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Development of a multi-turn time-of-flight mass spectrometer
with an atmospheric ionization source
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gbodgbuogbouoobuoobooboobuoobg,obugobooboobooba,bbab
ooboooboobooobooobooo.ocobo,0b0boo0obooboo0o,0coboboooooobooooon

000000O00000O0000,000000000,000000DO0000D (22)0000O.

A*+M — A+M™ (2.2)

00000,00000000000D000C000O0O0,/IE00D0DOOOOO0OOOO (151IEO
0)000000000000000000.000,000000000000 A*O00000O0OO
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0,000 A*0O0He*00D0DO.
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H*O0OODO0OODOO0OO0OO0O0O000.0000000 (23)~00 (26)000.

A* + HyO — A+ HOF® e (2.3)
HyOT® + HyO — HzOT + OH® (2.4)

H30" + (n — 1)H,0 + B — [(H20),H]T + B (2.5)
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ooooooo.

F=quxB (3.1)

0,000 BODOOO z000000000000.0000,B=(0,0,B)0000,0000 =
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Ubb0dzxyOOOOOODOOOOOOOODOO0O00O.00,zy000000D000O000O0O00ODO,

mi(t) = qBy(t)

mij(t) = —qBi(t)

(3.2)

(3.3)

oobO.000,mO0000000000,2,20,000000 00000000 2000000

ooooo.
qB

We = —
m

00,eq(32)000000000,eq.(3.3)000000,

d2a(t) 5.
de2? ¢

ubooobooooboob,boobooboboboobdea~cgO0OQon,

x(t) = c1 sinwct + ¢ cos wet + c3.

O000,eq.(3.2) 000000000000,

y(t) = 1 coswt — cosinwet + c4.

(3.6)

(3.7)

000, 00000000000000O00O.eq.(3.6)3.7) 00,0000 2y00000ODO,00

U0 w.0oooooobooboooboobo.oo, o0 20000000,

(z(t) —c3)® + (y(t) —ca)’ =i + &

(3.8)

goo,0bgobobbobbooboboobob.obboobooboobooboobooboon

00000000,eq.(34) 000000 w.00000000D0O0OO0ODO0OO.eq.(34)00,00

bobobooboobobooboboabobo,booboboooboboobob.oban,

ooboobooooooooboobooooboooooooboooboooooo,booobooon

OooooooOoooooOo.o0g FT-ICRMSODOOOO.

Fig.3.10,FT-ICRMSOOOOO0OOOO0OO0OOOOO. 000000000000 OO,00000
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gboboobOobooboobo,0b00b0oboobobd »whOOobOob0oooboobooboooboaon
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gooooooboooooboboo,b0obooooboboooobobbo.0obobobooobooo
oboobobo.boboooboboobooooobooooboobooooobooooooooooon,
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0,000000000000000D0O000O,0 (3400000000000 0UO,00000

000 m/z0000000000000.
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3.2 UJUuobgooobuoobbuoobobuooooboouooa

oboooobogoogd

00000, FT-ICRMS(APEX IIT 4.7T AS, Bruker Daltonics, MA, USA) 0O O0O. 00000
gooO0ooOo,ESIDOD0ODOOOOO0O0COO.ESIOO0DO0ODO0OOOO0OOO0OOOOOoOOooDOon
ooQ0,Fg3200000000000000O0DO0ODO.ODOODODO,DBDIODOOOODOODO
oooobOO0obO0O0ooOOobOobboOoog,Feg320b000000obOoooooobooon.

DBDOOODOO Fig330OOOOODOOO.DBDODOOOOODOODOODOODODOOODO
mm~1cm, HeOOOOO OO OO (SEC-E40MK3 500SCCM, HORIBA STEC, Kyoto, Japan) 0 O
00 100 mL/min00000. 0000 (MMCPH-15-15, MISUMI Group Inc., Tokyo, Japan) O O
00,000 (MSNDFL1.6-30-F1.0, MISUMI Group Inc., Tokyo, Japan) 0000000 (MTCTR,
MISUMI Group Inc., Tokyo, Japan) 0000, 00000000, 00000000000000

Oo00120°CcOD0D0O.

Skimmer 1
Electorospray End plate

| Glass capillary \/ ICR cell

oV
-1V
- ESI setting (general)
= DBDI setting
DBD probe | /
—"

Fig. 3.2:. 0 0O00O0000OO
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outer electrode end plate

inner electrode

sample
He (100 mL/min) glass capillary

—> 1

1
\ glass tube
(tipi.d. 1.5 mm)
/\/\\ sample plate
— U heater
- AC HV

(Vbp=4kV, 15 kHz)

Fig. 3.3: DBDOO0O0O FI-ICRMS OO0
3.3 0Ooogg

0000000o00o0oooO0,000000000,00 (>=1)000000000000O0
o0o00.000,Feg340000000000,00000000000 RO,Fig3400000

godd mg, mm, my 00000000 0O0OOO.
(3.9)

ooo,me000000O0OODOODO.
oboooooobooobooboobooobooobooboooooo,obocobooooooon

0000000000000, eq.(3.10) 00000000000, Fig3500000000000.

y(z) = exp{—w}. (3.10)

202
000,z 0000000000000000 200,?2000000000000000000
good.boooo,jgobooobooooooogoooooooooo,boooooboooo
oogdilo%b0ooo0oo0,000000dUUooooo0dU0UooooooUO.0ooood

0,eq.(39)0000 2x1.18¢ 0000000,000000 meO mi(mp<mp)0000000
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Intensity

m/z

Fig. 3.4: 0O0O00OO0OO0OOODO

(x =x%0)?

202

y(x)=e

4 ___ ]

0.05-----------

Xo+1.18¢0 Xo+2.450°

Xo

Fig. 3.5: OOOOO
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oooooogo RO,

my = mg+2x24bo

7n0(1%-2£8) (3.11)

obooooobooooog.

34 0UO0OOO

3.4.1 0O0O0OO

00000000,00000000000000000000000000000000000
O0000000000.000000,000000 (exact mass) 0000000 (accurate mass)
0000000,00000000000000,00000000000000000000

Table3.10,00 -00 -00 -00-00-00-00-00000000000000000O0
00000.000,00000 CO,000, 12C1%0,0 9845 %, 3C1%0, 0 1.06 %0 00000
00000,000000000000 2¢%0,000000.

00000000000000,00000000000000000.000,00000000
44000000000000,00000CO,000,N,0000000000000000.00
0000,000000 44990 vw00000,00000 Co,0000000000.

00,000000000000000,000000000000000.00000000
1.67 x 1073 kg = 0.000549 u0 00, 0000000000000000000000000O00O0
0,0000000000000000000000,00000000000000000000

goo.
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Table 3.1: DOO0ODOOCOOODOODO

2¢ 12u  9893% | 0 15.994915u  99.757 %
13C 13.003355 u 1.07% | YO 16.999132u  0.038 %
N 14.003074 u  99.636 % | 80 18.999161u  0.205 %
N 15.000109u  0.364 % | 'H  1.007825u 99.9885 %
31p - 30.973762 u 100 % | 2H  2.014102u  0.0115 %
328 31972071 u 94.93 % | 3°Cl 34.968853u  75.76 %
338 32971459 u  0.76 % | 37Cl 36.965903 u  24.24 %
319 33.967867u  4.29 % | ™Br 78918337 u  50.69 %

365 35.967081 u 0.02% | 3'Br 80.916291 u 49.31 %

3.4.2 0000

gbooobo,0booocobobooboobobobon,eq3.12000000000.

A, = Bmm (3.12)

meg

ooo,A.00000,mg00000,Am, 000000O0COO0m,, 0 meg0000000

O, Amy, =|my, —mg|000.

3.5 UUon

Fig3200000000000000O0000.00D00,D100000000,00000O
gbooooboooobooboooobooboo.ooo,0obo0obooobooobooon.

oboooobooboobooboooobD,b0b0b0o0o0gD Fig36000.
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Fig3.600OO0OO000ODOO,0000000000D0C0CO0000O0DOOO0OOOD.O0OOOO

gboboobOobooooboboooobo,0boooobobooooobooon.

3.5.1 TNTO RDXOOOOO

oo0ooO0oO00g TNTO RDXOOOOODOODOO, Figd.7, Fig3.8d0OO. 0000000000,

100 ug/mLOO00OO00O0OO,000000000 10pxLOO0OOOOOOOOOOO.TNTOO

TNT
100F
[M-H]-
__ 8o
2]
=
c
e |
. 60-
2
S
2>
‘(71 40
c
[}
E L
= o0}
ol .l . J:J .' . .‘l‘ n l! J. ‘,I I.' 'Il : : : . : . -
150 200 250 300 350 400
mjz
Fig. 3.7. TNTODODODOODOOO
RDX
100F
[M+NO3] -
_ 8o
[2]
=
c
= ool
£
S
> . [M+NO»]
2
5]
IS
= o0f
0 A l n
150 ‘200 250 30 30 400
m/z

Fig. 3.8: RDXODOOOOODOO
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0000000 [M-H-0,RDXO00000000000 [M+NO,J~ O [M+NOs]-000000.

0000,000000000 [4)00000000.

3.5.2 UU00O0OODOOOOO0OOO

000000000000, 0000000000000000000.000000, TNTO
RDXODOOOOOOOOO000000000000000000,00000000000000
ooooooo.

[TNT-H]~, [RDX+NO,]~, [RDX+NOs]- 0000000000000, TNTO RDXOOOO
000000000,39000.0000000000, [INT-NOJ~ O [INT+HO,]- 00000,
5ppmO0000000000000.

Fig. 3.10~Fig. 3.130, Fig.3.6 00 0000000000000.00000000000,00
00000000000000000,5pm0000000000,0000000000000
00000000.00000000000, Table.32000.00000000 5ppmO0000

googbooooooobgoon.

100j GHy [TNT-HJ

TNTT
—_ O,N NO, \/[ ]
2 8ol [RDX+NO3]”
c
> NO, /
: TNT
2 60 [RDX+NOZJ
S, [TNT-NOT O~ N0,
2> 40! [TNT+HO2” L
‘O \ \
c NO,
() RDX
Eg 20}
0|'|"")'l"n"d'|""."llL"'LL '|"|""'l"| """"" o
150 200 250 300 350
m/z

Fig. 3.9: TNTO RDXOOOODOOOODOOO
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Intensity [arb. units]

Intensity [arb. units]

100f

80;

60;

40;

20¢

100¢

oo
o

200 250 300

NO,

NO,

m-DNB

350
m/z
Fig. 3.10: DNBOUODOODOOOO
CHg
OyN NO,
3,5-DNT
[M+HO]
SRR '.JT y ’h.lx..lh‘.hli Il.‘ll Il.l !I I|.L' . .'.Il.“'.". I||I N ". . .‘][ .
150 200 250 300 350
m/z

Fig. 3.11: DNTOOOOOOODO
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100} -
M

E [M-NOJ” NO,

S

- O,N NO,
fo) i
E 60 [M+HOz]- 1,3,5-TNB
2 40|

)

o
g 20t

0 I|IIIIVILIII .v'.".",[.-.I'|\11.,.!.‘...| IIIIIIIII ———
150 200 250 300 350
m/z
Fig. 3.12: INBOOOOODOODO
100§
NO,
2 | [M+NO3J
g 80 O,N—N N—NO,
- N

2 60! No,

E‘ HMX

z

e

o 20t

I=

- 0 j;l . .I, yillll [.' 'I'L' oLt IyIIJ 'I i .'l ,"',"'. ' .”.' L, IIII" .yl ,II. . .'|'. ].l "ll .LJ’-‘-L‘

150 200 250 300 350

mj/z
Fig. 3.13: HMXOOOOODOOO
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Table 3.2:. OO0 0D0O0OO0O00DOOOODOOOODO

ion species composition exact mass measured mass mass accuracy(ppm)
m-DNB~ CeH4N20O4 + e~ 168.017657 168.0180 2.041452
DNT~ C7HgN2O4 + e~ 182.033307 182.03317 0.7526095
(DNT+HO2)~  C;H7N3O0¢ + e~ 215.030962 215.03126 1.385847
(TNB-NO)~ CsH3N2O5 + e~ 183.004747 183.00488 0.7267571
TNB~ CsH3N306 + e~ 213.002736 213.00245 1.342706
(TNB+HO3)~  CgH4N3Og + e~ 246.000391 245.99965 3.012190
(HMX+NO3)~ C4HgNgOq1 + e~ 358.03488 358.03319 4.720211
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3.5.3 10000000

000o0Dooo0oooooOo,0D0000 1000000000 0c00ooooooDoooo,1
00000oDoo0o00oooooOoO0oooooo0ooo0.00gooooooooooooog
0000,000000000000DoDoOO00000ooo0.oDoo0o0, 000100000000
ooooooooooooooon.

1goooob,0o00b0b0oo00obo0b0oooobOooboonD,Fig3.140000,00000
0000000 (LCB-50, Inflidge industrial, Yokohama, Japan) 00 0000000000000
00000.0000000000 Figld.15000. Table3.30,00000000000000.
oooo,00 -00 -00 -000000000D00000000000O0O00DOOO0DOOO
g0,0000000D000O00DO0C00DOO0oO0bO0DOO0OODOOoD 1wppmOOO0OODOO
00000.0000 (00000303.147059) 0, 10 ppm 00000, 00 CisHiyNs(O OO OO
303.148395) O CgH91N,0,(00000O303.150248) 0000000000 UOOOOOOOOOOO,
0000 NIST Chemistry WebBook [23] 00 0000000000000 0OOODOOOO0OO.O

00000,m/z=150.1277100000000000000O00OO0OOODOOOOO.

outer electrode

inner electrode

He (100 mL/min) glass capillary
_) I
l
glass tube evaporated
(tipi.d. 1.5 mm) / compounds
D
N\

= AC HV \
(Vop =4 kV, 15 kHz)

halogen spot heater

sample
(One-dollar bill)

Fig. 3.14: 1000000D0000O0ODO
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100¢ .\

ra! [Triethanolamine+H]+ [Cocaine+H]

= L

c 80 \

> . +

. [Methamphetamine+H]

L2 60!

@

[ —

>

= 40;

7 —

c 150. 150.1  150.2

2 20

£

0
250 300 350
m/z
Fig. 3.15: 10000000
Table 3.3: 10000000 0O0O0OOCOODOOOOO

ion species composition exact mass measured mass mass accuracy(ppm)
(Triethanolamine + H)™ CgH1sNO3 - e~ 150.112470 150.1137 8.193856
(Methamphetamine + H)™* C1oHigN - e~ 150.127725 150.12771 0.099915
(Cocaine + H)™ C17H2oNOy4 - e 215.154335 304.156 5.474195

ooooo,0obobbooooboboboooob0obob0 -bobobooboob.oOo,0b0on0 pH
gboboooboboobobooboboobobo.bobobboobobooboboboo
ooooboooobooog,oolbuwbb.oboobooboooobooo,bobooon
ooboooooOoobooboo,0b000b0040,000 45000, 0000 10ppmOO0000O00O

O-0oboboobobooooobooooboobooooon.
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3.5.4 0OUOUOOOOOO

goooooooo,dooooooooobobob.0oooboo,0oooboooboobooooobo
good,bd0ob0o0bo0booboobooboobUo.DbooboobUooboboboon
ooboo0o,0000b0odb Fegdl6eO00.00OO0o0bO0OO0ODODbO,00b0o0oCobOoOobOoOon
0000000000000, Fig3.160,000000000000000 (10 pg/mL) 0000
0000000 10pLO0000000000000.000000000000 [M+H]TO,000
0000000000000 2M+HT"00D0O0000000O.

00,000000 (D000 SOD00 (0000)) [24 00000.0000000000,
Fig3.1voooO.0d00O0OdoobOooboobooooboobooboooooob,ooboooo
o000, Fig31700 ()~(b) 00000, 0000000000000000.
Acetaminophen + H| "

Methylephedrin + H]*

Caffeine + H]*

Carbinoxamine + H| ™"

Bromhexine + H]*

gooboobo,0boobdooboobgooboobooboobg,oboobooboobon

gbooobooaoo.

Carbamazepine

[M+H]*

100F

[o2]
o
T

[2M+H]*

D
o
T

Intensity [arb. units]
N
o

20+

N e

50 100 150 200 250 300 350 400 450 500
m/z

Fig. 3.16: 00 O00O0O0OO0OO0OOOOOOO
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Cold medicine

100F
[ @
@ 80} Q) @
2 | ®)
: -
_e' 60:
S L
-‘g‘ 40r
c
2
2 |
= o0f
i C))
Oil‘_slull ‘_11_‘ I.'JL‘LII ll "IIL . . ll ..‘—v ‘L IlIl -
100 150 200 250 300 350 400 450
mj/z
Fig. 3.17: OO0 O0UOO0OOOOOOO
3.6 00U

DBDIOOOOO FT-ICRMSOOOO,DBDIOOOOOOOOOOOOOOOOOOCODO -O
gbobooboobooobogo,oboboobo,0oboboooboobooboooboooo.

00,000 ((0000000000)0000000000,000 45,00000000 10ppmO0
0000000 -00000000o00o,0000 (Doooo0o0)o0DUoUooooOo.

gobooogoo,bobooobobobooboobooooboobobooobob -coboobooooon

obooooo,b100b0o000o0obobooooboobooooooon.
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40 UOOoO0UOootdoodgd
MULTUM-S I

03000,DbBDIODO0O0OO0O0OOODOODO0OO -Ob0b00oO0ob0obOoboobooobooboo
Oo,00000boooboobo0 -booboobooboob.obo,00bo0o0ob0oooboooon
oooooO,0100000000,b00000000000O00O00O0O0O0bO0O0OO0O.

Oo00,0 300000 DBDIOOOODO,0D0O00OO0OO0DOODO -OD0O0OO0O0OO0ODOOODOO
MULTUM-SIOOOOO MULTUM-APIODODOOO.

00, MULTUM-APIOOOOO,0000000C00O0O000O0,000000000000,0

gobogoooooooobooobo.

4.1 0000

MULTUM-SIO,000000000000 30,000,0000 28 ppmO0O000000OOOO0O
0do0o0O0o0O0.000000,000 EIDO00OO0O00DOO0OO0OO0ODOOO0,00000000000A0d
gooooo.

0000,00000000000 MULTUM-S I(MULTUM-AP)OOOOOODOO, Figd4.l
0O Fig42000.000000000,000000 ESIOOOO (EST ion source for AccuTOF,
JEOL, Akishima, Japan) 0000 O.

00000000,0000000000000000O00000O0O00.O00000O0O0O0 (di-
electric barrier discharge ; DBD) 0000000000 100000000000O0O0O, Fig4.30
gooo0d,o0od0o -obbobbbob -0bbb00d0 - oobboboooboooo

O000,0000 (orthogonal acceleration ; OA) DD 000000.0ADDOODOODODOOODOO
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700 mm
MULTUM-s // / einzel lens
acceleration grid

potential-lift

ground
electrode

600 mm

MCP detector
ion guide

//_/m

orifice 2

ring lens

orifice 1
\

\\\—mm

DBD probe _

Fig. 4.1: MULTUM-APIOOOO

00o000,000000000 260000, MULTUM-SIOOOOOO. MULTUM-STIOOOO
000000000000000000,0000000000000 (microchannel plate ; MCP)
000 (F1943-02, Hamamatsu Photonics, Hamamatsu, Japan) D0 0000000.0AOOOO
000o000O,MCPOOUIDO0OUOOUOOOOOOOOODOO (time of flight ; TOF) O OOOO
000,000000000 m/z000.

go,0000000000b00o0o0oo.
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Fig. 4.2: API-MULTUM O0ODO

orifice 1 ring lens orifice 2 ion guide Einzel lens

N\

OA region
Atmospheric | __ 561 pg ~0.2Pa ~50x10%Pa | ~7.0x10°Pa
pressure : ' :
Rotary pump Turbo molecular pump Turbo molecular pump
Rotary pump Rotary pump

Fig. 4.3: MULTUM-APIOOOOOO

31



4.1.1 0O0O0OO0O0O0OODOOOO0

Fig23000000,Fig440 Figd 5000000000000, 0000000000000
obooooooc.0bobooooobo,bBDObO0OO0OOO0OOOOODOODOODOOD0O0 mm~1 cm,

HeOOOO 100 mL/min, 00000000 120°CO0O0O.

glass tube Sirrri‘]fi)é'gg :
(tip i.d. 1.5 mm) N * DBB probe
_ outer .~ (glass tube)
He —>»

®/\

ACH.y. sample

heater
Vpp =4 kV, 15 kH
(Ve-p 15 kH2) sample plate
Fig. 44: DBDOOOOOOOO Fig. 4.5: DBDOO0OODO0O

4.1.2 000000

gbooooboobo,ob0obooobooboobooooboboooooboobooboooboob, oo
ooooooobooooooboo,0ooobobooooobobooo,booooboobooboooDoo
oooooboobooooboooon.

ooooooon, Figd6000000,00000000400000000000,00000
O0o0ooo0o00ooOo0O00RFO,0000000D0000000RFOOOOODOO.OO
00000, AppendixO000O0CO,RFO0000,00000000000000O0OCOOOO

oooobooog.
€0V

2
z ~ w2 f2riqm

|3

(4.1)

oo00,mO0000000,:0000000,e00000,VORFOOOODO, fORFOOO
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ooo,rn000000000,quy0000000000O000O0O00O0O000O0DOO00O,0000A0
Oooooood,qu=0908000.000000000000,Fig46000000,00000
r.,03mmO0000000000000,0000000 r0 26mm, 000 f0 22MHzO

go.

—V sin[27 ft]

< <) V sin[2r ft
L= .
. C

N

Fig. 46: 00 0O0OO00OO0OOO

— Vsin[27 ft]
—— —Vsin[2n ft]

—(rh+r) \ \ I’o+r,

Fig. 47: 0000000OODO0O



4.1.3 0O000O0OO0O0O0OOO0O
gooooboboboogd

Figd4a80OODODOOODOOOOOOOODOOO,0000000000,0000000D000O00
oobooobooboboobooooboobobOoobO0oob0ooboo.cobooooo », 000 2,0

OO000e OO0, 00000 VOOOO,0000000D00,00000D00000 00,

2zeqV
=4/ ==. 4.2
v m (4.2)

ooooo,00 L000o00oooooo o,

L 1 m
t=— =1L/ oy —. 4.3
v 2eqV z (4.3)

00000,000000000m/z000000000.

Acceleration region Detector

Field-free region

Fig. 48: 000000000 OOOD
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oboooboooooobooog

03900000, TOFOOODODOOCOOOOOOO.O me, mm, my 1000000000,
0000 to, tm, ta,000.000, tn, tpay0 TOFOOOOOOOOOOOOOOOOOOOO
goooog, te0 TOFOOOODOOOOO0ODODOOO0ODODDODO0ODOOO0ODOO.O00DOO0O0,d
o0,000000000booo0ooooo0ooboooooooOoooDooog, teo TOFOO
oboooooboooooboob.booo,b 43003900,
£

2, — 12,

to
N —. 4.4
2At (4.4)

R

oo0,At=ty—t,000,ty+t,~2t(,000000000.¢,0¢,000000,0000

torU0O0O000DOO0,00000¢00000000000O00,0000000000000£0O.

4.1.4 00000 -00000-000000004

oooo,API-MULTUMO,000O0O0OO0OO0O0O0OOOCCOO,00000 -00C00D -00

gobgoobooobooobooboobooog.

00000 [25]

gbooboooboobooooooboooboo,oobooboooboocobooobooooooobooon
gbooooboboooobo.ocooboo,ob0b0oboooobooboboooooboooooboOon
gbooooboboo.obooboooboobooooobooboobooo,boooooboobooooon
oooooobo,boo,00bboooo0oobooboo0oboo.ooobOoOon, FigdaooDO
oo,00ooobogobooooboooogo,booooobooboooobooobbobD.gDbo
oobO,0000o0oboo0oooo,0c0bob0ooobooooboobobooboooobooonD,0boobo
obooooobooobooooooboobooboobooboobooobo.oboboooooboobobo,oboooon

gooo.
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lon source

Field-free region Detector

mass-to-charge ratio

Orthogonal
@acceleration
O>0>A

region

7777 7777 777

Fig. 4.9: 00000

0oooo [27]

goooooooo,b0ooogbooobooooboobooobooboobooooboboobobooon
o.0o0obooobooobooo,0o0oboobooobooobboobooooobooboobooOo,bogoo
oboooboobo.oo0ooboo0, Figd10000OO0000,00000000000000O00,00A0
obooooooo,booboooogboobooboooooboooboobooobooooooDn
O.Fig410000000,000000,0000000000000 Ly ~Ls, Vi, Vo, 00000

0.~ Ls000000,000000000:0000,00m, 0000000000000
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ground

acceleration grid

potential-lift

) T R

detector

GND

While the ions pass through the potential-lift,
the voltage on the potential-lift was switched
from negative voltage to ground potential.

LpL

electrode
V1
V>
X
) el L1 —>

Lo

L3

Fig. 4.10: OO0 00ODOOOOODOODOOOO

0000000000000000 ¢0,2%, 2 Vi, %.000OOOOOOO0O00O00O,

q
1 [2¢V1z \/ 2mqViz
— | =mLaoy/ ——— + Lo/ 2mqVo + —————
v ( mLo " + Lo mqVo + i

m
t(—;x, V1, Vo) =
CENND e

2mL1x

+

le

L - -
53\ 2q(Viz 1 VoLy)

3

(

2L1.’L’
Vi

_ CE(.’E, Vl; ‘/2)

Il
ﬁ’@

LQ 2‘/11‘ L1 2V1I L1
- + 1 /2Vot+t — + L3y | o
[ I A A PR 2(V1m+V2L1)>

(4.5)

0000000,0000 o(x,V1,Vo)0OOO.00000,00000 2o000000000O0O

00000 AtO,

At

ooooo,b0b00 0b00oboob,:0000000000D00000O000O0O0010,

m m
t(;,l’,‘/i,‘/g) - t(;,x07‘/17‘/2)

m

— (a(z, V1, Va) — a(zo, V1, V2))

q

04(337 Vl) V2> - a(x07 Vrla ‘/2)
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00000000000 0000.0000,L;=001m,Ls=0.02m, Ls =0.3d m, g = L1/2 =
0.005 m, Vo =4000 VOO, m=100u0000000000000D00 Fig4.11000. 2000
00o0oooo -10%~+10%000000000000000,V,000OO00oooooooo
000000o00.000wv,00ooo,00000 10%0000000,00000 0200000
oobooooobooooooboob.ooobooo,boboobooboboooboooboobn,
oobooooboooooooboooboobooo.ooo,00boo0ooboobboOo,coboOooon
oobooooobooooboooo,0o0obbocobO,boobo0oooobooboOo.ooo,0o00o000

gboooooobooo,obooboobooo,oboobobsnsO000oobOoOooOon.

atfs] 4.x107°

i 2.x10710
1.5x10781

[ 700710
1.x1078 r

5.x10°f

Vi [V]

L Il L L Il L L Il L
1000 1200 1400

-10%
—2%
-1%
+1%
+2%

+10%

-5.x107°F

-1.x10°8F

~1.5%1078]

Fig. 4.11: OO 0OODOOO

000000000 [26]

gobooboobgo,oooooobobobo,gbopoooooob,bobobobooooo

obooobooooobobooog.
Oo0,00000000GNDOOOOOOOOO,ODO000D00000000000O0C0COOO
oobooboboooooobooo.ocoboooooo,oo0boooobooooboooo,obo0o0oooo

oboobooooobooobooboooooboooboobooboooo.oocoboooboooo
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0000,000000000000000.
00000,0000000000000000000000,000000000000000
O000O00O0GNDOOOOOOOOODOODOOO0O.000000000,000000000
000000000000, 000000000000000000000.0000000000,
0000000000000 000000000000000,0000000000000000
00000,000000000000000
000000000,GNDOODOODOODOONDONONOONOODDO,GNDOODODODOO
000000.000000000,000000000000000
0000000000,00000000000000,0000000000000.00000
0000000000, Fig4.10000000,000000000000000000O0D0O00O
00000.000000,000000000000000000000000000,00000
00D000000000000O0,GNDOOOODOOOOOOOOOOO,MCPODOOODOOODO
00.0000,0000000000000000000,00000000000000.000,
00000000000 0000000000,0000000000000GNDOOODOOOD
0.00000,0000000000000000,MCPOO0DOO0O0OOODOO.O00000
0000000000000000,0000000000000000000000000000.
00,000000000000000,00000000,0000000000000, 00
0O GNDOOODOODOODODOOODODOODOD,00000000000000000000000
0.0000,Fig4.100000,00000 m/q0O0000D000D0000O0, 00000000
O tmin(m/q; 2z, Vi, Vo) OO0 tmee(m/q;2, V1, Vo) 000 0000000000000000OO0OO.

000,00000«=L,/2000.

m L m 1 L
tmin( q =L ‘/h‘/Q) = E <L1 — 2 i + A \/‘/1 _'_2‘/2) (48)

Vi Va

m L1
tinan VLVa) = (s VL V) + L 1/ B 4.9
(— 7 1,V2) ( 1, V2 PL T 2V2 (4.9)
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O000,bFig411000000000000,000 Vi =680V, Lp,=008mO00000000
000000, Fig4.12000.000,000 m/z0000000.00000,000000 0.5us
000000000000 0U0o00O,m/z0 13~103000000000000000000. 0
000,000000000000000000000,0000000000mM/z0000000
oobooobooooobo,0boooogbooboooobooboobooboobooobooboobooon

ooo.

4.1.5 MULTUM-S I

04400,00000 TOFOOOOODOOOOOOO,A¢tO000O0OO0,t0000000O0D0O.
t0oobooobgoobo,04300,0000 LOobobooOooDO.

oboooo,0ocobooboboocooobooboo,obobooooobobooooooboobon
oo0o,000000 AtO0D0O0O0O0O0O0O0O0,0000000C0COODOOO0OOO,0000

I A o

S] Umax

t[
2.0
15/
1.0

tmin

0.5+

T 1 T 1 T L
0 50 100 150 200 250 300 m/z

Fig. 4.12: 000000000 D0O00O0O0O0OOO0O0OOOOODOOO m/z
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obooooobooooog.

gboooboobooooboobo,0b00boooboo,boo0ooobobooooobooboooonog
bob.0ooobooboooobobooooboboo,b0boooooboOobooobooboOon
goo.

0000o0o0o0o0oo0o0o0o0oo0o0o0o0oo0ooo0o0oo0ooDoo00 (MULTUM)
ooo0.0o0000,00 MULTUM IODOOOODOOOOOO, 0000000000000
000 MULTUM-S T [12) 00000000O0O0OO. MULTUM-SIOOOO Fig4.13000.
MULTUM-S IO, Fig4.14000000,0000000C0CO000000O0O0OCOO,0000O
uoboobooobooooobo,oooboobooooobooobooboobobooo.ocooboOoon,
ooooooooboooooo, 000, Fig41400000000000000O0OOO00OODOO
gobooboooooooobooboooobooobooobooboo.0obbooboobooo
000 [28)00000. MULTUM-STIOOOO, 625 mm OO0,

MULTUM-SIIO0O, Fig4.15000000,00000000000000000D0000.

ooooooo,MULTUM-SIOOOOOOOOOO,0000000000000000O0,O0

e———————— Turn sector
g

Ejection sector

Fig. 4.13: MULTUM-S I OO QO
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Outer electrode of
Turn sector the Turn sector (Vi)

Inner electrode of

/_‘/\ the Ejection sector (Ve)
Outer electrode of \

the injection sector (Vi)
\ .
Ejection sector

Outer electrode of
the Ejection sector (Veo)

Inner electrode of
the Turn sector (V)

A

\ Injection sector

\__/

Inner electrode of

the injection sector (Vi) ion trajectory >

Fig. 4.14: MULTUM-SIIOOOO

half cycle mode multi-turn mode
f\\ m Injection /_\ /\
& sector \ k
v \/ Ejection
sector
lons pass the shortest path, so this lons pass long path, so this mode is
mode is used for sensitive analysis. used for high resolution analysis.

Fig. 4.15: MULTUM-SIIOOOOOO

gboooboo,0boobgooboobooboobooboobo.0obooboobobobon
gboboobooboogbooobooba,buooboo,goboobooban.
Ooo,0000000,000000000000O0MULTUM-SIIOOOOOOOOOOOO,O

ooooooOooooooooooo MULTUM-SIODOOOODOOODOOOOOOOOODO
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oo.000,000000000000000COOQOOQOQOOQOODO.00O00O, MULTUM-SII
oo00000000o0OoopooooOoOOO0OOO0OO0o0oOoOoOoooooooOO,00o00 MULTUM-S
Ioooooooooooooo. MULTUM-APID, 000000000000 O0OOOOOO
00000 Fig4.1l60O00. MULTUM-STIO, 00000000000 OOO0DOOOO0ODOOO
goboo.0o00b0,0000b000b00,00b0o00b0obo0oboooboobo0oobooobo.booobn,
gbooooooooobooboooobooo.obooooo,booobooobo,0bo00b00oboo0oo

0000o00o00U0oOo0o0ooO0O,0000o0o0o0oooooooooo [12].

4.1.6 0OUO0O-000000O0OOOO

0000000000000 MCP(F1943-02, Hamamatsu Photonics, Hamamatsu, Japan) 0 O 0O
O00o0oo,MCPUOOO0OOUIOOOOOOOOOOOO (LT364, IWATSU-LeCroy, Tokyo, Japan)
gobobooo.0oooboooo0oboboob0Oo,b0bOo 10000 b0obobobOobOobooo
gooooboOoobo.0oobo,00b00b0,000b0b0 10000000 b000ObDObObOObDODbO
0o00,00000b00oo00g00oooodo,0o000oooDoo0oooooDooooooog.

O00o000000 10ms, 0000 100Hz2000000000000000000DAO.

Acceleration grid i 0V to - 700V |_
Potential-lift | -5000v to 0v
injection to B

Injection sector multicturn

ejection from

Ejection sector multi-turn

Oscilloscope —|trigger || || |

TOF spectrum
detection

Fig. 4.16: MULTUM-APIOOCOOOOOOOO
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4.1.7 0ODO0OO0OoonO

0000 API-MULTUMOOOOOOOOOOOOOO,0000000 Table4.1000.

Table 4.1: OO0 OO

Ly 10 mm Vii -1.05 kV

Lo 20 mm Vio 1.47 kV

Ls 340 mm Vi -1.28 kV

Lpy, 80 mm Veo 1.52 kV

acceleration grid -1 kV Vi -1.27 kV
potential lift 5kV—-0V Vio 1.56 kV
matsuda plate 670 V

4.2 0O0OO0O0O0OOOOO

FT-ICRMSOOOODOOOODOOOOODOOOOODOODO,0000 MULTUM-APIOOOOO
000D0.0000 TOFODODODOOD Fig417000.00000000,000000000000
gooooboobodd0o 20000000DO0DODO0000O0O0DDODODODODOO0. 0000, OobDOO
12pus0022pus000000000000,-5kVO00GNDOODOOOOOD.OO0OOOOO
o000, FT-ICRMSOOOOOO0OOODO0O0O0DO0O0O0OO0OO0,000000 ()@3)() 00,0000
[Acetaminophen+H] ™", [Caffeine+H]", [Bromhexine+H|" 000000, 00000000000
000000.00000000000000000000 Fig4.18000.000 (2)0000 (4)
000000000000000, [MethylephedrintH]* O 600 ppm 0 O O, [Bromhexine+H]* O
ppmO0O0O000D0DOOODOOODODOO.OO, FT-ICRMSOOODDODOOODOODDOOOO, O

ooooooooooooo,MULTUM-APIOOOOOOOOOOOOOOOOO.
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30+
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Fig. 4.17: MULTUM-APICOOCOOCOOOOO TOFOOOOO

40 1
[ ) : %20
7 %0 ®)
=2 3) :
= !
a | :
B, 20t !
> | @ :
B !
[ |
o !
< 100 :
— 4)
NS U 6 U IV WS 0. Y.
100 150 200 250 300 350 400 450
m/z

Fig. 4.18: MULTUM-APIOOOCOOOOOOOOOODOOO

ocoooooooo, FT-ICRMSOO0O00OO0OOO,00000000,0000D00000DC
oobooob,0boo00ooooboobo.booboooobooo,00bo0o0oooboooboooon
goooboooo,oo0oboooobob 20000bo0oooon.
MULTUM-APIOOOOOOOOOOOOOOOOO, FT-ICRMSOOO0OO0O0O000 4000

goog.
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1) OO0OOO00O0 low mass cut off

3
4

(1)
(2) 000000000 DO0O0O0
(3) 0000000000000
(4)

DBDIOOOOOOOOO0OOOO0OO

()0,000000000000000000000m/>2000000410000000000
000D0D00000.000000,0000000000000000000000000000
0000000.(2)0,0000000000000000000000000000000000
00m/-0000000000000000.000000,000000,0000000000
00000000000000000000000000000000000000000,000
000000000000.(3)0,000000000,0000000000000000000
0000.0000000000000,000000000000000000000000000
00 [29. 0000000000 1000,FT-ICRMSO000000000000, MULTUM-API
00000000000000.00000,000000000000000000,000000
0000000000000000000000000000. (40,0000 DBDIOOOOO
0000000000000000.00000000,DBDI0,000000000000000
0000000000000000.00000,0000000000000,000000000
000000000,00000000000000000000000000000000000
oooooo.

MULTUM-APIO, 00000000000. Fig4.18(B) O, (1)~(3)00000,0000 100
000000000000000 Figd19000. Fig4.190000000,0000000000
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Table 4.2: MCPOOODOOOOOODOOO

data No. without MULTUM-s [V-s] half cycle mode [V-s]
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Appendix : U000 OOOO0OOOOO0O

0000000000000 Fig A1lOOOODDODOOOOOOODOO:z000y0000D0OO
obooooooboobooo
¢z(t) = +(U + V coswt) (A1)

¢y(t) = —(U + V coswt) (A.2)
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