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Mass Analyzers:
Quadrupoles

CHEM-5181

Prof. Jose L. Jimenez

Last Update: Oct. 2014
Some slides adapted from Fall 2007 lecture by Dr. Joel Kimmel, CU-Boulder
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Lectures

Props: quad, simul

Business Items

• We will proceed soon w Labview installation
– Instructions coming soon
– Getting it done on time will be part of a HW
– Folks w Macs, Bootcamp installed?

• Questions, comments?
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Quadrupole Geometry

Quadrupole consists of 
four parallel rods

Typical length might be 
10-20 cm

Precise dimensions 
and spacing

Rods connected 
diagonally in pairs

From Watson

Ion Motion inside a Quad (Animation)

Voltages applied to rods define time-varying fields between 
rods and determine the m/z that is transmitted.

Q: what’s wrong with this animation?
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Quadrupole Voltages

V1 = V3 = -Φo = -U – Vocos ωt

V2 = V4 = Φo = U + Vocos ωt

From: Steel and Henchman, J. Chem. Ed., 75(8), 1049, 1998.c

•Voltage of all rods have a 
DC component, U or -U.

• Q: what would happen if there 
was only DC?

•All rods have RF component 
of voltage with MHz 
frequency = ω/2π and 
amplitude Vo.

•Potentials on the two sets 
are out of phase by 180o.

•Quadrupole fields cause no 
acceleration along z axis.

Quadrupole Electric Field

From 
Dawson
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An (Stable) Ion in a Quadrupole Mass Spectrometer

From De Hoffmann

OUT OF PHASE

Symmetric voltages create 
clearly defined wells / ridges.

At any given moment one axis 
focuses ion to center (+), while 

the other pulls off center (-). 

Rapid alternation between 
polarities.

Ion Motion Inside a 
Quadrupole

From 
Hoffmann
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Quad Igor Simulation

Forces – Generalizing for all m/z
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Acceleration in x and y 
directions is described based 
on the terms α (or a) and q. 

Note that:

α is proportional to U/m

While

q is proportional to Vo/m

For given quadrupole, ro is 
constant, ω is held constant, 
and V and U will be variables.
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Clicker Q

Q: To determine whether a quadrupole will transmit an ion 
of known m/z, one must know:

1. z
2. The length the quadrupole
3. The distance between rods of the quadrupole
4. The velocity of the ion before entering the quadrupole
5. The angular frequency of the applied RF potential

A. All of the above

B. 2,3,4,5

C.1,3,4,5

D.3,4

E. I don’t know

Stability Diagram for a Quadrupole

From De Hoffmann
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a and q are used to define generalized stability plots

Intersections of x and y stability in au-qu space define 
stability in quad.

Which region should we use for a quadrupole?

A. Region A

B. Regions B or C

C. Region D

D. Any of them will work similarly

E. I don’t know
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Stability

Stability diagram for fixed Rf frequency, fixed 
m/z.

An ion will have stable trajectory through 
quadrupole if x and y are always less than 
radius of quadrupole.

(Sim A) With no RF and positive U, positive ion 
is stable along X (repelled to center), 
attracted to negative Y rod causes instability 

(Sim C) RF field has stabilized Y trajectory. 

Note that with increased U, need greater Vo

to achieve this stability.

(Sim E) Instable along x-axis.  

Note that as U increases, lower Vo will 
induce this instability.

From: Steel and Henchman, J. Chem. Ed., 75(8), 1049, 1998.

m/z Scanning in a Quadrupole MS

From 
De Hoffmann
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Scan line shows

U/Vo = ½(0.233 / 0.706)

Increase in mass requires 
proportional increases in U and 

Vo to maintain this ratio and 
these a and q values.
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Mass Filter

From: Steel and Henchman, J. Chem. Ed., 75(8), 1049, 1998

Figure limited to singly charged ions (hence lack of z in expression)

Many conditions (U, V, m) fall within 
stability region – there is more than 
one way for ion to pass through

For selectivity, must also consider 
stability of other mass values

Apex of generalized stability diagram 
is at α = 0.237, q = 0.706

To select transmit narrow mass 
window, adjust U and Vo such that α
= 0.237, q = 0.706 (e.g., Ion B)

For any value m 

α/q = 2U/Vo

To scan values of m through narrow 
transmission window, hold other 
parameters constant and scan U and 
Vo with constant ratio

U/Vo = ½(0.233 / 0.706)

Mass Filter

From: Steel and Henchman, J. Chem. Ed., 75(8), 1049, 1998

Figure limited to singly charged ions (hence lack of z in expression)

For ANY value m 

α/q = 2U/Vo

For, example: Reduce 
U, Hold V

Still stable, slope of 
“scan line” is 

reduced

What effect does this 
have on 

resolution?
A. Increase
B. Decrease
C. Keep the same
D. I don’t know
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Mass Filter

From: Steel and Henchman, J. Chem. Ed., 75(8), 1049, 1998

Figure limited to singly charged ions (hence lack of z in expression)

Scan line shows

U/Vo = ½(0.233 / 0.706)

Increase in mass requires 
proportional increases in U 
and Vo to maintain this ratio 
and these a and q values.

Example, bringing 202 
into stability apex 

requires increases in U 
and V

Experimenting with the model

• Experiments done by 2014 students as part 
of the HW
– Let’s think about their results and whether they 

make sense
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Megan H – varying initial velocity 
(variable = Vz_m_s) *5 and /5

No effect on stability diagram!

Megan H – varying initial velocity 
Vz_m_s*100 default!

Everything is stable (up to and beyond 
reasonable voltages)
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Megan H – varying initial velocity 

Vz_m_s/1000 default!

Changing Initial X Position

• Samantha Miller
• Description of Process: 
1. Call upon Stability_Diagram function for each of the values in an initial position wave 

(X0, 1/3*X0, and 3*X0). 
2. Stability_Diagram produces matrix of stable/unstable points.
3. Plot these values on a contour plot for each of the positions
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Varying initial Y position (Julia)

Zack Finewax: Stability Diagrams for default quadrupole diameter, three times r0, 
one third r0 with scaled initial x and y positions.
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Frequency = 2.26e6 Hz

Frequency = 6.78e6 Hz

Frequency = 7.53e5

Megan Claflin
I adjusted the frequency from the defult (2.26e6 Hz)
to 3x the defult (6.78e6) and to 1/3 of the defult (7.53e5 
Hz).

TOFMS vs Quadrupole MS

• TOFMS
– Pulse packet of ions introduced into analyzer

– All m/z in packet reach detector (“simultaneous detection”)

– m/z determination based on dispersion in time

– Based on static, DC fields

• Quadrupole MS
– Continuous introduction of ions into analyzer

– Transmit only specific m/z value to detector

– m/z determination based on band-pass filtering 

– Based on time-varying, RF fields
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When acquiring mass spectra with unit resolution for ions 
originating from a continuous source (that is, ions being 
presented to the mass spectrometer as a steady stream) the 
duty cycle of a quadrupole mass spectrometer:

A. Is nearly 100% 

B. Depends on the m/z range being scanned

C. Is independent of m/z range, but depends on U, V, and ω

D. Cannot be determined

E. I don’t know

Clicker Q

The ratio α/q is constant for ALL m/z values, 
no matter what the physical dimensions 
and voltage settings of a quadrupole

A.  True
B.  False
C. Almost True
D. I don’t know

Clicker Q
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If two mass spectra are acquired with q = 0.706  and 
different α, and both generate stable conditions for 
m/z = 100 transmission, the spectrum collected at 
the ___________ U is ___________ likely to 
generate stable conditions for m/z = 101 
transmission.

A.  Higher, More
B.  Higher, Equally
C.  Lower, More
D.  Lower, Less
E.  Need to know more about 

quadrupole

Clicker Q

Quadrupole Notes

• Maximum m/z ~ 4,000

• Resolution ~ 3,000
– Quadrupoles are low resolution instruments

– Usually operated at ‘Unit Mass Resolution’

• Small, lightweight, cheaper

• Easy to couple with chromatography
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Mass Discrimination on a quadrupole

From 
Watson

Rf-Only Quadrupoles

Operated with U = 0, quadrupole becomes a broad filter

Such “RF-only” quads are an important tool for transferring 
ions between regions of mass spectrometers.

Often denoted with small “q”

Clicker Question: an RF 
only quadrupole is

A. A low pass filter
B. A high pass filter
C. A band pass filter
D. None of the above
E. I don’t know
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Collisional Cooling

A common application of RF-
only multipoles involves 
collisional cooling.

In an ESI source, the 
expansion into vacuum 
produces a ion beam with 
broad energy distribution 

Ion optics and TOFMS 
experiments rely on precise 
control of ion energies

Desire strategies to dampen 
energy from external 
processes

RF-induced trajectory in high 
pressure region yield collisions, 
and reduction in energy

JASMS, 1998, 9, 569-579
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Collisional cooling simulation paper II

http://dx.doi.org/10.1016/S1044-0305(98)00027-0
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Idea of MS/MS

From Watson

Triple Quadrupole Mass Spectrometer

Q1 q2 Q3

Q1 selects parent; q2  CID fragmentation inside RF-only quad; Q3 fragment 
analysis

Fragment Ion Scan:  Park Q1 on specific parent m/z; scan Q3 through all 
fragment m/z to determine make-up of Q1

Parent Ion Scan:  Park Q3 on specific fragment m/z; scan Q1 through all 
parent m/z to determine source of fragment

Neutral Loss Scan: Scan Q1 and Q3 simultaneously, with constant 
difference, a,  between transmitted m/z values (a = MQ1 – MQ3).  Signal 
recorded if ion of m/z = MQ1 has undergone fragmentation producing a neutral 
of m = a.

Detector



19

Triple Quad Animation

http://www.youtube.com/watch?v=PSFF6JJEFPE&NR=1

Q-TOF Hybrid Instrument

From Dass

RF-only quad
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To operate a quadrupole in a scanning 
mode, where individual m/z values are 
transmitted one after the other (e.g., m/z = 
100; 101; 102 …)

A. U is held constant, while V is scanned
B. V is held constant, while U is scanned
C. U and V are held constant, while ω is 

scanned
D. U and V are both changed
E.  A or B  

Clicker Q


