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•Brief introduction
•M

uon Collider based on Frictional
Cooling
•Frictional Cooling w

ith protons
•Conclusions and future w

ork
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•
Bring m

uons to a kinetic
energy (T) w

here dE/dx
increases w

ith T
•

Constant E-field applied to
m

uons resulting in
equilibrium

 energy
•

Big issue – how
 to m

aintain
efficiency

•
First studied by K

ottm
ann

et al., PSI

Ionization
stops, m

uon
too slow

N
uclear scattering, excitation, charge

exchange, ionization

1/b
2 from

ionization



Problem
s/com

m
ents:

Problem
s/com

m
ents:

•
large dE/dx @

 low
 kinetic energy

fi
 low

 average density (gas)
•

A
pply  E ^ B  to get below

 the dE/dx
peak

•
 m

+ has the problem
 of M

uonium
form

ation
      s

(M
m

) dom
inates over e-stripping in all

gases except H
e

•
 m

- has the problem
 of A

tom
ic capture

       s sm
all below

 electron binding energy,
but not know

n
•

Slow
  m

uons don’t go far  before
decayingd = 10 cm

 sqrt(T)    T in eV
              so extract sidew

ays (E ^ B )

  

†
 

r 
F =

q(
r 
E +

r v ¥
r 
B )-

dTdx
ˆ r 



Trajectories in detailed sim
ulation

Final stages of m
uon trajectory in gas cell

Lorentz angle drift, with nuclear scattering

Transverse m
otion

M
otion

controlled
by B field

Fluctuations in energy
results in em

ittance



Cooling cells

Phase rotation sections

Not to scale !!

ÿ
 He gas is used for  m

+, H
2  for m

-.
There is a nearly uniform

 5T B
z

field everywhere, and E
x  =5 M

eV/m
in gas cell region
ÿ

 Electronic energy loss treated as
continuous, individual nuclear
scattering taken into account since
these yield large angles.

ÿ
Full M

ARS target sim
ulation,

optim
ized for low energy

m
uon yield: 2 G

eV protons on
Cu with proton beam
transverse to solenoids
(capture low energy pion
cloud).

Results of
sim

ulations to
this point



Y
ields &

 Em
ittance

Look at m
uons com

ing out of 11m
 cooling cell region after

initial reacceleration.

Yield:  approx 0.002 m per 2G
eV proton after cooling cell.

Need to im
prove yield by factor 3 or m

ore.

Em
ittance: rm

s 
x = 0.015 m

                          
y = 0.036 m

          
z = 30 m

 ( actually bct)
P

x  = 0.18 M
eV

P
y  = 0.18 M

eV
P

z  = 4.0 M
eV

e6D,N  = 5.7 10
-11 (pm

) 3     e6D,N  = 1.7 10
-10 (pm

 ) 3

Results as of N
U

FA
CT02



RAdiological
Research
Accelerator
Facility

ÿ
Perform

 TO
F m

easurem
ents with

protons
ÿ

2 detectors START/STO
P

ÿ
Thin entrance/exit windows

for a gas cell
ÿ

Som
e density of He gas

ÿ
Electric field to establish

equilibrium
 energy

ÿ
NO

 B field so low acceptance

ÿ
Look for a bunching in tim

e
ÿ

Can we cool protons?



£ 4 M
eV p



Contains O
(10-100nm

) window

Proton beam

G
as cell

Accelerating grid

Vacuum
 cham

ber

To M
CP

Si detector



A
ssum

ed initial conditions
•20nm

 C w
indow

s
•700K

eV
 protons

•0.04atm
 H

e

TO
F=T0-(T

si -T
M

CP )
speed

K
inetic energy



Sum
m

ary of Sim
ulations

•Incorporate scattering cross sections into the cooling program
•Born A

pprox. for T>2K
eV

•Classical Scattering T<2K
eV

•Include m
- capture cross section using calculations of Cohen (Phys. Rev. A. Vol 62 022512-1)

•D
ifference in m

+ &
 m

- energy loss rates at dE/dx peak
•D

ue to extra processes charge exchange
•Barkas Effect param

eterized data from
 A

gnello et. al. (Phys. Rev. Lett. 74 (1995) 371)
•O

nly used for the electronic part of dE/dx

•Energy loss in thin w
indow

s
•For RA

RA
F setup proton transm

itted energy spectrum
 is input from

 SRIM
,

sim
ulating protons through Si detector

(J.F. Ziegler http://w
w

w
.srim

.org)



3K 38.5

8 8 1.6

3K
977

3K
2K

81K
3K

4K
7K

31K
59K

31K
60K

N
um

ber of
Events

38.5
38.5

38.5
38.5

38.5
38.5

38.5
38.5

38.5
68.5

48.5
38.5

TO
F

D
ist. (cm

)

4
4

4
8

4
8

4
8

4
8

8
8

A
cc. G

rid
(~60K

V
/m

)

4
4

8
4

4
8

8
4

4
8

8
8

H
e G

as

1.3
1.5

1.6
1.6

1.6
1.44

1.44
1.44

1.44
1.44

1.44
1.44

T(H
2 +)

(M
eV

)4
O

N
8 O

FF
8N

o G
as Cell/A

cc. G
rid installed

N
om

inal D
ataset

D
A

TA
 SETS A

Q
U

IRED



• 3xD
istances used to

Calibrate TD
C offset

• P2=-9.565Counts/cm
is<V

elocity>=0.5cm
/ns

or T=136K
eV

.

T0 Calibration
8N

o G
as Cell/A

cc. G
rid installed



<T(proton)>=721K
eV

<T>=136K
eV

20nm
 C w

indow
s

Cooling effect 
4.4K

eV
 from

 7.3cm
 of

reacceleration



  s=13ns
  s=15ns
  s=17ns

†
 

Pm
=

Pt*G
(t,s

)dt
Ú

D
o the Peaks line up?



• 1.44M
eV

 H
2 + corresponds

to <721K
eV

> protons
• A

dd w
indow

s &
 check data

w
ithout gas or grid

•Put in gas cell &
 grid but do not flow

 gas &
do not turn on the grid

N
o background subtraction

300nm
 C w

indow
s



•1.44M
eV

 H
2 +

corresponds to
<721K

eV
> protons

• 300nm
 C w

indow
s

N
o background subtraction

1.6M
eV

 H
2+

corresponds to
<780K

eV
> protons

N
ow

 add G
as and

look for cooling?



Correlated noise



•1.44M
eV

 H
2 +

corresponds to
<721K

eV
> protons

• 300nm
 C w

indow
s

• 1.6M
eV

 H
2 +

corresponds to
<780K

eV
> protons

N
ow

 add G
as and

look for cooling?
H

ow
 m

uch?

0.08atm
 based on 1000000 generated events

0.06atm
 based on 1000000 generated events

20nm
 C w

indow
s



•1.44M
eV

 H
2 +

corresponds to
<721K

eV
> protons

• 300nm
 C w

indow
s

• 1.6M
eV

 H
2 +

corresponds to
<780K

eV
> protons

N
ow

 add G
as and

look for cooling?
H

ow
 m

uch?

0.08atm
 based on 1000000 generated events

0.06atm
 based on 1000000 generated events

Thicker w
indow

s introduce cutoff



• N
o geom

etric M
CP 

A
cceptance in M

C.
• N

o high M
C statistics

0.055 or 0.06 atm
 H

e!

Subtract constant
Background
&

 fit for the
pressure of H

e gas
in the cell.



Cool protons???

†
 

#
Events

=
N

i
i=

300ns

750ns

Â
=

58
±

82(55)

#
Events

=
N

i
i=

300ns

400ns

Â
=

-5
±

45(49)

†
 

#
Events

=
N

i
i=

200ns

750ns

Â
=

55
±194(77)

#
Events

=
N

i
i=

200ns

400ns

Â
=

-42
±124(77)

Background exponential w
ith m

>0

Flat constant Background
M

C exp



O
ther low

 statistics datasets?

†
 

#
Events

=
N

i
i=

300ns

750ns

Â
=

0
±

31(8)

#
Events

=
N

i
i=

300ns

400ns

Â
=

-8
±16(7)

Flat constant Background



Cooled protons cont’d…

Flat constant Background

†
 

#
Events

=
N

i
i=

200ns

750ns

Â
=

-6
±

24(9)

#
Events

=
N

i
i=

200ns

400ns

Â
=

-12
±15(9)



ÿ
N

o clear sign of cooling but this is expected from
 lack

of M
agnetic field &

 geom
etric M

CP acceptance alone
ÿ

The M
onte Carlo sim

ulation can provide a consistent
picture under various experim

ental conditions
ÿ

Can use the detailed sim
ulations to evaluate M

uon
Collider based on frictional cooling perform

ance w
ith

m
ore confidence…

.still w
ant to dem

onstrate the cooling
ÿ

W
ork at M

PI on further cooling dem
onstration

experim
ent using an existing 5T Solenoid and develop

the m
- capture m

easurem
ent

Conclusions

A
 lot of interesting w

ork and results to com
e.


