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PLASMA-INDUCED COLLECTIVE EFFECTS IN MUON IONIZATION
COOLING

K. Yonehara� , Fermilab, Batavia, USA

Abstract
Muon ionization cooling is a critical process that deter-

mines the achievable beam brightness and overall perfor-
mance of a muon collider. In this study, we investigate col-
lective e�ects induced by high-intensity muon beams inside
the absorber, e�ects that have not been included in previous
ionization cooling simulations. We show that beam-induced
plasma can neutralize the beam space-charge �eld, while
the self-generated azimuthal magnetic �eld can introduce
additional beam focusing through a z-pinch-like mechanism.
We also demonstrate that su�ciently high plasma densities
may modify the stopping-power rate. The implications of
these plasma-induced phenomena for ionization cooling per-
formance are discussed.

INTRODUCTION
Muon ionization cooling is a key process that establishes

the achievable beam brightness, including beam intensity
and beam size at the interaction point of a muon collider.
Ionization cooling occurs when a muon beam traverses
an absorber, losing momentum through ionization while
external focusing magnets and RF cavities compress the
six-dimensional beam phase space. The RF cavities subse-
quently restore the lost kinetic energy. The overall process is
conceptually analogous to a thermodynamic cycle, in which
the focused beam in the absorber behaves similarly to an
isothermal compression step.

Simulation studies have demonstrated that ionization cool-
ing can reduce the phase-space volume of muon beams by
106 without signi�cant decay loss [1]. At the beam densities
required for collider operation, collective e�ects induced
by the beam may become signi�cant. These e�ects have
not been explicitly included in previous cooling simulations.
In this paper, we analytically examine possible collective
phenomena, such as beam-induced plasma formation and
associated self-generated magnetic �elds, and evaluate how
they may modify the beam dynamics within an absorber.

IONIZATION COOLING FORMALISM

Emittance Evolution
The evolution of the normalized emittance can be derived

from the derivative of the normalized phase-space volume,

3Y=

3B
= VW

3Y
3B

¸ Y
3VW
3B

• (1)

The �rst term represents emittance growth from stochastic
processes (heating), while the second term corresponds to
emittance reduction associated with ionization energy loss

� yonehara@fnal.gov

(cooling). For the transverse normalized emittance, one
obtains

3Y=

3B
=

VW
2

V̂Gf 2
\ �

Y=

V2�

�
3�
3B

�
– (2)

whereV̂G is the transverse betatron function andf \ is the
rms multiple scattering. Equation (2) shows that smallV̂G,
reduced multiple-scatteringf \ , and a large stopping-power
rate¹3� •3Gº all contribute to achieving lower beam emit-
tance.

Stopping Power Rate
The stopping cross-section can be written as

( =
¹

) ¹1º3f– (3)

where1 is the impact parameter,) ¹1º is the energy trans-
ferred in a collision at1, and3f is the di�erential cross-
section. For Coulomb scattering, the di�erential cross-
section in terms of1 is

3f = 2c1 � 31

� 2c
42

142
2

< 2E2

3)
) 2

–
(4)

where41 and42 are the charges of the incident and target
particles,< 2 is the target mass, andE is the velocity of
the incident particle. Integrating over the allowed range of
energy transfer gives

( = 4c
42

142
2

< 2E2

�
1
2

ln¹) 2º
� ) <0G

) <8=

– (5)

where) <0G and) <8= correspond to the maximum and min-
imum energy transfer.) <0G represents a head-on collision
with a target electron, while) <8= re�ects the mean excita-
tion energy of atomic electrons of the target particle. The
logarithmic term is known as the Coulomb logarithm.

The stopping-power rate is then
�
�

3�
3G

�
= ( � #– (6)

where# is the number density of the absorber. Includ-
ing relativistic and quantum corrections yields the Bethe
stopping-power formula. For muon ionization cooling, the
typical muon momentum is around 200 MeV/c, and the
stopping-power rate becomes

�
�

3�
3G

�
=  

/
�

I 2

V2

�
1
2

;=
�
2< 422V2W2

� 2
, <0G

�
� V2

�
– (7)

where = 0•307075MeV mol� 1 cm2, / and� are atomic
number and mass of the absorber,I is the charge number of
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the incident particle,< 4 is the electron mass, andVandW
are the Lorentz factors. The maximum transferable energy
in a single collision is

, <0G =
2< 422V2W2

1 ¸ 2W¹< 4• " º ¸ ¹ < 4• " º2
– (8)

and the mean excitation energy of atomic electrons is

� = exp
�
� 858 � �a 8

� 858

�
– (9)

where" is the mass of the incident particle, and58 is the
transition probability for the8-th excitation state. The accu-
racy of the formula is typically a few percent.

Electron Density and Temperature
The electron density and temperature of the beam-induced

plasma can be evaluated analytically. The electron-ion pair
production energy (, 8) has been observed for various mate-
rials. Therefore, the electron density is

=4 =
3� •3G

, 8
• (10)

The energy distribution of ionized electrons is provided

�n =
¹

� � %¹� º3�

=
¹

 
/
�

d
V2

1
� 2

� � 3�•
(11)

Then the temperature of the ionized electrons is estimated
from

) 4 =
�n

: �
– (12)

where: � is the Boltzmann constant.

Space Charge E�ect
The longitudinal space charge �eld is obtained by solving

�
r 2

A �
: 2

A2

�
q: ¹Aº = �

d: ¹Aº
Y0W2

– (13)

whered: ¹Aº = _¹: º exp¹� A2•2f 2
Aº•2cf 2

A is the beam den-
sity, and_¹: º � &I • f 2

I exp¹� I 2•2f 2
I º where& is the total

charge. The boundary condition,q: ¹A= A1º = 0, is applied,
whereA1 is the beam pipe radius. The on-axis potential is
then

q: ¹0º =
_¹: º

2cY0W2
� ¹: f A– :A1º– (14)

where� is a form factor. In the long-wavelength limit, e.g.
: f A � 1, the form factor approaches� ! 1 ¸ 2 ln¹A1• f Aº.
Therefore, the longitudinal electric �eld is

� I ¹I º �
4&

2cY0W2

�
1 ¸ 2 ln

�
A1

f A

� �
I

f 2
I

exp
�
�

I 2

2f 2
I

�
• (15)

The transverse space charge �eld is also derived from the
Poisson equation,

1
A

m
mA

�
A

mq
mA

�
= �

d
Y0

! A
mq
mA

= �
1
Y0

¹ A0

0
d¹A0ºA03A0•

(16)

The corresponding transverse electric �eld is

� A¹Aº = �
mq
mA

�
4&

2cY0W2A

�
1 � exp

�
�

A2

2f 2
A

� �
•

(17)

The azimuthal magnetic �eld is induced by the beam
current,

� \ ¹Aº =
` 0� ¹Aº
2cA

=
` 0

2cA

¹ A0

0
� I ¹A0º2cA03A0–

(18)

where the current density� I = V2d¹Aº. Using eqs. (17) and
(18), the transverse Lorentz force due to the space charge is

5A = @¹� A � V2� \ º = @�A¹1 � V2º =
@�A
W2

• (19)

Equation (19) indicates that the transverse space charge force
is suppressed by1•W2 and becomes small at high beam
energies.

CHARGE NEUTRALIZATION AND
PLASMA Z-PINCH

The plasma density and temperature generated by a muon
beam incident on an absorber are evaluated using eqs. (10)
and (12). For example, consider a200MeV/c muon beam
with bunch intensity1012, rms bunch length0•1 ns, and rms
beam radius1 mm is injected into liquid hydrogen. The
estimated plasma density is=4 � 3 � 1016 cm� 3 and the
plasma temperature is) 4 � 5�106 K. These ionized electrons
rapidly thermalize through collisions with neutral hydrogen
molecules. The corresponding time constant is typically
1-10ps [2].

On the other hand, the time constant for electron charge
recombination (e.g.4 ¸ � ¸

2 ! � 2) is of order` s because
charge recombination via binary collision is a low probability
process [3]. As a result, electron-ion mixture persists over
the time during which the muon beam traverses the absorber.
The space charge �elds in eqs. (15) and (17) act on the
ionized electrons and shift their spatial distribution so as to
neutralize the beam charge, while the azimuthal magnetic
�eld in eq. (18) still exists. This con�guration is analogous
to a plasma z-pinch, in which the self-generated azimuthal
magnetic �eld compresses the charge-neutralized plasma
column [4]. In this case,� I ¹Aº in eq. (18) is replaced by a
Gaussian current distribution, yielding

� \ ¹Aº =
` 0�
2cA

�
1 � exp

�
�

A2

2f 2
A

� �
• (20)
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Figure 1: Simulated� \ as a function off A.

Figure 1 shows the calculated� \ , which exhibits the ex-
pected linear dependence� \ / AatA Ÿ fA.

The focusing strength of the beam-induced magnetic �eld
is evaluated as

 =
@
?

3� \ ¹Aº
3A

=
@ 0̀�
2c?

�
�

1 � exp¹� A2•2f 2
Aº

A2
¸

exp¹� A2•2f 2
Aº

f 2
A

�
•

(21)

This suggests that� \ introduces an additional, self-
generated focusing force that is proportional to the beam cur-
rent density. In this regime, the self-�eld behaves e�ectively
as an embedded, plasma-induced quadrupole component.
For example, consider a muon beam near the �nal cooling
stage with bunch intensity=` = 1012 per pulse, pulse length
0•1 ns, and beam spot sizef A = 0•001m. The correspond-
ing current� = 1•6 � 10� 19 � 1012•10� 10 = 1•6 � 103 A.
The focusing strength then

 �
@ 0̀�

2c?f 2
A

� 240m� 2• (22)

The associated transverse betatron function isXV? =p
 � 1 � 0•065m, which corresponds to approximately10-

20% of the betatron function generated in the cooling lattice.
For A ¡ 1•6f A, the derivative of� \ becomes negative,

implying a weak defocusing force in the beam tail. This
suggests that the beam tail is defocused by� \ . A detailed
simulation study is needed to determine whether the net
plasma focusing is bene�cial or detrimental for ionization
cooling.

STOPPING POWER MODIFICATION

The presence of a beam-induced plasma can also modify
the stopping-power rate. In this case, the minimum energy
transfer is determined by the plasma oscillation frequency
rather than atomic excitation. The modi�ed stopping-power
rate is

�
�

3�
3G

�

plasma
=  

I 2

V2

�
ln

�
) "0G

\ l ?

�
� V2

�
– (23)

Figure 2: Simulated net stopping power rate with various
j .

wherel ? is the plasma oscillation frequency.

l ? =

s
=442

Y0< 4
• (24)

The absorber material is partially ionized. We introduce
j to denote the fraction of plasma electrons. The number of
bound electrons is then,=1>D=3

4 = ¹1� j º=4, and the number
of plasma electrons is=plasma

4 = j= 4. The net stopping-
power rate is
�
�

3�
3G

�

net
= ¹1� j º �

�
�

3�
3G

�

Bethe
¸ j �

�
�

3�
3G

�

plasma
• (25)

Such plasma-induced modi�cations to stopping-power have
been experimentally observed [5].

Figure 2 shows the estimated stopping-power rate for var-
ious plasma fractionsj . It should be noted that the plasma
fraction in a nominal cooling channel isj � 10� 7. The cor-
responding change in the stopping-power rate is negligible.
If the fraction becomes large, e.g.j � 0•01, the stopping-
power rate increases by� 1 %. This is favourable for ioniza-
tion cooling. High plasma densities can be achieved using
established ionization techniques. In conventional plasma
wake�eld accelerators, a high-power laser is used to ionize
gaseous hydrogen. Pre-forming the plasma by using an in-
tense proton beam is another option. A more detailed study
is planned.

CONCLUSION
Possible collective e�ects in muon ionization cooling have

been evaluated using analytical models. A beam-induced
plasma is expected to form in the absorber, leading to partial
charge neutralization and the generation of a self-induced
azimuthal magnetic �eld. This �eld introduces an additional
focusing component analogous to a plasma z-pinch, poten-
tially enhancing the e�ective focusing strength. The plasma
chemistry in the absorber has been considered to manipulate
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the plasma density and temperature [2,3]. Further simula-
tion studies have been proposed to quantify these e�ects in
realistic cooling channels [6].

The stopping-power rate can also be modi�ed by the pres-
ence of plasma electrons. Although the plasma fraction
in a nominal cooling channel is small (j � 10� 7), exter-
nally pre-ionizing the absorber using either a high-power
laser or an intense beam could increasej to 1-10% level,
resulting in a measurable increase in stopping-power rate.
These collective e�ects may provide new opportunities to
enhance ionization cooling performance. Numerical simu-
lation studies are planned to further evaluate and validate
these models.
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*)#,-$%+$"#$*2-$".1-.$"6$MJ! "#$&!.)1$".$(-++$QMJ/MVR7$!*$%+$
'"++%0(-$*"$"0+-.9-$*2-$-H%+*-#,-$"6$)$+&)(($#5&0-.$"6$%"#+$
%#$ )$ ,.4+*)($ )#1$ *"$ &)#%'5()*-$ *2-&$%#1%9%15)((4$5#1-.$
:%1-/.)#3-$"'-.)*%#3$,"#1%*%"#+$6".$ -H*.),*%"#$ 6."&$ *2-$
\B< $QMM/MXR7$̂ 5.*2-.&".-> $*:" /,"&'"#-#*$,.4+*)( +$,)#$0-$
6".&-1$9%)$+4&')*2-*%,$,""(%#3$"6$9).%"5+$%"#+$,"/*.)''-1$
:%*2$()+-./,""()0(-$%"#+7$$

_-,-#*(4>$:-$2)9-$'."'"+-1$) #$5(*.)2%32/'.-,%+%"#$+%#/
3(-/%"#$%&'()#*-.$6".$*2-$)''(%,)*%"#$"6$;5)#*5&$*-,2#"(/
"34$QMI >$MYR7$!#$*2-$6"((":%#3>$:-$ '.-+-#* $*2-$+,2-&-$"6$
+%#3(-/%"#$%..)1%)*%"#$)#1$ #)#"0-)&$ 6".&)*%"#$5+%#3$ )$
D"5("&0$,.4+*)($)#1$.-'".*$"#$*2-$'."3.-++$"6$%"#/*.)'$-H/
'-.%&-#*$'-.6".&-1$)*$@A<$<)=)+)=%$!#+*%*5*-7$$

*!"+,- .!%")!/0,1"#-$ )
S -$2)9-$6)0.%,)*-1$)$,"&'),*$%"#/%&'()#*-.$+4+*-&$:%*2$

)#$\B<$)*$@A<$<)=)+)=%$!#+*%*5*-7$8 +$+2":#$%#$^%37$M>$%*$
&)%#(4$,"#+%+*+$"6$)#$-H*-.#)($%"#$+"5.,-$:2-.- $9).%"5+$%&/
'()#*)*%"#$%"#+$N+5,2$)+$? $)#1$A%O$,)#$0-$3-#-.)*-1>$)#$\B< $
:2-.-$)$*:" /,"&'"#-#*$D"5("&0$,.4+*)($%+$6".&-1$04$()/
+-.$,""(%#3$"6$D)$$%"#+$NG"''(-.$(%&%*`$J7I$&UO$)#1$+%#3(-/!""""""""""""""""""""""""""""""""""""""""""""!!

† yuri.yosuke@qst.go.jp 
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%"#$ -H*.),*%"#$%+$ ,"#*."((-1>$ )#1$ -(-,*."+*)*%,$ 0%'"*-#*%)($
(-#+-+$NaB\+O$6".$#)#"0-)&$6".&)*%"#7$

$
^%35.-$M`$A,2-&)*%,$9%-:$"6$*2-$%&'()#*-.$+4+*-&7$8$D"5/
("&0$ ,.4+*)($ %+$ '.-').-1$ %#$ *2-$ C,.4+*)((%E)*%"#$ .-3%"#F$
NY$&&$%#$(-#3*2O$0-*:--#$*:"$b)*-$-(-,*."1-+$8$)#1$a$6".$
,"#*."((-1$-H*.),*%"#7$<2-$-H*-.#)($%"#$+"5.,-$)#1$*2-$*.)'$
).-$ '(),-1$ "#$ )$ IJ/=K$ 2%32/9"(*)3-$ '()*6".&7$ !"#+$ -H/
*.),*-1$6."&$*2-$*.)'$ ).-$ ),,-(-.)*-1$ )#1$6",5+-1$"#$*2-$
3."5#1-1$*).3-*$*2."532$*:"$-(-,*."+*)*%,$aB\+7$

8$(": /-#-.34$NcM$=-K$6".$+%#3(4/,2).3-1$%"#+O$%"#$0-)&$
3-#-.)*-1$04$+'5**-.%#3$5+%#3$)$ '.%&).4$b)$(%;5%1/&-*)($
%"#$+"5.,- $%+$*.)#+'".*-1$*"$*2-$\B<$*2."532$)$S%-#$6%(*-.>$
)$;5)1.5'"(-$0-#1-.>$)#1$+-9-.)($d%#E-($(-#+-+7$<2-$0-)&$
%+$'."'-.(4$ 1-,-(-.)*-1$ 15-$*"$*2-$-(-,*.%,$'"*-#*%)($1%66-./
-#,-$:2-#$-#*-.%#3$*2-$\B<>$)#1$*2-#$,)'*5.-1$04$,"#*."(/
(%#3$*2-$ b)*-$ 9"(*)3-+$6".$ *2-$ )H%)($ ,"#6%#-&-#*7$<2-$
*.)''-1$%"#+$).-$+4&')*2-*%,)((4$,""(-1$:%*2$()+-./,""(-1$
D)$$%"#+$*"$6".&$)$*:" /,"&'"#-#*$,.4+*)( 7$L#,-$ )$,.4+*)($
:%*2$)$1-+%.-1$+')*%)($,"#6%35.)*%"#$%+$6".&-1>$*2-$-H*.),/
*%"#$ '.",-++$ %+$ %#%*%)*-1$04$&)#%'5()*%#3$*2-$ 9"(*)3-+$ "6$
b)*-$ -(-,*."1-+$8$ )#1e".$a7$!#$ *2%+$ &)#%'5()*%"#>$ +%#3(-$
%"#+$,)#$0-$+-(-,*%9-(4$-H*.),*-1$6."&$*2-$\B<$*"$*2-$*).3-*7$
<2-$ -H*.),*-1$ %"#+$ ).-$ ),,-(-.)*-1$ 9%)$ *2-$ *:"$aB\+$*"$
6".&$)$#)#"0-)&$"#$*2-$*).3-*7$̂ ".$*2%+$),,-(-.)*%"#>$*2-$
%"#$+"5.,-$)#1$\B<$).-$%#+5()*-1$"#$)$IJ /=K$2%32/9"(*)3-$
'()*6".& 7$̂ ".$1-*)%(+$"6$*2-$+4+*-&>$+--$_-67$QMI R7$$

!%" .*-,-(#!2-)-3#$1(#!%" )
G-*)%(-1$&5(*%').*%,(-$+%&5()*%"#+$:-.-$'-.6".&-1$*"$.-/

9-)($*2-$6-)+%0%(%*4$"6$+-(-,*%9-$-H*.),*%"#$"6$+4&')*2-*%/
,)((4/,""(-1$ %"#+$ )#1$#)#"0-)&$ 6".&)*%"#$"6$ -H*.),*-1$
%"#+7$<"$,"#*."( $+%#3-/%"#$ %..)1%)*%"#$N%&'()#*)*%"#O>$:-$
2)9-$%#9-+*%3)*-1$*:"$'"++%0(-$-f-,*%"#$+,2-&-+$QMV>$MI R7$
L#-$%+$*2-$6)+*$-f-,*%"#>$)#1$*2-$"*2-.$%+$*2-$+(":$)1%)0)*%,$
-f-,*%"#7$T-.->$:-$0.%-6(4$&-#*%"#$*2-$6".&-. $+,2-&- $5+%#3$
)$+*.%#3$,.4+*)(7$$

S -$ 6".&$ )$ *:"/,"&'"#-#*$ +*.%#3$ ,.4+*)($)+$ +2":#$ %#$
^%37$V$:2-.-$)#$%&'()#*)*%"#$%"#$N2-.->$?%$O$%+$+-**(-1$)*$*2-$
-H%*$+%1-$N)*$*2-$.%32*&"+*$+%1-O$:%*2%#$*2-$,.4+*)(7$L*2-./
:%+->$*2-$(%32*-.$#%*."3-#$%"#>$:2%,2$,)#$&"9-$6)+*-.$*2)#$
D)$$%"#+>$%+$-)+%(4$2-)*-1$5'$15-$*"$.)#1"&$,"((%+%"#+$:2-#$
')++%#3$04$*2-&$%#$*2-$-H*.),*%"#$'.",-++7$dH'-.%&-#*)((4>$
*2-$(",)*%"#$"6$*2-$#%*."3-#$%"#$:%*2%#$*2-$,.4+*)($&5+*$0-$
,2)#3-1$04$&"15()*%#3$*2-$*.)''%#3$)H%)($'"*-#*%)($)#1$6.-/
;5-#,4$1-*5#%#3$"6$,""(%#3$()+-.+7$$

L #,-$ *2-$ 1-+%.-1$ ,.4+*)($ ,"#6%35.)*%"#$ %+$ 6".&-1>$ *2-$
-f-,*%"#$ '.",-++$ %+$ %#%*%)*-1g$ 2-.->$ *2-$ 9"(*)3-$V&$"6$ *2-$
b)*-$-(-,*."1-$8$%+$;5%,=(4$+:%*,2-1$"66$)#1$"#$+"$*2)*$"#(4$

*2-$(-)1%#3$?%$$%"#$,)#$-H%*$6."&$*2-$b)*-$8>$:2%(-$+50+-/
;5-#*$+(":$D)$$%"#+$).-$.-6(-,*-1$*"$*2-$\B<$04$*2-$'"*-#/
*%)($0)..%-.$3-#-.)*-1$)3)%#7$<2%+$:)+$,"#6%.&-1$04$&5(*%/
').*%,(-$+%&5()*%"#+>$)+$+2":#$%#$^%37$W7$A:%*,2%#3$V&$)*$)$
'."'-.$*%&%#3$%+$#-,-++).4$6".$%"#/+-(-,*%9-$-f-,*%"#7$^."&$
*2-$.-+5(*+$"6$&)#4$%#1-'-#1-#*$+%&5()*%"#$.5#+$"6$*2%+$+%#/
3(-/%"#$-f-,*%"#>$%*$2)+$0--#$6"5#1$*2)*$)$0-)&$"6$-f-,*-1 $
%"#+$2)+$)$#".&)(%E-1$.""*/&-)# /+;5).-$N.&+O$-&%**)#,-$"6$
! " #$! "# $&!.)1>$:2%,2$%+$"#-$".1-.$"6$&)3#%*51-$2%32-.$
*2)#$*2-$0-+*$,)+-+$"6$A%$$N%#+*-)1$"6$?%$O$)#1$)$+2-(($,.4+*)($
QMI R7$8$'"++%0(-$.-)+"#$"6$*2%+$-&%**)#,-$1-3.)1)*%"#$%+$*2-$
6),*$ *2)*$ *2-$ -66%,%-#,4$ "6$ +4&')*2-*%,$ ,""(%#3$"6$ ?%$$%+$
(":-.$15-$*"$1%66-.-#,-+$%#$*2-$&)++/*"/,2).3-$.)*%"$6."&$
D)$>$*2-$#5&0-.$"6$%"#+$)#1$*2-$,.4+*)((%#-$+*.5,*5.-7$$

$
^%35.-$V`$A')*%)($1%+*.%05*%"#$"6$)$*2.--/%"#$*:"/,"&'"#-#*$
+*.%#3$D"5("&0$,.4+*)(7$<2-$%/,"".1%#)*-$.-'.-+-#*+$*2-$1%/
.-,*%"#$"6$*2-$*.)'$)H%+$:2%(-$& )#1$' $).-$*2-$*.)#+9-.+-$1%/
.-,*%"#+$'-.'-#1%,5().$*"$%7$<2-$*.)''%#3$,"#1%*%"#+$).-$)+$
6"((":+`$ _^$ 9"(*)3-$ )''(%-1$ *"$ ;5)1.5'"(-$ ."1+$( $%)
#$$K>$ GD$ 9"(*)3-$ )''(%-1$ *"$ *:"$ b)*-$ -(-,*."1-+$(& )
( ' ) $*+$K>$ )#1$ *2-$ 1.%9%#3$ 6.-;5-#,4$,$%) V$PTE7$ ^".$
+4&')*2-*%,$,""(%#3$"6$)#$?%$$%"#>$*:"$D)$$%"#+$).-$G"'/
'(-. /,""(-1$04$)$+%#3(-$)H%)($()+-.$:%*2$)$'-)=$+)*5.)*%"#$
%#*-#+%*4$"6$J7M$)#1$1-*5#%#3$"6$−ZV$PTE7$

$
^%35.-$Ẁ$<-&'".)($-9"(5*%"#$"6$*2-$)H%)($'"+%*%"#$%$"6$*2-$
*2.--$%"#+$%#$^%37$V$15.%#3$*2-$6)+*$-f-,*%"#$'.",-++ 7$<2-$
".%3%#$"6$*2-$)0+,%++)$%+$*2-$*%&-$:2-#$*2-$b)*-$-(-,*."1-$
8$%+$ '."&'*(4$+:%*,2-1$ "667$L#(4$*2-$ (-)1%#3$? %$$%"#$%+$
-f-,*-1$6."&$*2-$\B<$*":).1$*2-$*).3-*$:2%(-$*2-$*:"$6"(/
(":%#3$D)$$%"#+$).-$ .-6(-,*-1$0),=:).1$)6*-.$*2-$b)*-$8$
9"(*)3-$(&$%+$.)%+-1$5'$*"$J7I$K$)*$WJ$h+7$

"1"%4-1/)5%$/1#!%" )
D"(1$+%#3(-$%"#+$-H*.),*-1$6."&$*2-$\B<$).-$*.)#+'".*-1$

*"$*2-$*).3-*$*2."532$*2-$*:"$aB\+$*"$6".&$)$#)#"0-)&7$S-$
2)9-$"'*%&%E-1$)#$"'-.)*%#3$,"#1%*%"#$"6$*2-$aB\ $9"(*)3-+$
)+$6"((":+`$dH*.),*%"#$-(-,*."1-$9"(*)3-$V'() $i$jV7I$=K>$3)'$
9"(*)3-+$"6$*2-$*:"$aB\ +$G"$i$MV7I$=K>$)#1$G%$i $WI$=K>$
:2%,2$-#)0(-+$IJ /=K$),,-(-.)*%"#$:%*2$)$+566%,%-#*(4$("#3$
:".=%#3$1%+*)#,-$"6$)0"5*$[J$&& 7$?"*-$*2)*$*2-$6%#)($-#/
-.34$ %+$ MJJ$=-K$"#$ *2-$ *).3-*$6".$ 1"50(4/,2).3-1$ %"#+7$

Crystallization region

Linear Paul trap

Shield & extraction electrodes

Bipotential lenses

1st 2nd Target

Ca dispenser

External ion source

Wien filter

Quadrupole bender

Target for ion production

Einzel 
lens

Ga ion 
source

Ionization &
cooling lasers

Einzel lens

Gate electrodes
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^%35.-$X$+2":+$*2-$"#/*).3-*$+')*%)($)#1$'2)+-/+'),-$ 1%+/
*.%05*%"#$"6$?%$$%"#+$),,-(-.)*-1$ )6*-.$*2-$6)+*$-f-,*%"#$%#$
^%37$W7$8#$.&+$+'"*$+%E-$"6$M[$#&$%+$),2%-9-1$)(*2"532$*2-$
'2)+- /+'),-$+2)'-$%+$+(%32*(4$1-6".&-1$15-$*"$*2-$(-#+$)0/
-..)*%"#7$?"*-$ *2)*$ )$+&)((-.$"#/*).3-*$+'"*$ +%E-$N0-(":$
MJ$#&O$%+$)**)%#)0(-$%#$*2-$)0"9- /&-#*%"#-1$,)+- +$"6$A%$$
)#1$)$+2-(($,.4+*)($QMI R7$

$
^%35.-$X̀$!"#$1%+*.%05*%"#+$)*$)$6",)($'"%#*7$<2-$=%#-*%,$-#/
-.34$"6$*2-$?%$$%"#+$%+$MJJ$=-K7$_-+5(*+$"6$MJJ$%#1-'-#1-#*$
+%&5()*%"#+$"#$*2-$+%#3(-/%"#$-H*.),*%"#$).-$'("**-17$

!%" .#$10)-30-$!/-"#* )
L5.$+%#3(-/%"#$%&'()#*-.$N^%37$MO$%+$#":$%#$)$,"&&%+/

+%"#%#3$+*)3-7$S -$2)9-$+"$6).$,"#6%.&-1$:2)*$6"((":+$QMYR`$
G"''(-.$,""(%#3$"6$D)$$%"#+$)#1$6".&)*%"#$"6$9).%"5+$D"5/
("&0$ ,.4+*)(+>$ +4&')*2-*%,$ ,""(%#3>$ -H*.),*%"#$ "6$ ()+-./
,""(-1$%"#+$6."&$*2-$\B<$)#1$%*+$1-*-,*%"#>$3-#-.)*%"#$"6$
A%$%"#$0-)&+$5+%#3$*2-$b)$%"#$+"5.,-$)#1$%*+$*.)#+'".*$*"$
*2-$*).3-*$*2."532$*2-$\B<>$)#1$0%'"*-#*%)($),,-(-.)*%"#$"6$
)#$%"#/+"5.,-$0-)& 7$_-,-#*$.-+5(*+$"#$%"#/*.)'$-H'-.%&-#*+$
).- $0.%-6(4$.-'".* -1$2-.-7$

<2-$\B<$%+$)H%)((4$+-3&-#*-1$%#*"$*2.--$.-3%"#+$6".$-66%/
,%-#*$,)'*5.-$"6$%"#+$1-(%9-.-1$6."&$*2-$-H*-.#)($%"#$+"5.,->$
*2-$%"#%E)*%"#$"6$D)$)*"&+>$)#1$*2-$6".&)*%"#$"6$)$D"5("&0$
,.4+*)(7$<2-$&%#%&5&$1%+*)#,-$6."&$*2-$*.)'$)H%+$*"$;5)1/
.5'"(-$."1+$%+$W7J$&&7$<2-$)H%)($(-#3*2$"6$*2-$,.4+*)((%E)/
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