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Overview =

» EXxisting slow muon sources
» muCool principle
» Experimental tests of longitudinal and transverse compression

» Conclusions

o
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Why Slow, High-Brightness Muon Beams? @i ~=

» Particle physics experiments:

» Efficient formation of muonium for muonium spectroscopy, muonium-
antimuonium conversion searches, muonium gravity tests, ...

» Improved injection into magnetic systems and much improved beam quality
for muon g-2, muon EDM, ...

» Material science (USR) applications:
» Study of surface effects
» Study of small samples
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Cyclotron Trap M=

: CT I m
T Bt » Used for the Lamb shift
100t == —— <IB=2T py-_joky measurements in
52100 MeV/e T 200mmfoil )
B=4T for muon extraction muonic a‘to m S
Solenoid
2 2 ctor B=5T ]
- Muon fetector - o8/ iyarosen st » - TYPICAIlY ~1000 /s on
g Frictional cooling

2X1 cm2 @ 5 keV

/ » Gain by factor 4-5 for

u+ straightforward
(cross-section)

Principle of the W

. I l + 1
cyclotron trap » Higher gains for i+ in

Slow w~ . . .
principal possible by
/\.{ injecting surface muons
directly

R. Pohl et al., Nature 466, 213 (2010)
L.M. Simons, Hyperfine Int. 81, 253 (1993)
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J-PARC 4 MeV muon : Y
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| 1-PARC 4 MeV muon |

‘ Beam window |\‘

‘ Lyman o laser

SOA Lens £
Electrostatic r‘E
Quadrupole Lens 3

Mass separation
device
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Magnets
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dissociation by laser resonant ionization
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muCool Principle EE

D. Tagqu, Phys. Rev. Lett. 97, 194801 (2006)

Transverse compression

Longitudinal compression

{ Tertiary p+ beam |
D <1mm '
tE<1eV

pulsed, tagged |
polarized f

{ Secondary p* beam }
" D=10 mm |
{E ~4 MeV
f continuous :
| polarized

f Muon swarm cdmpressidh inside a helium gas target
 employing position-dependent muon drift velocity.

Increase in brilliance (after reaccelerating to ~10 keV) by factor 107: B ~ l/eLeT
» Longitudinal emittance g, (AE-At) reduced by factor 104

Transverse emittance et (Ar-Ad) reduced by factor 106

— Phase space reduced by factor 1010
» Efficiency of factor 10-3: lout = 103 lin

.
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muCool Principle BE

Transverse compression

7 Longitudinal compression
5 mbar He gas 'j Tertiary pu+ beam §

D <1 mm
tE<1eV
pulsed, tagged |
 polarized f

{ Secondary p* beam }
'D~10 mm |
{E ~4 MeV
f continuous :
| polarized

L = et/m: mobility

Up = ,uEZ > [E+wTEx B+wt*(E-B)B] 1=1(p,T): time between collisions
1+wT w = eB/m: cyclotron frequency

E A A A
Transverse compression: Up = a |E +wTE % B E~2kVicm,B=5T
1+ w?T?
Top: low density, large T — drift along ExB

Bottom: high density, small T — drift along E

]
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muCool Principle PE

wall at 12°K denfgtv sca;e
[10 " at/em™]

2.5 | 2717~ wall at 4°K

0 Br—r—Ft——T—T"r—+7. .. [P SNN S S NN S N T ST N T [N
S 10 15 20 25 30 35 40
X [mm]

» Simulation of transverse compression stage

» Several muon trajectories (together with their drift times in ns) are shown
starting at different y-positions and all compressing into the funnel on the
right

o
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muCool Principle BE

Transverse compression

é Longitudinal compression
5 mbar He gas Ea—

D <1 mm
tE<1eV
pulsed, tagged |
 polarized f

{ Secondary p* beam }
'D~10 mm |
{E ~4 MeV
f continuous :
| polarized

L = et/m: mobility

Up = ,uE2 > [E+wTEx B+wt*(E-B)B] 1=1(p,T): time between collisions
1+wT w = eB/m: cyclotron frequency

UE
1 + w?

Longitudinal compression: 7p = > [E+w*t*(E-B)B] E~60V/icm,B=5T

Compression along E- and B-field direction

O
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muCool Principle (=

y Transverse compression
~

N

I 2 mm

W I 4 mm
iy

o
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. X ~
Longitudinal
compression

Simulation of transverse and longitudinal compression
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muCool Principle BE

IS 10 a) 510 50 [10'’ at/cm]]
= 14 F dens. ?nd tfmp.&scale: . .I . ump pul{\np
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B SN NIRRT L R e e
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y compression mterrer;\%dr:ate Z compression co:rlig?'le‘s,-szion extraction acc‘:’uar‘r:\ltjjlljar?ion
> < > < > < > < >>
1-3.5 us 0.7 us 1.7 us 1.0 us 1.0 us

- The full system will feature an additional compression stage
The total time needed for the compression will be ~ 8 us

» Wall and neutralization losses should be minimal
Expect an efficiency of O(10-3)
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Experimental Tests in Stages EE

Transverse compression

Longitudinal compression

'-~tia‘+ beam
D <1 mm
I E<1eV

| Secondary p+ beam

D ~10 mm | pulsed, tagged |
{E =~ 4 MeV  polarized ‘
{ continuous Ctrssenmmmnesasmeminn

| polarized

£+ First experimental test in 2011 §
3> Improved tests in Dec. 2014 §

O
Andreas Knecht COOL Workshop 2015, 28. 9. - 2. 10. 2015 13



Test of Longitudinal Compression «(—=
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7000
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vV A
0 >
\/ Z » First test of longitudinal
e compression in 2011
P4
Scintillator E-field E-field Hegas S2 = . .
& » TiE1 beamline tuned to 10 MeV/c

/o— _\ B
1 ?|- L » Only small fraction of muons

» 80mm “HV 80mm » .
stopped in gas

5 mbar

» Developed special simulation able
to reproduce measured data after
introduction of:

5000

Counts/exp(-t/2.2 us) [a.u.]

4000
3000
2000
1000

RN LA LA AL I,;IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

&
%
5
O &

» small misalignment
» chemical absorption

s

L | L L L L | L L L L | L L L L |
500 1000 1500 2000
time [ns]

Bao et al., Phys. Rev. Lett. 112, 224801 (2014)

Andreas Knecht COOL Workshop 2015, 28. 9. - 2. 10. 2015 14



Test ot

ongitudinal Compression «l-&

SE= i
1O§ ---t=100ns
B t =500 ns
B 1 ==+ t=1000 ns
102 T B I — t=2000 ns
10

Andreas Knecht

PAUL SCHERRER INSTITUT

» From simulation:

Compression is indeed fast and
completed in <2 us

» Situation in real setup will be

somewhat different:
Here slowing down of ~10 keV
muons mixed with compression

B,
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Improved Setup EE

HV connection o _
/ Scintillator bars read-out by SiPM

Voltage divider

schematic

» Improved cleanliness of target @ no chemical absorption

> Better shielding of detectors, larger volume — less background

> More scintillators (26) — observe temporal evolution of the compression
» Scintillators in telescope configuration — high spatial sensitivity at center

I
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Results of Improved Setup

6
= -500 V
== +500 V

normalized counts / 2%
AN

w
IIII|IIII|IIII|IIII|IIII|IIII

5 mbar

-—FJ- =_-I—.|...H i

PRELIMINARY
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alb=14.5

v ¥b

O 1 000

» Compression efficiency ~ a/b
» From simulation: (100 + xx)% compression

time [ns]
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normalized counts / 22

Results of Improved Setup

— 500V
— 0V
5 +500 V
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» Longer drift times
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» Observed much improved
compression signals:

» Larger compression effects due
to less background and spatially
more sensitive detectors

COOL Workshop 2015, 28. 9. - 2. 10. 2015

» Confirmed effect of chemical
absorption due to impurities
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Detector Hits

Results of Improved Setup BE
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» Observe temporal evolution
of compression with row of
scintillators
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Test of Transverse Compression =

Scintillator bars

Kapton side walls

Glass walls with
Kapton entrance
windows

Saphire bottom/
top plates

» Test of transverse compression follows the same principle as for
longitudinal. Observe compression behavior by temporal evolution of
counts in detectors around the target cell.
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Test of Transverse Compression =

1.5 2.0
time [us]

Counts/exp(-t/2.2 us)

Counts/exp(-t/2.2 us)

0.0 0.5 1.0 15 2.0
time [us]

» Simulated signals in the different scintillator bars for muons starting at
different initial heights

]
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Oetup for Transverse Compression  “—=

» Setup in the E1 area of PSI. ~20 kHz u+ @ 10 MeV/c
» Cryostat with long cold-finger inside superconducting 5 T magnet
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Oetup for Transverse Compression  “—=

Entrance collimator Scintillator bars read-out OFHC and ultra-pure Al Pulse tube refrigerator
by 2 m fibres and SiPM (in air) cold finger operated in ~200 G
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Setup for Transverse Compression =~

«

) N
— -
= .— 4‘-—. _7_ 3
ton side wall_ -% [tage division
"'h tors for VO
old traces
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Results from First Test 20 1 4 BE

> Things that worked:

» Reached ~5 K on bottom plate of
target cell

> Nice and clear signals seen from
scintillator bars read out by 2 m
long fibers

» Possibility to align target with
positrons once cold

Signal [V]

|
:

-0.02

-0.04

-0.06

-0.08

-0.1

-0.12

H > Things that didn’t work:

-0.14
s b Finished cell just a few days before
Time [s] .
Scintillator signal after 2 m of fibre end of beam time

» Gas cell developed a cold leak
» Lost some HV contacts

» But: Concept in principal viable
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Lots of work In last year! =

— Constant 5 mbar in target |
i 107 mbarin cryostat ]

» Improved cell design and high-voltage connection
» Gas-tight cell at cryogenic temperatures and over several temperature cycles
» Reached electric field strength of ~ 2 kV/cm with magnetic field
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Conclusions =

» Interesting physics opportunities in particle physics and material science
using slow, high-brightness muon beams

- The muCool collaboration aims at generating such a beam using a novel
technique employing a density gradient in helium gas and electric and
magnetic fields. The efficiency will be of O(10-3) with an increased
brightness of the muon beam of 10~.

» Longitudinal compression has been demonstrated experimentally with
good progress towards transverse compression

S
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Backup B
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Simulated energy loss per unit length along z-axis

10° = o  Measured Stopping power
— v Elastic Scattering
= u Charge exchange
10° == 5 mbar, 62.5 V/cm R
[ v vVVy : ;
- (A A AMMARRRAAS AALE: .
— A\ A4 Vvvvvvyv '
| 12 Fibar, 68.75 V/cm .
v m
10 E_ -
B |
i [ | E é |
I | l:llllll | llllllll | lllll.| | l:lllllli | llllllll | llllllll
10 1 10 10°

3 4 5
10 10 T[e\ﬂ

Kin. energy gained in E-field
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“rocesses at Low Energy “l—=
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Difference:
He ionization
and excitation

Muonium formation
and ionization

ut + He — Mu + ...
Mu + He — pT + ...

Elastic scattering:

ut + He — put 4+ He

[Lin. et al., J. Phys. B 12, 4179 (1979)]

uT cross sections at low energy are not know:
- velocity scaling from p data for the charge exchange
- energy scaling from p data for elastic scattering

COOL Workshop 2015, 28. 9. - 2. 10. 2015
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Extraction into Vacuum HE

vector scale

‘ End of He targetl 100;n)jsec

Injection

radius (mm}

Differential region

-02

To pump

i

Extraction reg.
p ~ 10~* mbar

l

Skimmer

density in STP eq. pressure (mbar)

0.15 1.2

No flow inside target!

Reinjection of helium “blocks” outflow of helium from target cell and compensates
losses

o
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Extraction into Field Free Region #—=

Gerola et al., Rev. Sci. Inst. 66, 3819 (1995)

B (Gauss)
O
[}

80 g5 90 95 100 105 110
Z (cm)

Field termination with a magnetic grid
Tested with electrons at a few keV
~50% transmission and increased transverse energy by O(10 eV)
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Measurement of Gas Density Gradient @~

PTR

image plate \
/vacuum
1
steel .
—t— | = it collimator
1 (1T monitor
- - neutron
I [ beam
.
| gas cell
C
cold finger Z X
—200—:i—200— 1800

(Morpheus beam line, PSI)

(Raw data/images) —

o
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Measurement ot Gas Density Gradient
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Rectangular cell
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z ||
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[
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Triangular cell

z ||
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o |uun]

The color scales represent the exponential absorption coefficient.

— The colors are proportional to the density p

e Data normalized using a monitor detector and empty cell measurements.

Rectangular cell

3'02’ — Data
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z — ko TN0.512)
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Triangular cell
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Coldfinger Temperatures EE

o ‘f——-—' %
25_— . A

: ; . @ 1st Stage
20! ‘ | ® 2nd Stage
i . O 4 8 W . ® T4 — Cell Top Upstream
. . 1 @ T5 — Cell Top Downstream
1 @ T6 - CuBlocks
T7 — ColdFinger Upstream

15_— ) O . 75 VV ‘ : gl—mcijldﬁnger Downstream
10+ i .

PT100 — Tipof TS
15:00 | | 15:30 | | 16:00 | | 16:30
Time

Temp [K]
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Electric Discharges =

- d=10mm 6K /(3]
v d=10mm 140K /(3) _
@ Require 2 kV/cm
1E+02 o I d=10mm 6K /[2]
7L I -
- H  Review @ Strong B-field!
1L

3nt - Variation of Review - o E x B-drift
=~ 2} T .
¢ | e Increase effective
. 1E+O;§§ density
- 5T o Increase breakdown
() —~4-
> 3L voltage
prd
=z 2+
Q
O
f 1E+00:;‘;;'5
§ ; Vep at cryogenic

At temperatures for He
0.3 kV/CmNF M. Irmisch et al.; IEEE Trans.
1E=01 4 on E. I. Vol 28, No. 4, Aug 1993
1£-07 3

Our density: O(107°)g-cm >

o
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