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Mass Analyzers- Measure m/z
Properties of Analyzers:
1. Upper Mass Limit (Mass Range)- highest measurable m/z

2. lon Transmission (Sensitivity)- ratio of ions reaching detector
to that produced at the source

3. Mass Accuracy- difference between theoretical & measured mass
mass accuracy = (m m
express as ppm

real — measured)/ mreal

EX: measured mass = 1000.2 real mass = 1000
Am =0.2
mass accuracy = 0.2/1000
= 200/1,000,000
= 200 ppm



Mass Analyzers

Properties of Analyzers:

4. Mass Resolution-
ability to resolve 2 ions
with a small mass difference

Resolution = R = m/Am
Am = mass difference of
2 nearby masses,
m & (m+Am),
with a signal
overlap of 10%

Relative abundance (%)

Relative abundance (%)

Ll 5510 5513 R = 6500
“ Monoisotopic mass =
1651.0 Da, (M+H)*
Total Peptide
50 - 551.7 Charge = 3+
0 .
550 551 552 553 554
m/z
100
551.4
R =500
Average mass =
1652.2 Da, (M+H)*
50 -
0 I T watiliecsni— “' !
550 551 552 553 554

m/z



Mass Analyzers for Proteins/Peptides

Types of Analyzers:

1. Quadrupole Analyzer- R ~ 3000; m/z < ~2000;
mass accuracy ~400 ppm, poor sensitivity

2. lon Trap- R ~5000; m/z < ~2000;
mass accuracy ~200 ppm; excellent sensitivity

3. Time of Flight (TOF)- R ~10,000; m/z < 500,000;
mass accuracy ~10 ppm; very good sensitivity

4. Fourier-Transform lon Cyclotron Resonance (FTICR)
R ~ 1,000,000; mass accuracy ~1 ppm;
Very expensive (limited availability);
lons are confined in a high B field;
B field is created by a superconducting magnet;
Circling frequency of ions ~ z/m



Time of Flight (TOF) Analyzer

Principle:
For a constant kinetic energy, different masses move at different v.

1. Accelerate a bolus of ions with a potential V-
Energy,i.ic = Mv4/2 =qV,  for m = mass; v = velocity
g=charge=ze

2. lons then enter a
field-free region of length d
Analyzer

+20 000V

3. Measure the time, t, Field-free region =~ MALDI-TOF
for the ions to cover |
the distance, d
v =dft { I Positive ions I Detector

Solve for t- Source > 0 —20kv
2 = (miz)(d2/2V.e) | |

n n

[ I




Time of Flight Analyzer

Example:

V., =20,000 V; Drift Tube- d =1 meter
m = 500 D with a single charge

Then

v=9X10*m/s

t=1X10>s =10 pus

Advantages:

1. No theoretical mass limit (in practice <500 kD)

2. Very high transmission efficiency i.e. sensitivity
(attomole detection limits)

3. Typically combined with MALDI (ns-length ion pulses)



Improving TOF Resolution

Can Have Poor Mass Resolution Due To:

1. Temporal distribution of ions i.e. varying times of ion formation
2. Spatial distribution of ions i.e. ions form at different locations
3. Kinetic energy distribution i.e. variation in ion energy

Continuous extraction

hv Source Flight tube
0o : o :
® : ® :
. . .‘ ~ mlz
20 kV 0 kV 0 kV-20 kV
@ Desorption @ Extraction @ Flight

Solutions: 1. Delayed Pulse Extraction
2. Reflectron



Nitrogen Laser

Delayed Pulse Extraction 337.1 nm and 600 ps (fwhm)

1. Allow ions to form and B
expand in a field-free region.
2. After a time delay (ns-us),

apply a voltage. Sl
3. Apply a potential gradient ;?; =

across the source.
XY Deflector
340 ns ']' Plates

Sample

Effects 4k Gra =

1. Delay- All ions have G1 Hl;]_ pulse voltage (0-3 KV max)
formed at time of Voltage ] e Veringe: 0 kV max)
voltage pulse. ~10 us

2. Faster ions are farther ‘u’uﬁige - Bias Voltage

Into the instrument-

will acquire less energy
3. Slower ions acquire more energy fg%‘g”;;}lzggon’ Anal Chem.



Reflectron

Electrostatic Reflector- Retarding field reflects ions & returns them.
Corrects energy dispersion for ions with same m/z.

Extraction
_Vl grids Reﬂectronm
i +—& * & —
0
lon source WV m\\\\\\\\\\\\\\
Less energetic ions +} . o 1 +V2
with the same m/z 35S
More energetic ions @ -Vl%
Detector Lane, Cell. Mol. Life Sci.

2005, 62:848

lons with hi'er kinetic energy penetrate deeper & stay in reflectron longer.

Increases Resolution but Decreases Sensitivity



Quadrupole Mass Analyzer

Separates ions by their stability in an oscillating E field.

@ p - V(t) = -V, + V,cosot

k Q

|
4 parallel rods equally spaced V() =V, + V. cosot
V4. = constant potential applied to the rods
V. = peak-to-peak amplitude of the AC or rf voltage
o = 2y = angular frequency (rad/s)
v = frequency of rf field
2r, = distance between opposing rods

Typically: 500V < V,. < 2000V & 0 < V,; < 3000V
y = 1-2 MHz



Equations for lon Trajectory In A Quadrupole

Fo= m d2x =-q3V(x.y.t) F, = m d? = -q8V(X.y.t)
dt? OX dt2 Sy

But- V(X,y,t) = V() (x2-y?) = (x%-y?) (V4 + V,COSmL)
2 2

% +2g (Vg - V,COSwt) X = 0
Integrate dtz  mr?2

ToFind X, Y <
Trajectories d?y - 2q (V4. - Vcosot) y =0
— dtz2 mr?2

lon Has A Stable Trajectory If: Note: q = ez
T,<X<r, AND -r,<y<r,

If X,y >r,orx,y<-r, the ion hits a rod and is lost.



Stable lon Motion In A Quadrupole

Perform a change of variables: & = ot/2
Rewrite X & y equations in the form (Mathieu Egn):

d?u +(a, - 2b,cos2E) u=0 for u being x or y
d&?
Mathieu a, =a,=-a,=8zeVy & b, =b,=-b, = 4zeV,
Parameters: Mo?2r 2 Ma?2r, 2
a a
- YU Stable along y
a& b for a& b for
| X | <Tr, | y | <T b

u

Stable along x



XxZ plane

Quadrupoles Act As .
An m/z Band-Pass Filter

yz plane
For a + ion;

1. + rods act as a high-pass m/z filter

MW

2. - rods act as a low-pass m/z filter

3. Together + & - rods act as a Stable along both xand y

band-pass filter
xz plane

For agiven V. & V,

only a small range of m/z's yzplane
can pass through the rods. —

Stable along y, unstable along x



Overview: Quadrupole Mass Analyzers (Q)

@ Lower mass ions impact with one set of rods.

@ Stable mass ions pass through filter to detector.

@ Higher mass ions impact with opposite set of rods.

Figure 2.2- Quadrupole Mass Analyzer
I



Acquiring A Mass Spectrum

1. Higher V4. & V- Permits Higher m/z's to Pass.

A. To Acquire Mass Spectrum- Scan V. & V Scan m/z >
so different m/z reach the detector. -rods  +rods

B. Scan Rates- 1000 Th/s

. Scan from 200-2000 Th requires 1.8 s §
Good match for chromatography & - | =)
ii. 0.001 s at each m/z § 4
0.1% ions at each m/z detected £
Poor sensitivity
m/z

2. Increasing V/V .- Increases Band-Pass or Decreases Resolution

A. Typically operate at "unit resolution"
Resolve m/z differing by 1 Th

B. Compromise between resolution & sensitivity



RF-Only Quadrupole

1. If V4. =0, then Resolution =0

2.V imposes a minimum stable m/z

3. The alternating E field focuses stable ions
to the center of the 4 rods

4. RF-only quadrupoles- Collision Cells

Vdc+Vrf Vrf On ly Vdc+Vrf l

lons |

' Q1 g2 Q3 ‘

- 4

"Daughter Scan"- 1. Q1 selects ions of a given m/z
2. g2 collides ions with inert gas to fragment
3. Q3 scan m/z to analyze reaction products



lon Traps

Quadrupole with 3-D lon Trajectories

Circular electrode + Ellipsoid electrodes above and below

1. Apply V(t) = V4. + V,cosot
to the Ring Electrode

2. Apply -V(t) to Endcaps ::?

3. Inject ions through endcap.
&

4. For a given set of V,

all ions are stable. vy ‘:-\I

5. lons oscillate in the cavity, V(1) \k
frequency dep. on m/z

Ellipsoid or
Endcap

--------- Circular
or Ring
Electrode

http://staging.mc.vanderbilt.edu/msrc/tutorials/ms



Stable lon Motion In An lon Trap

Equation of Motion:

(Cylindrical Coord.) lon inlet from
et ion source
n

J’ Inlet
end cap \ / end cap

d?r . 2q (V4 - V€osmt) r

=0 Rin '
dt2 m(r,2+ 2z.?) electrgde S ele'?:lt?gde
27 4g (V. -V %"it ’ i \ Exit
ya - V coswt) z ena ca
49 (Ve - Vi ) -0 P lon exit end cap
dt2 m(rOZ + 2202) tO deteCtOI'

lon Has A Stable Trajectory If:
T,<X<r, AND -z,<z<zZ,



Stable lon Motion In An lon Trap

Perform a change of variables: & = ot/2
Rewrite r & z equations in the form of the Mathieu Eqgn:

d?u +(a, - 2b,cos2§) u=0 for u being r or z
dg?
Mathieu  a,=a,=-2a, = -16qV. & b,=b,=-2b,= 8qV
Parameters: me?3(r,2 + z,?) mo?(r2 + z,2)
a a
04 u
51 1.
Plot for Plot for [ = .
|r|<r AN o)
N u

_5 -

-10 1

~1971 Stable along r Stable along z



Stability Region Along z For An lon Trap

1. RF voltage with © = 2nv

2. lons oscillate along
the z axis with a
frequency of f, = 3,v/2

3. B, depends on z/m

4. Maximum 3, =1
for a stable ionin z

For a, =0 (V4. = 0),
b = 0.908

ueject

Scan V to scan across
b, & eject along z axis

0.2 1 0'71 B,=0

o

02 0406 08 1.0 1.2 0.4



Example Of An lon In An lon Trap

RF amplitude
ekl o V=500V RF
MR T bt B ARG v _1
e
7.1 mm

lon's motion along z

AAAAAARAAAAA LA v = 160 kHz

lon's motion along r 100
AT v=T8kHz
100

Microseconds

A
7.1
mm 100 Th
"% lons
Y
( 10Omm= 2r0 )



Example Of An lon In An lon Trap




Over Time, lons Repel Each Other

Use Collisions with He
Expanding Trajectories to Remove Excess Energy

Without He With He



lon Ejection From An lon Trap-
Mass Selective Instability

Set VdC — O a — -16quC = O & b — '8quf

Z Y4
mo‘)z(ro2 T 202) mo‘)z(ro2 t ZOZ)

+

Keep o constant & Scan V
11|
+Vrf q v

1

'Vrf

Time



lon Ejection From An lon Trap-
Mass Selective Instability

small m/z

large
Ay m/z

bZ = -8quf 0.1 V1
M?(ry® + Z,°)
0
M b
An ion with b, > 0.908, .

IS ejected!

Low m/z ions
are ejected 1st.




o & V,; Determine The Maximum Mass
That Can Be Ejected.

Minax = _ 8V rimax for b, = 0.908
q 0.908w2(r,2 + Z.2)

Note:
For:  v=0:6MHz 50% ions go
r, =7 mm
2 =7 mm go out each
V max = 8000 V endcap.
charge =1
Mmax = 3260 Th

g



Operating An lon Trap

Prescan lon Accumulation m/z Analysis
“—> < > < >

>

O

c

@

S

o

@

| -
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W —

| -
0 500

Time (ms)



TOFs, Quads, & lon Traps

Types of Analyzers:

1. Time of Flight (TOF)- R ~ 10,000; m/z < 500,000;
mass accuracy ~10 ppm; very good sensitivity
MALDI-TOF: easy to use, low costs

2. Quadrupole Analyzer- R ~ 3000; m/z < ~2000;
mass accuracy ~400 ppm, poor sensitivity
very easy to interface with LC & GC

3. lon Trap- R ~5000; m/z < ~2000;
mass accuracy ~200 ppm; excellent sensitivity
robust, sensitive, inexpensive
can act as a collision cell & mass analyzer
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lon Ejection From An lon Trap-
Resonant Ejection

1. Same as ejection by
mass selective instability

2. But also apply a
supplemental V
to end caps a

Ejected by
resonance

3. Effect is to decrease b 0.17

zeject




Resonant
Ejection

100 Th
lon

Extends the
mass range
of the ion trap.

Overlapping RF + AC amplitudes

RS IR R A
R o

Motion along z

IV=500V, 1.1 MHz RF
V=12V, 160 kHz AC

~ A I 7.1 mm
AR
Motion along r
AN AANANN 7 Froomm
VARVARVARVERVARY
0 Microseconds 100

10.0 mm = 2"0



ESI-lon Trap

i i Increasing .
aplliary vacuum

needle  wemae,, P '
(3.5 kV) 3 ‘

T .

N, - E

Electrospray RF-only quadrupole  lon trap mass
source at or octapole filters spectrometer
atmospheric that collimate ions
pressure from high pressure

ESI| source.



