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Abstract: An MS/MS instrument is described in which 10-keV ions representing mixture components are separated (MS-I) 
by high resolution (50 000). The separated primary ions can be accelerated then to 30 keV; these undergo collisional activation 
(CA) with a molecular He beam <0.1 mm wide. The resulting CA spectrum is measured by mass analysis (MS-II) with an 
electrostatic analyzer. Sensitivity is greatly improved over previous CA systems, with 6% of 10-keV and 11 % of 25-keV CH4

+ 

ions transformed into collectable product ions. The mass range for ions on which CA spectra can be determined is greatly ex
tended, with an upper limit of m/z 900 for 8-keV primary ions and m/z 3600 for 2-keV ions, for which acceleration can give 
> 10 keV collision energies for CA spectra. Unique applications for trace component analysis in complex molecular mixtures, 
molecular structure determination, and fundamental ion chemistry studies are described. 

Tandem mass spectrometry (MS/MS) 2 is a promising 
new tool for trace-component identification and quantitation 
in complex organic mixtures.2-4 Analogous to separation/ 
identification systems combining gas and liquid chromatog
raphy with mass spectrometry (GC/MS 5 and LC/MS6), MS-I 
of the MS/ MS system separates a particular mass value of ions 
which will include those corresponding to the desired mixture 
component. Dissociation of the separated ions, usually by 
collisional activation (CA),7 yields a secondary mass spectrum 
of product ions measured by MS-II which can be used for 
specific determination of the desired component. Advantages 
found for MS/MS, such as those from specific ion monitor
ing2-4 and computer automation,8 are similar to those of 
G C / M S and LC/MS. However, less volatile compounds can 
be determined by M S / M S than by GC/MS, and the much 
faster separation with MS/MS makes possible shorter analysis 
times (>50/h) 9 than by G C / M S or LC/MS. 

Most M S / M S studies to date have been carried out with 
reversed-geometry8'10 or linked-scanning" double-focusing 
instruments. Recently the tandem quadrupole has been shown 
to be very promising, particularly for routine MS/MS analy
ses.9 '1213 We describe here a double-focusing MS/MS in
strument proposed earlier14 with a unique molecular beam 
collision region. The greatly increased capabilities of this in
strument with respect to resolution, sensitivity, and mass range 
promise important applications in fundamental ion chemistry 
studies, molecular structure determination, and trace com
ponent analysis in complex molecular mixtures. Recently other 
"triple-analyzer" instruments with high-resolution MS-I but 
without specific CA capabilities have been described for ion 
photodissociation16 and metastable ion dissociation17 studies.18 

No results are available as yet from an announced commercial 
triple-analyzer with a conventional collision chamber (Figure 
2A).19 

Experimental Section 

In the instrument (Figure 1) ions generated by electron or chemical 
ionization are separated in the first double-focusing mass spectrometer 
(MS-I), an Hitachi RMH-2 with a usable resolution of >50 000.'5 

These ions, normally of 10-keV kinetic energy, can be accelerated to 
30 keV in the triple-element lens A, which also serves to refocus the 
ions onto the collision gas beam. The schematic (Figure 2B) shows 
a top view of the vertical ion beam ribbon, oriented orthogonally to 
the vertical collision gas beam flowing through a 25-/̂ m slit from a 
1 -Torr source through the ion beam into an opposing skimmer slit at 
the entrance to a 7000 L/s diffusion pump. Helium was used as the 
collision gas in these experiments.20 The ion beam region for 35 mm 
on either side of the helium beam is differentially pumped with a 2500 
L/s diffusion pump; further differential pumping (400 and 2500 L/s) 

in the ion lens regions results in operating pressures there of <3 X 10~6 

Torr. The resulting He beam profile gives 95% of the ion collisions in 
a distance of <1 mm. The CA ionic products are focused onto the 
entrance slit of MS-II with ion lens B; with a 200-/*m slit width and 
0.8° divergence half-angle its measured depth of field is 3 mm. The 
focusing properties of lens B are highly energy dependent; changing 
the center element potential by 1% from the optimum reduces the 
transmitted ion signal by 50%. At present an electrostatic analyzer 
(and lens B) serves as MS-II. Computer-controlled scanning of its 
potential, in a constant ratio to the focus potential of lens B, yields the 
CA spectrum using ion detection after the /3' slit. The computer system 
for data acquisition and spectrum averaging is similar to that described 
earlier.8 The data below are for operation of the instrument in this 
configuration. Installation of Magnet-II is in progress. 

Results and Discussion 

MS-I Resolution. The double-focusing MS-I greatly reduces 
the problem of interfering primary ions, giving advantages 
similar to those found in employing high-resolution capillary 
GC in GC/MS. 5 In Figure 3 the isobaric ions C 6 H 5 N + (m/z 
91.042) and C 7H 7

+ (91.055) differ in mass by 1:7280, yet their 
corresponding CA spectra can be determined with <2% 
cross-interference (the CA spectra of the pure ions are identical 
within experimental error to those shown; Figure 4 shows a 
partial CA spectrum of pure C 7 H 7

+ ions measured under 
similar conditions). Such a separation capability is especially 
valuable for isobaric ions yielding similar CA spectra. The CA 
spectra of the C7H7+ isomeric benzyl and tropylium ions are 
best distinguished21 by their values of [m/z 77]/[m/z 74], 4 
and 0.5, respectively. Obviously, contamination of the sepa
rated C7H7+ with the C 6 HsN + ions would give erroneously 
low values for [benzyl+]/[tropylium"1"]. 

This capability is also useful for molecular-structure de
termination; the CA spectrum of CjH 5 O + (m/z 57.034) 
formed from 5-methyl-3-hexanone shows < 1 % cross-con
tamination for the equally abundant isobaric ion C4Hg+ (m/z 
57.070) separated at 10 000 resolution (Figure 5). Comparison 
with reference spectra of six distinguishable CsH5O+ isomers22 

provides definitive evidence for the presence of CH3CH2CO-
in this compound. 

Sensitivity of CA Spectra. In most CA instruments the 
high-energy ions are passed through a collision chamber con
taining a gas such as helium at M O - 4 Torr (shown schemat
ically in Figure 2A). The gas must escape through the ion en
trance and exit of the collision chamber, producing gas plumes 
in either direction from the chamber along the ion beam. Thus 
even with a minimum-width chamber10,18 a substantial pro
portion of the collisions occurs outside the region of optimum 
focusing for the product CA ions. In such a collision system8 
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Figure 1. High-resolution MS/MS instrument. 

Figure 2. Collisional activation (schematic) of an ion beam (entering left) 
using (top) a 25-mm long chamber at 10~4 Torr target gas pressure; 
(bottom) a molecular beam of target gas from a 25-/um slit. 

<0.5% of 8-keV kinetic energy CH4
+ ions can be converted 

into collectable C+-CHs+ product ions. This situation was 
simulated in the new instrument by turning off the central 7000 
L/s pump, greatly reducing the pressure gradient along the 
ion beam away from the center of the central 70-mm region. 
Under these conditions a maximum of 0.9 ± 0.2% of 10-keV 
CHj+ ions can be converted into collectable C+-CH3

+ product 
ions. However, with the molecular beam collision region this 
value is increased by a factor of ~7 (Figure 6). In addition the 
average CA conversion efficiency can be increased to ~11% 
by increasing the ion kinetic energy to 25 keV (Figures 4 and 
6). The abundance increase is even greater for CA product ions 
from high-energy reactions;8'20 in the CA spectra of C7H7

+ 

ions from toluene (Figure 4) compare the change in relative 
and absolute yields of CeHs+ and QH2+, appearance energies 
15 and 21 eV,15 respectively, in increasing the ion kinetic en
ergy from 5 to 25 keV. 
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Figure 3. CA spectra (five scan average) of 10-keV C6H5N
+ and C7H7

+ ions formed by 70-eV electron ionization of a mixture of phenyl isocyanate 
and toluene and separated with an MS-I resolution of ~12 000. 
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Figure 4. Effects of precursor ion kinetic energy on m/z 73-77 of the CA spectrum of C7H7
+ ions from the 70-eV electron ionization of toluene. Identical 

sample'pressure and ion source conditions were used for each spectrum; the gains refer to the upper traces. 

_ C H C H - - C C 

Figure 5. Single-scan CA spectra of C4H9
+ and CsHsO+ ions formed in 

nearly equal abundances by the 70-eV electron ionization of 3-hepta-
none. 

The double ion lens system also improves signal/noise by 
discriminating against ions of energies other than those desired; 
this has eliminated "ghost" peaks23 from the CA spectra. The 
single-scan spectra of Figure 5 also illustrate the overall sen
sitivity gain, with signal/noise superior to that obtained from 
a conventional instrument8'22 by averaging 20 scans. 

This improved sensitivity can be useful for ion-structure 
determination. Although the singly charged ions in the CA 
spectra of the isomeric propene and cyclopropane ions are 
identical within experimental error, we find that these ions can 
be reliably distinguished based on CaHs2+, which represent 
0.14 and 0.08%, respectively, of the total fragment ion abun
dances in the CA spectra.24 

Ion Chemistry Studies. The high-sensitivity collision region 
and its preceding ion-accelerating lens also make possible the 
direct measurement of CA spectra of neutral products from 
ion reactions.25 The CA spectrum of Figure 7 resulted from 
focusing MS-I to transmit acetone molecular ions, causing 
some of these to undergo CA decomposition just before the 
MS-I exit slit with an air leak, and preventing any ions from 
entering the collision region by imposing a 6-kV potential on 
one of the center elements of ion lens A. Thus this CA spectrum 
should be produced by collisional ionization of the neutral 
products from the acetone ion collisions occurring between 
magnet-I and lens A. The m/z 58 peak apparently arises from 
acetone molecules produced by charge exchange. Without the 
air leak the decompositions of metastable acetone ions pro
duced a similar CA neutrals spectrum except that it showed 
no m/z 58 peak and a lower signal/noise. The neutrals are not 
focused onto the collision region; the data indicating [CH3CCK) 
> [CH3-] may arise from a much greater transmission effi
ciency for the acetyl radicals, as the complementary ions 
produced in the CA decomposition show [CHaCO+] > 
[CH3

+]. 

Field ion kinetics measurements26 provide unique infor
mation on ion decompositions in the picosecond range, but only 
for ions formed under such relatively low energy conditions. 
This system (Figure 2B) should make similar studies possible 
for precursor ions of high internal energy resulting from CA. 
The ion beam width can be reduced to 10 ixm with the MS-I 
exit slit, and made to pass within a beam width of the gas slit, 
so that with a collision gas slit of 10 fim the majority of ion 
collisions should occur within ~10 |im along the ion path. A 
25-keV ion of m/z 100 travels this distance in 4 X 1O-12 s; ion 
lifetime measurements should be possible by imposing a po-
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Figure 6. Effect of helium collision gas pressure, measured as the abun
dance of transmitted precursor Cl-U+ ions relative to that without collision 
gas, on the total product ion (C+, CH+ , CH2+, CFh+) abundance relative 
to the precursor ion abundance without collision gas. The 25-keV ion data 
(two separate runs) may be more erratic because of occasional electrical 
breakdown in the ion lens. 

Figure 7. CA spectrum (20 scans) of the neutral products resulting from 
the collision of 10-keV acetone cations with air molecules near the MS-I 
exit slit. 

tential difference across the collision region26 or detecting 
fluorescence emitted at 90° to the ion beam.27'28 

Upper Mass Limit of MS-I. Increasing collisional energies 
by increasing the MS-I ion accelerating potential reduces the 
maximum m/z value focused by the magnet. Our reversed-
geometry CA instrument8 is seriously limited in that its 
maximum mass for 8-kV ions is m/z 125. This is increased to 
m/z 900 in MS-I of the present instrument, whose magnet has 
a higher radius and field. Further, m/z 3600 ions of 2-keV 
energy can be separated by MS-I and accelerated to collision 
energies of >10 keV. This appears to be of particular value for 
fragment ion characterization to aid structure determination 
of large molecules and for sequencing complex oligopeptide 
mixtures. 

MS-H Resolution. CA spectra measured with energy ana
lyzers, such as that used in MS-II, show poor resolution be
cause the energy released in the reaction coordinate is added 
or subtracted (depending on the decomposing ion orientation) 
from the total kinetic energy of the ion. Increasing the total 
energy makes the energy released a smaller fraction, improving 
the resolution of the resulting CA spectrum (Figure 4).30 A 
second magnet will make MS-II double focusing; the added 

energy focusing will compensate for the differing ion energies 
arising in CA, which should increase the resolution of CA 
spectra measured on MS-II >10 000. 

Note Added in Proof. Spectra have recently been obtained 
from the completed tandem double-focusing instrument of 
Figure 1. 
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