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A focused laser is used to make infrared multiphoton photodissociation (IRMPD) more
efficient in a quadrupole ion trap mass spectrometer. Efficient (up to 100%) dissociation at the
standard operating pressure of 1 � 10�3 Torr can be achieved without any supplemental ion
activation and with shorter irradiation times. The axial amplitudes of trapped ion clouds are
measured using laser tomography. Laser flux on the ion cloud is increased six times by
focusing the laser so that the beam waist approximates the ion cloud size. Unmodified peptide
ions from 200 Da to 3 kDa are completely dissociated in 2.5–10 ms at a bath gas pressure of
3.3 � 10�4 Torr and in 3–25 ms at 1.0 � 10�3 Torr. Sequential dissociation of product ions is
increased by focusing the laser and by operating at an increased bath gas pressure to minimize
the size of the ion cloud. (J Am Soc Mass Spectrom 2009, 20, 1127–1131) © 2009 Published by
Elsevier Inc. on behalf of American Society for Mass Spectrometry

Infrared multiphoton photodissociation (IRMPD) hasbeen used for tandem mass spectrometry in a quad-
rupole ion trap mass spectrometer [1–7] and a

Fourier transform ion cyclotron resonance mass spec-
trometer [8–11] as an alternative to collision-induced
dissociation (CID). Only one m/z ion is selected for
excitation in conventional CID, limiting sequential dis-
sociation of product ions into smaller mass product
ions. Conversely, in IRMPD all parent and product ions
are irradiated simultaneously with a collimated, IR
laser providing the capability to generate abundant
small mass product ions. IRMPD is typically performed
in a quadrupole ion trap mass spectrometer at a smaller
low mass cut-off (LMCO) than CID, allowing the obser-
vation of a broader m/z range of product ions [2, 4], and
a higher MS/MS efficiency,

EMS ⁄MS �
�

i
Fi

P0
� 100%

where EMS/MS is MS/MS efficiency, Fi is the abun-
dance of each product ion, and P0 is the initial abun-
dance of the parent ion before irradiation. IRMPD is
performed in a Fourier transform ion cyclotron reso-
nance mass spectrometer to eliminate the need for a
CID target gas to be leaked into and pumped out of the
ICR cell [10, 11].
The sensitivity of a quadrupole ion trap mass spec-

trometer is optimized with a bath gas pressure around
1.0 � 10�3 Torr. Bath gas collisions reduce the kinetic
energy of trapped ions and minimize the size of the ion
cloud [12]. However, collisions also remove internal
energy gained from IR absorption, necessitating longer

periods of irradiation for dissociation and decreasing
fragmentation efficiency [13],

EF �
�

i
Fi

�
i

Fi � P
� 100%

where EF is fragmentation efficiency, Fi is the abun-
dance of each product ion, and P is the abundance of the
parent ion remaining after irradiation. IRMPD in a
quadrupole ion trap mass spectrometer often is per-
formed at 1 � 10�5 to 3 � 10�4 Torr to decrease
collisional cooling of parent ion internal energy [2–7],
[13] and achieve dissociation with shorter irradiation
times. However, this reduced bath gas pressure is less
effective for trapping ions during injection and reduces
sensitivity.
Several methods have been developed to increase

IRMPD fragmentation efficiency by combining IRMPD
with another form of ion activation and/or decreasing
collisional cooling. Ions have been dissociated in a
quadrupole ion trap mass spectrometer at 1� 10�3 Torr
with irradiation times comparable to IRMPD at lower
pressures by using thermal assistance [4] or collisional
activation before irradiation [14]. Pulsed introduction of
the bath gas has also been used to increase trapping
efficiency during ion injection, and then the gas is
pumped away before irradiation [15]. Covalent attach-
ment of IR-active ligands to increase the rate of absorp-
tion has been used to achieve dissociation in shorter
irradiation times [16, 17]. The first example of IRMPD in
a quadrupole ion trap mass spectrometer used a multi-
pass optical system to increase the path length of the
laser and overlap with the ion cloud [1]. In Fourier
transform ion cyclotron resonance mass spectrometers
collisional cooling is not an issue, but because of the
large magnetron radius of the ions the laser is com-
monly left unfocused to maximize laser overlap [18];
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irradiation times are commonly up to one order of
magnitude longer than for IRMPD in a quadrupole ion
trap mass spectrometer. The work reported here shows
that focusing the laser for IRMPD in a quadrupole ion
trap mass spectrometer is the most simple and effective
means of increasing fragmentation efficiency. Peptide
ions are shown here to be completely dissociated in as
little as 3 ms by focusing the laser on the trapped ion
cloud at 1.0 � 10�3 Torr, at least an order of magnitude
shorter than irradiation times previously reported with
a quadrupole ion trap mass spectrometer at any bath
gas pressure.

Experimental

All experiments were performed on a modified Finni-
gan ITMS controlled with ICMS software [19]. Peptides
were obtained from Sigma Chemical Co. and used
without further purification. Samples were prepared as
25 �M solutions in 75:20:5 methanol:water:acetic acid.
Base pressure in the quadrupole ion trap mass spec-
trometer without added bath gas was 2 � 10�5 Torr.
Helium bath gas was added for a constant pressure of
3 � 10�4 Torr to 1 � 10�3 Torr. (Measurements were
made at 3 � 10�4 Torr because this is the pressure just
below where significant collisional cooling starts to
occur [4].) There are no conductance limits in the
electrode assembly so the pressure measured in the
vacuum system is the pressure in the quadrupole ion
trap mass spectrometer. A nano-electrospray source
was used to generate parent ions: [PD � H]� (231 Da,
m/z 231); [ALILTLVS � H]� (830 Da, m/z 830); [brady-
kinin� 2H]2� (1062 Da, m/z 531); and [melittin� 4H]4�

(2850 Da, m/z 712). All parent ions were trapped at a qz
of 0.10.
A Synrad 50 W CO2 laser triggered by a TTL pulse

from the ITMS electronics is used for IRMPD. The laser
beam is passed into the vacuum housing through a
ZnSe window by optical elements mounted on transla-
tion stages. A ZnSe lens with a focal length of 38.1 cm
can be translated into or out of the laser path. The ring
electrode has been modified by drilling a 3.2 mm hole
through the center, perpendicular to the axial direction.
The laser beam is passed through the hole and out the
opposite side of the ring electrode into a beam dump
(the inside of a [1/2]-inch Cajon fitting painted black
with Aerodag).
IRMPD fragmentation efficiency measurements are

used to center the laser beam on the trapped ion cloud
for maximum overlap, with and without the focusing
lens. A peptide ion is trapped at a qz of 0.40 to minimize
the axial size of the ion cloud. The laser beam is
translated axially until maximum dissociation is ob-
served. The laser beam is translated to either side to
confirm the position at the center of the ion cloud, as
dissociation is reduced at equal distances from the
center. The vertical position of the laser beam is also
adjusted for maximum dissociation.

Results and Discussion

Laser Power and Overlap with the Ion Cloud

The beam waist of the unfocused and focused laser was
measured at the focal length, outside the vacuum
system. A razor blade on a precision translation stage
was used to measure the beam waist by finding the
positions where beam power was attenuated by 7% and
93%, defined as the beam diameter, and dividing the
difference by�2 to relate the Gaussian beam profile to
a full width at half maximum. The unfocused laser
beam waist was measured nine times for an average of
3.63 � 0.07 mm, but in IRMPD experiments the laser
beam is clipped at the edge of the smaller, 3.2 mm hole
in the ring electrode. The focused laser beam waist was
also measured nine times at the focal point for an
average of 0.94 � 0.04 mm.
The axial amplitudes of trapped ion clouds at a qz of

0.10 and helium bath gas pressure of 3.3 � 10�4 Torr,
reduced from 1.0 � 10�3 Torr to prevent significant
collisional cooling for IRMPD, were measured with
laser tomography [20, 21] (Figure 1). The focused laser
was axially translated away from the center of the
trapping volume up to �1 mm without clipping the
edge of the hole in the ring electrode. Overlap with
the ion cloud decreases as the focused laser beam is
translated axially, and fragmentation efficiency de-
creases accordingly. The larger m/z ion had a smaller
measured ion cloud at the same qz, as predicted [22].
Ion cloud axial amplitudes have also been shown to
decrease with increasing bath gas pressure [20]. The
profile of [PD � H]� at 3.3 � 10�4 Torr and a qz of 0.10
represents the largest ion cloud in these IRMPD exper-
iments and is larger than the beam waist of the focused

Figure 1. Laser tomography of [PD � H]� (filled square), m/z
231, and [melittin � 4H]4� (open circle), m/z 712, at a constant
helium bath gas pressure of 3.3 � 10�4 Torr and a qz of 0.10 (95%
confidence error bars). Constant irradiation times of 7 ms for
[PD � H]� and 1.75 ms for [melittin � 4H]4� were used to
approximately match peak fragmentation efficiency.
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laser. The unfocused laser irradiates an area up to three
times larger than trapped ion clouds, and much of the
radiation is not absorbed because the ion cloud does not
overlap the whole beam spot. The focused laser beam is
smaller than or similar in size to all trapped ion clouds,
increasing the overlap of the ion cloud with the laser.
Laser flux on the ion cloud is also increased by focusing
laser intensity on a smaller area.
The laser beam power was measured at two posi-

tions: the center of the ring electrode and 30.5 cm

beyond the center of the ring electrode. Laser power at
the center of the trap was measured external to the
vacuum housing by passing the laser through a sepa-
rate, 3.2 mm aperture equal to the hole in the ring
electrode. The power of the unfocused laser was re-
duced by clipping at the edge of the hole in the ring
electrode, and the power of the focused laser was 1.9 �
0.3 times greater. Taking the focused beam waist and

Figure 2. IRMPD at a constant helium bath gas pressure of 3.3 �
10�4 Torr with the laser unfocused (filled square]) and focused
(open circle) of (a) [PD � H]�, m/z 231; (b) [bradykinin � 2H]2�,
m/z 531; and (c) [melittin � 4H]4� m/z 712 (95% confidence error
bars).

Figure 3. IRMPD at a constant helium bath gas pressure of 1.0 �
10�3 Torr with the laser unfocused (filled square]) and focused
(open circle) of (a) [PD � H]�, m/z 231; (b) [bradykinin � 2H]2�,
m/z 531; and (c) [melittin � 4H]4� m/z 712 (95% confidence error
bars).
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the hole in the ring electrode as diameters of a circular
beam spot, respectively, the average flux of the focused
laser per square millimeter is 6 � 1 times greater than
the average flux of the unfocused laser. Only the
high-probability area of the ion cloud is irradiated by
the focused laser spot instead of a larger area through
the trapping volume.

IRMPD Efficiency

Increased laser flux on the ion cloud produces greater
fragmentation efficiency and increases the dependence
of fragmentation efficiency on ion cloud size. IRMPD of
ions with the laser unfocused and focused was com-
pared at a helium bath gas pressure of 3.3 � 10�4 Torr
(Figure 2), reduced from 1.0 � 10�3 Torr to decrease
collisional cooling. By using the focused laser, 7 to 12
times less irradiation time was required to achieve 100%
fragmentation efficiency for respective parent ions com-
pared to IRMPD with the unfocused laser. Fragmenta-
tion efficiency at a given irradiation time was also
observed to increase with ion mass. Two factors explain
the IRMPD mass dependence. Larger peptide ions with
more residues have more IR-active groups, increasing
absorption and dissociation despite having more de-
grees of freedom. Larger m/z ions also remain closer to
the center of the trap and the most intense part of the
laser. The focused laser increases the importance of
the second factor because of the greater laser flux at the
center of the trap.
IRMPD of ions with the laser unfocused and focused

was also compared at a helium bath gas pressure of
1.0 � 10�3 Torr (Figure 3). Irradiation times for equiv-
alent fragmentation efficiencies were increased com-
pared to IRMPD at 3.3 � 10�4 Torr because of the

increased collisional cooling. No more than 3% frag-
mentation efficiency could be achieved for any ion after
300 ms irradiation with the unfocused laser. Less than
30 ms was required to achieve 100% fragmentation
efficiency for all parent ions with the focused laser. This
is 3 to 10 times less irradiation time for respective
parent ions compared to IRMPD at 3.3� 10�4 Torr with
the unfocused laser. Irradiation time was not as short as
IRMPD with a focused laser at 3.3 � 10�4 Torr, and
smaller ions required a greater relative increase in
irradiation time at 1.0 � 10�3 Torr. The rate of colli-
sional cooling decreases with increasing mass [23], and
the dissociation of larger ions is decreased less by
collisional cooling at 1.0 � 10�3 Torr. Larger ions also
have greater IR activity and are closer to the center of
the laser.
A bath gas at 1.0 � 10�3 Torr improves detection

over lower pressures, and efficient IRMPD at 1.0� 10�3

Torr with the focused laser allows product ions to be
observed in greater abundance. Table 1 shows effi-
ciency values and product ion abundances from IRMPD
of [ALILTLVS � H]� at 3.3 � 10�4 Torr with the
unfocused laser. As fragmentation efficiency of the
parent ion increased, product ion abundances grew to a
maximum and then decreased due to sequential disso-
ciation. MS/MS efficiency did not increase above 34%
with increasing fragmentation efficiency because some
product ions were sequentially dissociated to below the
LMCO even at a qz of 0.10. Product ion abundances
from IRMPD of [ALILTLVS � H]� at 1.0 � 10�3 Torr
with the focused laser are shown in Table 2 at similar
fragmentation efficiencies to Table 1. Absolute product
ion abundances were increased four to 40 times with
IRMPD at the higher bath gas pressure and there was
no change in the background noise. Several product

Table 1. Product ion abundances from IRMPD of [ALILTLVS � H]� with the laser unfocused at helium bath gas pressure of 3.3 �
10–4 Torr

Irradiation
time (ms)

% Fragmentation
efficiency

% MS/MS
efficiency

b7
�

abundance
[b6-H2O]�

abundance
b5

�

abundance
b4

�

abundance
b3

�

abundance
b2

�

abundance

25 28 � 1 18.3 � 0.8 12 � 4 3.8 � 0.8 0 � 0 0 � 0 0 � 0 0 � 0
30 63 � 1 31.6 � 0.8 15 � 2* 28 � 2* 1.6 � 0.5* 2.5 � 0.6* 0 � 0 0 � 0
40 88 � 2 34 � 1 2.3 � 6 25 � 2 0.4 � 0.3 1.9 � 0.5 0.8 � 0.8 0 � 0
45 95 � 2 33.9 � 0.9 1.5 � 6 25 � 1 0 � 0 1.8 � 0.5 0.7 � 0.7 0 � 0
50 99 � 2 32.3 � 0.9 0.3 � 0.2 17.4 � 0.9 0 � 0 0.7 � 0.3 0 � 0 0.3 � 0.2

*The largest abundance observed for each ion is shown in bold.

Table 2. Product ion abundances from IRMPD of [ALILTLVS � H]� with the laser focused at helium bath gas pressure of 1.0 �
10�3 Torr

Irradiation
time (ms)

% Fragmentation
efficiency

% MS/MS
efficiency

b7
�

abundance
[b6-H2O]�

abundance
b5

�

abundance
b4

�

abundance
b3

�

abundance
b2

�

abundance

3 22.3 � 0.7 19.6 � 0.6 520 � 40 23 � 3 7 � 1 1.5 � 0.5 0.3 � 0.3 0 � 0
4 65 � 2 38.6 � 0.7 570 � 30* 124 � 9* 29 � 2* 19 � 2* 7 � 2 0.3 � 0.2
6 87 � 2 42.6 � 0.8 280 � 20 88 � 6 23 � 2 15 � 2 26 � 3* 8 � 1
8 96 � 2 32.9 � 0.4 55 � 5 65 � 5 7.8 � 9 3.5 � 0.8 22 � 2 14 � 2*
9 100 � 2 22.4 � 0.3 3 � 1 25 � 3 1.2 � 0.8 0.6 � 0.4 9 � 2 13 � 3

*The largest abundance observed for each ion is shown in bold.
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ions, such as b3
� and b2

�, were only reliably observed
at 1.0 � 10�3 Torr. MS/MS efficiency increased to a
maximum of 43% and was lower at 100% fragmentation
efficiency compared with MS/MS efficiency reported in
Table 1. Sequential dissociation of product ions in-
creases from the high flux of the focused laser, and
more product ions are formed below the LMCO and not
observed, decreasing MS/MS efficiency. Sequential dis-
sociation is further increased for the reduced ion cloud
sizes at 1.0 � 10�3 Torr, but the greater sensitivity at
higher pressure increases observed product ion abun-
dances despite more extensive sequential dissociation.

Conclusions

Sensitivity is increased and experiment time is de-
creased by performing IRMPD with a focused laser
at 1.0 � 10�3 Torr. No modification to the standard
IRMPD experiment is required, and the only instrumen-
tal modification consists of the simple addition of a lens
to the laser optics. Higher sensitivity at 1.0 � 10�3 Torr
allows product ions to be observed in greater abun-
dance compared to the reduced pressures usually em-
ployed for IRMPD. Irradiation time is greatly reduced
by focusing the laser beam to a spot similar to the axial
amplitudes of trapped ion clouds at a qz of 0.10. The
laser flux on the ion cloud is increased six times by
focusing laser power on the smaller area. IRMPD with
the focused laser can dissociate larger peptide ions that
have greater overlap with the high-flux laser and more
IR-active groups. IRMPD of less easily dissociated ions
might now be possible on a timescale no greater than
previous experiments with an unfocused laser, such
as �100 Da volatile organic compounds with few
vibrational degrees of freedom, or �m/z 2000 nano-
particles with many degrees of freedom and few
IR-active groups.
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