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Numerical analysis and simulation of trapping mercury ions
in a linear trap with sixteen poles applied to microwave clock

WANG Chao-quan'*,TU Jian-hui'"* ,DANG Wen-qiang' ,CUI Jing-zhong'**

(1. Lanzhou Institute of Physics,CAST,Lanzhou 730000, Chinaj;
2. National Key Laboratory of Science and Technology on Vacuum Technology and Physics,Lanzhou 730000, China)

Abstract:In the past decades, with the development and application of various vital technologies such
as laser coolingsatoms or ions trapping and so on.some new technologies which are used to implement the
frequency standard have been developed quickly. By making a comparison among them, microwave clock
based on mercury ions which are trapped in a linear multi-pole trap has more advantages, for example.
smaller weight and smaller volume due to independency on a complex and cumbersome laser system as well
as higher frequency stability and smaller time drift rate and so on,so that it is considered as a potential
candidate for developing next generation of space borne atom clocks. In this paper we investigate several
issues on trapping mercury ions in a linear trap with sixteen poles,including the first steady region of
trapping ionssthe motion trajectory of trapped-ions and the effects of buffer gas on the trapping process and
so onsby means of solving numerically Mathieu equations with the help of Matlab programs and simulating

them by Simion electromagnetic simulation software respectively, many features about trapping ions in a
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linear trap with sixteen poles are obtained and explained theoretically. The goal of the study in this paper is
to provide guidance for improving performance of microwave clock from the point of an ion trap
optimization and it will be possible to offer an ideal ion-trapping system for establishing such a microwave
clock with narrow line width,high signal to noise ratio and high stability.

Key words: microwave clock;linear ion trap with sixteen poles;ion trapping;mercury ion

Y N b
[1-2]
N b b N o
1966  H. G. Dehmelt S .
1981 LHA M. Jardion C. Audion Paul
HL1989 (JPL) .
[5-6]
o b
, Paul Paul 20 71,1999 JPL
(8] , ,
[9]
’ b o
N N 504 o s
[10-11] 2013 s
o b
. 2014 , Ramsey o
b b o b b
[12-14
o b b
b b o
b
o b
o ’ ’ b ’
[9.15] s
[16]
o b .
[17-19]
Y o .
[20-22]
[9.17] [15.23-24]
o s Matlab t2s] |
b b b ’
, Simion Comsol
eeerl Paul . Paul . o
[23-27]
) Y o b
b b
b b
o b



2 117
1.1 , Matlab
;0 1.2
, Matlab . o 2.1
Simion ;
2.2 Simion \ o 3
1
o Matlab
1.1 ( )
s Matlab ,
1.1.1
y [3.,12,20,28-30]
[12]0 ]
° ’ @(7"90)5 Ce]
_ P, 199 | 1D
AD(r,0) = 0,2 + " 3r+r2 W 0, (D
(D
O(r.0) = > (At 4+ B ) X (Cysin k0 + Dycos k0 (2
k
(2) aA’BsCaD ° ’ D, :Uo *VoCOS @), Uo aVo
s D
r O 7@ - O
r r‘(),OZO 9@*@0 :U()_VOCOS(Q[)Q (3)
r_roag—%v%a%a , D=0
(3) s o ’ ° (3) (1)9
1 r®
O(r,0) = =, (*) cos 80, 4)
2 o
cos nf—+isinnf = (cos 0+ isin )" = ECﬁ(COS D" * (isin ),
k=0
cos 0= L,sing =2,
r r
d(x,y) = %[CEIS — Cixty? + Cixty' — Cia®y" + Ciy® ], (5)
0
m —2—( ader V(IJ m L a '{ S Z, == 727
" dz‘z q. o 4 sqe " Y o b} o s



118 42
_ ¢ ra1]
T g’ :
dZX 7 5 2 3 4 6 —
0T +[a—2gcos8T | X [ X" —21X°Y* +35X°Y' —7XY*] =0
LY s (6)
ldTZ +[a—2qcos8T ] X [—7X°Y +35X'Y’ —21X*Y' 4+Y ] =0
_ 83(1«U0 _ 836]<‘Vo
6) o= 2mrl " Al
1.1.2
Matlab , (6) )
o s (6) m=199X1.67X10" % kg
7q[,:1. 602><10719,C ° ’ ( ) ro —
5.0 mm, ( 2=3.14 MHz ),
2 ms, 1
20
O
> 10f O O
]ﬁ o O O
2 O O O O O
=
o O 0 O 0 0
-10 O
O O O
220 1 1 1 1
0 200 400 600 800 1000
S EV/V
1
1 . o
’ Uo:O V( a:O) ’
(r ) (z )
o a y
o b 1 ’ 2
( ),
, . 1
X v . X v .
b ( ) ’ ’



119

7R x/mm

Ak

1.2

1.2.1

kmE K

D

(6,

Do
U,=5V,V,=400 V ,
) 2 .
, ).
5
g
E
14\2 0
#
-5
1 2 0 1 2
B 1) #/(X107) s i A #/(X107) s
(a) x HAiEz) (b) y HHIESN
2
2 , 2 ms x y
) 2 .
( )
’ ) Matlab
km ’E o
I, s
Fm = Fq = QeE = &‘U,,, i
klﬂ
o _ 34 r om+M?T 1
" 8N(2m]€BTdf M ) Q" (Tup
’kB 7chf
Teff o
A/\v/ —= 7”1?:377 Pgus 9’Tg;|s

[32]

[33]

y/mm

Ak

b

T

/]

Q=3.14 MHz
Matlab ’
1078 s(

AR FR x/mm
(c) BTHa

D)

M s N

’Q(LD (chf)



42

120
_0¢ Sl
T g :
X o . 7 _ 5v72 3y4 6 i q. dix _
7 e 2qeos8TI X [XT = 21X°Y* +35X°Y! — 7XY" ] + (m )dT 0 "
2
d 2 [a— 2gc0s8T] X [— 7X°Y + 35X'Y — 21XV + Y] 4 (% 4. )
8 quO . SSQKVO
(8 T 2mri () d 4mr§(22 °
1.2.2
o N=3.14 MHz,U,=—5V,V,=180 V
4.0X107° Torr, 0.5 K N .
800 K, 3 o 3(a), (b)) (o
N ’ X ’ y °
5 5 5
t hA : f N
= f’{ \ —1 = N = N
=0 v e R = 0 S
g [V ,r 1 2 e i
o e Y ot ¥ eere—] Y
o
5 -5 -5
0 2 4 0 2 4 0 2 4
I 8] /(X 10 s i A /(X 10 s I 8] #/(X 107 s
(2) ARAH (b) FARAH (c) BMRAH
3
3 3 s s
N o , 3
3 o b ’
( ) , ,
R 3 s
’ 3(3) ° ’



121

, ( 0.5 K),
4 . 4 ., 4(b)  PL.=4.0X10"° Torr 4(c)
P:.=7.0X107° Torr
5 5 5
| N » | |
E ! ) ||” ' E | { f\ g ; Y
= A AR ey 2 RN — =
Y ATV Bl L L 2 0 : L N 5 oL 4
IVHTIWTINY £ | WINS AT 8 e
=< A = ' =< S
i W "| i Al e -
-5 -5 -5
0 2 4 0 2 4 0 2 4
I 18] /(X 107 s B ] /(X 10%) s I 6] /(X 10°) s
(a) Ttk (b) R P, (o) R P,
4
4 x . v 4 , ,
) (
4,0X107° Torr), 5 ., 5(a) (b 0.8 K 0.5K
; 6 , 6(a) (b 1.5 K 0.5 K 5
6 x s Y
5 5
1
h 4 !
e 1 /KAR\\ ///\\\ £ }] }‘ e ale
£ J[‘\ £ /!
L ! J 7N s B
% J 'l .f o e R
e i v @ | WA 2SN~
Y \f ol
r /
0 2 4 0 2 4

5(a)

I 8] #/(X 107" s
(a) BE 08K

5

I A /(X107 s
(b |HEO05K



42

122
o s 5(b) R 6
5 5
1 !
g J] i ™ g f.l
£ ) .'( \\ £ A
\:* 0 % lI ll ; \:‘ Or I',!L
l,‘é H r ",{b ( \ L‘é ‘.I. P
N t}_j ! ! RS T S # W T
F
-5 -5
0 2 4 0 2 4
A A] /(X107 s I 8] #/(X 107 s
(a) BE 15K (b) |E 05K
6
2
Simion LUA
2.1
( ) ( ) o
ro=25.0 mm 7 . 7Ca) (b) 0=
3.14 MHz Q=2.44 MHz ;. 0N=1.74 MHz 8 .
8Ca) (b) ro=5.0 mm r,=8.5 mm .
100 . 100}
50 50t
= 0 > 0
- -
E -5 E -s0}
B B
2 -100 w2 -100}
i i
-150 150}
200 200}
=305 2 4 6 8 10 250, 2 4 6 8 10
BHREFEV/(X10Y) V SRR EY,/(X10Y) V
(2) Q=3.14 MHz (b) Q=2.44 MHz
7
7 8 9 b



123

HiW UV

A AR x/mm

s 1 R
100F 100F
50 50k
0*- =
. At = sl
50f TREmd . Z 50
-100 ' £ -100f
-150 m -150F
-200F -200F
250, é L L o -250 e
SRR/ (X10°) V SHREIEY,/(X10) V
(a) »,=5.0 mm (b) r,=8.5mm
8
o 2=3.14 MHz
U=—7V,V,=1240V ’ 9 , 9(a) x R
o , U,=—140 V,V,=1 240 V s
) 10 ’ X ’ y o
2.0 2.0
1.5 ﬁ
1.0 \ | m
0.5} g
0.0} /| ‘|ﬂ §
of \ #
0.5 \ 5 -
oHl | \ \’ |
-1.5}
-2.05 ] 2 3 4 2.0 1 2 3 4

W] /(X 10%) s
() x T Miaz)

9

x/y/mm

7

e

WFIA] /(X 10%) s
(b) y T HIESN

10

3 1
0 100

1 1
300 400
B8] #/pus

1
200

1 1 ]
500 600 700

9(b)



124 42
9 . 1 s
R 10 3 s
’ o 1) X y
10 ’ X y ’ o
2.2
, ( 0.1 K), 3
R P...=3.0X10"° Torr=P%, 11Ca) ,
P..=7.0X107° Torr= P}, 11(b) , Po.=2.0X10" Torr= P,
11Ce) s L1 ,L2 . 11Ca) ,
, 11(b)
11(e) , ’
b 1 o b
9.0 L2 63 L1
9.0 6.0
7.5 \
g 75 g g \
g | L2 g g 5.5 \
& 600 L1 il i & 60 P |
# = = 7
4.5 45 45 L2
» L i e S
' 3.0 4.0
0.0 1.5 3.0 4.5 0.0 1.5 3.0 4.5 0.0 1.5 3.0 4.5
FFIE] ¢/ms A f/ms A f/ms
(a) PLES S4BV A (o) Py S A4 (c) P S ME¥% A
11
T..=—=0.1K 12 , L1 L2 L3
P,.=3.0X107° Torr, P, =7.0X10"° Torr P,,=2.0X10"" Torr
13 ° ’ ’
y 12 L1 13(a) o
s , . 12
L2 13(b) o , ’




2 : 125

. 12 L3 13(ce) 0

9.0

7.5
g
£
I; 6.0
= L
e 3

4.5

L2
3.0F 11
0.0 1.5 3.0 4.5
I 8] #/ms

12

(a) (b (c)
13
P..=5. 0X107° Torr 14 ,
L1 L2 L3 T..=0.2K,T,.,=0.05K T..=0.01K R
15 R 14 15 s P
1 B

ARFR x/mm

0.0 1.5 3.0 4.5
(8] #/ms

(C)1994-2020 China Academic Journ4 Electronic Publishing House. All rights reserved. http://www.cnki.net



126

42

[1]

[2]

(3]

[4]

[5]

[6]

[7]

(a) (b (c)
15
N b N
o b
N o b
hY o b
b
o b
b Y
N N X v
b ~ Y
N N
o
b
b b
o b

BURT E A,DIENER W A, TJOELKER R L. A compensated multi-pole linear ion trap mercury frequency standard for
ultra-stable timekeeping[J]. IEEE Transactions on Ultrasonics Ferroelectrics &. Frequency Control, 2008, 55 (12):
2586-2595.

PRESTAGE ] D.WEAVER G L. Atomic clocks and oscillators for deep-space navigation and radio science[ J]. Proceedings of
the IEEE,2007,95(11) :2235-2247.

DEHMELT H G. Radio frequency spectroscopy of stored ions I:storage[ J]. Advances in Atomic & Molecular Physics.
1968(3):53-72.

JARDINO M.DESAINTFUSCINE M,BARILLET R.et al. Frequency stability of a mercury ion frequency standard[ ] ].
Applied Physics,1981,24(2):107-112.

PRESTAGE J D, JANIK G R, DICK G J;et al. Linear ion trap for second order doppler shift reduction in frequency
standard applications[ J]. IEEE Transactions on Ultrasonics Ferroelectrics & Frequency Control,1990,37(6) :535-542.
PRESTAGE ] D.JANIK G R.DICK G J.et al. Linear ion trap based atomic frequency standard[ CJ//Confernce on
Precision Electromagnetic Measurements on Frequency ControlsOttawa,Ontarios Canada,1990(82):270-271.
BRESTAGE I . D,DICK G,J,MALEKI L. New ion trap, for frequency standard applications[ J ]. Journal Applied Physics,
1989,66(3):1013-1017.



2 : 127

[8]
[9]
[10]
[11]
[12]
[13]

[14]

[15]
[16]

[17]

(18]
[19]

[20]

[21]

[22]

[23]
[24]

[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]

[34]

PRESTAGE ] D, TJOELKER R L,MALEKI L. Higher pole linear traps for atomic clock applications[J]. Frequency &
Time Forum,the IEEE International Frequency Control Symposium Joint Meeting of the European,1999(1):121-124.
Paul Hg [D]. : ,2008.
. . .o (" Hg"™ Zeeman [Jl. .2011.28(1) :19-24.
s ) - 9 Hgt [C]//2011 ,
,2011:178-179.
DENISON D R. Operating parameters of a quadrupole in a grounded cylindrical housing[ J]. Journal of Vacuum Science
and Technology,1971,8(1) :266-269.
RAO V V K.BHUTANI A. Electric hexapoles and octopoles with optimized circular section rods[ ] ]. International
Journal of Mass Spectrometry,2000,202(1) :31-36.
FANGHANEL S. ASVANY O, SCHLEMMER S. Optimization of RF multipole ion trap geometries[J]. Journal of
Molecular Spectroscopy»2017,332:124-133.
. [D]. : »2011.
OKADA K, YASUDA K, TAKAYANAGI T, et al. Crystallization of Ca” ions in a linear RF octupole ion trap[]J].
Physical Review A,2007,75(3):033409.
[D].
,2004.

. (" Hg") [D]. : .2011.
ZIPKES C,RATSCHBACHER L., SIAS C.et al. Kinetics of a single trapped ion in an ultracold buffer gas[ ]J]. New
Jouranal Physics:2011,13(5):1826-1833.

CUTLER L S.GIFFARD R P,MCGUIRE M D. Thermalization of '’ Hg ion macromotion by a light background gas in
an RF quadrupole trap[]]. Applied Physics B»1985,36(3):137-142.
YANG Yu-nas LIU Haos HE Yue-hong: et al. Comparison experiments of neon and helium buffer gases cooling in
trapped " Hg" ions linear trap[J]. Chinese Physics B»2014,23(9):093702,
WANG Zhong. Review of chip-scale atomic clocks based on coherent population trapping[ J]. Chinese Physics B.2014,23
(3):47-58.

. . [yl +2012,40(7) :989-995.
LI Xiao—xu, JIANG Gong-yu, LUO Chanset al. Ion trap array mass analyzer: structure and performance[ J]. Analytical
Chemistry,2009,81(12) :4840-4846.

, . . [yl .2013,41(10):1577-1581.
[DJ. : ,2013.
[DJ. : ,2014.

GHOSH P K. Ion Trap[ M]. London: Oxford University Press»2010.

WHETTEN N R, DAWSON P H. Ion storage in three ~dimensional, rotationally symmetric, quadrupole fields. 1.
theoretical treatment[J]. Journal of Vacuum Science & Technology,1968.5(5):173.

DEHMELT H G. Radio frequency spectroscopy of stored ions II: spectroscopy[J]. Advances in Atomic & Molecular
Physics»1969,5:109-154.

BLUMEL R,KAPPLER C,QUINT W.et al. Chaos and order of laser-cooled ions in a paul trap[J]. Physical Review A.
1989,40(2) :808-823.

KELLERBAUER A.KIM T,MOORE R B.et al. Buffer gas cooling of ion beams[ ]J]. Nuclear Instruments & Methods in
Physics Research A,2001,469(2):276-285.

MASON E A,MCDANIEL E W. Transport Properties of lIons in Gases[ R]. Nasa Sti/recon Technical Report A,1988.,
89(1):219-249.

ELLIS H W,PAI R Y, MCDANIEL E W. Transport properties of gaseous ions over a wide energy range[]]. Atomic
Data & Nuclear Data Table,1976,17(3) :177-210.



