.238 ¢ yeqiong(0.86,0.33) = 5.008.10
Lyp2(P 4 % jong) = p 1 T coll fo
12104 M ¢ 3 3 L 07303 =9 »
(c neq6(b p Iong)) L RFeoll m;l( -73.03) =9.797-10 4 peq 0.64 ¢ longeoll = 0.314
4| * RFcol'” coll .
% longeoll - 0.6-10"- —;—-———-—;———-—-;A Ecoll Medium energy 1 TeV + 1 TeV:
. v
1V omv Heonv y T colt = 10000 E oy =10510° Mev
= . . 5
€ nlongeoll = 7 coll'® longcoll 3 Ecoll _ Heon = 0.7-10 Reon =510°  em N (N = 980.394
1 tN
2 A Econ © 000003 v, =30 eVomy =4 A Rpeop : 10 Vg, = 46107
_ ¢ negtran (P 1+ long )€ neqlong (P y +* long ) o A - 0227 0.86.0.33) = 3
€ neqtraneff (B p-* long) = T N 1 coll’® longeoll ® Ecoh = 0- t neqlong(0-86.0.33) = 5.008-10
2 2 2 "
Y coll A Ecoll % longeoll 2
L yy 2(0.73,03) = 1.038-10 § peq = 0887 ® Jongeolt = 0359
. Vomv
v synch T -4 2
N30 CH o Rl ' Low energy 50 GeV + 50 GeV :
2.2 2 - =525.10%
¢ 1-08108 T coll "V r * RFcoll Heoll'd Ecoll Y cont = 500 E ol =525:10°  MeV
neq - 1™ &V oMV Hegp = 0710 R =251 cm
1 % % Aeoll = 0002 v, -4 VoMy:30 gy - 10 v =001
2
& con(P -k LI Ny Y col "° longeoll 4 Ecoll Y coll® longeoll A Ecoll 1479 & peqiong(0-86,0.33) = 5.008-10°>
coll( ne Iong) 4x 1
2
, € .X _ 32
£ neqmn(ﬁ nk |ong) neqlong(ﬂ i long) L 4 2(0.73,03) = 9.922.10 { peq = 0701 ® longeoll = 0327
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ULTIMATE LUMINOSITY at 5 TeV + 5 TeV :
12
N, =510
6
Y coll = 50000 Eco“ =525-10 MeV
Hey - 110° Ry =175.10° cm N (N = 1.401.10%

4
8 Econ = 0.00012 v =300 eVopy - 16 X gEcon = 10 v =7.10

synch

-3
Y coll'® longeoll A Ecoll <0217 & eg1qng (0.86,0.33) = 5.008-10

Ly 2(0.73,03) =8.865-10% ¢ =-1619.10° % longeoll = 03

no polarization!

§ co11(0.73,0.33) = 0.748 - subject for lithium compensation!

kbbatten (B nek Iong) = N :

2
4% r —-¢ “(B X, )
bbatten ( 0.73 ’ 0.33 ) = 0,013

ULTIMATE MONOCHROMATICITY, 50 GeV + 50 GeV

=g 112
Nu =110

Y cont = 500 Econ =525:10°  Mev
Heop = 0.710° Ry =251 cm

A Ecoll - =0.000001 requires transfering of longitudinal emittance to transversal ones!

— . . -5
Ve TI0 eVoyyT000S A gpoy 100 v oo =8452410
.10 4 3
T coli® longcoll'A Econ =6-614°10 € neglong (0-86,0.33) = 5.008°10

- 1031 - =
Ly 2(0.73,03) =2.346°10 § i eq =099 S longcon = 0.293
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Space charge limitation (transversal) at cooling stage:
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COLLIDER OPTIONS.
MUON""" . PROTON collisions:
the same acceleration chain gives the “same” luminosity;
proton spin shall be vertical at all stages except interaction region;
at both sides of interaction region - spin rotators to transform proton spin to

longitudinal direction
(this rotators do not harm muon polarization - too weak!).

Same sign particles collider (u*i*, 'y, u*p) needs two-stores rings of opposite field. |
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GEW p* COOLING FOR p* COLLIDE \ * p* Cooling and p* Colliders
AND %* New p* Cooling; Recent Development
(OSSELE REALIZATION AT JHF/KEK/ * New p” Cooling; Recent Development
% Intense Ultra- Slow p* Source Project at
4th International Conference JHF/KEK
on
Physics Potential and Development of u* i Colliders % Conclusion

December 10 - 12, 1997
San Fransisco

K. Nagamine

Meson Science Laboratory, Institute of Materials Structure Science,
High Energy Accelerator Research Organization

(KEK - MSL)
and
Muon Science Laboratory, Institute of Physical and Chemical Research
(RIKEN)



+ +
pu™ COOLING AND pu™ COLLIDERS PROTON SOURCE
25 10" paunch
30GeV, 15 H
4 bunches SN
. . - 1 PRODUCTION
% Most Important Component for p* Colliders S
€y = 10" m-rag
(1] TIONR & P SELECTION
Proton Accelerator, et
Pion Collector,
1L Decay Section,
RF Rotation,
Muon Cooling, IONIZATION COOLING
20 Stages
Muon Accelerator 3510™ honch
Muon Collider Ring i
- LINACS + RECIRCULATION
Y Muon Cooling  LSED MAGHETS
SC LINACS
. 2X3Gev
=> Muon Source for Further Acceleration -
5x10% ypunch
250Gey T
Muons for Advanced Muon Scignce  epuise -
+ SC MAGNETS FAST
ACCELERATION
+—SC LINACS
2X50Gev
2x16'2 whunch
2Tsv
€ = 5% 10" m-rag
L=10%em?s™! COLLIDER
B*=3mm RING
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PROTON

EXCELLENT FEATURES OF
ZERO-ENERGY COOLING

1. Extremely Small Transverse Emittance
Thermal x* (2000 K, 0.2 eV)

P:6x10° MeV/c
d: 102 m

P
e, (1 TeV)-;—'—d-(leO'"md-m
P

1 PRODUCTION #CF i, CHey) from (PHep) Decay
& P,: 1 MeVic
RF ROTATION d : 10?m
P
e, (1 TeV)-i,—td =6x10¥ rad - m
]
2. Ready for Acceleration
. IONIZATION
3. Ready for Other Muon Science Studies
COOLING
M
3 x 10" u/bunch
20 MeV (o keV
€y : 4 x 10° m-rad 8x 10 > m-nad



NEW p* COOLING; RECENT DEVELOPMENT:

(GENERATION OF ULTRA-Slow wj

omplete Stopping of High Energy w* Laser Resonant Ionization of Thermal Mu

and (UTMSL/KEK)
issi Slowing Down in Rare Gas Solid (Ar, Kr)
Re-Emission of Ultra-Slow p* owing GUER

Phase Space Compression

High Brightness, Very Low Emittance ) (PSI)
High Intensity

Ionization Cooling, frictional Cooling

(PSLUCLA)
Ionization of Thermal Mu from Hot Metal Surface Crystal Channeling
(KEK) (UCLA)

Slow p* from Degraded p* in Solid Inert Gas (PSI)
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( )
| ULTRA-SLOW
|. THERMAL MUONIUM PRODUCTION IN VACUUM POSITIVE MUONS
| : AND
STOPPING *
M':eii* : ATO RE'z‘g_ S#mE o SURFACE SCIENCE
PorsE -400 ~  FoiL w ~Probing Dynamical Surface Layer— ]

u* DIFFUSION AND
REACHING TO FOIL SURFACE

.|~ Mu EVAPORATION
hot W -
2. MUONIUM IONIZATION AND SLOW p* PRODUCTION

g oo 2) Laser Ionization of Thermal Muonium
LASER IONIZATION OF Mu S. Chu, K. Nagamine et al. (1988)
Pus o S TR E e
* 3) Ultra-Slow | Beam Production by Muonium

Laser Ionization at Primary Proton Beam
K. Nagamine, Y Miyake, et al. (1995)




1 Steve Chu
J =GV E (1997)

hot W
© Thermal Mu
BN
500 Mev / i-.
Proton - .
. AL e . L)
- L [ ]
——— - LS L ] *®
i ‘ - e ® e
- ‘e .
_— SO B B VUV
B en® o
) S
/ Slow p? 1S
n-=u Decay VUV Mu
i Diffusion + 355nm
Thermal Mu Electrostatic SOA Lens 500 MeV

Proton
hot W D

Ta2F =T AQS2S)L-F-HBEROS
KEK #1128 E1987#E 1 B8 B)
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Table 1 Ultimate Intensity of ULTRA- SLOW p+
et Trtenslty “ MULTIPLE 90° EXTRACTION
Nmu = Ip X Npo X Ny X EMu
Ny = Ny X Eioni X Ecott BN HOT W

500 MeV, 3.8,
1 mn BN 1GeV, 200 pA 10X BN Sintezed W :
50 pm hot W Laser/Optics(12/95) 10 x hot W Laser/Opti .
Laser/Optics (07/94) e Optics(99) PROTON . :
BEAM TN ANAINAN
I, 24 x100 13 x 1015 ‘ * +
(o/s) * K
Nee = 2.0 x 10 - 1.5 x10? - 1.5x 102
(nt/p) (8.7 mb) LASER
Ny 22 x10? -22x10?
(/n*)  (Monte-Carlo)
Emy 1x10? =05
(fstp)  (Rg1/50 pm)
Ngo: 11102 42 x 107 8.4 x 10° 42 x 1011 BN
(/s)
——> [|MULT!
“Ejoni - 0.1 = 0.5 HOT W
4 x 10

(H-LRIS)
€coll - 0.1 TT T T T T
Nu . 3 x10¢ ' : 1o
M ?lg) o 131 26 x 10t (26?5’)((13"’) w\ns_g:?
pt

~JHP
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CHANGE OF THE SCHEME '
+
M
*Original
— Multiple —+! Acceleration
Zero-Energy Source & ]
1GeV, zgoy/\ — Muon Scieace Ue:
1.3x10 /s 2x10 /s .
wNew Scheme
— Pion — Muon Production’
3 Gav, 200 uf | Capture &
.3x10° /s 4xlo"/s RE 2xlo" .
- Multiple —| Acoelerstion
Zero-Energy Source &
2 Mun&uaee%
Ext0" /s

Ly _ o
O o 0 0O
:lt"o:'E
Y <%
o

avy ~w




NEW p* COOLING; RECENT DEVELOPMENTH SLOW 11" : POSSIBLE IDEAS

RE-EMISSION METHOD
Complete Stopping of High Ener ; cf. CYCLOTRON TRAP  FRICTIONAL COOLING
p pping g gy U 2 ACCUMULATION
and 1) Slow pt- Production via uCF _
Re-Emission of Ultra-Slow | | K. Nagamine, Proc. Japan Academy 65(39) 225
Difficulty due to p~ Atom Formation - 2) Slow (dyt) Production and Ionization
Murti - Proton Ionization, 2.0 keV
: 3) Slow (3Hep)+ Source and Stripping
€V (dp) from Solid H,(D,) (TRIUMF) K. Nagamine, Hyperfine Interactions 82(93)539

keV p from uCF in Solid D-T (KEK/RIKEN)
“keV ("Hep) from Solid T,(*He) (RIKEN/KEK)
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CONCEPT OF uCF

FUBIOR IN SHALL MOLECULE AND  “CIRCULATION"
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R{au)
05 ? ? P
\(dHeu)zpa
- 0.5 -
Slow and Monochromatic 3 : (du)+He
w ~,
3 + w -
‘(C‘Hep)* Beam - 1.0 Particle
Slo \Decay
Principle; Formation and.Decay of (d*Hep) and -15F AN
(CHep) H wsE NS
2 .
K Stopping in D, with *He _y_.{(; T ~
(dp) +°He — (d®Hep) — (CHep)3.2keV) +d v -
Photon
K" Stopping in Solid T, 4 . d \
with Accumulated *He @ e C>
(tw) +*He — (*Hep) — (CHep) +t ‘ Energetric
(uHe)
REALISTIC SCHEME OF SLOW - 4 In D2+4He(2.0atm) 747000 wpills
(*Hep)* PROOUCTION o= " ' ke ]
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Large Scale Source of (*Hep)* Beam

U Stopping in Multi-layer of Solid T,
and (*Hep)* Emission

IDEA ADOPTED FROM
EARLY STAGE OF u*i'COLLIDERS

LARGE n* ACCEPTOR

n—u DECAY SECTION
- RF ROTATION

g7,
eV
soﬁ He E *e) = 10 beV/ +
I MeV

ZERO-ENERGY pu* SOURCE

Acceleration to a few MeV and 1" Detacheent

=>  Intense Slow p” Beam



_Lmﬁmm Hadron Facility (JHF) at xmﬁ

500 MeV Booster:

-

N Arena Heavy-lon and p
Neutron Physics _m_woeu:

X Arena / ) X

Kaon Physics 3 OMm< Ring {200 pA)

Hyperon Beam Physics 7, . hiatN y
Other 2ndary Beam Physics -~ 200 MeV ~ -~ £ M Arena
Heavy-lon Physics Linac | . Muon Physics
/ E Arena .
N PR Physics with Rl Beams
Pt e
. )%\ ” Te
[ ,.,
t i i S N
: \ 50 GeV Ring Neutrinoto ™
. i (10 pA) - Super-Kamiokande
N 3 .
%, B
N w.f. ‘.w\ L7
N ST Moy, st @ 1./\
e - Tristan Ring
IR S——— - ) {B-Faciory;

0 100 200m e

Fig. 1.1 Proposed accelerator complex and experimental areas for JHF.
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L 2 .
surtace Muon Channel

. s = | M-Arena

Figure I11.3.2. Proposed facility layout of the M-arena at JHF to be installed at the present north
counter hall of 12-GeV PS.



15 T Capture Solenoid with Transition to a Smaell § T Channci
Proton Beam @ 150 mr with Scattered Proton Removal

NEW SCHEME FOR M-ARENA OF JHF

K. Ishida, A. Bogacz, K. Nagamine

Nb-Y1 Cepture Colls Scattered Proton Beam From Target

" i Nb-T1 Fledd Shaping Colts
. Vo Water Cooled “u{y& Absosber

Proton Source 20pA, 3GeV A

®-Production Target 3cemBe

Pion Collection (1) 28T, 7.5 cmBore, -0.5m ~0.5m

Pion Collection (2) 14T,75 cmBore, -0.5m ~0.5m =

Doecay Solenoid (1) 7.5T, 1ScmBore, 1.5m ~51.Sm e

Decay Solenoid (2) 3.75T, I5cmBore,  1.5Sm ~26.5m \_‘
L™ 1.25x 10'% ~ CrYoutat Vactmmr Vs

OL 0‘4 08 L2

L) 205x10"  (0.022) ' -
Nu(s) 1.5x 10" (059%) fPc.nps.)

G, = 0,=5.7cm
O, = 0,=190nr
P = 21MeVE, op,) = 85 McVk (39%)

Na(s™) 3.1x10"? (0.15) [P.C.2),D.S.(2)]
G, =6,=6.4 cm
a, =0,=190 mr

P, = 138MeVE, o(p) = 49 MeVic(38%)



Negative pion production
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Positive pion production
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Table 1. Induction Linac Design Parameters

Baamplar Lnit Valpe
Voltage Gradient MVim 15
Call Voltage ) kv . 50
Call Length em 2
) 2. MeV 120
B MeV 430
Accel Leagth m 30
MNamber of Cells 1000
Cell Voltage rise time ns 40
Pulse Length Bs 100
Rep. Rate Hz 25
Ascel. Gap width o 6.5

- Total Power per cell KW 1
Total Power MW 1

Solenoid Lens

E
]
«
Q
E
A
o
Muon Momentum Y-muon seurce ¢Py/dPz of muon
1 il t 1 1 T LAt Ml Sl M )
0 b 4
N 150
0 4
00 190
o [ 4
100 w b 3 »
° '] 1 i 1 0
0 500 1900 1800 300 N W LRI - 44902 002 04 Crad3
[ 5] el .
X-Muon source
1l L ¥
LN o -
200 E
0 b E
00~ -
1 (l 1
e.ﬂ 12 LR

Lne'd] (ew)

365

Table 2. Induction Cell Design Parameters

Core outer radius, R, cm 48
Core inner radius, R; ) m 30
Core axial width, w cm 1.5
Core loss Wim® 3.8
Maximum core flux swing Tesla 2.5
Dislectric gap width, g, mm 3
Vacuum insulator width, g, an N
Cell Capacitance oF 9
Core leskage resistance Ohms ]
Core jeakage current kA 4
Total Power per cell kW 1
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CONCLUSION
(DEC.11,1997)

% Development of Realistic 1* cooling Method is

Essentially Important not only for pi*j- Colliders
but also for Advanced Muon Science
USR for Materials Characterization :
Muon Catalyzed Fusion for Encrgy Sounce
Bio-Medical Applications

% Realization of Large Solid-Angle Pion Collector is
Highly Requested

Even for Low Energy (below 3 GeV) Proton
Accelerator
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MUON DYNAMICS IN A
TOROIDAL SECTOR MAGNET

Physics Potential & Development of ™y~ Colliders
San Francisco, CA

Juan C. Gallardo

Dec. 10-12, 1997

Physics Potential & Development £) ) of u™ 1™ Colliders. Dec. 10-12, 1997.

4 MOTIVATION )

U Longitudinal cooling section (emittance exchange) is needed to
compress the beam phase-space to obtain High Luminosity.
(compression ration == 106)

U Bent solenoids (vertical and horizontal), dipoles, wedges (Li,Be)

Q) Matching and dynamics require careful design and numerical
studies. The codes must be if all possible SYMPLECTIC to
eliminate any superfluous dilution of 6D phase-space.

@ Objective: Single particle HAMILTONIAN formulation of
simplified model. This is not a substitute for ICOOL, GEANT,...

- _/




Physics Potential & Development £ D of & 1.~ Coliiders. Dec. 10-12, 1997.

FORMULATION

Q) Approximated Hamiltonian in accelerator frame of reference
(1+ hz)
2(1+9)

s independent variable, @.N A normalized momentum and

y
(2]

= —Ay(1+hz)—hz(1+8)— {(pe—Az)2+(py—Ay)?} 2

vector potential, 2 pulse length and 0= .%M - 1.
Q (z,ps); (y,py)and(z, d) are canonical variables.

Q Metric do? = dz? + dy? + (1 + hx)?ds? for horizontal
bending. .

Physics Potential & Development £ ) of 1 12~ Colliders. Dec. 10-12, 1997.

are obtained from B = curl A ; E= omom%m. (recall the

metric)

=> Bend solenoid (horizontal as an example)

Q - mo —
ogme + |M|M In :. + Fﬁvm@

-

1
kp.w - —=
wm

it satisfy div A = 0 and the longitudinal magnetic field is

B,
B, = (1+hz) "

=> Guiding Dipole Ap = Iwﬁ + hx)é; to compensate
the natural drift due to the toroidal solenoid, but keeping
Dispersion.

(" )

- _/

\D We need the vector potential. The magnetic and electric field J

- _/
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Physics Potential & Development £ of ™+ 1™ Colliders. Dec. 10-12, 1997.

\ SYMPLECTIC INTEGRATOR J

O The time evolution of a mechanical system is equivalentto a
transformation in phase space.

CANONICAL TRANSFORMATION

(a,p.z.6) M (Q,RPQs.Ps5)
=0 = s = As
The transformation metsx M is SYMPLECTIC

Why is it important?

= It gives the correct dynamics. Conserve 6D phase-space

(@ Increase speed of computations and accuracy.

Physics Potential & Development £J ) of 1 1™ Coliiders. Dec. 10-12, 1997.

4 )

Q) The integration of Equation of Motion MUST be done with a

symplectic integrator otherwise there is the possibility of
undesirable phase space dilution.

Q E. Forest and K. Ohmi have proposed an explicit procedure to
construct first order symplectic integrators.

The idea is:
=»> Construct a generating function

F(z,P,z,Ps5) =zP + 2Ps + AsH(x, P, z, Ps)

this function generates the correct motion up to order (As)?.

- _J
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-

@Imwla+Dm
Qs I%MIN.TDV,@Q
%Ima W+Dm
%llllmum.fbm

Using standard procedures:

=> This set of equations can be inverted exactly; hence we

Q = f1(g,p) = q(s + As)
write: P = fa(q,p) = p(s + As)

The surprising fact is that the equation of motion are

algebraic instead of differential equations. The integration is

faster and more reliable.

J

_/

Physics Potential & Development £) D of 11~ Colliders. Dec. 10-12, 1997.

-

=> This approach has been partially implemented in ICOOL
(see next talk by R. Fernow)

=> Test on model problems with exactly known solutions (6D)
(drift,dipole)
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Physics Potential & Development £ ot t+ p~ Colliders. Dec. 10-12, 1997.

-

SUMMARY

We have presented:

=> A single particle (no space-charge) Hamiltonian of a combined
bend solenoid and dipole system.

=> The model problem is useful for numerical studies of emittance

exchange scenarios.

=> Lastly, an explicit symplectic integrator of first order which lead
to equations of motion that can be inverted exactly.

=> Parts of these ideas have been implemented in ICOOL.

\.

_J







A First Look
at Emittance Exchange
in a Bent Solenoid System

R.C. Fernow
BNL

11 December 1997
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First order equations of motion

3.

A
il

x" = h(1+hx) - [B(1+2hx)-B,y’]
p

E==ti

=

y" = LB (1+2hx) - B,x')
P

E -1 2

where h is constant.

Field model
B (x,y,s) = Bya,,y
B,(X,Y»s) = BD (aIO + a"x)
B, (x.y,5) = Bg(1 - hx)

N

T T
Dt
40 | |

Haovi dembel Vevtieal Verbeal How tombel
bend Snd lodsc

1 2
S
¥
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Design criteria

e Larmor wavelength

2
A =*1t._p._
L eB,

e make solenoid length Lg =” A, to minimize size in the
non-dispersive plane and divergence in both planes

e make solenoid length correspond to 90° for geometric
convenience

T
Ls=-2—p

e this fixes required dipole strength (dipole sign controls sign of

dispersion)
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Wedge design equations
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The real world !

T desl condr Hons 1COOL 1.67
plot - 6
........................................ var (x) - KE qe
dest (x) - 2
var(y) - Y
dest (y) - 2
lox = .800E-01 “ S"""ﬁsl'"’
a hi x « .160E+00
h step x = .200E-02
1l loy = -.300B-01 ﬂ\
r hiy = .300B-01 .
i step y = .300E-02 "
r
e contents = 200
i under x = 0
q over x - 0
e under y - 0
5 over y - 0 .
------------------- beeam Site
Conn 2
.
ol = 125
L, = § em )':Q

beom rodiel
At vurjl-hf-!

beam angu low

eomen borm




ICO0L 1.67
Com &  |tcrmcrmmmemomeceees ICOOL 1.67
2 plot - 6
________________________________________ var (x) - KE C”“ 2 plot - 6
dest (x) = 2 e itieeccececeecemccccecennaaan var (x) - KE
var (¥) ) - ; dest (x) - 2
dest (y - R var(y) - Y
h‘ﬁ n roda el mamen tum dest (y) - 2
- 0r 1 e only
t hi x = .160E+ lox = .500B-01
25323 o step x = .200E-02 2 J Bi x = .130E+00
2783+ loy = -.300E-01 + Peo® 20 MY Step x = .200E-02
4e9 hiy = .300E-01 5+ <« loy = -.400E-01
4c2 step y = .300E-02 744 biy = .400E-01
25694 step y = .400E-02
§5,’2 Ad =© contents = 200 73
+2b4 under x = o ++5ab contents = 200
433 Lo~ Bem over x = 0 2 6568 under x = 0
+C+ under y = 0 27522¢ - over x - 0
23 over y - o 2+ 767 Ad = ~S* under y = 0
""""""""""" 3ishb over y - 0
128 24 Ly~ Yem | femeececiencaaoo
""""""""""""""""""""""""" 1C00L 1.67 o e e e
plot - 6
---------------------------------------- var (x) - KB
+ + dest (x) - 2
: varly) - Y
N Sestt "“ ™ dest%y) - 2
on
* +3++ , lox = _,600EB-01
+ +2+4 3 hi x = _.140E+00
+ +432 . step x = .200E-02
1 iy ba =15 kY o
+24+ + .
22772522 + L.~2t em step y = .400B-02
+4245+43+43+ ¢ [ 200
39422 + co:tents - 0
3833432 gze:'rxx - 0
273 + -
424344+ ¢+ under y - g
2 34 Y .
* Y

........................................

383



384

C 3 . ICo0L 1.67
ose ' plot - 9
---------------------------------------- var (x) - KE
Coand | dest(x) = 3
B; var(y) - Y
vodiel Side dest (y) - 3
lo x = .500E-01
[ 4,
+ hi = .130E+00
add . ++ + 3242 h’ ste; X = 2oostoz
- Herizemtel bent Selemord 2 +3433324344+ F oz 2em loy = -.400E-01
L + 334337654+ o hiy =« .400E-01
3+3§;;§;30 step y = .400E-02
35;+2+ contents = 200
++5e+ under x = 0
4;22 over x - 4]
N under y = 0
D‘F‘C +2 o s* over y - 0
+ T 1l Jeeeeccccecccsmneacaen
L -~ "‘ Che
ot end o wdge .
1Co0L 1.67
> . plot - 10
.~’ Waebiest e e var (x) - KE
‘ / 7 wedge dest (x) - 4
var(y) - Y
dest {y) - 4
+* +
Firmeua +2 + 42 4 lox = _.S500E-01
- 8 2 +3 444 hi x = .130E+00
t M goop x o -200Ez
+ +3 + oy - -, -01
++4634724+2 + hiy = _400E-01
2 3-2“;5;4; step ¥y = .400E-02
+3+
+37+4+ 3 contents = 200
+ 5b33 under x = 0
+29+ over x - 0
25+ under y - (]
+42 over y - 0
‘ ...................
+
o wwd o vtk seleneid




| TCooL 1.67 ICOOL 1.67
plot - 9 plot - 9
----------------------------- 3 var (x) - KE e ececeeceammececmess-seaceccmueanceann= var{x) - KE
Cd | dest(x) = 3 . conld | gest(x) - 3
v Mementum - var(y) - Y op.?.hg memun tumm var (y) - Y
"d’ + dest(y) = 3 ”\." s+ @ dest(y) = 3
+ + + +
A + 4+ 2 4+ 244 lox =« ,S00E-01 b + lox = _500B-01
ro=2em 2" " 53 hi x = .130B+00 =%t **;zz; hi x = .130E+00
~ +2 +4+4+45+4 step x = _200E-02 + +4 2 step x = .200E-02
P, :[o-2omw) * *3, 13323+ + loy = -.400E-01 Po: [-eopedmule 2000502, lo ; - -.400B-01
() ++ 33+ 42 4 hiy = .400E-01 +e422 32 2442 22 hiy = .400E-01
+ 4+ 34553 +42 42 step y = .400E-02 2 23 + 32 34443+ step y = .400E-02
+4 43 32 44422 444 + +223453 4+ 3 2
Ad' _qst +2+ 22 4222+ 3+ contents =« 200 + 34 4443244+ 2+ contents = 200
47443 4 44224 under x = 0 pa. —4S* +3 2222333+ 44+ under x = 0
T + +2+44+ +2 + over x - 0 + 2 222+ 2 over x - 0
L. 3+23 + under y 0 Le » 7Cw +3 + 2 under y = 0
+ 2 + over y - Y ' + 4+ over y - 0
e 0 (N
+
oot W ave SR ~t o oy
ICOOL 1.67 ICOoL 1.67
plot - 10 plot - 10
........................................ var (x) - XE e e et emaicccecccccaceccecsesmenmenaen var (x) = KE
dest (x) - 4 dest (x) - 4
++ var(y) = Y var(y) - Y
+ dest (y) - 4 2+ + dest (y) - 4
++4t + +
2+ 42 lo x = ,SO0E-01 2 + + lo x = .S00E-01
+ + + 2+ hi x « ,130E+00 + 2+ + + hi x = .130E+00
42 4+ 444333 step x = .200E-02 42 2 43+ ¢ astep x = .200E-02
+ 4+ 445 s loy = -.400E-01 225453222 loy = -.400E-01
++42+ 4234244+ hiy = .400E-01 + 2 32473234+ hiy = .400E-01
+ 45266+ +2244+ + step y = .400E-02 2 2+44422 222 step y = .400E-02
+ 3 4+ 4424224 o + 2 433263434+ 444
+ 4+ #4344 44324 42 contents = 200 2 ++ 3262443 ¢+ contents = 200
4+ 4242 44+ 24+ under x = 0 2 22233 22 3+ + under x = 0
2+432 ++2 + over x - 0 2342+3 2+ + over x - 0
+ 2442++ + under y - 0 +2 4 under y = 0
+ 42+ + + over y - 0 ++ over y - 0
+ 44+ I Jeeseccencncanecnnans 0l Jeeccsccncanccnnnnnn
+
+
wh o it Selenecd vl of wgeh Selenerd

385



// Co ncluaions

386

- {‘.‘ ovdan Simudollon  wwdan | dasd ane i hoeey 3A‘W

eppached  diepuaien 6«.... Pe bk Selensid

(73 ruk'.L

redoction v ronamtom Spued

scp.ﬂu\;h.) , S'*'abl"‘)' arvd  Frems vear et [fomncn

JVW"‘” A rumea e ,._H..,u},-qa_.-l P Vedhange

?"M

o daalqe ophmieeki hoow per

o~ T

by PuL oeting weriele



387



388

lonization Cooling Outline
. Introduction:
for u*-u” Colliders- Cooling process, cooling equations,
Cooling requirements,
Il (~Fermilab) Cooling scenario overview

Simulations of ionization cooling
-Simucool results
wedges,
Li lens,
ring cooler

) Recent developments:
David Neuffer Match, wedge transport design,
Feasibility study,
Fermilab Li lens program

Cooling Simulations program — P. LeBrun
Geant, Icool, Parmela, Simucool

Cooling Experiment — S. Geer

Summary; discussion

December 1997



Table 1: Parameter list for p*-u~ Colliders Beam Cooling Requirements
Parameter Symbol Higgs 77 500GeV  4Tev Beam from source and rf rotation:
Collision Energy 2E, 100 500 4000 GeV
Ener er beam E 50 250 2000 GeV . ~ 100 ~
Liminosty LN Zms?  5el0f 12103 10%cms" e1n = 0.015 m-rad (7 cm x70 mrad); 8p/p ~ 10%, 8z ~ 1 m
8 at p, = 300 MeV/c )
Source Parameters up to 7x10'2 yw's/bunch - need ~3x10'? w's/bunch after cooling
Proton energy E, 16 16 30 GeV
Protons/pulse N,  2x5x10" 4x2.5x10™ 4x3x10"
Pulse rate fy 15 15 15Hz ~5 x 105 :
u-production acceptance p/p 0.2 0.2 .2 Cool by 21. V Collider:
p-survival allowance N /Ngouree 0.32 0.3 .333 Beam at 2x2 TeV Co )

£, n = 0.00005 m-rad; dp/p ~0.12%, 8z ~ 3mm at p,= 2 TeVic
Collider Parameters

Collider radius R 60 150 1000m Beam at 250x250 GeV Collider:

Number of ;1 /bunch N, 3.2x10" 1.5x10 2x10" £, = 0.00006 m-rad: Sp/p ~ 0.12%, 5z ~ 1cm at p,= 0.2 TeV/c
Number of bunches Ng 1 1 2 LN= '

Storage turns 2n, 1000 1800 1800

Normalized emittance ¢, 10* 10* 5x10°m-rad Beam at 50x50 GeV Collider:

p-beam emittance g ey 2x107  4x10®  2.5x10°m-rad g, n = 0.00009 m-rad; p/p ~ 0.12%, 3z ~4cm at p,= 50 GeVic
Interaction focus Bo 4 2 0.3cm '

Beam size at interaction o = (¢,8,)* 90 30 2.1 um

Beam at 50x50 GeV Collider — (small p/p mode):
£, n = 0.00032 m-rad; 3p/p ~0.003%, 5z ~13cm at p,= 50 GeVic

Cool before u-decay : 1, = 2.2 ps; ct,=660m
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u'-u- Collider Scenario Overview

p-p” source - ~KAON-class p-driver (10" at 15 Hz)
produces ~0.1wWp (p+ X - n — n)

p*-p” cooling - cools muons by ~10° in ~ 3us
using ionization cooling

p*-u” acceleration - recirculating linacs and/or
rapid-cycling synchrotrons (0.1 -—» 2000 GeV/c)

p*-u- collider - storage ring ~2000 turns/pulse,
o=2u, Av = 0.05, high-L detector
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Large emiftance

lonization Cooling

! l Small emittance

Accelerator

Momentum gain
is purely longitudinal

Absorber

Momentum loss is
opposite to motion,
P. Px: Py AE decrease

Ionization Cooling

muliiple
scattering

lIonization
i}
Px 3 13

Acceleration




Beam Cooling Equations . - ~esine g! erniftance excio

Transverse emittance cooling:

Dispersion Absorber
dey __ 1 dE_ . BE "W T
ds p2Eds = 283m,c’LgE

Energy cooling: = — —

dGé a%% 2 2)2 2 Bz -nb —

—ag* = —Z'EE“G'E +41t(l'emec ) ne'Y 1-——2’ :

Beam
» Ellipses
From transverse cooling:
want B, small at absorber (1m — 1cm) - g
: = strong-focusing; »
want L, large in absorber = low-Z (Be or Li) 61
From longitudinal cooling: x
Disnz-zion .
for o(dE /ds)OE>~0 = E, >~ 0.2 GeV dE
wee . [ €t tanf
— (dispersion + wedge absorbers) X —>Xx+1Mnd §—>8-d5 - x=0-98'x

' , -
since (AE,)? « v* and Eoq o Y = E, minimal (m, & are in 3E/E units)
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Beam Cooling Scenario for feasibility study

I-Initial Cooling section
-reduce dp/pto < 5%
-reduce bunch length to <~10cm
-Keep transverse emittance < 0.01 m-rad

li-intermediate cooling regime
- reduce bunch lengths to ~cm scale
- reduce transverse emittances to < 0.0008

lli-Final Cooling Region
-minimize transverse emittance (to gy< 0.0001 m-rad)
-keep bunch length, dp/p moderately small

Cooling Methods
I-Initial Cooling section
- wedges within capture/decay solencid
- thick Be absorbers with solenoid transports
- wedges with rf buncher for bunch compression
- Ring cooler

ll-intermediate cooling regime
- SOSO/FOFQ cooling modules
- Ring cooler
- wedges within solenoid transports, rf bunching

Il-Final Cooling Region
-Li lens — low energy Li lens / reverse wedge for minimal cooling
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e WEDGE ABSORBER

BENDING MAGNETS

Figure 3: Schematic of ring cooler
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Figure 4: Bending section of the cooler
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10° Final Cooling Section (possible parameters):
10*
B'(T/cm) [R(cm) | L (m) | Ppeam (MeVic) | €rcooling (cm) | I(MA) |
g 1o 10 1 12 |280—>150 |0.070-»0.046 | 0.5
[ 20 06 |12 |280—150 |0.046—0.0310.36
§ ‘ 20 06 (12 (280150 {0.031—0.0220.36
@ 1 40 04 |12 [280-150 |0.022—0.016 |0.32
§ 10° 40 04 (12 [240-70 10.016—0.009 |0.32
107 These parameters would avoid very high gradient, small
o0 | . e 20 25 30 35 ape.rture L.i Ieng; gr.adients are actually less than previously
Tum number achieved in solid Li lens (15 cm long)
I total reacceleration rf required is ~650MV
022f R PO . . . .
0.01 3 Higher gradient would still be desired (80— 160— ?? T/m)
: -4 0.20
> 0-20% ~ o9 Last step would require rf debunching to reduce Sp,
O oagp H - o018 in order to avoid beam loss as momentum becomes small.
58] p .
0.18 e : o )
(S SO DTS DU - SN I AU B 047 If no wedges, longitudinal emittance will dilute by at least ~2x
) -200 0 200 -200 0 200
cT, cm
E[l”!'|”l"llu"l'lﬁ‘T§-l__rI|']Il”‘_}:l””l|1”|‘:
0.05f o — 0.05
0% -0.05 2 : -—g -0.05
T.‘||||I||A|||l.lllllil'lll;;lllllllllllll'llllljllll;

.20 -10 0 10 20 -20 -10 O 10 20

X, cm
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Vi Vy
Li lens R&D m——— R U
Because focussing and absorber are the same device, and ==s—— ot , T ]

very strong focussing is possible; Li lens is ideal cooling
material

]\;

020
848

3108

N
#86
L4

High rep. Rate (15 Hz) + high field of cooling = Liquid lens

{4
i 7
/ 5 - - s
7 Rl % e SR
( "

Li 150 1
- Develop with BINP (Silvestrov et al.) a 15 ¢cm long, 10 T/cm liquid &
Li lens for p-bar production

Fermilab Li lens R&D Plan

Fig.7 Llens with big buffer volume: V, =50 cm’. Vy =166 em? .

- Design a 10 T/cm 1 m long Li lens for ionization cooling.
Design of 40T/m Li lens should also be initiated.
(Design is substantially B,r dependent)

Proceed to construction on cooling Li lens(es) LITHIUM CURRENT CARRYING COOLING ROD

| ~tubes of liquid lithium supply;

Insert in cooling experiment

2—oxidized titanium insulators:

3-operating lithium volume;

4 —two-wall insulated titanium
cylinder;

5~current input.

Figh lens power (~0.5 MW/m scale)
(final cooling section would need ~5m)
=> New power supply/pulser design
(shorter pulses, high power, 15Hz)
High pressure pump for Li




Simucool beam-cooling simulations

References:
A. Van Ginnekin, NIM A 362, 213 (1995)
A. Van Ginnekin and D. Neuffer, NIM A 2, ? (1997/8)
A. Van Ginnekin and D. Neuffer, PAC97 proceedings (1997)

Features:

Accurate representation of beam-material interactions:
lonization loss - p-e (w/ fluctuations, Bhabha J=1/2 scattering,
restriction threshold)
Coulomb scattering- p-A (multiple scattering, large angles,
Incoherent)
High-energy processes (bremstrahlung, pair production,
deep inelastic)

Can include beam transport, including transport with
magnetic fields '

Does not (yet) include rf-cavities, realistic acceleration
model

Not developed for multi-user code extensions
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SIMUCOOL Beam Cooling simulation studies

A - single steps from complete scenarios

1 - Absorber at low-p* focus (FOFO or FDFD focus)
large €, small € cases, E-dependence, Be, Li, LiH, H absorbers

2 - Absorber in Be (or Li) lens

3 - Absorber within solenoid
difficulties with toroidal motion

4 - Wedge absorbers
- AE - x exchange (reduce AE, increase &)

5 - End-point cooling (E — 20 MeV/c)
en — 5x105 m-rad; g, increases
- anti-wedges at low energy, low-E beamin Lilens
B - Multistep cooling simulations
1. FOFO lattice
2. Multistep Be and Li Lens - cools €7 from 0.01 to 0.000086 m-R

3. Ring Cooler - 10—30 turn; cools by 100—10000 x
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Wedge Cooling (3p-g, exchange): Multiple Lens-absorber simulations show cooling by large factors:
. A I R A LA A ]
0.50 7 r . .
| o0 R 1NmAL~_
0.45}— _E L . ]
0.05 ]
0.40 [~ [
0.00{— ]
0.35—~ - I b
0.30F before . o :_- _E
: o ]
> 051, 1 et ! N % : ~ ; 0.10 - L -
G g 8 I, P BN I
nasf- af ter ~ o o'mf_ FINAL 1
0.40:— —j - :
. 0.08{— p -]
0.35— ~
' b 0.00~ . -
0.30f- = ]
[ . 1 0.05 p— —
X S R R T
-20 o 20 I b
x (cm) _ 010 - -
Simulation conditions (wedge only): S | S SO R
P 40 MeVic; 1 = 1 0 e
= ,yn=im—~ j
;’P _3%18”2 3 pedipn £y C0Ols from 0.01 to 0.00009 m; lte beam loss,
= 8.0 19 limited €. growth

g, = 1.56-2.76 cm-rad, ¢, 1.5—1.34 cm-rad
SG-D =X 078




Li lens R&D

Because focussing and absorber are the same device, and Recent Beam Transport studies (W. Wan)
very strong focussing is possible; Li lens is ideal cooling

material Design of transport for multiple Li lens

. I . - Focus to small g* for cooling
High rep. Rate (15 Hz) + high field of cooling = Liquid lens Tapered entrance/exit to lens possible ...

Solenoid based solution
Fermilab Li lens R&D Plan

Transport for wedges
- Develop with BINP (Silvestrov et al.) a 15 cm long, 10 T/cm liquid Solenoids, n= % dipoles, phase-space rotation solenoids
Lilens for p-bar production x- and y- wedges, but motion is planar

- Design a 10 T/cm 1 m long Li lens for ionization cooling.
Design of 40T/m Li lens should also be initiated.
(Design is substantially B,r dependent)

Proceed to construction on cooling Li lens(es)
Insert in cooling experiment

Liquid Li lens design challenges

High lens power (~0.5 MW/m scale)

(final cooling section would need ~5m)
=> New power supply/pulser design

(shorter pulses, high power, 15Hz)
High pressure pump for Li
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Cooling Simulation Studies . ]
P LeBrun Cooling Experiment Proposal — S. Geer

Systematic development of simulation and optimization tools
for cooling scenario development
and to support cooling experiment

Ideal cooling simulation:
- includes all energy-loss physics (nongaussian tails, etc.)
- includes all beam optics (nonlinear fields, coupling, rf acceleration)
- includes space charge & wakefields
- optimizes beam and elements for cooling scenarios

Inventory existing codes and capabilities
GEANT, ICOOL, SIMUCOOL, PARMULA. ...

Set up code repository for multi-person use and
development- GEANT, ICOOL

Update codes to improve functionality
Geant - update double-precision, improve energy-loss model
ICOOL(R. Fernow)
SIMUCOOL - add long solenoids, rf model






Dear Kirk;

I had an opportunity to reflect a bit on the idea of the "RF wedge" and its
role in cooling. Before I begin, have you read the recent manuscript by
Dave Neuffer "Phase Space Exchange in Thick Wedge Absorbers fo
Tonization Cooling"? 1 believe the development Dave follows is the key to
a successful understanding of ionization cooling. I say this because we all,
at an instinctive level, relate to cooling systems we know and love, whether
it be radiation, stochastic, or electron cooling. In these systems, the orbit
functions such as beta, alpha, dispersion, etc. are determined by periodicity
conditions in a circular ring. Such is not the case in our present linear
system. We can (and do) change the orbit functions with the energy loss
foils, as Dave demonstrates. This misunderstanding has led some of us
(including me) to an unnecessarily restrictive way of thinking about the
problem.

I also want to point out that a deflecting mode cavity provides in its center
exactly what you wanted by going off center through an accelerating
cavity.

Now, as to the $100 misunderstanding. Since I don't know the details of
the bet, I am led to wonder what Eamnest was thinking of. Even in Ken
Robinson's paper in 1957, Ken stated that the horizontal betatron
oscillations in an AG electron synchrotron can be radiation cooled (slowly)
by fully coupling them with the vertical oscillations, which then are cooled
less slowly. A postdoc of mine, Craig Holt, showed in all generality in the
early 80's that vertical motion can be cooled by cooling horizontal motion
and coupling them. I believe (according to Valery Balbekov) that
Kolomenky and Lebedev showed that horizontal and longitudinal
oscillations could be radiation cooled together by coupling them with a ---
guess what?— deflecting mode cavity operating at a synchrobetatron
resonance! Others have reinvented this on occasion.

What the cavity (in a beam with a correlation between position and
momentum i.e. dispersion) does is couple the modes together. What it does
not do is "trade” or turn longitudinal phase space into transverse phase
space (violating Courant's theorem given at the Hans Bethe 60th hoedown).
In a cooling ring one can think of a coupled particle first with large
betatron amplitude being damped, transfering into longitudinal oscillation,
not being damped, back into (less) large betatron amplitude, being damped,
back into a smaller longitudinal oscillation , etc. Both end up being
damped. Note that depending on the phase difference between transverse
and longitudinal oscillations, the longitudinal might either grow or
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diminish. You can think of this as an expression of Courant's th

in a larger sense, the Poincare invariants) . In this case, it mightel())ge ttk?afand
larger coupling and therefore cooling is achievable than in the circular
accelerator. The detailed mechanism in the absence of a synchrobetatron
resonance needs to be described more carefully.

Notice that all is not rosy, however. The motion is not li

phase oscillations, and in fact for large phases, the mo(t)xtl:::z:; 2(;):\:::13 i:
increased, not reduced. This is a problem not shared by the wedge
qbsorber, which reduces the momentum spread irrespective of the arrival
time. .Thexefox.'e one would expect to use the RF wedge only after
sufficient longltudi.nal cooling that the bunches are narrow. Also, it is
clgar that a deflecting mode cavity is not easier or cheaper than ;m easil
adjustable absorber. Some more study might clarify its role. y

If you agree, I will say something about this at San Francisco.
Let me know what you think.
Fred

Fred M /k/ Fual



Dear Kirk McDonald,

I'am finally taking a few moments to read the material you sent me on
Monday. It deserves a careful answer, so please do not take this quick
note as definitive or final. I would like to think about it a little

more. However, let me begin by making a few quick observations:

(a) The "theorem” in Courant's paper is actually a formulation of the
first Poincare invariant,

dq*dp = dQ*dP

for the linear case. However, Poincare's theorem on differential
invariants is much more general; it does *NOT* assume a linear
dynamic. This discouragingly suggests that the popular wisdom on the
impossibility of trading transverse and longitudinal phase space may
indeed be correct - not because of Courant but because of Poincare.
However, I'm still only 92% satisfied about this. (Something about
dispersion bothers me at the moment. I'll try to formulate it more
precisely and get back to you later.)

There is a (false) story about the Wright brothers. The experts of
their time were ridiculing them for believing that heavier than air
flight was possible. Some were in attendance at Kitty Hawk. After
the flight had ended, they approached the brothers, and one said,
"Oh, well ... if you're going to do *that* ... ."

Incidentally, the final paragraphs in Courant's paper -- about
extraction not violating this theorem because it is a nonlinear
process -- are qualitative and seem a little shaky to me. The phase
space under consideration seems to change in the middle of the
argument. (I have to make this more firm before calling it an
"objection.")

(b) Regarding the example that you sent, what you intend is a mapping
of phase space coordinates before entering the capacitor onto
coordinates after leaving the capacitor — like <f|S}i> in QM.
However, the third equation, z' = z, does not belong to this map. The
z-coordinates are fixed by the positions of the "before" and "after”
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planes. (I probably could explain this better at a blackboard. It is
hard to wave one's arms effectively while typing on a keyboard.) What
you really want instead is

E=-E-V
t=F(x,y, t, p_x,p_y, -E)

where I am formally emphasizing that -E, rather than E or p_z, is the
coordinate conjugate to t. (See Eq. 3.45 on p. 130 of "Intermediate
Dynamics ...".) Here, t and t' refer to the time at which the particle
passes through the "in-plane” and “out-plane” respectively. In the
limit of an infinitely thin capacitor, t' = t. Of course, dE'/dE = 1.
(The symplecticity of the RF map is worked out in pp.53-56; see also
pp.159-163.)

If, instead, you take your map to be a "time-advance map" over a
time-interval delta-t, then you still should not write z' = z or

E'=E + V. These indicate to me that it is the Poincare map, not the
time-advance map, that you are writing,

(c) On the definition of "linear": let z = ( x, y, z, ... ) be a set

of coordinates. A map z_final = F( z_initial ) is "linear” when

F( c*z ) = c*F(z) for any number c. Constant acceleration is the
simplest example of a nonlinear dynamical system. (S.Ulam said once
that the term "nonlinear dynamics” is about as meaningful as
"non-elephant zoology.” At least, I think it was Ulam who said

that, Put crudely - and almost, but not quite, correctly -- nonlinear
dynamics means everything except the harmonic oscillator.)

This does not completely answer your question. I'll try to think a
little more about it if I can, and I'll study your Web page also.

Incidentally, thank you for reading my book. I'd appreciate leaming
of errors that you find.

Regards,
Leo Michelotti
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Three Bypasses o} PRElnr Baffete
Bottle Neck of Data Flow in Neutrino-Higgs Factory and
Device R&D of QMC-QMD based on EEEE Laws for PPPP
Jing SHEN

Institute of High Energy Physics, Chinese Academy of Sciences
P.0O.Box 918(6), Beijing 100039, P.R.C.

Dec. 4, 1997
* QMC-QMD  Quantum Muon Colliders-Quantum Muon Detectors
* EEEE Electric Electronics Engineering and Economy
* PPPP Progress of Particle Physics Projects

* Quantum Dirac waveguide:

Cooling spectrum, Beta waveband shifter, Steering and undulating radiations.
* Quantum doped fiber amplifier:

Cherenkov/scintillation imaging calorimeter, 1 pixel/1 fiber non-PMT readout.
* Parallelism readout electronics & photonics:

Small granule-large array, new topology of MLPS for imaging, crossing links.
* Electronic collimator, detector sharing collider’s extra-duty of background:

Inverse PET triggering, and active devices instead of tungsten nose.

* AGS-SLA leap opened SM, but lag behind Livingston law at Higgs of SM-SUSY
* Bit rate growth of FEE-DAQ lags behind imaging pixels growth of event/bkgrd
* Moore law & beyond, Nucl. disarmament are making these twe lags leap back.

1 Problems of realistic and advancing lepton colliders

1.1 Muen colliders

1.1.1 “Unforeseen losses during the 25 stages of cooling”

1.1.2  “The excessive detector background from beam halo”  --95MuMu Symp.
1.1.3  “They don’t live any long”, “since the ideas are all new,they might not work”
1.1.4 “Very thick beampipe”, “and detectors would lose 20° cone” --96 HEP Conf.
1.1.5 “With machines of 4 TeV or more, the intensity of neutrino from muon decay

becomes a radiation hazard”. —97 PAC Conf.

1.2 Linear colliders

1.2.1 Richter's Europe map effect and SLC —86 LINAC Conf. and 97 PAC Conf.
“Represent the realistic way forward and a major theme of 97 PAC”

1.2.2 R&D of JLC(S), JLC(C), JLC(X), NLC, TESLA, CLIC, VEPP are fruitful.

1.2.3 However, FLCs have still lagged behind Livingston line, but LHC leaps back.

1.3 Challanges and cooperation
1.3.1 Laser accelerator have made considerable progress.
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2  Why consider Quantum?

2.1 If ionization cooling can not reach the expectant emittance at all
2.1.1  then one has to decrease the beta instead to reach the Juminosity
N*N~ N*N- N'N-
L= 2 L. f Br = f 4
6,0, 4ne,f 4ne, B

2.1.2  Cline-Bogacz Micro-beta make luminosity increase more than beam loss

. |E )
B= ‘H‘— =4 microm, g =6x10"” GeV/m? (for Si), E, =100 GeV,

2.1.3  Furthermore, according to Palmer-Sessler-Skrinsky-Tollestrup et al.
de, dE, g  p,(0014) | N
B HTn WPANT ) e 2472 — f(7 !
d " & E, 2EmL, " I, " 4 {Z[tm - @)+ 20.))

dE
d(AEY "’( d:) d(aE,). )
(ds) =2 i, <(AE‘,)2>+ —g-I);""—‘- ,[]=47r(r,m,c’) Noép}'z(l-—p;—)

2.14  Different quantum effects between

d( dE ”) ,
dEI‘ an ds ﬂ__l and d(AE“ ) straggling
ds dE, ' L,

"

2.2 If the backgrounds in detector couldn’t be shielded by nose perfectly
2.2.1 Then one has to tolerate the backgrounds in the detector

222 It must increase the resolutions and create the new idea of read out events
2.2.3 Parallelism, terabit/s data flow, quantum devices

2.3 Bit-rate growth of readout is lagging behind pixel rising of HEP imaging
2.3.1 AGS-SLA matching leapt ahead Livingston line in 1963-1967 gpened SM
2.3.2 SSC-FLCs are lagging behind Livingston line in 1993-1997
2.3.3 Bitrate growth in FEE & DAQ are Jagging behind the jet event imaging,
~ Track number growth law in imaging
~ Multiplicity
(n): A+Bins=C+Dt, +s=E'=Lx10™
~ Charged multiplicity
Y (=Y 0,30,
~ Track number growth rate
Jpsi (1974), D° +5(1984), Z ° (1989), Higgs (2007), pp-SUSY(2010)
~ Track cluster of jet
~ Track number from Detector Background of muon decay
150 000 hits (863 cm ? vertex, 400 u* pixel) x 0.3% / Xing
15 000 hits (34m?* tracker, ] mmx cm)x 0.1% / Xing
2.3.4 The additional huge bit rate of background hits
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2.1. Event in the CMS detector * This piciure is based on simulations The tracker is in the mididle of




3 What is Quantum Muon Collider? . > . -
« = w o , +> g

3.1 Emittance of muon beam and cooling spectrum L O 'e ¥ © ".__O [S]

3.1.1 Ultra-slow muon sources eV ® 2 O -~ % @ a g

3.1.2 Frictional cooling below 10 KeV > < i e

3.1.3 Cherenkov cooling about 100 MeV i

3.1.4 lonization cooling in 1-5 GeV dNe = (17 Cosp)dx dcose, X =2 momentum of e/ my

3.1.5 Radiation cooling above 4 TeV p=1

3.2 Beta band shifter of guiding muon beam in IR

3.2.1 Bogacz-Cline strong focusing transfer line of crystal channeling
3.22 Quantum waveguides of Dirac field of Fermion-Nanom and Sub-nanom i A
3.2.3 Betatron trajectory of muon in quantum waveguide 4N 7
31.2.4 Modes of muon betatron and the cutoff effect of beta-wave A /’/ o
3.2.5 Relativistic Lee-Yang angular distribution of polarized muon decay electrons d 3/ Ype1/4

3.3 Background beam dynamics beyond dosimetry L
33.1 Emittance and luminosity of muon decay electrons 0 - 05
3.3.2 Emittance and luminosity of muon decay neutrinos x
3.3.3 Emittance and luminosity of muon decay electron radiations

Spectrum (21.9) for different p volues,
3.4 Steering radiation of guiding backgrounds

3.4.1 Breamsstrahlung of muon decay electron d*Ng= X*[3-2x X (cos8)(1-2X ] dx deose
342 Synchrotron radiation of muon decay electron couldn’t be steered
3.4.3 Channeling radiation of guiding muon decay electron could be steered 10 T v r T
344 Bethe-Heitler muon pairs :

; 07508F e e L
3.5 Bunch Fields and background field of RF waveband ost ‘{ i A
3.5.1 Real photon modes of bunches in beampipe p ' { I
3.5.2 Virtual photon modes of bunches in beampipe : 0.4}t ~
3.5.3 Coherent RF beamsstrahlung :

ozr I & N Year

3.6 The most of advantages L L I " L X ; n )

0
3.6.1 Higgs factory: Muon beams are 40 000 times stronger then electron’s ,9481 1952 1956 1960 1664 1968
3.6.2 Base: Existing and constructing proton machine

. dN
3.6.3 Compact and lower cost: Muon machines are the best xe = 6x?[ (2 - ; ) - (2- %9_ p)x1
3.6.4 Quantum Collider: Muon's nuclear cross-sections are smaller then proton’s ‘ .

Muon’s breamsstrahlungs are smaller then electron’s Experimentol determination of the Michel
3.6.5 Quantum Detectors: Muon decay backgrounds expedite. porometer p versus time.

3.7 Muliti-factories L . .
371 Muon factories with electron exposuring facility Lee - Y‘M’lq 0‘"\3“'9!’ diskribution o4 deaw electron - nextrine

372 Neutrino factories: eV, 100 MeV, 100 GeV, 4 TeV o} PD\QF;ZQ d muon heaw
3.7.3 Higgs factories -
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4 What is quantum detector? Could it shares muon collider’s heavy duty?

4.1 New materials, new effects, radiation hardness

4.2 Terabit/s microm waveguides

4.2.1 Multi-mode fibers for Cherenkov photons

4.2.2 Non-linear fibers for scintillating photons

\I} Banch Signet 4.2.3 Improve resolutions of timming, imaging, and calorimeter

& WeilGurent

T 4.3 Waveguide amplifier of terabit fibers
A { - v Pt ! 43.1 Doped fiber amplifier
H f et Weke Field 71 | a 432 Cherenkov fiber amplifier be timing, PID and calorimeter
| | 4.3.3 Scintillating fiber amplifier be timing, PID and calorimeter
4.3.4 Nanom wave shifter

- |

; 4.4 Quantum electronic-photonic devices
— L SR _ 4.4.1 Super lattice devices

Virtual Photon 442 Nonom devices

Modes oot g A 44.3 Single photon devices

v 444 Single electron devices

4.5 New topology of circuits and system matching quantum devices
4.5.1 Back Propagating Neural Network

4.5.2 Boolean cubic connections

4.5.3 Crossing optic connections

4.6 What should be in detector heart? )

4.6.1 20" shiclding Tungsten collimeter in the heart of detector in IR of collider
4.6.2 looks like a great wall in Wall street

4.6.3 Isit possible an active bit rate devices instead?

porsermrtorer ool

/ 4.7 Could be an electronic collimator in detector?
TMQ 4.7.1 Could make the backgrounds become tolerable in detector?
A 472 Inverse PET triggering rejects backgrounds

4.8 Would be possible by a little story of BES-BEPC
4.8.1 BEPC’s bunch length was correctly measured at first by TOF of BES person

o 4.8.2 By quantum effects

EYAY

e’ ::)' \ 49 Event imaging under huge backgrounds
T 49.1 Back to bubble chambers

One can see events easily, but 300 000 pictures for discovering
492 A basic problem of triggering electronic detector
Parallelism data-out from detector but Serialization readout electronics

ST om,
S
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CCT (Cherenkov Correlatod Timing dotoctor)
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& o aTiam +6Teqom Degenerate 2D Systolic Array

=aTgqyp) + d*nle *(Msinay, - Usin ox)

The schemnatic view of CCT formation and the principle of CCT. Cy Cn Cyy w Oy Oy dyy
Cn Cx C2 . dn dzz du
- . l Cy3 Cgy Cyy dyy dys dys
A, . §
- A Xin Xout
\/}( ]
1{0)=ain’0 Vi
‘ Xot = Xp Y MM
PARTICLE Yot =Yn
0",1"-,,) =5in’0 p/'u! ICLE
g.mo a. 200
oo o \
g 1o g \
‘E‘ '? 00 0.2CeV
: 1008 1 s w I.'/ d‘n l
S 100 g o
g P . 5 o0 & ¢ ; .
H oy | Fm| Caley, G " e
Lt Vg — | A w
) Ribvoereesoi S ix muti thogonal disintegrate systolic arra
i e T ] S YU DUV VSRSV | Matrix mutiply and othogonal disintegrate systolic array
-19 [ 16 e a0 40 10 & - . J 3 1
Polar Angle [ Polar Anpae n



> @ ® e .
0 1 2
2 2 2 90 9! 9? 2°
NIz
n=17, Nodes=131,072 *&Ny" N
Connections=2" X(2" ~1)/2 NI R
=8,589,869.056 7N

Non—xing topology of direct connection
n=17, Nodes=131,072
Connections=n X2""'
=1,114,112

Non—xing topology of Boolean cubic connection
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S steps of communication

Xing topology of non-crosstalk optic link

in 3

dimension Boolean cubic
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5 Serialization and Parallelism

P, - 5.1 Parallelism data-out in detectors (An example from M. Atac)
5.1.1  GaAs pixel array vertex

[' ’"‘ """" 5.1.2  GaAs strip tracker
- Y i1 513 TPC

: 5.1.4 Quartz Fiber Cherenkov PI and Calorimeter
K3 = ¢ ?ﬁ'} 5.1.5 Muon Chamber

1
K3 l 5.2 Serialization of FEE

5.2.1 Front End Electronics in detector

|

|

|

|

|

|

|

|

1

|

:

: ~ Front End Card of Pre-amplifiers, shift register, CCD,

| 5.2.2 FEE VME on detector

!

i

{

|

|

|

!
-

]

<

<

&

>
L
iy
by

~ Amplifier, Discriminator, Multiplex,
~TDC, QDC, FADC, WFM, Latency Buffer
~ Encoding, DSP, DPM
5.2.3 VME in counting room
_____ - ~ Switch network

<L
&4
-

|
1
|
t
!
|
|
|
{

11

11

b
oy oy auoxbrog

4

A <)

- ]

R

- BBoq Safine uesls

-t —-——Hp--

3
i
!
!

~ Triggering level 1, 2, 3

<)

Ry
o
vagooot

I
i
| 5.3 Serialization of Buses in DAQ
:g 5.3.1 Gamma-camerato PET
lg ~IEC-TC45 (Nucl. Instr.), TC62 (Med. Instr), TC65 (Syst.), TC66 (Meas.)
{ 532 Jipsi
t ~NIM: Committee of US DOE
: ~ CAMAC: ESONE/EUR4100e (1969),...; IEC516,....
|
i
I
]
—

Sng 3A

(94

<
<

y

>

\V4
by

US-DOE-TID25875,...; ANSVIEEES83 (1975),...
5.3.3 Z° 3 generations
~FASTBUS: ANSVIEEE std 960-(1986)
5.3.4 ¢ Factory, -~ ¢ Factory, B Factories

~VME/VXI: IEC 821 bus, IEEE P1014/D1.0 (1985)

1
4y £
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260 sy wodyng
4 Y "S-
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e
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¢
CeY
r17]
<>
=)
4y

5.4 Serialization of calibration VME

5.5 Serialization of on-line computer

5.6 Bottle neck of data flow
5.6.1 Parallel detector data out, but serial FEE read out, DAQ bus, on-line computer
5.6.2 Huge backgrounds pile up, block the data of events

5.7 Beyond seriglization of Higgs imaging
5.7.1 Local Parallel VME/VXI, large granule-small array
5.7.2 Back Propagation Neural Network of triggering (1989)
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6 How is Quantum in Parallelism

6.1 Three laws on detector
6.1.1 - Slopes of: data-rate/yr < tracks/yr < Moore law << Beyond Moore law
6.1.2 .. Parallel electronics matching the intrinsic parallelism is possible

6.2 FEE from serialization to parallelism
6.2.1 Non-xing topology of parallel electronic connection

~ One way bus NIM, CAMAC

~ Local two way bus Fast Bus

~ Pipe line VME, VX1

~ Multi-layer one way feedback BP-NN

~ Systolic Algorithm-topology mapping
~ Boolean Cubic CM/SIMD

~ Two way neural network

6.2.2 Xing topology of Parallel Optic Connection
~ Terabit per sec. fibers
~ Xing photon path links

6.3 Triggering from serialization to parallelism
6.3.1 Programmable Logic
6.3.2 Trainable Back Propagation ANN

6.4 DAQ from serialization to parallelism
64.1 Bus BEPC

6.4.2 Pipe Line BTCF

6.4.3 Systolic

6.4.4 Boolean Cubic

6.5 On-line computer from serialization to parallelism
6.5.1 Large granularity of CPU-Memo small array
6.5.2 Small granularity large array

6.6 Progress within Moore law

6.6.1 Paralleling electronics and computer
6.6.2 Terabit/s devices

6.6.3 Sub-microm technologies

6.7 Potential of beyond Moore law

6.7.1 Devices of ultra high resolutions of time, space, and energy
6.7.2 Nanom tech

6.7.3 Single Electron tech

6.7.4 Single Photon tech.
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Track number, Data rate and Moore’s Law
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Path Finder

Path Finder
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The mono chip computer as a readout follower
of Fiber pixel array
Project dispersion imaging as a spetial amplifier
17 dimenssion Boolean cubic
switch connection of 136,072 Host Memo
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1,114,112 connections Data Share
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7 EEEE Megatrends of PPPP 100TeV . . . : : - '
7.1 Laws and rules on HEP wHw-2° 1998
7.1.1  Though PPPP is behind Livingston law at the moment, S C b t FCNC
7.1.2 But now it is coming into blocking nuclear cold war T
7.3 Because social demand MIPS-MLPS ~rising rapidly ahead HEP * CPV QPM Sub—quark
7.1.4 and it is coming into also beyond Moore law ? MUMU
10Tev | LHC A -
7.2 Possibility :
7.2.1 Nash c-game of the prototype of 100 GeV muon colliders !
7.2.2 Harsanyi i-game of quantum muon collider and detector LHC : FMC
7.3 Causality Tevatronm
73.1 EEEE dynamics in Hilbert space of HEP state eV | 5SG /]
7.3.2 Increasing micro electronics-photonics, HERA-B
7.3.3 Introducing nano electronics-photonics. Tevatro
7.3.4 Feynman path integral and HEP state transition in Hilbert space of SPS a (@ UCLA BNL FNAL
DPPD-TEEET-CDDC and PPPP-CDDC-EEEE LEP I JLC(X
spps  ANONUS4 JLe(c
7.4 Social meanings of muon collider —-beyond 20th century’s laws 100GeV |- SLC JLC(S |
7.4.1 Beyond Nucl. defence law TRISTAN NLC
7.4.2 Beyond Bit-rate law 1S -=o KEK-B  TESIA
7.4.3 Beyond Moore law o/PEP ®JHF VEPP
7.4.4 Beyond Livingston law AGS of PEIRA___ -=oprp-g  CLIC
PS CESR
8. Conclusion SLAC
8.1 HEP tripod of p.e, u is right because the nature likes the number three 10GeV JNR SPE.;{E, E o o CESR-8
82 Concentrative proton machine looks like the great wall of Chin dynasty. ORIS
8.3 Distributive linear electron machines looks like the way of United States. (C[’].T)SPEAR
84 Cooperative muon machines looks like the World Wide Web on intemet. |/ p—SfF-"osoo————— =0 DASNE
8.5 Starting Quantum Colliders and Quantum Detectors ADONA (CPv,CPT)
8.6 Moore law & beyond ensure that the EEEE base of QMC-QMD is
a solid foundation for Higgs factory and other PPPP like neutrine etc. 1GeV .
*
Model MillionLinkPerSec (MLPS)  Relative Performence
Micro Vax 0.008 0.296
Sun3/75 0.01 0.370
VAXT780 0.027 1.0
Sun3/160 0.034 1.259 \ \ \ \ \ \
VAX8000 0.06 2222 1950 1960 1970 1980 1990 2000 2010 2020
Convex 0.80 29.630 L. .
Craye2 ; 259259 Livingston Law (Lines)
CM(64) 13 481.481

S§X-2 72 2666.667
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Bunching to ¢ ~ 2 ns is desirable because:

Polarization states are easier to sepatate by bunch rotation
if the bunch is short.

Bunching Near Transition in the AGS

Less cooling is required if the initial proton / pion / muon

M. Brennan, L. Lawrence, V. Mane, bunch is as small as possible.
T. Roser, D. Trbojevic, W. van Asselt . .
BNL The 2 ns requirement has been relaxed somewhat since

polarization is not so interesting in the early stages of operation.

C. Ankenbrandt, K-Y. Ng, J. Norem,
M. Popovic, Z. Qian
FNAL

San Francisco, Dec. 1997



We have studied a number of methods of bunching: Nonlinearities limit the degree of bunching that is possible.
1) snap coalescence ¢ Synchrotron frequency depends on amplitude.
d

2) rebunching at a higher frequency
3) bunching near transition ¢

1) and 2) are comparatively well understood, but in this \_//

experiment, we have looked primarily at 3) which is . . "

interesting because: * Phase shear is nonlinear near transition.

* Flexible Momentum Compaction Lattices (which
will probably be used to avoid crossing transition)
offer a way to easily manipulate the transition energy
of a ring. de¢/dt ~ nd ~ &2

if 7 ~ o - 1/2+ (a1 +1.5 )6 +

* Bunches naturally become narrow at transition and want o = -1.5

optimizing this effect is interesting.

* No additional hardware (harmonic cavities etc.) are
required.

423



Operating Mode of the AGS

np ~ 4 x 1012 /bunch

0.05<K-y < 0.05
E ~7GeV
A ~15¢eV/s

Machine parameters:

10 e ee——_— SUddenly makes
9L — bunch very tall.
e
8 F -
Y
7} i
o/ ]
5} / -
ab .- ;', e N_xl10!2
3k ff \Bdot [ 4
i ff ,
2o\ / 7
'/ \"* A, V-sec |
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Time, s

Bunch area measurements:
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time from injection, ms
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Tune of %4(J)

%
n
vy

Transition Gamma
o0 o
(7.3
& 3

-0.005 0.000 0.005 0.010
)

Increasing sextupole currents change the slope
of #(6), but octupole magnets are required to make
it linear.




The data can be modeled with ESME

Results: Bunching
Time evolution of the bunch was stable.

d~25%

<«— 10 ns

r ' ’ 1The shortest bunch was
produced by modifying
the initial state.
G ~23ns Tracking codes can produce an estimate of momentum width,
as well as the value of o from the asymmetry of the final

;"f“
FW =119 ns

bunch distribution.

70 90
Tlime, ns

425



Results:

Measurement of

Phase flip 1% = 8.34 + 0.05
synchrotron freq 1 = 8.43 + 0.05
previous data % = 8.45

Debunching % = 8.45 + 0.04

Measurement of 0/
beam loss vs freq o =35+15 @I =100A

bunching simulations =0 =1

426
Conclusions:
 Bunching at transition works.
(almost good enough for the muon collider now)
(There seem to be a number of ways we could
get even shorter bunches, for example by

mismatching the initial bunch to the bucket
by using the rf program.)

Bunches seem unexpectedly stable.

Measurements of % and ¢ are consistent with other
data.

Useful additional experiments:

Look at high space charge

Move % quickly both ways
(which can compensate space charge)



