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LIQUID SECONDARY ION MASS SPECTROMETRY
I. Molecular ion intensities as a function of primary ion pulse frequency *
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A liquid matrix and high primary ion currents are employed on a time-of-flight mass spectrometer to produce molecular ions in a
manner similar to that employed for fast atom bombardment (FAB) techniques on sector instruments. The primary ion beam is
pulsed and the molecular yield is found to depend upon sample concentration, instantaneous primary ion current, and pulse
repetition rate. The latter, in particular, indicates that a finite recovery time is required to repair radiation damage from high flux
particle beams.

1. Introduction

For nearly two decades, keY ion beams have been
used to desorb intact molecular ion species from non-
volatile organic compounds. When analyzed by mass
spectrometry, such methods are referred to as secondary
ion mass spectrometry of SIMS. In 1970, Benninghoven
[1,2] introduced" static" SIMS which employed primary
ion current densities on the order of 1 nAjcm2. Low
ion current densities proved neccessary to desorb intact
molecules without the sample damage observed for" dy-
namic" SIMS which employs current densities greater
than 1 p.Ajcm2 [3,4], and which is more suitable for
elemental analysis. Approximately five years ago, the
introduction of fast atom bombardment (FAB) or liquid
secondary ion mass spectrometry (LSIMS) permitted
the use of current densities comparable to "dynamic"
SIMS to desorb intact molecular ion species. Dissolving
the nonvolatile sample in a liquid matrix (usually
glycerol) before introduction into the source prevented
the sample damage previously observed with high flux
primary ion beams. It has been hypothesized that the
sample is repaired by diffusion of new sample to the
surface from the bulk of the matrix [5], or perhaps by
the stripping away of successive layers of sample and
matrix [6,7].

The large, continuous secondary ion currents pro-
duced by liquid SIMS has been an advantage for high
mass range, sector instruments which scan the mass
range and record analog signals. The time-of-flight
(TOF) analyzer is also capable of high mass ranges, and
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its high transmission could provide increases in sensitiv-
ity when used in combination with liquid SIMS. Ordin-
arily, however, ions are formed on an equipotential
surface in a high voltage (10-20 kV) source in TOF
instruments, which would be distorted by the use of a
liquid matrix. In addition, distortion of the liquid drop-
let by the electric field can lead to arcing. Finally, it is
difficult to take advantage of the large secondary ion
currents when time-to-digital conversion (TDC) tech-
niques are used to record the ions. While this is the
most common method for recording spectra on a TOF,
it requires that primary ion currents be kept purposely
low to prevent simultaneous formation of ions of the
same mass, since these ions are recorded as only a single
count. Howeve!, analog measurements have been used
with laser desorption [8] TOF mass spectrometers (in-
cluding LAMMA, LIMA, and MPI instruments) to
accommodate large secondary ion currents. We have
achieved the combination of high flux LSIMS with TOF
by utilizing a pulsed Xe+ ion gun with a grounded
source, pulsed extraction TOF analyzer [9,10]. The
grounded source allows liquid samples, and the pulsed
TOF allows the use of long (> 1 p.s), high current
density (> 1p.Ajcm2) primary ion pulses which provide
more energy in a single ion pulse than currently is
available in other TOF systems with keY sources.

We have used the ability of this instrument to vary
both the frequency and instantaneous current densities
(amplitudes) of the primary ion pulses to study the
repair mechanism of glycerol. This type of experiment is
unique to a pulsed LSIMS apparatus because it allows
one to study the repair of the sample in the absence of
the continuous damage caused by the beam in FAB
sources. In this paper we present the intensities of MH+
ions from various samples dissolved in glycerol as a
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function of ion pulse frequency at different instanta-
neous current densities and sample concentrations. A
"memory effect" is observed for most samples. At
higher frequencies MH + intensities tend to decrease,
thus implying that sample repair after one pulse may
not be complete before the next pulse of ions strikes the
sample. The degree of this effect varies for different
primary ion current densities, sample concentration,
and sample identity.

2. Experimental

The high flux TOF mass spectrometer is described in
detail elsewhere [9,10] so only a brief description is
presented here. The TOF mass spectrometer is a CVC
2000 electron impact mass spectrometer which has been
modified to accommodate a keV ion gun. The ion gun is
a Kratos Minibeam I which has been modified to

produce Xe+ ion pulses.The widthof the primary Xe+
ion pulses may be varied from 1 to 10 p.s (with rise and
fall times of < 200 ns), and the frequency range extends
from 1 Hz to 50 kHz. The current density amplitude
during an ion pulse (instantaneous primary ion current
density) may be varied from 1 to 200 p.Ajcm2. After
the primary ion pulse strikes the liquid sample, the
secondary ions are removed from the source by a draw-
out pulse which initiates the timing sequence. The time
between the ionization pulse and the draw-out pulse is
varied between 0 and 20 p.s to focus the secondary ions
produced in the source. This is similar to the time lag
focussing developed by Wiley and McLaren [11] for
electron impact TOF mass spectrometers. The sec-
ondary ions are detected by dual channel plates and the
detector output is digitized and recorded by a LeCroy
3500 signal averager. Usually 1000 spectra are addj
averaged at 100 Hz.

In this experiment, protonated molecular ion inten-
sity was measured at a known frequency, instantaneous
current density, and bulk sample concentration. First,
the instantaneous current was adjusted to the desired
value, then a sample of known concentration was ap-
plied to the probe. An intensity measurement was made
by acquiring and adding 1000 spectra at a given
frequency. The number of counts under the MH+ peak
was calculated after subtracting the background by
computer. Intensities were measured at five different
frequencies (10 Hz, 100 Hz, 1 kHz, 10 kHz, and 50
kHz), and 4 p.s long ion pulses were used. To prevent
instrumental effects, the mass analyzer was triggered at
100 Hz for all ion pulse frequencies greater than or
equal to 100 Hz. When the ion gun was pulsed at 10 Hz,
the mass analyzer was also triggered at 10 Hz. Thus the
acquisition time for a single data point was constant
(except at 10 Hz) at 10 s (1000 pulses at 100 Hz). For
example, when the ion gun was triggered at 1 kHz, the

trigger for the draw-out pulse of the mass spectrometer
was divided by 10 down to 100 Hz. Therefore the
secondary ions from every tenth primary ion pulse were
extracted into the flight tube. This means the draw-out
pulse did not remove the ions from the source after each
ionization pulse. This was not a problem since the
average source residence time for a mass 1000 ion is
approximately 10 p.s. No accumulation of ions in the
source was observed from one pulse to the next.

Seven to ten intensity measurements were made at
100 Hz, 1 kHz, and 10 kHz from a single sample droplet
in varying orders. A single sample was used only a short
time « 10 min) to minimize sample loss due to
evaporation. The liquid sample droplet was still ob-
servable upon the probe tip after removal from the
vacuum. Intensities at the highest and lowest frequen-
cies (10 Hz and 50 kHz) were measured from a different
sample droplet. The relative intensities at these two
frequencies were determined by comparison with inten-
sities measured at 100 Hz and 10 kHz.

Instantaneouscurrent densities (Do) werevaried be-
tween 150 p.Ajcm2 and 1.5 p.Ajcm2. They were de-
termined by using a Keithley 610c electrometer to mea-
sure continuous currents striking the copper probe tip
when the ion beam was not pulsed. A large beam
diameter was used so the entire probe tip was irradia-
ted. These current density values were then checked by
comparison with average current densities measured at
different frequencies with a 4 p.s ion pulse. A third
check was performed by observing the current pulses
from the probe with an oscilloscope. All measured
values of Do agreed to within 20%, and the measured
average currents were directly proportional to the ion
pulse frequencies at which they were measured.

Gramicidin S, a small cyclic peptide of mass 1141
daltons, was the primary compound used for this study.
The samples were prepared by dissolving a known
amount of sample in methanol. Successive dilutions
with methanol were then performed to obtain three
different concentrations of Gramicidin S, each an order
of magnitude more dilute than the previous one. 10 p.l
of each of the Gramicidinjmethanol solutions were
then added to 100 p.l samples of glycerol and mixed.
This produced three glycerol/Gramicidin S samples
with concentrations of 10 nmolejp.l, 1 nmolejp.l, and
0.1 nmolejp.1. These same samples were used for the
entire experiment. Other samples used in this study
were prepared in a similar manner. Gramicidin S and
Bradykinin were obtained from Sigma. Oxytocin and
Leu-Enkephalin were obtained from Calbiochem. Leu-
Trp-Met-Arg-Phe-Ala, Leu-Trp-Met, and Arg-Phe-Ala
were obtained from Research Plus Laboratories.
Cyc1osporin A was compliments of M. Colvin, Oncol-
ogy Department, Johns Hopkins University. All sam-
ples were used without further purification and were
dissolved in appropriate solvents before use.
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Fig. 1. Relative intensities of MH+ ions as a function of
primary ion pulse frequency for different concentrations of
Gramicidin S in glycerol. Instantaneous primary ion current

densities are a) 140 ILA/cm2, b) 28 ILA/cm2, c) 14 ILA/cm2.

3. Results and discussion

Figs. la, 1b, and 1c show the MH+ ion intensity for
Gramicidin S as a function of primary ion pulse
frequency at different instantaneous current densities
(Do) and bulk sample concentrations. The most
noticeable result is that in all cases, the production of
MH+ ions decreases with increasing repetition rate.
Secondly, when the instantaneous current is high (140
ILA/cm2 in fig. 1a), the relative intensities of MH+ ions
reflect the bulk sample concentrations, while at lower
currents, intensities of the molecular ion species are less
sensitive to sample concentration (figs. 1b and 1c).
Finally, molecular ion intensities are not proportional
to the instantaneous current density (Do).

We interpret these results by noting, first, that sec-
ondary ion techniques sample ions primarily from the
surface layers [12]. The concentration of molecular
species at the surface, while influenced by the con-
centration in the bulk of the solution [12], is also
affected in dynamic situations by the supply of molecu-
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lar species from the bulk to the surface. Supply mecha-
nisms might include convection (stirring), migration
(motion in an electric field), or diffusion (dependent
upon the concentration gradient).

Rollgen [6,7] has noted that at high primary ion
currents, surface layers may be "peeled away" at such
rates that the secondary ion current, in fact, reflects the
concentration of ions in the bulk of the solution. We

suggest that this is the case when instantaneous currents
of 140 p.Ajcm2 (Figure la) are used [13]. Alternatively,
large primary ion pulses result in increased stirring of
the surface layers (convection), so that the surface and
bulk of the solution have comparable concentrations,
and the molecular ion current becomes proportional to
the bulk concentration. The proportionality of the ion
yields as a function of concentration for Do = 140
p.Ajcm2 (fig. la), versus the insensitivity of yield as a
function of concentration observed at Do= 14 p.Ajcm2
(fig. lc), shows that convection is most prominate at
high current densities.

At a sample concentration of 0.1 nmolejp.l and
instantaneous ion current density of 140 p.ajcm2 (fig.
la), the MH+ ion decreases significantly when the repe-
tition rate is 1 kHz (1 ms between primary ion pulses).
At lower instantaneous currents, the decrease in MH+
intensity for the same concentration occurs at higher
repetition rates (figs. Ib and lc). Since diffusion should
be dependent only upon concentration (and viscosity of
the glycerol solution), we suggest that charging of the
sample surface by the primary ion beam inhibits ion
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Fig. 2. Relative intensities of protonated glycerol ions from
pure glycerol as a function of primary ion pulse frequency at

different instantaneous current densities (Do).

migration to the surface. This provides the most notable
effect of decreased ion intensity at higher repetition
rates. This is particularly born out by the fact that the
molecular ion current when Do= 140 p.Ajcm2 and
f = 1 kHz is nearly identical to that when Do= 14
p.Ajcm2 and f = 10 kHz, i.e. when the average primary
ion current is the same. At higher concentrations, the
decrease in ion current occurs more gradually with
increasing pulse frequency, perhaps suggesting that dif-
fusion mechanisms become more dominant.

That the molecular ion current does in fact depend
in some complex way upon the supply of sample ions
from the bulk to the surface layers, is further corrobo-
rated by the molecular ion yield for pure glycerol (fig.
2), where surface and bulk concentrations are the same.
The intensities are unaffected by the repetition rate, and
molecular ion intensities are directly proportional to the
instantaneous ion current.

The different surfactant properties of samples may
effect supply to the surface as shown in fig. 3. Some
compounds, such as Cyclosporin A (fig. 3, curve A)
exhibit a marked decrease in intensity with increasing
ion pulse frequency. Others, like Oxytocin (fig. 3, curve
G), exhibit little or no effect. The fact that the" mem-
ory effect" is compound dependent implies that it can-
not be explained solely in terms of convection or migra-
tion.
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Fig. 3. Relative intensities of MH+ ions as a function of
primary ion pulse frequency for A) Cyclosporin A, B) Leu-En-
kephalin, C) Gramicidin S, D) Arg-Phe-Ala, E) Leu-Trp-Met,
F) Bradykinin, G) Oxytocin, and H) Leu-Trp-Met-Arg-Phe-Ala.
Concentrations were 1.0 nmole/I.d and the primary ion current

density was 55 JLA/cm2.
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We note, therefore, that at high primary ion currents,
convection leads to sampling of ions which reflect the
bulk concentration of the sample solution; that charg-
ing of the matrix produces a fairly long term effect
proportional to average current; and that rates of diffu-
sion of sample ions to the surface, while dependent
upon sample concentration, are of the order of 100 JLS.

4. Conclusions

The role of the liquid matrix in secondary ion mass
spectrometry is not completely understood, while it is
clear that it permits desorption of intact high mass
molecular ions where high primary ion currents are
used. Chemical effects are certainly apparent since
thioglycerolor acidifiedglycerolimprovesthe MH+ ion
current in positive ion spectra over that of pure glycerol
[14]. Triethanolamine, having a high proton affinity, is
similarly advantageous for the formation of deproto-
nated molecules, generally (M-H)-, in negative ion
mass spectra. And the mixture, dithioerythritoljdi-
thiothreitol, may play a role in preserving the tertiary
structure of large pep tides [15]. The liquid SIMS-TOF
instrument constructed in our laboratory was thus in-
tended to exploit these chemical advantages in combi-
nation with an analyzer having high ion transmission
and high mass range.

Without the liquid matrix, molecular ions are com-
monly observed only very briefly under high flux condi-
tions. This is generally attributed to "radiation damage"
of the surface layer, and the role of the liquid matrix in
repairing radiation damage and/or resupplying the
surface sample layer has been noted above. The pulsed
ionization/pulsed ion extraction feature of this particu-
lar instrument provides an opportunity to examine the
time frame in which this occurs. Future experiments

may further distinguish sample diffusion to the surface
from other repair mechanisms, such as, removal of the
damaged surface layer by sputtering, charge neutraliza-
tion, etc. In particular, solution viscosity should effect
the rates of diffusion. A further understanding of the
fundamental mechanisms involved will, in addition, im-
prove the analytical capabilities of liquid SIMS.

Research was supported in part by a grant, GM
33967, from the National Institutes of Health.

References

[1] A Benninghoven, Z. Physik 230 (1970) 403.
[2] A Benninghoven, D. Jaspers and W. Sichterrnann, Appl.

Phys. 11 (1976) 35.
[3] R.J. Colton, J. Vac. Sci. Technol. 18 (1981) 731.
[4] N.H. Turner and R.J. Colton, Anal. Chern. 54 (1982)

293R.

[5] M. Barber, R.S. Bordoli, G.J. Elliott, R.D. Sedgwick and
AN. Tyler, Anal. Chern. 54 (1983) 645A

[6] S.S. Wong, F. RoUgen, I. Manz and M. Przybylski, Bio-
rned. Mass Spec. 12 (1985) 43.

[7] S.S. Wong and F.W. RoUgen, Nuc1. Instr. and Meth., in
press.

[8] J.K. Olthoff, I. Lys, P. Dernirev and R.J. Cotter, Anal.
Instr., in press.

[9] R.J. Cotter, Anal. Chern. 56 (1984) 2594.
[10] J.K. Olthoff, J.P. Honovich and R.J. Cotter, Anal. Chern.,

in press.
[11] W.e. Wiley and I.H. McLaren, Rev. Sci. Instr., 26 (1955)

1150.

[12] V{,.V.Ligoft and S.B. Dorn, Int. J. Mass Spectrorn. and
Ion Processes 57 (1984) 75.

[13] e.N. McEwen and J.R. Hoss, Anal. Chern. 57 (1985) 890.
[14] e. Fenselau and R.J. Cotter, Chern. Rev., in press.
[15] M. Alai, P. Demirev, e. Fenselau and R.J. Cotter, Anal.

Chern. 58 (1986) 1303.


