
Laser ionization mass 
spectrometry in 

supersonic beams 

Mass spectrometry still re
mains one of the most 
powerful means of chemi

cal analysis based upon the exact 
mass identi f icat ion of molecular 
species. This identification may be 
based upon the parent ion or ex
tensive fragmentation patterns in
duced by electron beam or col l i 
s ion i n d u c e d p h e n o m e n a . F o r 
analysis of mixtures of compounds 
generally tandem methods must 
be employed to obtain sufficient 
discrimination for identification in 
mass spectrometry. 

These techniques may include 
preseparation methods such as gas 
and l i qu id chromatography ( G C 
and L C ) , tandem mass spectrome
try methods such as mass spec/ 
mass spec ( M S / M S ) , mass ana
lyzed ion k inet ic energy spectra 
( M I K E S ) , and metastable peak 
monitoring. Also a variety of soft 
and hard ionization methods can 
alter the fragmentation pattern ob-
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tained and can also provide some 
selectivi ty in the molecules ion
ized as in chemical ionization. 

Optical ionization spectroscopy, 
on the other hand, offers an alter
nate means of obtaining selectivity 
in mass spectrometry based on the 
unique absorption spectra of mole
cules in the gas phase. In particu
lar, laser mul t iphoton ionizat ion 
(MPI) spectroscopy, i n conjunc
tion with the ultracold spectral fea
tures produced by supersonic mo
lecular beam injection, has the po
tent ia l for p rese lec t ing ions in 
mass spectrometry. 

Multiphoton ionization 
The multiphoton technique de

pends upon the absorption of sev
eral photons by a molecule upon 
irradiation with an intense visible 
or ultraviolet l ight (laser) source. 
When the laser frequency is tuned 
to a real intermediate electronic 
state, the cross-section for ioniza
t ion is greatly enhanced and is 
k n o w n as resonance e n h a n c e d 
multiphoton ionization (REMPI ) . 
When the laser is not tuned to a 
real state, the probabil ity for M P I 
drops by many orders of magni
tude. 

T h u s , a l though ions are pro
duced as the final product for de

tection, the ionizat ion cross-sec
tion reflects the absorption-excita
tion spectrum of the intermediate 
state. The truly unique property of 
M P I is that it can be used as a 
means of achieving spectral selec
tion of a compound prior to mass 
analysis. 

T h e par t i cu la r M P I me thod 
used in our work is resonant two 
photon ionization (R2PI). In this 
process one photon excites a mole
cule to an excited electronic state, 
i.e., S 0 - - S 1 , and a second photon 
ion izes the m o l e c u l e ( F i g . 1). 

FIGURE 1. Resonant two-photon 
ionization process. 
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Thus, the energy sum of the two 
photons must be greater than the 
ionization potential of the mole
cule for R 2 P I a l though the two 
photons may be either the same or 
two different frequencies. 

Since most large organic species 
of interest have ionization poten
tials between 7 and 13 eV, R2PI 
can be achieved using near -UV 
pulsed laser sources (7 eV requires 
two 354-nm photons; 13 e V re
quires two 191-nm photons). Thus 
broadly-tunable N d : Y A G and ex¬
c imer p u m p e d f requency d o u ¬
bled-dye lasers in the U V serve as 
versatile sources for resonant ion
ization of molecules. 

Although direct photoionization 
could also be achieved, this would 
require vacuum ultraviolet radia
tion, for which laser technology is 
only now being extensively devel
oped. More significantly, in R2PI 
wave leng th se lec t i v i t y resul ts 
from being resonant wi th an inter
mediate state whi le such selectiv
ity is lost in the direct ionization 
process. 

R2PI has several important attri
butes for mass spectrometry in ad
dition to its potential for selectiv
ity. R2PI can provide very efficient 
soft ionization of molecules where 
only the molecular ion is formed 
with little or no fragmentation for 
identification. Wi th electron beam 
ionizat ion, soft ionizat ion is ob
tained only with a significant de
crease i n ion iza t ion ef f ic iency. 
R2PI may provide typically sever
al percent efficiency in ionization 
or h igher 1 - 4 wi thin the laser beam 
volume whi le the laser beam is on 
(beam intensity ~ 1 0 6 W/cm 2 ) , al
though of course the efficiency is 
l imited by the duty cycle of the la
ser. 

In the M P I process, fragmenta
tion can be induced for structural 
analysis by ad jus t ing the laser 
power density i n the interaction 
region so that e i ther mo lecu la r 

R2PI can provide very 
efficient soft ionization 

of molecules where only 
the molecular ion is 

formed with little or no 
fragmentation for 

identification. 

ions or ionic fragments are pro
duced. 3 - 6 Extensive fragmentation 
occurs as the power density is in
creased and fragments as small as 
C + have been observed in hydro
carbons ionized at very high pow
er densities. Thus, the laser serves 
as a versatile ionization source for 
mass spectrometry. 

The optical selectivity possible 
by R 2 P I is l im i t ed by the gas-
phase U V spectra of polyatomic 
molecules which are often rather 
broad and structureless at room 
temperature. This broad structure 
results from thermal population of 
a wide range of internal states, i.e, 
rotations and vibrations of a mole
cule, thus causing congestion in 
the spectrum. 

In order to make this a viable 
tool for analysis, this broad contour 
must be "cooled out" so that the 
structure collapses down to sever
al sharp peaks . T h i s is accom
pl ished using the supersonic beam 
techn ique i n w h i c h a sma l l 
amount of a large polyatomic mol
ecule is seeded into a large bath of 
a light carrier gas such as A r and 
expanded through an orifice into 
vacuum. As the molecules expand 
in the high coll isional regime from 
the ori f ice, rapid cool ing of the 
molecules is obtained by conver
sion of the energy of the internal 
degrees of freedom into the trans¬
lational energy of the carrier gas 
via two-body coll isions. 

There are a number of excellent 
reviews that detail the dynamics of 
superson ic mo lecu la r beam 
sources. 7 , 8 The key point here is 
that a spectrum wi th broad fea
tures (>100 c m - 1 ) is converted to a 
spectrum with several sharp fea
tures (3-6 c m - 1 ) , wh ich can be 
used to uniquely identify a mole
cule in a mass spectrometer. 

Instrumentation 
T h e inst rumentat ion used for 

these experiments is shown in F ig . 
2 and consists of a differential ly 
pumped linear time-of-flight mass 
spect rometer ( T O F M S ) and a 
pulsed valve source which injects 
the supersonic beam into the T O F 
acce le ra t ion reg ion . T h e laser 
source intersects the supersonic 
gas pulse at right angles and pro
duces laser photoionization. The 
ions are then accelerated into a 
drift tube and separated according 
to their mass/charge ratio. 

The ions are detected at a dual 
microchannelplate, and the molec
ular ion only can be monitored us
ing the gate of a gated intergrator, 
i.e., an e lec t ron ic shutter, as a 
function of wavelength. The key 
here is that now mass-selected 
wavelength spectroscopy is possi
b l e for u n i q u e i den t i f i ca t i on 
where one axis is the ion signal, 
the second axis is the wavelength 
spectrum, and the third is the mass 
spectrum. We now have mult idi
mens iona l mass spect romet ry , 
where the optical method serves 
as one means of selectively identi
fy ing molecules in a mass spec
trometer. 

The linear T O F was chosen for 
these experiments since the whole 
photo ion iza t ion mass spect rum 
can be obtained on each pulse in 
order to compensate for the low 
duty cycle of the laser. Other mass 
spectrometers are su i tab le for 
these experiments including Fou -
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FIGURE 2. Supersonic beam time-of-flight mass spectrometer where DP 
= diffusion pump, CT = cold trap, GV = gate valve, LN2 = liquid ni
trogen trap. 

rier transform mass spectrometers, 
Mattauch-Herzog dual sector in 
struments and reflection T O F de
vices. However , the l inear T O F 
device was chosen for its simplic
ity and sufficient resolution which 
can be >1000 by using the super
sonic jet techn ique i n order to 
minimize the init ial energy spread 
of ions produced. 3 

The pulsed valve source is cus
tomar i ly used i n these expe r i 
ments to reduce the duty cyc le 
necessary for p u m p i n g the gas 
load of the jet; i.e., since ions are 
produced by a pu lsed excitation 
source it makes sense to synchro

nously pulse the gas source. Th is 
al lows the use of a large ori f ice 
(500 µm) which provides high on¬
axis density for increased sensitiv
i ty for ana lys is . T h e par t i cu la r 
pu lsed source ( R . M . Jordan Co.) 
emits ~ 5 0 µsec pulses of gas at 10 
H z so that the duty cyc le for 
pumping is reduced by a factor of 
~ 2 0 0 0 ! S i n c e the th roughpu t 
through the nozzle varies as (diam
eter) 2, an oriffice of only 45 µm 
could be used in a continuous ex
pansion under the same pumping 
conditions with a concomitant de
crease in sensitivity, i.e., as d 2 . 

The idea of laser-selective ion
ization can be used to aid in prob
lems that may be difficult to solve 
by mass spectrometry alone. There 
are several such problems that can 
be identif ied inc luding isomer and 
isobar discrimination; isotope se
lective analysis; trace analysis of 
components in a complicated ma
trix; and analysis of biological mol
ecules with soft ionization. Simple 
examples of so lu t ions to such 
problems are illustrated in Figs. 3 
to 6. Figure 3 shows mass-selected 
wavelength ionizat ion spectra of 
the three isomers of cresol. Iso
mers are compounds that have the 
same molecular formula and thus 
molecular weight. 

In order to d i s t i ngu ish these 
compounds by non- laser mass 
spectrometry, fragmentation pat
terns are produced by electron im
pact or co l l i s i ona l d issoc ia t ion . 
F u r t h e r m o r e , i n rea l ana lys is 
where additional discrimination is 
required, a tandem technique such 
as gas chromatography/mass spec
trometry (GC-MS) , mass spec/mass 
spec (MS/MS) , or ion kinetic ener
gy measurements i n mass spec 
(MIKES) may be necessary to dis
criminate such isomers. 

Somet imes , for ortho-, meta-, 
para- isomers , and such s im i l a r 
compounds, the discrimination by 
these methods may still not be ad
equate. However, the cold wave
length spectroscopy obtained i n 
superson ic jet expans ions may 
serve as a means of obtaining suffi
cient discrimination to aid in trace 
analysis p rob lems. F i g u r e 3 i n 
deed demonstrates that each of the 
isomers has unique sharp spectral 
features (<4 c m - 1 ) in the jet ex
pansion that can be used to dis
criminate among them. 8 

These spectra were obtained by 
expanding several ppm of cresol in 
a 1 arm reservoir of A r or air into 
vacuum at 10-6 torr. There is no 
fragmentation in the photoioniza-
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The cold wavelength 
spectroscopy obtained in 
supersonic jet expansions 
may serve as a means of 

obtaining sufficient 
discrimination to aid in 
trace analysis problems. 

FIGURE 3. Mass selected ionization spectra of the three isomers of cresol 
in a supersonic expansion from 1 atm Ar. 

FIGURE 4. Three dimensional mass spectrum of a mixture of hydroqui¬
none (M/e = 110) toluidine (M/e = 107) and fluoroaniline (M/e = 111) 
expanded in a supersonic jet of Ar. 

tion process so that only the mo
lecular ion at M/e = 108 is being 
monitored as a function of wave
length. Us ing various mixtures of 
isomers it was determined in our 
exper iments that at least a d is 
cr iminat ion of 1:300 to 1:500 is 
possible between any combination 
of the isomers by tuning the laser 
to the appropriate wavelength. 

In addition, the pulsed molecu
lar beam technology allows sam
pl ing of these volatiles from 1 atm 
laboratory air so that this tech
n ique c o u l d be used for atmo
spheric pollution monitoring mea
surements. The sensitivity of these 
measurements reaches d o w n to 
the low parts-per-billion (ppb) lev
el and has been l imi ted by our 
ability to accurately prepare con
centrations in the parts-per-trillion 
(ppt) range. It should be noted that 
wavelength selectivity can similar
ly be used to identify compounds 
in a mixture using both the mass 
and wavelength capabilities i f the 
components have different molec
ular weights. This is demonstrated 
in F ig . 4, where three different di¬
substituted benzenes are dist in
gu ished by t h ree -d imens iona l 
mass spect rometry w h e r e the 
wavelength spect rum serves to 
u n i q u e l y iden t i f y each mass 
peak. 1 0 

A second important application 
of the laser ionization-supersonic 
beam method may be for selective 

isotopic monitoring. Isotopic mon
i tor ing f inds impor tant uses in 
cl inical assays, where analysis is 
often performed using radioisoto
pic tracers. However, the abil i ty to 
moni tor nonrad ioact ive iso top ic 
tracers for cl inical and biomedical 
assays using a combination of laser 
selectivity and mass spectrometric 
analysis wou ld avoid the hazard of 
using radioactive materials. 

The key to molecular isotopic 

analysis is that it is vibrational iso
topic shifts in an electronic transi
t ion that are be i ng p robed and 
these shifts may be on the order of 
several c m - 1 . In comparison, iso
topic shifts studied in resonance 
ionization spectroscopy (RIS) in at
oms is based on m u c h sma l le r 
changes in the energy of the elec
t ronic states i nvo l ved . T h u s , i n 
mo lecu la r i so top ic ana lys is by 
R 2 P I re la t i ve l y l o w reso lu t i on 
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pulsed dye lasers can be used to 
discriminate among isotopes. 

E v e n et a l . first demonstrated 
selective detection of 1 3 C in ani
l ine (normal abundance ~6%) 
with enhancement of up to 35 us
ing laser ionization in a supersonic 
je t . 1 1 T h e i so top ic v ib ra t i ona l 
shifts are typically 3 to 4 c m - 1 in 
this case, wel l wi thin the resolu
tion of modern pulsed dye lasers. 
F igure 5 shows a laser- induced 
ionization mass spectrum of the 
isotopes of dichlorotoluene where 
the natural abundance of CI iso
topes is 3 5 C l 3 5 C l : 3 5 C l 3 7 C l : 3 7 C l 3 7 C l 
in a ratio of 9 :6 :1. 1 2 Note that as the 
laser wavelength is varied, the rel
ative ratios of the isotopic peaks 
are enhanced for a particular iso
tope that s t rongly absorbs that 
wavelength. 

A fourth promising use of this 
method might be for soft ioniza
tion of biological species in mass 
spectrometry. The main problem 
with most biological molecules is 
that they are nonvolatile or ther
mally labi le, i.e., they decompose 
upon heating and have very low 
vapor pressures at low tempera
ture. A number of methods have 
been u t i l i zed to vo la t i l i ze such 
molecules into jet expansions in
c lud ing supercri t ical f lu id injec
tion, thermospray, and other l iqu id 
methods, and more recently laser 
desorption. The latter technique 
has been used both by our l a b 1 3 

and the Schlag group 1 4 for volati l
iz ing neutral biological molecules 
into jets fol lowed by laser ioniza
tion. 

The laser desorption process in
volves using a pulsed infrared la
ser to induce a rapid heating pro
cess w h i c h desorbs m o l e c u l e s 
from a surface before they have 
time to thermally decompose. 1 5 A l 
though both neutrals and ions can 
be formed depending on the sur
face temperature, at power densi
ties <10 7 W / c m 2 neutrals appear to 
be the predominant species. The 
desorbed mo lecu les are caught 
into a pulsed supersonic flow and 
swept into a T O F M S where laser 
photoionization is produced. 

A number of important biomole¬
cules have been examined by the 
groups pursuing this work includ
ing catecholamines and indo lea¬
mines, amino acids, drugs, small 
peptides, porphyrins, and chloro
phyl l . In each case either soft ion
ization or minimal fragmentation 
was observed as shown in F ig . 6 
for the case of dopa and dopamine. 
The next step, of course, is to ob
tain the wavelength spectroscopy 
of each of these biological species. 

Soft ionization and wavelength 
selective ionizat ion of b io log ica l 
molecules has the potential to rev
olutionize trace detection for qual¬

FlGURE 5. Laser ionization mass 
spectrum of the molecular ions of 
the CI isotopes of dichlorotoluene 
expanded in a supersonic jet of 
Ar as a function of wavelength 
where (a) 273.81 nm, (b) 273.82 
nm, (c) 273.84 nm, (d) 273.85 nm. 
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Resonant Two-Photon Ionization [R2PI] 

Advantages Disadvantages 

ity control monitoring in the phar
maceu t i ca l i ndus t ry and for 
unique identification in pharmaco
logical and cl inical analysis. 

Efficient ionization (0.01-100%) 
for high sensitivity. 

Soft ionization (molecular ions or 
minimal fragmentation) with high 
efficiency. 

Hard ionization—extensive 
fragmentation by increasing laser 
power. 

Selectivity based on: 
(a) sharp optical absorptions 
(b) differences in ionization 

potentials 

Uses high peak power, coherent 
near U V pulsed sources to 
achieve above advantages. 

L o w duty cycle of pulsed laser 
ionization sources available. 

F u l l capabilities not explored. 

Fragmentation patterns not as 
versatile as E I . 

May be l imited by nonresonant 
ionization and background 
continuum absorption as 
wavelength decreases. 

Present laser systems are 
expensive and need ski l led 
operators. 
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FIGURE 6. Laser desorption-laser ionization (λ=280 nm) mass spectra of 
dopa and dopamine expanded in a supersonic jet of Ar. 
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