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ABSTRACT

The operation and performance of the Manitoba time-of-flight
mass spectrometer is described. The recent implementation of a
commercial time-to-digital converter is described and compared to
the conventional timing method (time-to-amplitude conversion)
used earlier.

Mass spectra obtained here with keV alkali ions and in
Rockefeller University with ~100 MeV fission fragments from 252¢¢
were found to be similar. Yields of secondary ions from alanine
were measured for primary alkali ions (Cs+, K+, Na+, and Li+) at
energies 1 keV to 16 keV. Yields increase greatly with increasing
energy and with the mass of the bombarding particle, suggesting
that in this energy region the nuclear stopping 1is mainly
responsible for the secondary ion production. This is in contrast
to the case for fission fragments where electronic stopping must
be responsible. Thus, it appears that the mass spectra are fairly

insensitive to the form of the incident energy loss.

Secondary ioms [(CsI)nCs]+, with n up to ~40, were produced
by 8 keV Cst bombardment of CsI. The yield of clusters decreased
smoothly with n when observed in a time-of-flight mass spectro-
meter at effective times ~0.2ns after emission. Clusters with
n> 7 were found to be metastable, with lifetimes € 100us. A large
anomaly in the population of the disintegration products was
measured at ~70us after emission, n=13 clusters being favored

and n=14 and 15 being suppressed.
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A marked increase in the yield of cations, anions and all
cluster ions was observed after irradiating alkali halides with
21014 alkali ions/cm2. In addition, the irradiation was found to

produce emission of cluster ions delayed by ~200 ns after the

primary ion impact.
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CHAPTER 1

INTRODUCTION

Mass spectrometry provides a wuseful tool for chemical
analysis by supplying information on molecular weight and
chemical structure for a large variety of compounds. Such
analysis involves wvolatilization and ionization of atomic or
molecular species followed by electrostatic or magnetic mass-to-
charge separation. The structural information is obtained from
the masses of fragments produced by the processes of
volatilization and ionization. This fragmentation, however, has
also presented the major limitation on mass spectrometry as an
analytic tool; as the molecular mass increases, the molecule
tends to become less volatile and more fragile, resulting in
complex mass spectra, often without molecular weight information.

The problem arises already for many fairly small molecules.
For example, fig. 1.1 shows the mass spectrum of the amino acid
alanine (m/z 89), as obtained by conventional methods (1) where
the sample 1is volatilized by heating and ionized by electron

impact (EI). The molecular ion at m/z 89 is more than two orders
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of magnitude less intense than some of the fragments, and in fact
accounts for only about 0.1% of the total yield. For molecules
such as this, it is usually possible to improve the situation by
wderivatization" - the preparation of more volatile compounds
from the material of interest - but this has serious limitations
for large molecules.

Fragmentation during ionization may be reduced by using
chemical ionization (CI) (2) in which a reagent gas at ~1 torr is
ionized by electron impact and the sample, at much lower pressure

(~10"3 torr), is ionized by reacting with the reagent ions. This

03
! M-COOH)*

e
H-C~CHg
COOH

Y
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Figure 1.1 Electron impact spectrum of alanine-
(m/z 89). The molecular ion is > 100 times less
intense than the most intense fragment. Data taken
from ref. 1.
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method, however, still requires gaseous samples and therefore
offers limited improvement for thermally labile molecules of low
volatility.

Several so called "soft-ionization" techniques have been
developed (3,4) to extend the application of mass spectrometry to
larger, more fragile molecules. Many of these require only minor
modifications to conventional EI or CI sources; fragﬁentation
during volatilization is reduced by depositing the sample onto an
inert surface (e.g. Teflon) (5) or by rapid heating so that
vaporization is favoured kinetically over decomposition (6). "In
beam'" methods (7), where the sample probe is placed close to the
ionizing electron beam, also show reduced fragmentation.

The most successful soft ionization methods desorb and
ionize the sample molecule directly from the condensed phase. The
earliest such method;, field desorption (FD), was introduced by
Beckey in 1969 (8). In this method, ions are desorbed from
extremely fine emitters by a strong electrostatic field. Simons
et al (9) have used the same principle to desorb ions from the
liquid phase. Field desorption has produced the simplest spectra
for many'compounds. However, difficulty in sample preparation and
poor reproducibility have limited application of this technique.

Molecules may also be desorbed and ionized directly by the
impact of ‘energetic primary ions or atoms, or laser pulses.
Macfarlane and Torgerson (10) first demonstrated this technique
with fission fragments from 252¢cf, using a time-of-flight mass
spectrometer (11) initially used to obtain mass spectra of short-
lived radioisotopes. The ionizing radiation was observed to cause

desorption and ionization of molecules adsorbed to a surface. To




Page 4

investigate the potential of such radiation for chemical
analysis, they placed a 252¢f gource behind a thin metal foil
coated with an organic sample. A time-of-flight mass spectrometer
places no fundamental limit on the mass range and the early
demonstrations (10) included involatile samples of molecular
weight near 2000. Organic molecular ions with mass near 14000
have since been observed with this technique (12). Accelerated
ions in the same energy range have been used to study the
desorption mechanism (13,14). Progress in high energy, heavy ion
induced desorption has been reviewed by Macfarlane (15).

Using a magnetic instrument, Benninghoven and
Sichtermann (16) demonstrated similar results for small molecules
(m/z < 300) with low energy primary ions (~2 keV Art), Secondary
ion mass spectrometry (SIMS) is well established in surface
analysis but the primary ion flux normally wused (> 1076 A/cm2)
destroys or sputters away adsorbed molecules in a very short
time; with 10-6 A/cm2 the molecular parent ion yield from an
amino acid disappears in a few seconds (16).ABenninghoven kept
the primary ion flux sufficiently low ( 510"9 A/cm2) so that the
probability of striking the same spot twice during an experiment
was negligible. This technique - called molecular or static
SIMS - allows organic samples to be analysed with limited damage.
The mass range was limited in the early demonstrations by the
type of mass spectrometer used.

In a recent variation of molecular SIMS, introduced by
Barber et al (17), the sample 1is dissolved or dispersed in a
viscous liquid (usually glycerol) and bombarded with neutral

atoms in the same energy range. "Fast atom bombardment (FAB)"
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allows relatively simple adaptation to existing spectrometers
since ion optics needn’t be considered. In addition, higher pri-
mary beam fluxes may be used since the surface 1is continually
renewed as the liquid matrix evaporates. FAB has been used with
high performance sector-field instruments and a wide range of
organic molecules up to m/z ~ 5700 have been observed (18,19).

The use of laser pulses to desorb nonvolatile organic
molecules was first demonstrated in 1978 by Posthumus et al (20),
with a magnetic sector ‘instrument. Nonvolatile compounds have
also been analysed wusing time-of-flight (21). Laser desorption
spectra are generally less reproducible than those obtained by
particle induced desorption and reported observations of high

mass ions (m/z > 1000) are scarce.

The Manitoba  time-of-flight mass spectrometer (22),
completed in 1979, was originally designed to use fission frag-
ments to induce desorption. After the discovery of similar
results (at low mass) with keV primary ions (16), a pulsed ion
gun was designed to take advantage of their convenience and
versatility and retain the sensitivity and unlimited mass range
of time-of-flight. The instrument is similar to that of
Macfarlane and Torgerson (11) but uses a pulsed beam of keV ions
rather than fission fragments. Its construction, operation and
performance are described in detail in chapters 2, 3 and 4.

Similar instruments have been constructed recently at
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Uppsala (23) and Rockefeller (24). A curved time-of-flight in-
strument using low energy primary ions has recently been reported
by Benninghoven (25).

The Manitoba instrument was the first to obtain a molecular
jon peak from vitamin By, using low energy ions (26) although it
had been observed using fission fragments several years earlier
(10). It has been wused to study two classes of biological
compounds (neuropeptides and fully-protected oligonucleotides) up
to m/z 3452 (27-30).

Since bond energies are typically 2-5 eV, it is surprising
that large molecules can be desorbed intact by incident primary
ions which deposit wup to 400 ev/X. An understanding of the
mechanism involved in molecular ion desorption should lead to its
more effective exploitation. Measurements of the effects of pri-
mary ion characteristics on the mass spectrum, shed light on the
physical processes iﬁvolved and provide practical information for
the application of the technique. Two experiments were performed
to study primary ion effects: (i) In collaboration with
B.T. Chait and F.H. Field at Rockefeller University, the mass
spectra for a series of compounds obtained with low energy ions
and 252¢f fission fragments were compared. (ii) The yield of the
amino acid alanine was measured as a function of energy for the
primary ions Lit, Nat, K", and Cst between 1 and 16 keV. These
experiments are reported in chapter S5e

It has long been recognized that linear time-of-flight mass
spectrometers have certain advantages for the observation of
metastable ions (31). When an ion decomposes within the flight

tube of such an instrument, the centre-of-mass of the resulting
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fragments continues on to the detector with unchanged velocity.
Thus the fragments appear in the mass spectrum at the approximate
position of the parent ioms, but the peak is broadened by the
energy release. The pattern of metastable decay may be studied by
#sing retarding grids at the end of the flight tube (31-34).
Measurements of metastable decay patterns of Csl clusters are

presented in chapter 6.




CHAPTER 2

THE MANITOBA TIME-OF-FLIGHT MASS SPECTROMETER

2.1 INTRODUCTION

A description of the Manitoba time-of-flight mass spectro-
meter has been reported previously (22). The principle of the
device is illustrated in fig. 2.1. A thin 1layer of organic

material deposited onto the target backing 1s struck by a

TARGET ~~ PRIMARY ION DETECTOR
Y .GRID -~ PULSES

]

- Y . A .
]

B DEFLECTION SECONDARY

\ PLATES IONS

A c

+

Figure 2.1 Schematic diagram of the time-of-flight
mass spectrometer (not to scale).

-8 -
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succession of ion pulses from the source. When these pulses of
primary ions hit the target, they may liberate secondary ionms.
Each secondary ion is accelerated to a fixed energy by the
electric field ©between the target and a parallel grid.
Measurement of the flight time determines the velocity and from
this the mass to charge ratio may be calculated.

A photograph of the instrument is shown in fig. 2.2. The
system is almost entirely metal-sealed. Sublimation pumps and ion
pumps are used to provide operating pressures in the 1078 torr
range. Rough pumping is done by sorption pumps and a venturi pump’
s0 that «c¢lean vacuum conditions are maintained throughout
evacuation. The apparatus is constructed of non-magnetic
stainless steel. The flight tube has a length of » 1.6 m and an
internal diameter of =15 cm. A vacuum lock is provided on a side
tube, so that targets may be changed without disturbing the

vacuum in the main system.

SAMPLE PREPARATION AND INSERTION

The sample foil - wusually 6.4 um aluminized polyester
(Alexander Vacuum Research, Inc. Type Cl) - is stretched over a
1.8 cm diameter stainless steel ring with a tightly fitting outer

ring (fig. 2.3).
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<0
«0

Figure 2.3 Mounting of the sample foil; usually
aluminized polyester.

Other materials have been used (Ag,C,Ni,Al) but accurately
planar surfaces are most easily obtained with the inexpensive
polyester because of its elasticity. Significant effect on the
mass spectrum of the sample backing has not been observed here,
although systematic measurements have mnot been made. The few
compounds that have been analysed on a carbon backing (Union
Carbide GRAFOIL) show less intense background peaks for m/z < 200
but otherwise the spectra are similar to those obtained using
aluminized polyester backing. Only omne compound (stearic acid)
has been analyzed using Ag backing. Apart from the observation of
Ag*t peaks, the spectrum obtained from an electrosprayed (see
below) target was similar to that obtained using Al-polyester. No
comparison of yields using different target backings has Dbeen
made here. (Benninghoven has observed significant effects of
target backing when thin layers of sample were evaporated onto
the target surface (35). The effects are obscured when thicker

coverage is used.)
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The sample is deposited from solution onto the foil by the
electrospray method (36,37) based upon the atomization of a
1iquid by a strong electrostatic field (38). The  present
implementation, illustrated in fig. 2.4, is‘closest to that of
McNeal et al (36). A solution containing the sample 1is placed
into the reservoir of a 26 gauge hypodermic needle (Bector
Dickinson Canada, YALES 5110). A 0.2 mm diameter stainless steel
wire 1is 1inserted into thé needle to regulate flow. With the
needle positioned a few cm above the target a potential of 2 to
10 kV causes tiny charged droplets to spray onto the target foil.
The needle to target distance and potential are varied to obtain
the desired spray quality and spot size; the drops should be
small enough so that most of the solvent evaporates and the
solute residue hits the target without visibly wetting it.

Uniformly fine spray is most easily obtained if the solvent
has low surface tension. Methanol or acetone with up to 207 water
(if necessary) are the most common solvents. A typical
concentration of ~1 mg/nl results in droplet residues ~1 ym in
size (fig. 2.5). Higher concentrations produce larger average
residues.

A modified travelling microscope is used to enable vertical
and horizontal movement of the needle. The spray is most easily
observed with a weak laser but is also visible with a penlight in
a darkened room. The apparatus is housed inside a Plexiglass box
to prevent air currents from disturbing the spray.

Five targets are mounted in a ceramic sample holder. This is
introduced into the system through the vacuum lock and moved by a

rack and pinion system.
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2.3 SECONDARY ION ACCELERATION

The sample is positioned behind the acceleration grid (90%
or 60% transmission Ni mesh - Buckbee Mears Co.) where contact is
made to the high voltage feed-through. Three ceramic balls glued
to the grid assembly define the plane of the target 2 mm from the
grid. Positive or negative secondary ions may be analysed by
placing high voltage of the corresponding polarity on the target.
Source voltages Vg up to 10 kV have been used.

Tons desorbed with zero initial kinetic energy are acceler-
ated to an energy qgVg=1/2mgvZ . The square of the flight time

is therefore proportional to the ratio of mass to charge:

Mg

2qSVS

o + 2d4)

Here ( is the length of the drift region and d is the accelera-
tion distance. For an initial axial velocity Vg3 where
€, = 1/2msvo§ &« qgVg the flight time to a good approximation

(using also d € () is

e = [ ((+2d4 - (

2q4Vg 2q4Vg

For €, =2 eV the flight time of a 10 keV ion with m/z 1000
(36 us) changes by 3.6 ns. However, if €, is independent of mass,
time is still  proportional  to /E; . The constant of
proportionality 1is determined from the flight times of ions with

known mass.
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A spread in &, causes a time spread given by
Atg = A& L _.ifé_____

(2q¢V5)3/2

In contrast to the situation in some earlier time-of-flight spec-

trometers (39), the secondary ion accelerating field is constant

in time. Also, the ions are formed very close to an equipotential

surface (the target backing) which is perpendicular to the spec-—

trometer axis. As a result of these two factors the axial veloci-

ty distribution is relatively narrow*. This is illustrated by the

500
375 ] SECONDARY Cs PEAK
250 ]
3 24 ns
125
&40 4345 50 4355 4380

Flight Time (ys)

Figure 2.6 Time spectrum of 1 keV secondary cst
jons ejected from a CsI target by 17 keV Ccst pri-
mary beam. The full width at half maximum of 24 ns
corresponds to an initial axial velocity spread

Avgz=1.3X 105 cm/s or a spread in €, = (mvoz)/Z
of AEZ==1.15 eV. The previously reported value of
2.2 eV (89) is in error due to a miscalculation.

* Compare, for example, the velocity distributions obtained
recently in spectrometers with diffuse sources (40,41).
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time spectrum of secondary cst ions from a CsI target shown in

fig. 2.6. The accelerating voltage in this measurement is kept
low to separate this effect from the time spread caused by the

primary pulse duration. The initial energy spread is mnot the

dominant factor in peak broadening for most compounds in the

present arrangement. Peak broadening is discussed in greater

detail in 84.4.

PRIMARY ION SOURCE

2.4.1 Ton Production and Focusing

The pulsed-ion gun is illustrated schematically in fig. 2.7.

Alkali metal ions (Li+,Na+,K+, or Cs+) are emitted thermionically

from a small glassy bead of alkali aluminosilicate (42,43) melted

onto the end of a tungsten hairpin filament. This type of source

was chosen because of its simplicity, low cost, and minimal

pumping requirements. Source preparation 1is described in

appendix A.

DEFLECTION PLATES COLLIMATOR CATHODE
/ ANODE SHIELD

(‘;iAMENT

TARGET

HV +
EINZEL LENS

Figure 2.7 Pulsed positive-ion source.
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The electrostatic design of the source 1is based on the
three-electrode guns widely used in electron microscopy (44,45).
The plane cathode is operated at ground potential. The position
of its aperture (1.5 mm diameter) may be ad justed externally in
ghe plane perpendicular to the ion beam axis, in order to provide
accurate alignment of the extracted beam. The filament is held at
a potential Vp, so the energy of a primary ion (mass LI charge
qp) leaving the source is qup' Source potentials Vp up to 25 kV
have been used. The anode shield is set at a potential near Vp
(usually a few hundred volts above) adjusted to give an optimum
beam. This depends on the particular source geometry and usually
changes during the source lifetime.

The beam is focused by a gridded Einzel lens (46) to a spot
of ~50 um diameter in the plane containing the defining slit,
32 cm from the source. The lens has a diameter of 4 cm and is
approximately midway between the source and the slit. Optimum
potential of the lens is near 1/2 Vp. The 60% transmission Ni
grids (197 lines/cm - Buckbee Mears Co.) are spaced 3.2 cm apart.
The size of the apertures in the grid (~30 upm) is the lower limit

of the spot size (47,48).

2.4.2 Pulsing the Ion Beam

The focused beam is swept rapidly across the 35 um wide slit
by a voltage pulse Vgef applied to the deflection plates A
(fig. 2.7) resulting in a short burst of ions passing through the
slit. To prevent a second ion burst from appearing on the falling
edge of the voltage pulse, a delayed pulse is applied to thé

other set of deflection plates B, oriented at right angles to the
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first set. The resulting path of the ion beam spot at the slit is
ijllustrated in fig. 2.8. The plates are 3 cm long and 1 em apart

and are positioned 13 cm and 9.5 cm from the slit.

i
N\

q it boundary
—

A 4 [’*

N
4

Figure 2.8 The path of the beam focus at the slit.

A small voltage V4. across the plates is required to direct
a dc ion beam through the slit. Under pulsed conditions, an
offset voltage V, is applied to one plate and the voltage pulse
is applied to the opposite plate. Fig. 2.9 illustrates the

electric field exﬁerienced by an ion that hits the lower

(a) (b) (c)

Vi |
BN 7
V V=vdef V V V=Vdef
t, > —4y— —{y?
Time >

Figure 2.9 The electric field observed by an ion
that hits point P in fig. 2.8 wunder dc
conditions (a) and under pulsed conditions with
zero risetime (b) and arbitrary risetime (c). The
net impulse must be the same for the two
conditions so Vg.to = S(V - Vy)dt.
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glit  boundary (point P in fig. 2.8) wunder dc and pulsed
conditions. Since the net impulse must be the same in the two

cases, the time integral of the electric field must be equal.

Thus,
t t
Jacto _ -Sl Jo g + So W= Vo) 4

1

where t, is the transit time between the plates, t; is the time
an ion has spent between the plates before the pulse fires, and d

is the plate separation. Then
to
Vaoto = é vdt - Voto

The net impulse is the same for a pulse with zero risetime
(fig. 2.9b) or an arbitrary risetime < t, (fig. 2.9¢) if Sth is
the same.

An ion which hits the upper slit boundary (point Q 1in
fig. 2.8) arrives at the deflecting plate At; later than the one
considered above and will receive an additional impulse _VdefAtl’
A corresponding increase AVdc in the dc voltage is required to
give the same additional impulse: AVdcto==—VdefAt1. This 1is the
area shown in fig. 2.10 and 1is independant of the risetime
providéd it is less than the transit time between the plates.

For a beam focused to a point, the duration of the primary
pulse Atp is the magnitude of the time difference Aty
- AVacto

Vdef
This relation offers a simple prediction of the primary pulse

Atp (2.1)

duration from an easily measured quantity AVdc and indicates the

importance of the deflection pulse height in obtaining short
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pulses. The measurement of AVac (the range of dc deflection
voltages for which ions are transmitted) takes the size of the
peam spot into account; the effective slit width is approximately
the sum of the geometrical slit width and the gize of the beam
spot. For 18 kev Cst ions, the measured value of AVgc =7V giving
an expected pulse duration of Atp==1.8 ns for Vgef =1 kV. In this
calculation the fringing fields are taken into account (49); the
transit time ty is taken as the time to travel the effective

length of the plates, { + M where
_d oy - 1n =%

To relate the pulse duration to the primary ion energy and
the ion gun geometry, AV4cto in eq’n 2.1 may be replaced. For 2
point beam, AVgqc 1is the voltage required to deflect the beam
across the width s of the slit. The corresponding impulse Ap is

given by Ap/p = s/L where L is the distance from the centre of the

(a) (b)

Ai‘ Ai1
O x4 — > —
:‘é'-).' | R |
L
:8'_. Vaer Vet
8 | ) | )
o —y— 44

Figure 2,10 The primary pulse duration 1is the
range of values ty mway take. The shaded area
represents the corresponding range of impulses for
a deflection pulse with (a) zero risetime and
(b) arbitrary risetime. The area is At1Vgef in
both cases 8O Aty is independent of the risetime
provided it is less tham the transit time tge
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plates to  the plane of the slit. Since Ap==quVdcto/d,

AVdcto==psd/Lqp. Substitution into eq’n (2.1) gives

Atp (sd) V 2mpVy

(2.3)

using p==(2mpqup)1/2. For the above conditions (18 keV cst ions,
Vgef =1 kV) wusing the geometrical slit width (s ~ 35 um) this
gives an ion burst of 0.6 ns duration; an effective slit width of
= 100um 1is consistent with the above result (1.8 ns). The
measured secondary electron peak width under these conditions 1is
2.1 ns (fig. 2.11).

The finite anglé of incidence of the beam and the size of

the beam spot might also be expected to influence the effective

SECONDARY
. ELECTRON
PEAK
z .
o
@
F -
5 — 2.1ns
[e] <4
(8]
T Y T Y Y | ZUE S N

FLIGHT TIME

Figure 2.11 Time spectrum of 5 keV secondary
electrons ejected from a target of CsI by 23 keV
cst ions. (With Vp==18 kV and Vg =-5 kV the energy
of the primary ions at the target is 23 keV - see
§2.4.3.) The width of this distribution is a good
measure of the width of the primary beam pulse,
since at -5 kV accelerating voltage the electron
flight time is ~40 ms so the spread is expected to
be negligible (¢ 10 ps).
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pulse duration; the flight times (from the slit to the target) of
two 18 keV Cs* ions incident at 20°, on the top and bottom of the
peam spot (0.5 to 1 mm apart), differ by 1 to 2 ns. If this is
independent of the broadening treated above the effects add in
quadrature. For the above conditions this gives an additional
time spread between 0.2 and 0.9 ns. Fig. 2.11 indicates that the
effect is small.

Originally the beam was pulsed using 50 V pulses from an E-H
Research Laboratories Model 131 pulse generator giving ion bursts
between ~6 and ~50 ns in duration depending on primary ion energy
and species. The data presented in 84.2 were taken in this way.
Shorter ion bursts (2 to 3 ns) are obtained using a switching
power transistor in the circuit shown in fig. 2.12. With this
arrangement, the plates are pulsed from high voltage of ~1 kV to

ground with a risetime of 50 to 100 ns. This is longer than the

HV

200 ko
from

- Otpf
E-H pggsver | . ~1 KV
Motorola
o WW MJ16004
500

Figure 2.12 Pulsing circuit used to sweep the
primary beam past the slit.
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risetime of the pulses from the commercial pulser but still
shorter than the transit time between the deflection plates of
25 keV Cst (~220 ns) or K (~120 ns) ions.

A similar method is used to pulse the deflection plates B to
optimum dc condition just before the leading edge of the
deflection pulse on plates A, and back to high voltage before the

falling edge. This is illustrated in fig. 2.13.

Horizontal 1ps

&>

Pulse o Optimum Horizontal
dc Level

Vertical
Pulse

Figure 2.13 Timing of deflection plate pulses.
Deflection plates B are pulsed to the optimum dc level
just before the beanm is swept past the slit with
deflection plates A, and back to high voltage before the
beam sweeps back.

2.4.3 Primary Ion Flux and Current Density

To compare secondary ion yields from different targets, or
from the same target for different primary ion characteristics,
it is necessary to determine the primary ion flux incident on the
target. This 1is determined by measuring the dc beam hitting the
slit in fig. 2.7 and calculating the fraction of the beam which

passes through the slit.
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The slit current (Igy1i¢) determines the number of ions
passing through the slit per pulse: n==ISlitAtp/e where e is the
electronic charge and Atp is the pulse duration given by eq'n 2.3
taking s as the geometrical slit width. This is independent of
spot size since n is obtained by integrating the contribution
from each point in the beam spot. Then the total number of

jncident ions in a measurement (assuming constant Islit) is

T.15¢t
Np = nfTG = _S_:!'.}L-A——L fTG
e

where fT (frequency X measurement time) is the total number of
pulses, and G is the transmission of the acceleration grid. Using

eq’'n 2.3 for Atp, the total incident flux is

(I.14¢:T)EG sd/ 2m,V
> - slit ( P'p ) (2.4)
e L/qVgef

The integrated slit current (Ig14¢tT) 1is measured by counting
the output pulses from a current-to-frequency converter (Analogue
Technology Corp. Model 170). For many measurements, where only
relative yields are required, this value 1is sufficient for
normalization provided the other quantities in eq’'n 2.4 are
constant. If the primary ion energy or the mass is changed
IslitTJE;V; provides normalization. When absolute yields are
being measured as in 85.3, eq'n 2.4 should be used with caution;
the slit forms the end of a perforated cylinder which is isolated
from the rest of the ion gun and some secondary electrons may
escape through the perforations, thus increasing the apparent
primary current. The estimates of absolute yields “should

therefore be treated as lower limits.
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For a given pulse duration, the ion flux at the target may
be set to a suitable value by varying the dc ion-beam current;
this is done by adjustment of the filament current. Under various
qperating conditions, the dc current at the plane of the slit has
ranged from 0.3 to 200 nA. Normally the beam is adjusted so that
~100 to ~2000 ions per pulse pass through the slit and hit the
target at a repetition frequency of 2 to 5 kHz, corresponding to
an average ion current of ~0.1 to ~1 pA. Since the target beam
spot has a diameter of ~1 mm, the average ion current density on

the beam spot is ~10 to ~100 pA/cm2.

2.4.4 Primary Ion Energy and Angle of Incidence at the Target

The primary ions are incident on the grid at an angle of 20°
from the normal, then pass through the secondary ion accelerating
field between the grid and the target. Consequently the energy
and angle of incidence of the ioms at the target depend on both
primary and secondary ion accelerating voltages, the latter il-
lustrated in fig. 2.14.

When a positive potential VS==|V| is applied to the target
to accelerate positive secondary ions, the positively charged
primary ions with energy qup are decelerated and deflected in

the region between the grid and the target. Their energy at the

target 1is always qp(VP-lVI), but the angle of incidence

increases sharply from 20° as Vp approaches Vg. When Vp==1.13VS
ions will not reach the target. Thus primary energies are
available from 1.13Vg to the 1limit set by the maximum value of

Vp.
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Conversely, when a negative potential Vs==—‘V‘ is applied to
the target to accelerate negative secondary‘ions, the primary
ions are given an additional energy qp\V‘ as they are accelerated
from the grid to the target. Thus for negative secondary ioms,
incident primary beam energies less than qp|V| are not
accessible, and the primary beam energy at the target is
qp(Vp-+‘V‘) = qup4-qp‘V‘, j.e., the initial energy plus qpr\. A
negative potential also reduces the angle of incidence.

Under typical operating conditions, Vp= 18 kV and Vg <10 kv,
the angle of incidence does not deviate from 20° by more than a

few degrees.

8 10 1
qupIkeV

Figure 2.14 Angle of incidence of the primary
jons at the target Vs. the primary ion energy qPVp
at the grid, for a secondary ion accelerating
voltage Vg=5 kV. The primary ion energy at the
target is always qp(V -Vg), but the angle of
incidence increases sgarply for V, <8 kV, Primary

jons with the energy < 5.66 keV wifl not reach the
target.




2.5 10N DETECTION

2.5.1 The Detector

Secondary ions are detected at the end of the flight tube by
a chevron microchannel electron multiplier (50) illustrated in
fig. 2.15. Two Varian multichannel plates (1.8 cm  diameter
(VUW8900zS) or 4 cm diameter (VUW8920ES)) are separated by a
250 pym stainless steel ring and mounted ] mm from a stainless
steel collector. This type of detector is well suited for time-
of-flight measurement because of its large active area and good
time resolution. Three 90% transmission grids (Buckbee Mears Co.)

separated by 1.8 cm are mounted 2 cm in front of the detector

/S8 ring (250 pm)
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Figure 2.15 Chevron microchannel electron multi-
plier and post-acceleration/retarding grids.
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assembly. These are used for post-acceleration or for analysis of
metastable decay patterns.

The plates consist of an array of continuous dynode electron
multipliers (~12 ym diameter) oriented at a small angle (~5°) to
the plate normal. The bias angle increases the probability that
an incoming ion strikes the channel surface. The plates are
mounted with opposing bias angles to reduce ion feedback (this is
the process where positive jons formed by secondary electrons
near the channel exits are accelerated back in the channel and
initiate a second electron cascade). Typically 1 kV is placed
across each plate and 200 V is placed between the second plate
and the collector. In this configuration, an electron gain of
~107 is achieved. The output pulse has a risetime of ~0.5 ns and

a width of ~1.5 ns.

2.5.2 Radial Velocity Distribution

The number of secondary ions that strike the detector is
determined by the angular spread resulting from the radial veloc-
ity distribution and the size of the detector. The radial veloci-
ty distribution was determined by measuring the counting rate as
a function of voltage on the secondary deflection plates C in
fig. 2.1. The experimental points in fig. 2.16 show typical
results for fragment ions from alanine. The profiles were the
same for both the horizontal and vertical deflections; they were
also independent of primary ion energy. The experimental results
were compared with profiles calculated for an initial radial ve-
locity distribution of the form dN/dEr==Are_)rer, where

Er==1/2mvr2, and m and v, are the mass and radial velocity of the
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ion (51). Thus 1/ characterizes the width of the distribution
at 1l/e of the maximum. The fringing fields of the deflection
plates were taken into account (eq’n 2.2, ref.49) in the
galculations.

Fig. 2.16 shows the profiles calculated for three values of
)r; the experimental results are consistent with a radial
distribution having 2a width 1/)r==(0.22 + 0.03) eV for the
alanine fragment at m/z &44. The experimental points for the
protonated molecular ion were consistent with a distribution of

the same width, but the Nat ion had a narrower distribution, with

counts

» deflection voitage
¥

30

Figure 2.16 (MfFH-HCOOH)+ secondary ions detec—
ted from alanine as a function of voltage on the
deflection plates shown in fig. 2.1. The curves
shown are those calculated for e =41, 4.6,and
5.8 ev-l. Primary ions 5 keV Cs+, secondary ions
1 keV. The raw data is displayed with no back-
ground subtraction. The points at 4+ 30V correspond
to the background level; i.e., DO distinct peaks
were observed at these deflection voltages.
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1/)r==(0.14 + 0.02) eV. These values gave profiles which fitted
the experimental results for secondary ion energies between 1 and
8 keV. When the deflection plates are adjusted to centre the sec-
ondary beam, 2 907 of the secondary alanine ions at 10 keV hit

the 4 cm detector.

2.5.3 Detection Efficiency

Detection efficiency per unit mass for a water cluster
depends on its velocity as jllustrated in fig. 2.17. A similar
dependence is expected for other ions. Velocity thresholds for
efficient detection (more than 1 electron emitted per iomn) of
these large water clusters incident on Cu were determined by
Beuhler and Friedman (52) in the range 1 X 100 cm/s to
1 X 107 cm/s. Detection (with unknown efficiency) of large
molecular ions with velocity in this range is not uncommon: €.8.
10 keV CsI clusters with m/z>10 000 (velocity=1.4 % 10® cm/s)

are reported in chapter 6; 20 keV molecular ions from porcine

0.4
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Figure 2.17 The average yield of electrons per
water molecule in each cluster is plotted as a
function of dion  velocity. Symbols indicate
different primary ion m/z ratios from which these
reduced efficiencies were obtained. Taken from
ref. 52.
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iso-phospholipase Ay with m/z 13 980 (velocity =1.7 % 108 cm/s)
have been observed using fission fragments (12). Campana
et al (53) have detected 3 keV CsI clusters of m/z 18 600, with
velocity (5 ><105 cm/s) below the reported threshold. In the last
éase, the detector had been implanted with Cs because of a long
run on CsI and this may have increased its efficiency.

1t is difficult to estimate the detection efficiency of ions
with velocity near the threshold from the measurements of
Beuhler, but it is clear that some improvement may be realized by
post acceleration. Recently potentials up to 5 kV have been
placed between the final grid and the front plate of the
detector. This increases the velocity of a 10 keV ion with

a/z 10 000 from 1.4 X 106 cm/s to 1.7 X 10% cm/s.

2.5.4 Metastable lons

A large fraction of the ions produced from large molecules
by keV ion bombardment are found to be metastable. The importance
of this effect in a fission fragment spectrometer was emphasized
by Chait et al (54,55). The phenomenon Wwas first observed
here (22,27,28) using the secondary ion deflection plates C in
fig. 2.1; these plates are ~50 cm downstream of the target.
Fig. 2.18 shows the positive and negative spectra of 5’'-AMP near
the molecular ion peaks. The upper curves are the normal spectra,
while the lower ones are the spectra obtained when charged
particles are deflected out of the counter by applying 1000 V
across the deflection plates. The counts observed then presumably
arise from neutral fragments produced by disintegration of ions

in the first 50 cm (~10 ns) of flight. Clearly a substantial
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proportion of the (M-fH)+ and (M-—H)+ jons have lifetimes <10 us,
while the (M-+Na)+ jons are considerably more stable. Similar
behavior has been observed in many of the compounds studied.

The observation of the disintegration products at the same
position as the parent ion ijs a particular property of a linear
time-of-flight spectrometer. 1f an ion decomposes in the field-
free flight path, each fragment retains the velocity of its
parent ion apart from a small contribution from the kinetics of
the disintegration. The fragment therefore appears at the
approximate position of the parent ion in the time-of-flight
spectrum, but the peak is broadened because of the energy gained
in the break-up. Decompositions ocurring during acceleration
produce tails on parent or fragment jon peaks. The implications
of metastable decay on the performance of time-of-flight measure-
ment have recently  been described in detail b& Chait

et al (34,56) and are discussed in chapter 4.

+H
40001 Counts M348 5'AMP 1 s AMP NEGATIVE
anne POSITIVE M- 2-

2000~ h
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Figure 2.18 Time-of-flight spectra of positive
and negative 1ions from 5'-AMP. The upper spectra
are the normal ones; the lower spectra are taken
with 1000 V applied across the deflecting plates c
of fig. 2.1.
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The grids shown in fig. 2.16 were originally inserted to
study patterns of metastable decay. For this purpose, the
detector and the entrance grid are maintained at ground potential
but a retarding potential is applied to the central grid. This
does not change the time-of-flight of neutral fragments, but
charged particles are delayed. The delay is larger for charged
fragments (mass mg) than for the parent ion (mass mp), since the
fragment has only a fraction (~ mf/mp) of the parent energy; if
the energy of the fragment is too low, it will be reflected. This
enables examination of the mass spectrum at the time the ions
arrive at the detector. This feature was used to study the decay

pattern of CsI clusters (chapter 6).



CHAPTER 3

DATA ACQUISITION AND ANALYSIS

3.1 INTRODUCTION

The signal that triggers the deflection pulse Vgef for the
primary beam also provides the "start" pulse for the timing
circuits. Amplified pulses from the detector supply the "stop"
signal. Thus the start is synchronized with the arrival of the
primary ion burst at the target, and the stop with the arrival of
a secondary ion at the target.

Two methods of time measurement have been wused: originally
time-to-amplitude conversion (TAC) followed by analogue-to-
digital conversion (ADC) and more recently direct time-to~-digital
coﬁversion (TDC). The data storage and analysis hardware used in
the original configuration are shown in fig. 3.1. Spectra were
acquired in a Norland Corp. Pulse-Height Analyser. Inotech
Ultima/2 IT3408. Initially (fig. 3.la) this was also used to
perform simple analysis, the results of which could then be

printed on a Teletype. Spectra were plotted with an Hewlett
- 34 -
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Packard HP7004B X-Y Recorder connected to the pulse-height
analyser. The raw data then had to be deleted before the next run

could begin. This system was used because much of the necessary

e T A s -

PULSE-HEIGHT ANALYSER RECORDER

(a)

[ ADC

PULSE-HEIGHT ANALYSER

VAX LINE
11/7 50 LERINTER

GRAPHICS
PLOTTER

SERIAL
INTERFACE

X=Y
| RECORDER

| DAC |_ S ] 1 1 / 2 3 HWNCHESS‘ESF‘!(/FLOPPY
(b)

Figure 3.1 Data storage and . analysis hardware using
t ime-to~amplitude conversion a) initially, b) with an LSI 11/23
computer. The VT640 terminal 1is a DEC VT100 with Digital
Engineering Retrographics. A DEC DLV11J serial interface provides
four RS232 output ports. One of these 1is connected to the
cyclotron laboratory VAX 11/750 computer to permit use of their
Printronix P300 line printer. Details of the data acquisition are

shown in fig. 3.3
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electronics (see fig. 3.3) could be borrowed from the Cyclotron
laboratory and the pulse-height analyser was also available in
the department.

In late 1981 a DEC LSI 11/23 computer Wwas acquired to
provide more sophisticated display and analysis and permanent
storage of the raw data (fig. 3.1b). Here, after a spectrum Wwas
taken with the pulse-height analyser it was transferred to the
LSI 11 via an RS232 serial link. Then it could be be displayed
and analysed on a VT640 terminal. At first, hard copy was
obtained with a Data Translation DT2766 Digital-to-Analogue
Converter (DAC) and the ¥X-Y recorder and later with an Hewlett
Packard HP7470A Graphics Plotter through a serial link. Permanent
data storage was provided by a Data Systems Design, Inc. DSD88O

7.8 Mbyte winchester and 1 Mbyte floppy disk.

In the summer of 1983, a new data acquisition system based
on the LeCroy Research Systems SA Model 4208 TDC was implemented.
The hardware for this system is i{l1lustrated in fig. 3.2. The TDC
is controlled via CAMAC with the LSI 11 computer; the spectrum is
histogrammed in computer memory. Data storage and analysis uses

the same hardware as above (fig. 3.1b).

Most of the data presented here were taken using the former

method (fig. 3.la or b).
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Figure 3.2 Data analysis and storage hardware using time-
to-digital conversion. Details of the data acquisition
with this system are shown in fig. 3.5.

3.2 TIME-TO-AMPLITUDE, ANALOGUE-TO-DIGITAL CONVERSION

3.2.1 Data Acquisition

In the iﬁitial configuration (22) (fig. 3.1), time-of-flight
was measured by conventional nuclear timing circuits, as shown in
fig. 3.3. Amplified pulses from the electron multiplier triggered
a discriminator, which supplied the "stop" signal for a time-to-
pulse-height converter (TAC). The "start" signal for the TAC was
provided by a precision time-mark generator, which also triggered
the pulser which delivered the deflection pulse Vyef for the pri-
mary ion beam. The TAC was "stopped" when a secondary ion was

detected. The TAC output, proportional to the time interval




Figure 3.3 Timing circuits used in the TAC-ADC configuration. The
example shows the timing sequence for primary pulses separated by
200 nus and the TAC start delayed by 30 us with respect to the ion
gun pulse. The ungated trigger pulses are shown as dashed lines;
pulses separated by 10 us are shown for clarity, although the
normal separation was 1 ms. The apparatus not already specified
was: Tektronix Inc. Model 184 Time-Mark Generator; Ortec Ince
Model 416A Gate and Delay Generator; Ortec 442 Linear Gate and
Stretcher; Ortec 467 Time-to-Pulse-Height Converter; Ortec 416A
Gate and Delay Generators; Ortec 463 Discriminators; Ortec 142B
Preamplifier 142B; Ortec 454 Timing Filter Amplifier; Ortec 441
Ratemeter; E-H Research Laboratories E-H131 Pulse Generator;
Canberra Industries Model 1473 Scaler; Inotech Pulse—Height
Analyzer Ultima/2, IT 3408; Analogue Technology Corp. Model 170
Current-to~Frequency Converter.
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between the start and stop, was connected to an ADC, whose output
was recorded and displayed by a pulse-height analyser. When
examining a complete mass spectrum, typically 4000 channels of
~15 ns/channel, or a total timing period of ~60 ps, were used.

At high counting rates several ions may arrive at the
detector in a given timing period, but this system is capable of
measuring only one. When more than one particle is detected in a
given period, only the earliest one (the one of lowest mass) is
registered. This can produce significant distortion of the spec-
trum, particularly for large biomolecules, where the molecular
jons may be several orders of magnitude less intense than the
fragments. The effect was reduced by running at TAC counting
rates < 10% of the pulser rate. When the whole spectrum was being
examined, the ion beam current was reduced to a value which gives
a counting rate within this limit. The loss of counts for ions of
high mass was then {107 provided that there was no correlation
between the production of such ions and of fragments of lower
mass. When examining high-mass ions it was usually more
satisfactory to reduce the counting rate by delaying the TAC
start, as described below. Only heavy ions - i.e. those arriving
after the TAC start - were then recorded, and the abundant low-
mass ions did not contribute to the distortion.

In its simplest form, the system has reduced accuracy for
long conversion times, because of the non-linearity and jitter
present in the analogue TAC and ADC circuits. For example,
minimum specifications for the TAC used here (see fig. 3.3)
require a time resolution of 0.01%Z of full range, integral

nonlinearity of 0.1% of full range, and a temperature stability
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of 0.015%/°C. Thus for a 40 ms timing period a time resolution no
better than ~4 ns and nonlinearities of ~40 ns could be expected.
Recent measurements with the TDC, indicate the situation was con-
siderably worse. The errors could, however, be reduced by
delaying the TAC start signal by a fixed amount, which was
conveniently done here by use of the time-mark generator. This
unit has two synchronized outputs ("marker" and "trigger') whose
periods may be set independently as multiples of the period of
the reference oscillator (0.1 ns).

The "trigger" output was used to trigger both the TAC start
and the primary ion gun (see fig. 3.3). However, they were only
effective when coincident with the "marker" output after passing
through separate variable delays. Thus the start could be delayed
with respect to the deflection pulse by any multiple of the
trigger period (usually 1 ns). The timing for a typical case is
shown in fig. 3.3. Since the error in "trigger" timing is
determined by the stability of the 10 MHz reference oscillator
(0.0003% in 24 h), a long time of flight could be measured with
an accuracy corresponding to a much shorter time interval.

The linearity of a given timing period was calibrated in a
similar way, but with the ion gun pulser input feeding the TAC
stop as shown by the dashed line in fig. 3.3. As the gating
signal delay was changed, calibration peaks were recorded over

the whole time spectrum; 1 us intervals were normally adequate.



Page 41

3.2.2 Data Analysis of Pulse-Height Spectra

The original method of data analysis (fig. 3.1a) wused the
applications program supplied with the pulse-height analyser to
search the spectrum for peaks and calculate their centroids and
intensities. These were then printed with the Teletype and
subsequent analysis (see beiow) was performed manually.

With the LSI 11 (fig. 3.1b) pulse-height spectra were stored
permanently and could be analysed interactively using the VT640
graphics terminal. Cursors were used to select mass calibration
peaks and background regions if a smooth background was to be
subtracted. The mass and intensity corresponding to individual
peaks could then be determined separately using cursors or by an
automatic peak searching routine. In the latter case, a table of
results was stored in a separate file which could be examined at
the terminal or printed on the line printer. The algorithms used
to calculate peak centroids, fit the background and perform the
peak search are described in Appendix B.

The peak centroids were corrected for non-linearity of the
analogue circuits by linear interpolation between the time marker
peaks mentioned in the previous section. Thus the corrected time
t. was given by t. = a. + bc'(centroid) where ag and b, were
determined from the centroids of the two bracketing time markers
which were stored separately. The mass-to-charge ratio was then
calculated from V;;7; = a + bt, where a and b were determined
from the centroids of two or more peaks corresponding to known

masses. If more than two peaks were used, a linear regression was
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performed.

If the start was delayed by tdelay (fig. 3.3) so that known
low mass peaks were cut off, calibration from a previous (low
mass) spectrum could be used. Then b'tdelay was added to the
constant a.

Since the channel width in a typical run is quite wide
(~15 ns), accurate centroid determination of the low mass
calibration peaks was difficult; many peaks are only ~5 ns in
width. A bootstrapping method was therefore usually used to
determine the calibration at high mass: The low mass peaks were
used to identify obvious fragments of higher mass or the
molecular ion which were then used for a more accurate
calibration at high mass. The wide bins also degraded mass reso-
lution at high mass in some cases; above m/z~ 1000 the channel

width was usually greater than lu.

The TAC-ADC configuration described here had several disad-
vantages compared to the present TDC method described in the next
section. The analogue circuits limited accuracy in the time
measurements and necessitated corrections in the analysis. The
single~stop TAC distorted the spectrum at high counting rates; to
avoid this the counting rate had to be kept { 500Hz (10% of the
sweep rate). Wide time bins had to be used because the
pulse-height analyser has only 4000 channels; this limited the
accuracy in determining peak centroids of narrow peaks and
degraded the mass resolution at high mass. All these disadvan-

tages could be lessened to some extent by taking the spectrum in
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sections but this complicated both the data acquisition and

analysis.

DIRECT TIME-TO-DIGITAL CONVERSION

3.3.1 Data Acquisition

Recently direct tiﬁe—to-digital conversion has  been
implemented (fig. 3.2) The TDC is a CAMAC module configured in
the present application to accept a common start and up to 8
stops on a single line; each channel hit enables the next one.
Dead time between stops is specified as ~3 ns. The unit uses a
high stability crystal controlled 125 MHz clock to digitize in
real time. Resolution of 1 ns is obtained by digital
interpolation between two clock pulses. This is accomplished by
dividing the clock signal into 4 signals delayed by 1 ns from
each other. Since the clock period is 8 ms, it changes state
every 4 ns so one of the 4 signals‘ changes state every mns.
Nanosecond resolution is achieved by identifying the signal that
changes state in coincidence with the pulse being measured. Time
intervals are encoded in 24-bit signed digital words corres-
ponding to a dynamic range of 8.3 ms. The data are stored in the
unit until read and cleared by the computer at the end of each
sweep.

This method of time measurement does not produce the spec-—
trum distortion caused by the single stop TAC in the analogue
method described in the previous section and the digital circuits

are largely unaffected by jitter and non-linearity. Also the TDC
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with sufficient computer memory allows much narrower time Dbins;
the present system uses a 32000 channel array compared to 4000
channels on the pulse-height analyser. Consequently the complete
mass spectrum may be taken with higher counting rate.

The electronics are illustrated schematically in fig. 3.4. A
flow chart of the data acquisition program is shown in fig. 3.5.
In contrast to the first method where most of the data handling
was performed by hardware, this arrangement relies mostly on
software. The TDC is controlled from a VT640 terminal with the
LSI 11/23 run under the RT1l operating system. Data are stored in
a 32000 word X 16 bit histogram in extended mémory. The use of
extended memory in RTll prohibits the use of interupts so the
usual type of data acquisition program - where the interactive
display routine is interupted by the TDC when data are available
- could not be used. Instead the TDC is polled for a "look-at-me"
(LAM) which is set externally ("end of window" (EDW) on the TDC)
a selected delay (0-100 us) after the start. At given intervals
(say every 1000 sweeps) the terminal is checked for a command.
The slit current is also measured at these intervals by reading
the counts accumulated in the scaler/timer over a fixed time
(usually 1 s). This "i{nstantaneous" current multiplied by the
number of sweeps is accumulated for normalization.

Since accessing extended memory is slow (~100 ns) the
program controls the primary pulse repitition rate; a new cycle
is initiated after the data from the TDC is read. Thus, 1if mno
data are present in a given sweep, the next one begins
immediately. This also allows the histogramming and the time

digitization tasks to be overlapped to some extent] after the



Figure 3.4 Timing circuits used for time-to-digital conversion.
The LSI 11 initiates each sweep by triggering the TDC start and
the primary ion gun. The same signal is passed through a variable
delay and fed to the "end of window" input on the TDC. This sets
a LAM ("look at me") which signals the computer to read the data
from the TDC. The time between sweeps depends on the the amount
of data to be read., Pulses outside of the window defined by the
"stop veto" are ignored by the TDC. Additional apparatus used
here (see also fig. 3.3): BiRa Systems Inc. Model 5000 Powered
Camac Crate; BiRa Model 1311 BRQ Bus Controller; BiRa Model 3251
NIM Out Module; BiRa Model 2101 Scaler-Timer; Schlumberger Model
7174 Quad Constant Fraction Discriminator; EG&G Inc. Model
GG200/N Gate Generator; Ortec 9305 Fast Preamp
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Figure 3.5 Flow chart of the TDC data acquisition program.
Because of restrictions on the use of interupts with the LSI 11,
the TDC is polled for a "look-at-me" (LAM) (inner dotted box).
When one is detected, the data is read from the TDC and another
sweep is initiated. This procedure is repeated a specified number
(N) of times (outer dotted box) and then a command is accepted
from the terminal and various displayed acquisition parameters
are updated. The data acquisition may be turned off in which case
the program is devoted to accepting and executing commands.

- 46 -



Page 47

data are read into the low memory and digitization for the next
sweep has started, the data are moved into extended memory (see
fig. 3.5). The sweep rate is ~3 kHz if 0 or 1 datum is present
per sweep, but slows to <(500Hz if 8 events are detected per
sweep. This corresponds to a maximum total count rate of ~4 kHz
(compared to 500 Hz for the analogue configuration) although the
present ion source limits counting rates to ~2 kHz with this
system. |

Stop pulses before an externally selected time ("stop veto"
on the TDC) are ignored by the TDC. This may also be done with
software as described below, but it is slower and each early
event uses a channel on the TDC. The stop veto is used mainly to
inhibit pick-up from the deflection pulses since these occur 1in
every sweep.

Within the time window determined by the external pulses
(stop veto and EDW) a time window may be selected, outside of
which data from the TDC are ignored by the acquisition program.
The size of the window is limited by the size of the histogram
array. With maximum resolution of 1 ns, the 32000 channel array
1imits the window width to 32 ms. Larger time windows are allowed
with wider bin widths; any multiple of 1 ns may be selected.

Any portion of the incoming spectrum may be displayed on the
terminal. Since data acquisition is suspended while the display
is updated, and since the horizontal resolution of the terminal
is only 640, a combination of binning and sampling is used to

speed up the display routine.
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Since the spectrum array uses only 16 bit words, there is a
possibility of overflow in the intense low mass peaks; after
64K==216, the channel contents revert to zZero. To prevent this,
the data rate below a selected channel may be suppressed by a
selected factor. For example, to suppress the spectrum below
10 us by a factor of 10, ions with a flight time < 10 us will be
recorded only 1 sweep out of 10.

The data acquisition program also records the multiplicity
distribution - the number of sweeps in which 0,1,2,...,8 events

were observed.

3.3.2 Data Analysis of TDC Spectra

After the spectrum 1is accumulated in core memory, any
portion of it may be stored on disk. The data acquisition details
(bin width, run time etc.) are stored automatically with the
spectrum.

The TDC spectra are analysed in the same way as the pulse
height  spectra (83.2.2) except that the correction for
non-linearity is not performed. Also, since the complete spectrum

is taken each time with narrow bin width, a single calibration

with low mass peaks is usually sufficient.




CHAPTER 4

PERFORMANCE

4.1 SENSITIVITY

Aspects of time-of-flight mass spectrometry with

sophisticated computer control have been described by Macfarlane

(57)« In principle time-of-flight instruments have a significant
advantage over sector-field instruments in sensitivity (58). Such
an instrument is set to transmit ions of all masses

simultaneously and the measured flight time from each ion* is

used to increment the corresponding channel of the histogram.
Thus the secondary ions produced in the whole measurement are
integrated; no secondary ions are wasted except the ones that
miss the detector altogether or the ones that hit the detector
but fail to give an output pulse above threshold.

This is considerably different from the operation of a

sector-field spectrometer in the usual scanning mode. In that

* Some data may be lost when the single stop TAC is used but this
effect may be kept small (§3.2.1).
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case the instrument is set to transmit a certain mass at any
given instant of time. Ions of all other masses are rejected,
giving a reduction in efficiency which depends on the scanning
range and the width of the mass window. In this respect the time-
of-flight  spectrometer is similar to the sector-field
spectrograph with photographic plate detection, which also
integrates iomns of various ﬁasses.

A second limitation on the efficiency of any spectrometer is
provided by the finite apertures through which the beam must
pass. In the gsector-field spectrometer these may include an
object or source slit and the magnet aperture. In the time-of-
flight spectrometer there are no slits, so its transmission 1is
high ( > 10%), limited mainly by the finite size of the detector.

The property of a time-of-flight instrument that allows
fragments from metastable decay in the flight tube to be detected
at the position of the parent ion (82.5.4) provides a further ad-
vantage in sensitivity. An ion needs to remain intact only during
acceleration (~100 ns for m/z 1000 at Vg =10 kV) to contribute to
the peak integral. In contrast, in a sector-field (or curved
time-of-flight) instrument, if an ion breaks up at any time
during its flight (usually tens of microseconds) it will not be
detected — at least not at the position of the parent.

These advantages allow mass spectra to be obtained with low
primary flux density; the typical current density of 50 pA/cm2 is
much smaller than that usually used with magnetic and quadrupole
instruments (59-61) and a factor ~100 1ower than those sometimes
used in fast atom bombardment (17). Thus the time-of-flight spec-—

trometer may be expected to be particularly useful in cases where
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radiation damage is the limiting factor.

To exploit fully the potential for sensitivity, it is
necessary to make the sample spots the size of the beam spot
(~1 mm diameter) or smaller, and to position it in the ﬁath of
the primary beam. Until now it has not usually been necessary to
economize on sample material so such a procedure has not been
perfected although we have obtained smaller spots by electro-
spraying with a drawn glass capillary (37) 1instead of a
hypodermic needle or by focusing the electrospray (58). An
example indicating the present sensitivity is shown in fig. 4.1l.

Here 150 pmole of methionine enkephalin was electrosprayed onto a

5000
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Flight Time (us)
Figure 4.1 Positive jon spectrum obtained from a

150 pmole target of methionine enkephalin. Only
~20 pmole was actually hit by the beam.
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~ 3mm diameter area using a glass capillary. The beam spot
diameter is ~1mm so about 20 pmole of target was hit by the
beam. The spectrum obtained in a 20 minute run is shown in the
figure. In this spectrum 11000 counts are contained in the
(M+Na)t peak. Structural information is available from the frag-

ment ion peaks (27).

BACKGROUND

The sensitivity of a time-of-flight instrument 1is somewhat
diminished because of the continuous background observed above
m/z ~ 100. Such a continuum is apparent in the spectrum shown in
fig. 4.1. The problem worsens for heavier molecules as illus-
trated in the typical spectrum of an oligonucleotide shown in
fig. 4.2. Among the sources of background in the Manitoba instru=-
ment two may be distinguished: metastable breakup and primary ion

leakage.

4,2.1 Background from Metastable Break-up

The continuum caused by metastable decomposition in a time-
of-flight spectrometer has been described by Chait (56). The
effect of decomposition during acceleration 1is illustrated in
fig. 4.3; charged fragments from break-up between the target and
grid have velocity between that of the parent and the fragment

from prompt decomposition so they produce a continuum between the
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Figure 4.2 Positive ion mass spectrum of the fully protected
dinucleotide ApV (see ref. 46 for details) above m/z 400. The
spectrum was accumulated in 35 minutes with 8 keV cst primary
ions. The spectrum illustrates the continuous background typical
of mass spectra above m/z ~ 200,

Molecular
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Time of Flight >

Figure 4.3 Effect of fragmentations occuring during ion acceler-
ation (56). Charged fragments produce background between the
parent and fragment peaks; neutral fragments produce a continuum
above the parent peak. The data is calculated for 32000 parent
ions decaying into two equal fragments (charged and neutral) with
a mean lifetime of 1/2 the acceleration time.
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peaks. Neutral fragments from break-up in this region always have
less velocity than the parent so they produce a continuum above

the molecular ion peak.

Fragmentation in the field-free flight tube causes peak
broadening (84.4.2) and the unresolved peaks also contribute to

the continuum.

4,2.2 Background from Primary Ion Leakage

In the Manitoba instrument, some background is also caused
by primary ions which leak from the ion gun between pulses. The
ions strike the target at random times and cause an even
continuum. Background resulting from leaking primary ions can be
largely eliminated in one of two ways: by pulsing the anode
shield (shown in fige. 2.7) or by pulsing the secondary ion
deflection plates C (shown in fig. 2.1).

The latter technique takes advantage of the fact that most
of the secondary ions produced are light ions (fige 4.4). The
random background therefore results almost entirely from light
ions desorbed at random times. To appear in the continuum at high
mass, they must pass between the plates later than the heavy ions
desorbed by the primary ion pulse. Background is reduced by
pulsing the plates to high voltage after the heaviest ion of
interest has passed. For the compound of fig. 4.2, the plates are

pulsed after the molecular ion (m/z 1163) passes; i.e. ~13nus
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after the primary pulse. If the fragment jon at m/z 73 desorbed

by a random primary ion passes between the plates just before

they are pulsed, then it appears in the spectrum at m/z 300. Thus

random background above m/z 300 (due to ions with m/z £ 73) is

suppressed. The method of pulsing the plates, illustrated in

fig. 4.5, is similar to the method used to pulse the primary ion

beam (fig. 2.12) but here én FET is used to reduce the fall time

of the pulse. This procedure has been used routinely in

applications to biological compounds and was used in the spectrum

shown in fig. 4.2.

Pulsing the anode shield is effective in reducing background

only if the source current has a sharp dependence on the anode

shield voltage; each new filament (Appendix A) has different

Eﬁ‘;}; 73 +
®
c
5 30
S
.
E 20_ SIZ .

c 15 (A+2H) +
3 136 (M+ H)
03 | e {
| | | i ¥ 1
0] 10 - 20 30 40

Flight Time (us)

Figure 4.4 The complete spectrum of the same
compound illustrated in fig. 2.2. Ions above
m/z~150 represent only a small fraction of the

total ions detected.
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characteristics. As mentioned in §2.4.1 the anode shield voltage
is adjusted to optimize the beam current. If the beam current
drops significantly when the shield voltage is chahged by ~50V,
Fhe primary ion leakage can be reduced by "turning off" the beam
between pulses. Tﬁis is accomplished by using a battery powered
pulser floating at the primary ion voltage and triggered through

an optical isolator.

Depending on the sample, either of the above methods may

reduce the background at high mass by a factor of 22.

HV (~300 V)

HV

. olptimum
plate voltage

5 prim'ary \ ' . .
ion pulse 1/3 flight time of
heaviest ion of interest

Figure 4.5 Secondary plate pulsing circuit used to
reduce random background from ions leaking from the pri-
mary ion gun between pulses. For the sample of fig. 4.2,
pulsing the plates 13 nus after the primary ion pulse,
suppresses background above m/z 300.
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MASS RANGE

A second important advantage of a time-of-flight spectro-
meter 1is the high upper mass limit and the wide mass window that
are possible without sacrifice in performance. The upper mass
limit is determined by the detection efficiency (§2.5.3).
Measurement of CsI clusters (without post-acceleration) presented
in chapter 6 indicate that this limit is well above m/z 10000.
The spectrum is stored in a histogram so the mass window is
limited by the channel width and the size of the histogram
(83.3.1). Using the LeCroy TDC and the LSI 11/23, 32000 channels
are available with channel width any multiple of 1 ns. With 10 kV
secondary ion acceleration, this corresponds to a mass window of
0 to 750 using 1 ns bins or 0 to 12000 with 4 ns bins.

As examples of the largest organic compounds analysed here,
fig. 4.6 shows two spectra of fully protected oligonucleo-
tides (30). These were taken using a single stop TAC and the data
were histogrammed in a 4000 channel pulse-height analyser (83.2).
The low mass portion of the spectrum was suppressed to reduce the

counting rate.

MASS RESOLUTION

Three causes of peak broadening are identified in chapter 2:

the spread in initial axial velocity (82.3), the duration of the

primary ion pulse (82.4.2), and metastable decay in the field-




Figure 4.6 Examples of time-of-flight spectra of large organic
molecules: wupper, positive ion spectrum of protected CpCpCpC
(with CsI impurity); lower, negative ion spectrum of protected
CpCpCpCpC. See ref. 30 for details. Both spectra were taken with
a time-to-analogue converter (§3.2) and are displayed in 70 ns
bins with a smooth background subtracted. The asterisks in the
upper spectrum indicate identified fragment ions with Cs

addition.
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free flight tube (82.5.4). When a peak is broadened by metastable
break-up, this effect is usually dominant and may be treated
separately. The other two effects have comparable magnitudes and

are treated together.

4,4,1 Mass Resolution for Stable Ions

Since the secondary ion mass mg 1is proportional to the
square of the flight time t (82.3), mass resolution is related to

time resolution by

bos 2

mg t

If only the effect of the primary pulse duration is considered,

At = Atp, 80
t

e Ax 2y
mg t (Jms72Es

where ES==(1/2)ms((/t)2 is the secondary ion energy. Thus the
mass resolution in this case improves with mass (and the flight
path length {) but decreases with the accelerating voltage
(Vg =Eg/qg).

Considering only the effect of the initial axial velocity
spread Av,, giving a spread A€, in Ez==msvo§, the mass resolution

is
bos _ L5,

Here mass resolution improves with accelerating voltage and is

independent of mass and flight path length.
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Since the two effects are uncorrelated, they add in quadra-

ture giving a theoretical mass resolution of

. €,2 BE
brs _ é——‘;i + ———s’—z Atpz (4.1)
mg Egc  mgf

The best resolution is obtained when d(Am/m)/dEg = O or

i mleEzz 1/3
8 4Atp2

The optimum accelerating voltage therefore increases with mass.
Taking A€, =1.2 eV (measured for Cst - fig. 2.6) and a typical
pulse duration of Atp~3 ns, this gives an optimum resolution at
m/z 100 of ~1/2300 for Vg =5 kV. The best resolution at m/z 1000
is calculated as ~ 1/5000 with Vg = 10 kV.

The measured resolution (FWHM) of (CsBr)3Br™ at m/z 718,

with Vg=-5kV is ~1/3200 (fig. 4.7), very close to the value

] 718
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Figure 4.7 Negative ion time-of-flight spectrum
| of CsBr near the third cluster. Primary ion energy
28 keV, secondary ion accelerating voltage 5 kV.
At (FWHM)/t ~ 1/6400 so Am(FWHM)/m ~ 1/3200. Pre-
dicted resolution from the primary ion pulse
duration and secondary ion velocity spread of Cs+,
under these conditions is 1/3600.
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predicted by eq’n 4.1 (1/3600) using the above values for A€, and
Atp. Better resolution 1is expected for higher accelerating
voltage and higher mass according to eq’n 4.1 but this was not
realized; presumably other instrumental factors such as the

non-uniformity of the accelerating field become important.

4.4,2 Mass Resolution for Metastable Ions

For most molecules with m/z > 200, the mass resolution is
much poorer than that demonstrated in the previous section
because of metastable decomposition in the field-free f£flight
path. While { 50meV are released in a typical break-up (55), the
effective energy spread AE in the fragments is amplified by the

motion of the centre-of-mass (55,62):

4/mymo
Mg

AE = JEST

Here T is the translational energy released in the fragmentation,
m; and my are the masses of the fragments, and mg is the mass of
the parent. For a 10 keV ion that breaks up into two equal frag-
ments with an energy release of 50 meV, the effective energy
spread of one of the fragments 1is 45 eV. Peak broadening 1is
greatest if the ion decays near the target. Then the energy of
fragment 1, E; =(m;/mg)Eg, is approximately related to its flight
time t by E1==(1/2)m1((/t)2. The time spread At is then related

to the energy spread AE by

At AE
t 2E;
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so the mass resolution is

.S‘P_S=&=é§_=4/“2

mg At Ey Eg m)

where m; is the detected fragment. If the efficiency for

detection of m; and my is equal, m1/m2 will average to one so
T
= 4 /— (4.2)

For T=50 meV and Eg =10 keV, this gives mass resolution of

e

= 1/100. Eq'n 4.2 represents the resolution for the worst case.
In practice the detector efficiency (82.5.3) and transmission is
better for heavier ions (the lighter fragment is more likely to
be deflected out of the path of the counter by the disintegration
kinetics) so m1/m2 is usually greater than one. Also decomposi-
tion farther from the target results in a smaller time spread and
T=50 meV overestimates the energy released in break-up for most
compounds (50). The spectra shown in figs. 4.1, 4.2, and 4.5 have

mass resolution near the molecular ion between 1/100 and 1/400.

If the bin width is sufficiently narrow, sharp peaks
resulting from ions that remain intact may be observed on top of
the broad metastable peaks. This is clearly seen for
met-enkephalin: fig. 4.8 compares the molecular ion region of the
TAC-ADC spectrum shown in fig. 4.1 with a more recent spectrum
taken with the TDC. Such sharp components are observable even
when a large fraction of the ions decay in the flight tube. An
example is given in the spectrum of substance P shown in fig. 4.9
which also serves to demonstrate the new data acquisition system.

The complete spectrum was taken in a single run using 2 ns chan-
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nels. The bottom trace shows the molecular ion region expanded;

the isotopic pattern of the C atoms is clearly resolved.

Depending on how much of the broad component results from meta-

stable ions, mass resolution (FWHM) is near 1/3000.

While the metastable ions enhance sensitivity because they

contribute to the total peak integral, it is clearly desirable to

suppress them if accurate mass measurement is required to

distinguish between protonated and radical ions for example. This

has been done by Chait et al (34,54-56) using retarding grids to

reflect charged daughter ions. The same could be done here but

since the transmission of neutrals is comparable to that of ions,

only a suppression =~1/2 of the metastable component could be

expected.

) coun’[.s/ tl:hannel‘

(M+Na)* ] (M+Na)+

(M+2Na-H
(M+K)™

)+

" Flight Time

Figure 4.8 Spectrum of methionine enkephalin near the
molecular ion taken before (left - expansion of fig. 4.1)
and after (right) installation of the TDC.




Figure 4.9 Positive ion spectrum of substance P (most abundant
isotope, m/z 1346.7) acquired in 90 min. with a TDC (83.3) using
2 ns channels. The spectrum was calibrated with the Na, m/z 70
and m/z 120 peaks. The middle trace is displayed in 8 ns bins;
the top and bottom in 2 ns bins. The middle and bottom traces
have a smooth background subtracted. In the bottom trace
satellite peaks from 13¢ are observed in addition to the broad
metastable peak. The measured mass at these peaks is very close
to the calculated isotopic mass. Similar multiplets may be
observed for many of the fragment ion peaks if displayed in
narrow bins; the labelled masses represent the most intense peak
in the multiplet.
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CHAPTER 5

PRIMARY ION ENERGY LOSS AND SECONDARY ION DESORPTION

5.1 INTRODUCTION

Particle induced desorption has made a valuable contribution
to mass spectrometry because of its ability to desorb and ionize
many large, fragile molecules intact. However, the desorption

mechanism is still only poorly understood. A better understanding

may be gained by studying the influence of primary ion parameters
on the mass spectrum.

Stopping power (dE/dx), the emergy loss per travelled path
length, is an obvious parameter to consider when measuring
effects of the primary 1ion characteristics on secondary ion
yields since it depends on both mass and energy. The stopping
power has two components, "nuclear stopping" (elastic collisions
with the target atoms), and "electronic stopping" (energy

transfer to the atomic electrons).

- 65 -
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‘Fig. 5.1 illustrates the dependence of the stopping power on
energy (63). The stopping powers for 35C1 ions with 1 keV/u
( ~1low energy ion bombardment) and 1 MeV/u ( ~fission fragment
bombardment) on 27A1 are indicated in the figure. Clearly the
dominant mode of energy loss is different in the two cases.

The similarity of mass spectra obtained with 2 keV Art
ions (16) to those obtained with fission fragments was therefore
unexpected. Direct comparison between keV ion bombardment and
fission fragment bombardment was difficult, however, because the
laboratories that used the different ionization techniques also
used different methods of sample preparation and different types
of mass spectrometer. Apart from the Manitoba mass spectrometer,
this has remained true until very recently (23,24). Moreover the
comparisons that had been made used relatively simple compounds
with m/z ¢ 400. Here a direct comparison was made of mass spectra

obtained with the two techniques; the same target was used in

g 500
E’Ci 400 |- ( \
- dE /dx
S 300} ¢
Q). -
X 200}
N i | keV/u | MeV/
%g IOC):;_J:fEEjEikL'—‘E‘ eV/u
- FEFETETTT - ~|gL-—-|'1" [WETTIT B 1l|nn| REWETT |

o

04 103 102 (o 10° [0} 102 103

Figure 5.1 Energy deposition density (dE/dx) for
35¢1 impinging on 27A1., The (dE/dx) curve for
nuclear excitation is designated by (dE/dx),. The

electronic excitation curve 1is designated as
(dE/dx),. From ref. 63.
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both measurements and both were made using time-of-flight.

Since discovery of fission fragment induced desorption (10),
the effects of primary ion mass and energy have been studied
using particle accelerators (13,14). The observations indicate
that the desorption yields follow the electronic stopping
curves (13,64,65). Since the same ionization process appears to
be responsible at high and low energies (from the similarity in
the mass spectré) these results seemed to indicate that molecular
desorption at low energy is related to the low energy tail of the
electronic energy loss curves (see fig. 5.1).

To determine which energy loss process is responsible for
desorption at low energies, the yields of the amino acid alanine
were measured as a function of energy for several alkali ioms.
These results were then compared to the nuclear and electronic

stopping curves.

COMPARISON OF MASS SPECTRA FROM HIGH AND LOW ENERGY PRIMARY IONS

5.2.1 Experimental

Mass spectra obtained wusing 252¢cf  fission fragments at
Rockefeller University were compared with those taken using keV
alkali ions at Manitoba (26). Measurements were made on the
following compounds: alanine, arginine, sucrose, tetrabutyl-
ammonium iodide, adenosine 5°-monophosphate, adenylyl-(3'-5")~-
cytidine (ApC), and vitamin Bjj (cyanocobalamin). For all these

compounds both positive and negative ion mass spectra were
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obtained.

For these measurements, 2-20 keV Kt or Cs' ions were used in
the Manitoba instrument. Secondary ions were accelerated to
between 2.5 and 5 keV except for positive ions from vitamin By,
which were accelerated to 10 keV. Time~of-flight was measured
using time-to-amplitude conversion as described in 83.2 and
analysis was performed using the applications program provided
with the pulse-height analyser (see fig. 3.1).

The fission fragment instrument at Rockefeller is described
in detail in ref. 55. While the principle of mass measurement
(time-of-flight) is the same in the two instruments there are
some differences in detail. The fission fragments bombard the
sample foil from the back side and thus pass through the foil
before reaching the sample. They are effective on a 12 mm
diameter area compared to ~1 mm in the Manitoba instrument. The
flight tube at Rockefeller is 3 m (compared to 1.6 m) and employs
an electrostatic particle guide (66) to enhance the transport ef-
ficiency of ions to the detector.

Ions are accelerated in the fission fragment device with two
grids spaced 4.5 mm from the sample foil and an equal distance
apart. Secondary ion energy is typically 6.5 keV except for
positive ions for vitamin Bjp where 10 kV was used as in the low
energy instrument. The differences in configurations and voltages
cause the sample ions to be extracted into the field free flight
tube two or three times faster in the ion bombardment mass ' spec-—
trometer than in the fission fragment mass spectrometer. The
fission fragment instrument wuses a multistop time-to-digital

converter (67) with a very low deadtime (> 10 ns). The flight
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times of up to 15 secondary ions per primary fragment may be
measured with this device, and thus it does not give rise to
spectral distortion of the kind mentioned in 8§3.2.1. when the
single stop TAC 1is wused. Considerable care was exercised to
ensure that the primary pulsed beam was kept to a 1low enough
intensity to ensure minimal spectral distortion.

The compounds were dissolved in mixtures of methanol and
water and electrosprayed onto aluminized polyester (6.4 mm thick)
to a thickness of ~ 10ng/cm2. The compounds were obtained from
Sigma Chemical Co. except for sucrose (Fisher Scientific Co.) and
tetrabutylammonium iodide (Aldrich Chemical Co.) and used without
purification.

The samples were first prepared and analysed at Manitoba
with low energy ion bombardment. The foils were then packed in
shipping containers with the sample side free of contact, and
sent by post to Rockefeller where spectra were taken with the
fission fragment mass spectrometer. The average time interval

between the two analyses of a sample was about 1 week.

5.2.2 Data Analysis

For determination of the background, spectra of bare sample
foil were taken with both machines. Considerable backgrounds were
observed in the low mass region (m/z < 150) for both instruments.
In the positive fission fragment spectrum large ion intensities
were observed at m/z 1 (HY), m/z 23 (Nat), m/z 39 (xt), and
m/z 63 together with numerous peaks of smaller intensity. The
low-energy ion bombardment spectrum was rather different, with

large peaks at m/z 23, 27, 29, 41, 43, 57, and 149. The most
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intense peaks observed from the bare foil in the ion bombardment
negative spectrum were m/z 1 (H™), m/z 16 (07), and m/z 17 (OH7).
The ions at m/z 16 and 17 are present in relatively low intensity
in the fission fragment negative spectrum, and the most intense
ions are observed at m/z 1 (H™) and m/z 25 (CoH"). In addition,
numerous differences in ions of smaller intensity are observed.
The cause or significance of these differences is not understood.

These backgrounds were subtracted from the sample spectra
making use of the arbitrary criterion that sample peaks must have
approximately twice the intensity of the background peak at the
same m/z value to be retained in the net spectrum. The ubiquitous
ions HY, Nat, H~, 07, OH™, and CoH™ were generally omitted from
the spectral comparisons because of their uncertain origin.

All the fission fragment spectra with the exception of those
of ApC and vitamin By, were recorded in channels 3.125 ns wide,
and the plotted intensities are the result of 5 channel sums
about the peak centroids. Because of the greater length of the
spectrum, ApC data were recorded at 35 ns/channel, and the
intensities are the result of 3 channel sums about the peaks. The
jon bombardment mass spectra were recorded at 9.2 ns/channel with
the exception of that for wvitamin B;j, which was recorded at
13 ns/channel. The plotted intensities for alanine, arginine, and
sucrose were obtained from 5 channel sums, while ion intensities
for the other compounds were simply obtained from the peak
heights. The peak shapes for different ion species from a partic-
ular compound differ markedly, but in the same way for both
methods of ionization. The method for deriving the intensities

outlined above puts emphasis on peak heights, thus tending to
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underestimate the total intensity under broad peaks. However,
since very similar broadening effects are observed with both

modes of ionization (84.4.2), the comparisons are meaningful.

5.2.3 Results

Positive and negative mass spectra were determined with both
modes of ionization for all eight compounds. Histogram spectra of
6 of the compounds are shown in figse 5.2~ 5.9, Each pair of
spectra are normalized to give equal intensities at an
appropriate molecular parent ion (usually (M*—l)i). In all cases
the spectra obtained with the two methods are highly similar. The
spectra of ApC (fig. 5.6) and tetrabutylammonium iodide
(fig. 5.7) are representative of the Dbest agreement obtained
between the two ionization methods, while the positive sucrose

spectra (fig. 5.42) represents the poorest agreement. The
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Figure 5.2 Arginine positive ion spectra: upper,
2.5 keV K+ ion bombardment; lower, 252Cf fission
fragment bombardment.
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agreement for the other spectra generally lie between these.
The molecular ion is formed in the same way for most of the
samples (e.g. H or Na attachment). The most significant exception

to this is sucrose where the low energy ion bombardment spectrum
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(fig. 5.4a) shows an (M+K)*t peak in addition to the (M+Na)t,
This was not observed in the fission fragment sgpectrum. It is
possible that a small part of the target was doped by the primary

Kkt beam which was used for thig measurement. Since the fission
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probably not be detected.

over
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a much larger area, this would

In general, the relative intensities of the identified frag-

ments agree to within a factor of 2. Some differences in the
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spectra are observed but these do not appear to result from

sample ions. For example, in the positive sucrose spectra

(fig. 5.4a), the pattern of small peaks between m/z 200 and 300,

which is quite different in the two spectra, seems to result from
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impurities since it did not occur for independently prepared
samples measured with the fission fragment apparatus. In
addition, many of the peaks for which substantial differences
were observed correspond to ions having large mass defects
(measured at Rockefeller) and are thus inorganic in origin.

The largest molecule for which a direct comparison was made
was vitamin Bjj. The raw time-of-flight data for this sample are
shown in-fige. 5.8. Even for a molecule as complex as vitamin Bj,y
the raw data show remarkable similarities in detail, especially
above mass 150. In the positive spectrum, a peak is observed at
m/z 1330 with fission fragments and at m/z 1329 with low energy
ions, which probably corresponds to the loss of the cyanide
ligand attached to the central cobalt atom. There is also some
discrepancy in the mass assignment of the negative ion peaks at
high mass, but these are probably not significant; the error in

the 252¢f measurements was {u, but the estimated uncertainty in
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Figure 5.7 Tetrabutylammonium iodide positive ion
sgectra: upper, 3.5-deV Kt ion bombardment; lower,
252¢cf fission fragment bombardment.
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the low energy measurements (where analogue circuits with
inferior stability and linearity were used - 83.2) was ~2 u. Some
differences do exist, as for instance the observation of a large
peak at m/z 149 in the ion bombardment spectrum and its relative
absence in the fission fragment spectrum. However, an impurity
ion is consistently observed in the ion bombardment spectra at
m/z=149 and is only seen with weak intensity in the fission
fragment spectra. This peak is probably associated with phthalate
impurities at the surface. Since the fission fragments pass
through the target from behind and have much higher energy, they
sample a larger volume and may therefore be less sensitive to
surface impurities than low energy ions striking the front of the
target. Further discrepancies are to be seen in the low mass
region. However, several of these may also be associated with
background ions.

Although the vitamin Bj;, spectra are the only ones that show
jons below m/z~15, the differences observed here for the
hydrogen ions are typical: If H' is observed in the low energy
spectra its relative intensity is much less than in the corres-
ponding fission fragment spectrum where it is usually the base
peak. The H2+ and H3+ jons observed in all fissioﬁ fragment

spectra have not been observed in any low energy spectra.

A less direct comparison between the two methods may be made
at higher mass by examining the mass spectra of fully protected
oligonucleotides. McNeal et al (68,69) published a detailed study

of these compounds using 252¢f figsion fragments, and recently
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some of them have been analysed in the Manitoba instru-
ment (29,30) with very similar results. An example is given in
fig. 5.9. The 252¢cf gpectrum has better statistics and a smooth
background subtracted but otherwise 1is very similar to that
obtained with 10 keV cst ions. Thus for this type of molecule, it
appears that the close similarity extends to at least m/z ~ 2000;
protected oligonucleotides up to m/z ~ 3450 have been analysed
with keV Cst 1ions (30) but the compounds were not identical to

those studied with fission fragments.
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Fiipre 5.9 Positive mass spectra of C,A U: upper, 10 keV
Cs ion bombardment; lower (taken from ref. 68), 252¢¢
fission fragment bombardment. See ref. 29 or 68 for
details.




Page 80

5.3 SECONDARY ION YIELDS

Pronounced variations in the yield and spectra of secondary
ions with changes in primary ion species and energy have been
observed. The point is illustrated in fige. 5.10 which compares
the positive secondary ion spectrum excited by 1 keV and 14 keV
Cst ions. When the primary ion energy increases from 1 keV to
14 keV, the yield of the molecular ions increases by more than an
order of magnitude, their ratio to the fragment ions increases,
and cluster ions (2M+H)' become apparent. Secondary ions from
alanine produced by pfimary Cs+, K+, Nt and Lit ions at energies

up to 16 keV were measured (70).
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Fiipre 5.10 Positive ion spectra for alanine with 14 keV
Cs (left) and 1 keV Cst (right) primary ions. The scale
in the lower right spectrum corresponds to that in the
left one. The upper right spectrum is magnified 8 times.
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5.3.1 Energy loss Calculations

Calculations of electronic and nuclear stopping power for
alkali metals incident on alanine were made using the Lindhard
theory (71) as modified by Wilsonm, Haggmark and Biersack (72).

The results are shown in fig. 5.11.

For low velocities (v'<v°Z%/3; vy 1s the Bohr velocity and
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Figure 5.11 Nuclear and electronic energy losses
at the surface of an alanine tarégt as a function
of primary ion energy for Li+, Na™, kKt and Cst.
Nuclear stopping curves were calculated using the
"average" parameters quoted in ref. 72.
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Z; the atomic number of the projectile), the electronic cross
section S, is nearly proportional to the projectile veloci-
ty (73); this may shown for an atom moving through an electron
gas of constant density. The dependence on the projectile and
target atomic numbers was determined assuming a Thomas—-Fermi
model of the atom™:

YAYA v
122
Se = eegﬂeZao —_ET_—

Vo
where a, is the Bohr radius, §¢ = Z%/6 and 22/3==Z§/34-Z§/3.
Stopping power is then given by (dE/dx)e =NS, where N is the
volume density of target atoms.
Nuclear stopping is given by
Tm

(dE/dx), = N z T o(T) dT (5.1)
where T is the energy transferred to the target atoms and o(T) is
the differential cross section for energy transfer. In the

Lindhard theory, the cross-section 1is calculated assuming a

potential of the form
2122e2
V(r) = ——— 9,(xr/a)

T
where ¢, (the Fermi function) is a screening function based on
the Thomas-Fermi atom; a==0.8853ao/21/3 is the screening length.
The stopping power is then determined by numerical integration of
eq’n 5.1. Wilson et al obtained more accurate results with the
screening function

#(r) = 3 cge P17/2

* The field is assumed to vary slowly over the dimensions
comparable to the wavelength of an electron. The model predicts
the radius of an atom decreases as 2~
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where Cy, b; were calculated using the free-electron method (74)
for several atom pairs over a range of atomic numbers and masses.
The results for six neutral atom interactions were averaged to
give a representative set of parameters. They found simple
analytical expressions to present their results; the reduced

stopping power S,(€) is given by

Aln(BE)
BE - (BE)~C

Sp(€) =

where E==aM2E/ZIZZe2(M1-+M2) is the reduced energy (M;, M, are
the projectile and target masses and E is the projectile energy).
The constants A, B, C were tabulated for various atom pairs and
for an average over a range of pairs. The stopping power may then

be calculated from

(dE/dx) aalNE MMy (€)

x =

n € (Mp + Mz)z n
The total stopping power for alanine was calculated by

adding the contributions from the individual atoms in alanine.

For the nuclear stopping, the "average" parameters quoted in

ref. 72 were used.

5.3.2 Experimental

Samples of alanine (Sigma Chemical Co., St. Louis, Mo.) were
dissolved in methanol and water, then electrosprayed onto
aluminized polyester film to give a sample thickness -40ng/cm2.
A typical time-of-flight spectrum is shown on the 1left in
fig. 5.10. The most prominent lines correspond to the molecular
protonated ion at mass 90, the fragment at mass 44, and the Nat

background ion at mass 23.
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Secondary ions from alanine produced by Cs*, K*, Nat and Lit
ions at energies up to 16 keV were measured. The secondary ion
energy was 8 keV. Spectra were taken using a time-to-amplitude
converter and a pulse-height analyser as described in §3.2.

The number of secondary ions detected in each peak Np, was
determined by integrating the counts in the corresponding chan-
nels of the pulse-height analyser. The analysis was performed
using the applications program supplied with the analyser. The
number of desorbed ions is then Ng =Np/G where G is the
transmission of the.acceleration grid (60%). The efficiency for
detection is assumed to be near 100%. The number of primary ions
hitting the target N, was calculated from the measured slit

P
current using eq’n 2.4. The total yield is then given by

Ng X NaVger

Y = =
Np QJ/ ZmPVp
where
3/2
e L
K = —— = 1.32 X 10~27 ¢3/24-14
G2sdf

is determined from geometrical constants (82.4.2) and the primary
pulse frequency (f=5 kHz for these measurements); Q is the .
integrated slit current (Islit°T): mp,Vp are the mass and
accelerating potential of the primary ion, and Vies 18 the
deflection pulse height (~400 V for these measurements). As
mentioned in 8§2.4.4 the measured slit current may overestimate
the primary current so the absolute yields should be treated as
lower limits,

The secondary ion yield is strongly affected by target

preparation so the same target was used for Lit, XK' and Nat pri-




Page 85

mary ions. However, because of target damage from sparking, it
was necessary to use a different target for the measurements with
Cst ions. Since the (M+H)T yield from this target was =3 times
lower (measured for 6 keV Cst ions) than that from the target
used with the other primary ions, the Cst yields were scaled

accordingly.

5.3.3 Results
Figse. 5.12-5.15 show the relative yields for wvarious sec-

ondary ions when alanine is bombarded by Cs+, K+, Nat and Lit

yield

M+ H-HCOOH

M+H

M+Na

2M+H

Cs* primary ion energy (keV)
L 1 L 1 T

T Y T T
D 2 4 ] 8 0 ©” " % ]

Figure 5.12 Secondary ion yields from alanine
produced by cst primary ions. (The vertical scale
is linear.)
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Figure 5.13 Secondary ion yields from alanine produced by Kt pri-
mary ions. (Linear vertical scale)
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Figure 5.14 Secondary ion yields from alanine produced by Nat
primary ions. (Linear vertical scale)
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ions of energies up to 16 keV. For the lighter ions the curves
tend to flatten out between 5 keV and 10 keV, but for Cst the
yields are still increasing at 16 keV. The ratio of the molecular
protonated ion (M+H)t to the fragment ion (M+H - HCOOR)*
increases with increasing primary energy and with the mass of the
bombarding particle, having values ~0.1 for 10 keV Li* ~0,5 for
2 keV Cs* and ~0.9 for 16 keV Cs*, on the other hand, the ratio
of the cluster ion (2M+H)T to the molecular parent ions M+t
and (M+Na)t remains fairly constant (for Na+, K+, and Csh),

The error bars in figss 5.12-5,15 represent the statistical

error in the peak integrals, Other random error such as

M+ H-HCOOH

, ¢
?

L

Li* primary jon energy (keV)
T T T T T T L
0 f 2 3 4 5 6 7 8 ] 0

Figure 5.15 Secondary ion vyields from alanine
produced by Lit primary ions. (Linear vertical
scale)
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fluctuation of the slit current during a measurement also affect
the calculation of the yields. These are difficult to estimate

but are unlikely to affect the observations made below.

Fig. 5.16 shows the relative yields for the ion (M+H)" as a
function of primary ion energy and species. Clearly there is a
strong dependence on the mass of the incident ion. Comparison of
the experimental yields (fig. 5.16) with the stopping powers
(fig. 5.11) suggests that it is the nuclear energy loss (or

perhaps the total energy loss) which 1is responsible for the

1072,
J yield

L1 11

103

i

107

L r1iqpd

1

10-9
E Li
1 V)
107§
3 primary ion energy (keV)
T T T T t 1| L
o] 4 6 8 10 12 14

Figure 5.16 Yields of (M+H)' secondary ions from
alanine produced by Cs+, K*, Nat and Lit primary
ions. The scale gives the absolute yield (second-
ary ions/primary ion) estimated by the method
described in §2.4.3, so the experimental points
should be taken as lower limits.
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_production of secondary ions in the keV energy region. To illus-
trate the point, the yields are plotted as a function of
electronic stopping (fig. 5.17) and nuclear stopping (fig. 5.18).

Apparently electronic stopping is not an important parameter; for

1072 -
ELECTRONIC STOPPING Cs
1073}
K+
O +
» N
g 107} a
>-
1075t L
10-6 . 1 1 . 1 . i . 1 . | W 1 1 1
0 5 10
(dE/dx), (eV/R)
Figure 5.17 Yield dependence of (M+H)T secondary
jons from alanine on electronic stopping power of
Li+, Na+, K+, and Cst primary ions.
1072
NUCLEAR STOPPING
1073t T
()]
-4
g 10°r
)—
108 e
“\li‘ (totad
10‘6 . P YU TS T [ NS | . 1 R :

0 50 7100
(dE/dx), (eV/A)

Figure 5.18 Yield dependence of (M-l-H)+ secondary
jons from alanine on nuclear stopping power of
Li+, Na+, Kt, and cst primary ions. For primary
Lit ions, the yield is also plotted against the
total energy loss. The dashed 1line indicates an
estimated average curve.
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the same electronic energy loss, four different yields ranging
across 3 orders of magnitude are obtained. In contrast the yield
shows a clear dependence on nuclear stopping; the deviation from
an estimated average curve (indicated by the dashed line) is
within a factor of ~2. Other factors affecting desorption may
explain the deviations or they could result from experimental
error - possibly due to the fact that a different area of the
target was used for each ion type.

The electronic and nuclear stopping powers have the same
order of magnitude ‘but quite different shape for incident Lit
ions (fig. 5.11)« The experimental yields of (M+H)T for primary
Lit (fig. 5.16) suggest 2 dependence on the total energy losse.
The yield dependence on the total energy 1loss for Li is also

plotted in fig. 5.18.

DISCUSSION

The results of the yield measurements (85.3) show that
nuclear stopping causes molecular ion desorption at keV energies
in contrast to the high energy (MeV) region where electronic
stopping must be responsible for the observed productione. Thus it
appears that Eg&&_mechanisms of energy loss are effective in
production of secondary organic ioms, as suggested also by
results reported by Albers et al (75). The similarity in the mass
spectra obtained with low energy ions and 252¢cf fission ffagments
(§5.2) indicates that the major processes for the formation of

molecular ions are closely related. These observations suggest
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that desorption of molecular jons is independent of form of the
incident energy but étrongly dependent on the the amount of
energy deposited; the desorption process is a secondary effect.
Other demonstrations of similar mass spectra obtained with
éifferent desorption methods have been made (76) However, a
comparison between time-of-flight spectra using keV primary ions
and fission fragments provides convincing evidence because the
difference in energy 1loss mechanisms may  be isolated from
experimental parameterse. This is not true, €e8e, of a comparison
between particle and_laser desorption, since much higher spatial
resolution is normally used with laser desorption and a transient
recorder is wused to digitize an analogue signal to record laser
desorbed time-of-flight spectra.

The constant ratio observed between the yield of clusters
(2M+H)+ and the yield of protonated molecular ions (M4-H)+
contradicts the result predicted if the cluster were formed in
front of the surface by two molecules emitted independently; in
that case the yield would be expected to vary as the square of
the number of molecules emitted in an individual event (77)+ Thus
the experimental result supports the jdea that the clusters
already exist on the surface and are ejected as a unit by the

primary ion.

The relative yields from keV ions and fission fragments were
not measured in this experimente. However since these results were
first reported (26) Kamensky et al (78) have performed a

comparison of the yield of several organic compounds for 3 keV
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cst and 54 MeV 63Cu9+ primary ions. They report somewhat
different spectra of ergosterol with the two primary ions but the
differences may result from other components (background and CsI
clusters) in the low energy primary beam, and the difference in
time resolution. The ratio of yield from 54 MeV 63cudt ions to
that from 3 keV cst ions was always greater than 1 and increased
with the mass of the sample molecule (to 196 + 50 for
trinucleoside diphosphate, m/z 1884). These ratios would probably
be considerably lower if somewhat higher Cst energies were wused;
according to fig. 5.12, the yield of alanine from primary cst
ions is still increasing rapidly at 3 keV. Indeed, it 1s not
clear that the Cst ion energy at the target was 3 keV since they
were accelerated to 3 keV but the target was at high voltage
(apparently near 3 kV) to accelerate the secondary ions.

The lower yield from keV jons can be compensated for to some
extent by bombarding with larger primary ion fluxes. The flux of

fission fragments or accelerated ions (from continuous beams) is

1imited by the random time distribution; if the flux is too high
there is confusion as to which primary ion caused desorption. The
filux of fission fragments ijs also limited by the availability of
strong 252cf gources and the problem of containing the
radioactivity. On the other hand, with a pulsed ion beam the
number of ions in each pulse may be increased to a large value.
In the present apparatus it has been straightforward to produce a
flux of pulsed ions 2-3 orders of magnitude more intense than
that available f£from the strongest practical californium source.
However, increasing the bombarding ion flux may at some point

produce sample charging effects or radiation damage.
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1f an increase in primary ion flux 1is accompanied by an
increase in background, then poorer signal-to-noise ratios are
expected for low energy ions. The result that the ratio of yields
increases for larger molecules (78) then has important
implications; this suggests that the mass limit may be higher for
more massive or more energetic ions. in fact, this appears to be
true; molecular ions from vitamin By, Wwere not observed using
primary gt ions but the spectra taken with cst ions (fige. 5.8)
show molecular parent ions with signal-to-noise ratios comparable
to the fission fragment spectra. Until now we have not been able
to observe molecular ions from bovine ijnsulin (m/z 5739) using
10 keV Cs* ions® although high yields of this compound have been
measured with 252¢f fission fragments and 90 MeV 127718+ (12).
Recently molecular ions from insulin were observed at Rockefeller
University using fission fragments incident on the same target
analysed here.

It was suggested (78) that high energy bombardment activates
a larger area and that this may be necessary to desorb the larger
more extended molecules. Recent measurements of secondary ion
multiplicity  for high energy bombardment of large organic
molecules (79,80) support this idea. The average number of sec-
ondary iomns detected per primary projectile was >4, and some
incident particles ejected more than 32 secondary ions; the

observation of insulin molecular ions was correlated with events

* Bovine insulin has been observed (with rather poor yield) with
9,5 keV Xe atoms incident on & glycerol matrix (18). The
difference is probably a result of the liquid matrix which may
reduce the amount of energy required for desorption of molecular
ionse.
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in which the average multiplicity was greater than the overall
average. We have made similar measurements here using low energy
primary iomns (81). In contrast to the results obtained with high
energy primary ions, events yielding Egzg_than one secondary ion
were almost one hundred times less probable than those yielding a

single secondary ion.

Thus there are considerable advantages (figs. 5.12 - 5.15) in
bombarding the target with particles having a larger energy loss.
Cst ions at 16 keV gave higher yields and less fragmentation than
any others measured; installation of a 1iquid metal ion source is

planned to see if this behavior extends to heavier primary ions

and perhaps to bombardment by cluster ions.




CHAPTER 6

METASTABLE MEASUREMENTS OF CsI CLUSTERS

6.1 INTRODUCTION

Clusters are aggregates of too few atoms or molecules to
take on the bulk properties of a solid. Their study is important
to the understanding of nucleation phenomena valuable in many
areas of physics and industry. Since their properties are
distinct from those of solids and gaseous molecules the study of
clusters has become a discipline in itself. The study of the
desorption of clusters by particle impact may also contribute to
| an understanding of the desorption of involatile organic
molecules.

Because it is a many-body problem, most of the theoretical
work has been limited to inert gas clusters since they allow a

simple potential to be assumed (82). Recently a theoretical

treatment of alkali halides has been developed by Martin (83).
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Limited experimental data exist on clusters with more than
a few atoms because it has been difficult to produce large stable
clusters for spectroscopic analysis. However large secondary
cluster ioms ejected from CcsI surfaces by 4,7 keV Xet ion bom-
bardment have recently been observed in a sector-field mass spec—
trometer (84-86). Positive ions [(CsI)nCs]+ were detected up to
n =70, and negative clusters [(CsI),I]17 up to n=4. For the
positive clusters the ion intensity decreased rapidly with
increasing n, but superimposed on this general decrease were
pronounced anomalies; €«8e, the intensity of the n=13 cluster
was enhanced by a factor ~2, but the clusters with n=14 and 15
lay more than an order of magnitude below the average cCurve. 1t
was noted that the anomalies were correlated with particularly
symmetrical cluster geometries, €«ge., 3% 3X3 at n=13; clusters
formed by the addition of Csl molecules to these structures were
evidently suppressed, either in the production process or through
jnstability (84-86). The anomalies were then interpreted (84,87)
by a bond-breaking or a cleavage model, under the assumption that
they arose in the ion production process.

We have observed similar clusters (88,89) when electro-
sprayed deposits of Cs1 were bombarded with 8 keV cst ions.
Positive clusters with n up to ~40 and negative clusters with n
up to ~20 were detected (the latter with 28 keV cst bombardment).
The positive and negative time-of-flight spectra are shown in
fig. 6.1. 1In striking contrast to the results mentioned above,
the ion yield varies smoothly with n; RO significant aﬁomalies

are observed. Fig. 6.2 compares the two measurements.
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Figure 6.1 Time-of-flight spectra of positive and negative ion
clusters, [(CsI)nCs]+ or [(CsI)nI]—, at primary csT average
current densities ~2>10"10 A/cm2 after a total irradiation of
~4%1015 cs* jons/cm?. The positive spectrum Wwas taken in 3
sections (6 to 35, 35 to 55, and 55 to 110 us) and normalized at
n=4 and 10; measurement times were 15, 90, and 120 minutes. The
negative spectrum was taken in two sectioms (O to 45, and 43 to
100 pus) and normalized at n=4; measurement times were 10 and 75
minutes. The structures between the main cluster peaks correspond
to clusters with replacement of one Cs atom by a Na atom or to
replacement of one I atom by a Cl atom.
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Methods of target preparation and conditions of ion bombard-
ment were somewhat different in the two cases. However, the most
significant difference between them lies in the time scales of
the observations, an important factor if the clusters are
unstable. In the sector-field spectrometer (90) a cluster ion
with n=13 (m/z~3500) and energy 0.3 keV requires ~750 us to
traverse the instrument; if the ion decomposes within that time

jt 1is not observed, at least not at its original mass. By

00

» Reference 84

-1.0¢ © Present Results

-40r

Figure 6.2 Relative yields of [(CsI)nCs]+ clusters
in the present measurements and in the previous
measurements (84-86), both normalized to n=1. The
slope of the yield function in the present
measurements varied for different targets but was
always a smooth curve. Neither measurement is
corrected for spectrometer or detector efficiency,
but these corrections are expected to vary
smoothly with n.
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contrast, an ion in a time—of-flight spectrometer need survive
only 1long enough to be fully accelerated in order to appear at
jts original mass number; subsequent decays simply 1increase the
width of the peak (82.5.4, §4.5.2). In the Manitoba instrument
the n=13 cluster ion is accelerated to its full energy of 10 keV
in 0.17 us, and so these measurements yield the population of
n=13 ions 0.17 us after their emission.

The retarding grids described in 82.5 were jnserted in front

of the detector at the end of the flight tube to investigate the

stability of the CsI clusters.

SAMPLE PREPARATION; EFFECTS OF IRRADIATION

A solution of CsI in methanol and water was electrosprayed
onto aluminized polyester to give rather thick targets (2500
nmoles/cmz). Initially the relative yields of CsI cluster ions
were considerably jower than those reported by Campana et al
(84-86); for many targets, clusters with n27 could not be
observed. Since the primary current density is several orders of
magnitude lower here, the sample was jrradiated with the dec ion
beam to approximate conditions under which the Xet bombardment
spectra were taken. A marked increase in the yield of cations,
anions, and all cluster ions was observed after jrradiating the
sample with 2 1014 cst ions/cmz; the same effect was observed with
ceveral alkali halides after sirradiation with Cst or K (59,91)«

Fig. 6.3 shows the spectrum of CsI before and after irradiation
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Figure 6.3 Time-of-flight spectra of ions from 8 keV Cst ion bom-
bardment of CsI before and after bombardment with ~1016 cs*
jons/cm? (at 18 keV). The scale on the spectrum  before
jrradiation has Dbeen magnified by a factor of 100; i.e.
jrradiation has increased the yield of cst ions by a factor ~100.
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Figure 6.4 Ion yield for K" ions and various clusters [(KI)nK]+
from 8 keV ¢cst {ion bombardment of electrosprayed K1, as a
function of the total number of incident Cst ions (at 18 keV) per
Cl™e
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with ~10!6 cst ions/cm?. Irradiation has increased the yield of
cst ions by a factor ~100 and has given correspondingly large
increases in the abundance of cluster ions. After the initial
increase, further jrradiation produces little effect as shown in
fig. 6.4 for KI. Surface cleaning may account for part of the
increase, but it appears that the irradiation causes some other
changes in the sample properties (possibly in the crystal
structure) since most of the improvement remains even after a
sample is exposed to air for more than a week.

Irradiation of KI with cst allows the additional effect of
ion implantation to bé observed; fig. 6.5 shows the appearance of
clusters containing the implanted iomns after irradiation. The
increase in yield of these clusters with irradiation is much more
gradual but continues for larger doses as shown in fig. 6.6. The
appearance of these mixed clusters indicates that in fact

substantial changes in the surface properties occur.

® (kncst  After kr$diaﬁon
. . 1 *
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Figure 6.5 Time-of-flight spectra of ions from
8 kev Cst ion bombardment of KI before and after
"bombardment with ~1017 cst ions/cm2 (at 18 keV).
Clusters containing implanted cst ions appear
after irradiation.
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Because the enhanced emission diminishes gradually after

irradiation, targets used in this experiment were irradiated
before each~measuremenﬁ with ~4% 1015 cs* jons/cmZ. Since CsI was
bombarded with cs* ions, both of the above effects were present
but the effect of implantation is evidently small; the CsI
cluster yields flatten out after ~1015 incident cst ions/cm2.
Target irradiation also causes delayed emission of some sec-
ondary ions; broad secondary peaks were observed ~200 mns, after
each of the cation and cluster peaks. The jdentification of these
peaks with delayed emission was confirmed by pulsing the target
potential. The resulﬁs for the (CsI)Cs+ peak are shown in

fig. 6.73 peaks corresponding to jons emitted promptly shift

independently of the peaks corresponding to the delayed ions for

Cs'

]
[
>
[
o
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1 10 10° 10% 10°
particles/cm?

Figure 6.6 Ion yield for mixed clusters from 8 keV
cst ion bombardment of electrosprayed KI, as 2
function of the total number of incident cst ioms
(at 18 keV) per cm
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target pulses applied 170 ns apart. The relative height of the
delayed peaks increases for larger clusters, and for n2»7 the

effect produces a high-time tail on the peaks. This is the reason

(CshCs"

Counts/Channel

Flight Time

Figure 6.7 Effect of pulsing the target potential
from 10 kV to 10.25 kV on the time-of-flight spec-—
trum of CsI near the (CsI)Cs+ peak after the
target was jrradiated by 2 1016 cs™ ions/cmz. When
the pulse is applied at t=0 (when the primary
ions hit the target) 1lons desorbed promptly
receive more acceleration and the corresponding
peaks shift to shorter times but the broad second-
ary peaks are not shifted. When the pulse 1is
applied at t =170 ns, the delayed peak is shifted -
to shorter times. The target was pulsed with an
Avtech AVL-A pulse generator triggered through an
optical isolater. Its output pulse had 250V
amplitude and 100 ns width; the rise and fall
times were {3 ns.
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for the rather broad peaks in the positive spectrum shown in
fig. 6.1; the effect 1is considerably smaller for negative ions
and the peaks are correspondingly narrower. In measuring relative
yields, the peak integrals included the contribution from the

delayed emission.

MEASUREMENTS

Time-of-flight . spectra were measured with a
time-to-amplitude converter and analysed with an LSI 11/23
computer (fig. 3.1). Spectra were recorded for various retarding
potentials between 7 and 10 kV applied to the central grid of
fig. 2.15. Results for the positive clusters with n=4 to 7 are
shown in fig. 6.8. For clusters [(CsI) Cs]t up to n=4, the
parent ions were predominant, but for n>4 fragmentation
increased rapidly. Above n=7, no parent ions could be observed,
only fragments. The measurements were taken at a pressure of
~10"7 Torr; an 1increase in pressure by a factor of 3 gave no
observable change in fragmentation. Thus collisions in the flight
tube appear to play no important role in the fragmentation
observed here®. On the other hand, the results are consistent
with metastable decay; evidently the 1larger clusters acquire
enough internal energy during emission to make them unstable on a

time scale €100 us.

* Baldwin et al (92) have recently observed collision-activated
dissociation when sufficient pressure of He is introduced. They
found that the collision cross-—section varied in a similar way to
the stability.
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In fig. 6.8, the peaks labelled "EF'" correspond to the
ejection of one CsI molecule; the dominant mode of decay was
found to be ejection of 1 to 3 CsI molecules. For these smaller
clusters the mode of fragmentation could be identified by

measuring the delay time between the peaks. For larger clusters,

CsDCs*t
POS. 10keV ions

S Vp=0.0

Counts /Channel

Flight Time

Figure 6.8 Time-of-flight spectra of 10 keV
[(CsI)nCs]+ cluster ions with =zero retarding
voltage Vg and with Vg = 7.0 and 9.2 kV. P labels
the parent ion, N a neutral fragment and F a
charged fragment resulting from the loss of one

CsI molecule.
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the peaks resulting from delayed fragments could not be separated
so the fragmentation patterns were determined by selectively
reflecting charged daughters.

Decay of the positive clusters above n=13 was investigated
in some detail. Mass spectra were recorded above the n=9 cluster
(the start was delayed by =~ 55us) for retarding voltages Vg o,
7.0, 7.5, 8.0, 8.4, 8.6, 8.9 and 9.5 kV. The spectrum at Vg=0
shown in fig. 6.9 (upper trace) corresponds to the number of
desorbed parent clusters intact after ~0.17 ps. With Vg=9.5 kV
all charged fragments resulting from decay in the flight tube are
reflected. Since no intact parent ions were observed in this

range the resulting spectrum shown in fig. 6.9 (lower trace)
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Figure 6.9 The positive spectrum of Csl between
n=10 and n=20 taken with zero (upper trace) and
9.5 kV retarding potential. The wupper trace
corresponds to the total number of parents at
0.17 ns. The lower trace corresponds to the number
of neutral fragments from decay in the flight
tube.
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corresponds to neutral fragments. As Vg is increased from 7.0 kV
to 9.5 kV, successively larger fragment ions are reflected. For
example, fig. 6.10 shows time-of-flight spectra for retarding
voltages of 8.0 and_8.4 kV. Here the n=16 cluster is prominent
at Vg=8.0 kV (=~ 62% of its original yield), but has disappeared
at Vg=8.4 kV. This is consistent with decay of ~60% of the n=16

parent to n=13 in the flight tube since the potential required
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Figure 6.10 Yields of [(CsI)nCs]t clusters above
n=13 for retarding potentials Vg=8.0 and 8.4 kV
on the grid in front of the detector. Here back-
ground (the spectrum at Vg=9.5 kV) has been
subtracted. .
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to stop this fragment is

(13X 260) + 133
Vg = (10kV) = 8.2kV
(16X260) + 133

Peak integration was performed after the background (the
spectrum at Vg=9.5 kV) was subtracted. A smooth background was
subtracted from the neutral spectrum (fig. 6.10 - lower trace) to
obtain the contribution from neutral fragments. The number of
counts in the n=2 cluster peak was used for normalization; these
jons are stable so the retarding potential does not affect the
peak integral. The n=2 peak was not available in these spectra,
however, because the start had to be delayed past the n=9 peak
to avoid spectrum distortion (§3.2). To obtain the normalizationm,
the detector output was connected to a scaler through a gate
(fig. 6.11) which was set to allow pulses corresponding to ions

with the desired flight time.

DETECTOR | s

gate
TRIGGER FOR
PRIMARY ON PULSE Gg}f A

Figure 6.11 Circuits used to obtain normalization from
the n=2 cluster peak. The delay was set to the flight
time of an n=2 cluster ( =28 ps) and the gate width was
= 4pns. (The apparatus is a subset of that specified in
fig 3.3.)
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Table 6.1 shows the measured decay pattern for parent
cluster ions with n=14 to 18. Disintegrations which yield frag-
ments with n=13 are strongly favored and fragments with n=14
and 15 have very low yields. Thus the present distribution also
exhibits an anomaly near n=13, but only at times >lus after
emission; the anomaly is a result of the pattern of metastable
decay, not a consequence of the production process. In the
sector-field measurements (84-86,90), an ion with n=13 spends
~50 ps within the extraction lens before entering the spectro-
meter, and so it appears likely that many of the large clusters
observed were disintegration products originating from regions

close to the target. The same comment may apply to some of the

TABLE 6.1

Yield of fragments from CsI clusters measured at
~70 ns after emission, both parent and fragment
having structures [(CsI)Cs]t. Each column lists
the percentage yield of fragments with various
values of n, i.e., the number of fragments
detected per 100 detected events in the parent
peak. The last row gives the percentage yield of
neutral fragments (measured at Vg=9.5 kV).
Estimated errors in these numbers are 5 or less.

Parent
n= 4 B ¥ 17 18
Fragmen
n= M 6 6 5 1 0
12 24 22 2 1 0
13 40 40 62 45 26
“ 0 0 0 0 6
15 o 0 8 M
1B 0O 20 18
7 0 22
18 0
Neutrals 17 17 19 1© %
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clusters observed earlier in a quadrupole mass spectrometer (93).
In more recent measurements with sector-field instruments,
Campana et al (94,95) and Baldwin et al (92) have confirmed that
metastable decay is responsible for the observed anomalies; they
are found to "wash out" as the accelerating voltage is increased
(94,95).

The peaks in the spectra of parent ions include neutral as
well as charged fragments, indicated in Table 6.1. Some of these
neutral fragments are CsI molecules ejected in the decays
discussed above. Their number may be estimated from the number of
charged fragments observed if it is assumed that the efficiency
of the microchannel plate detector is proportional to the number
of atoms in the fragment (52); for example, the number of neutral
fragments in the n=15 parent peak corresponding to the charged
daughter n =13 would then be (2/13)X40= 6.2, For n=15 to 18,
the calculated sums of the neutral fragments corresponding to the
charged daughters observed account for most, if not all, of the
neutral fragments detected. Instead of emitting one or more CsI
molecules, the parent ion might decay by emission of small
charged fragments, e.g., Cst. The large neutral fragments
produced in this process would be detected with high efficiency.

Since the neutral fragments observed are already accounted for,

it appears that this mode of decay is relatively improbable.
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6.4 CONCLUSIONS

(i) Our measurements give no evidence for anomalies in sec~

ondary-ion production; cluster yields were found to decrease
smoothly with n when they are measured at sufficiently short
times (&1 ms) after emission. Such a smooth variation is
predicted by a thermal evaporation model (96) or if the clusters
are formed by statistical recombination above the surface

(86,97); anomalies in cluster emission would contradict such

models (86).

A R i

On the other hand, a smooth variation in yield might also be
expected from ejection of preformed cluster ions directly from
the solid state if the probability for their existence in the
condensed phase varies smoothly with size. The enhanced yield

after irradiation (fig. 6.4) may result from the formation of

such clusters by the break-up of larger microcrystals.

(ii) Secondary-ion clusters [(CsI)nCs]+ produced by 8 keV
Cst ion bombardment are predominantly metastable for n>7, with
lifetimes <« 100us. Decay of the clusters occurs mainly by
emission of one or more CsI molecules. The distribution of.decay
products, observed at times ~70us "after emission, exhibits a
striking anomaly; product clusters with n=13 are favored, and
clusters with n=14 and 15 are suppressed. This i1is consistent
with the theoretical treatment of alkali halides developed by

Martin (83). His simplest calculations use a two-body interaction

potential with a point ion Coulomb term and a Born-Mayer
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repulsive term:

YAV -y s
it Sabe I + Ae riJ/p
rij

Vij =
where 24, Zj are the atomic numbers of the atoms separated by a
distance Tj 4. The parameters A and p are determined from the
crystalline interatomic distance and the crystalline
compressibility. The total energy is the sum of all the two-body
interactions. The total energy was minimized with respect to Tjj
to find stable configurations. The calculations indicate (among
other things) that clusters with a high degree of cubic symmetry

(e.g. 3X3X3 at n=13) should be particularly stable and

additions to these structures should have low binding energies.

(iii) The present measurements give no direct information on
the production of neutral clusters. However, sputtering yields of
molecules and neutral clusters have necessarily been measured at
times »1lus after emission, and these yields have normally been
interpreted as giving the actual distribution of particles

ejected in the sputtering process. These results suggest that

such interpretations should be accepted with some caution.
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APPENDIX A

PREPARATION OF A THERMIONIC ALKALI METAL ION SOURCE

Positive alkali metal ions are produced by heating synthetic
alkali alumino silicates on the end of a tungsten filament
(38,39). Blewett and Jones (39) studied the dependence of
emission from Li* sources on composition and found maximum
emission for p-eucriptite (Lip0°+A1,03° 28i09). The p-eucriptite

for any alkali (alk) is prepared according to

a1k2CO3 + A1203 + 25109 _— alk.20’A1203‘23i02 + COo

The reactants are intimately mixed by grinding in a mortar. The
resulting powder is then placed in a suitable crucible (zirconium
oxide e.g.) and heated to approximately 1400°C for ~15 minutes in
an induction furnace. The resulting hard pellet is ground in a
mortar.

The filament is an ~1.5 cm 1length of 127 um diameter
tungsten wire (Ventron 00369 Tungsten Wire) bent into a hairpin

shape and spot-welded to a filament holder (see fig. A.1l).

- 113 -




Page 114

A small amount of the p-eucriptite is mixed with a few drops
of amyl acetate in a watch glass, and applied to the tip of the
filament to form a bead ~2 mm in diameter. The most stable and
symmetric beads have been formed by repeatedly heating the
filament red hot over a flame and dipping it in the mixture. A
small amount of the P-eucriptite adheres to the filament each
time and binds more securely when it is melted over the flame.»
The procedure 1is repeated until the desired shape and size is
achieved; emittance seems to diminish if the bead 1is too large
(22 mm in diameter) presumably because the temperature at the
surface is lower. With a smaller bead set 2 1lmm back from the
opening in the anode shield (see fig. 2.7) the beam current tends
to have a sharper dependence on the shield potential. This allows
some reduction in background if the shield is pulsed (84.2).

After a new source is installed, current through the
filament is increased gradually from 1.0 to ~1.8 A over a period
of an hour and then left at ~1.8 A until the beam current
measured on the collimator oOrT the slit stabilizes (usually ~1

hour). The cathode plate ijs then adjusted to give maximum current

$s
! “/‘ﬂt—-s o>
T ALKALI ALUMINOSILICATE
.(‘ o /
SGHIN
AR — TUNGSTEN WIRE

Sl CERAMIC DISK

Figure A.1 Filament and holder for thermionic
alkali metal ion source. The filament is 127 um
diameter tungsten wire.
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(~100 nA) on the glit. The dc conditions are obtained by

adjusting the anode shield, einsel lens and deflection potentials

to maximize current on the target.

The lifetime of a source varies widely from a few hours to

éeveral days depending on the size and shape of the P—eucriptite

and on the filament current; the effects of these factors have

not been measured. Often the filament becomes bent during use and

becomes misaligned before the material is depleted. In these

cases it is usually easier to replace the source than to realign

it.




APPENDIX B

COMPUTER ALGORITHMS

Time-of-flight spectra are displayed on a VT640 graphics
terminal with 640 X 480 resolution. Since the spectra may have up
to 32000 channels they are binned and sampled so that any region
may be examined. However the data analysis routines described
below use the raw data unless a bin width is specified for the
analysis. If background is subtracted from a region of the spec-
trum, then the background subtracted data is wused for the

centroid calculation but not for the peak searching routine.

B.1 PEAK CENTROID, WIDTH AND INTENSITY DETERMINATION

This analysis is similar to that described by McNeal (69).
The approximate position and width of a peak are required; these
may be entered for individual peaks using cursors or they may be
supplied by the peak searching routine (8B.3). In the latter

case, the width of the square wave correlator is taken as an
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approximate peak width.

The program first determines the points of maximum slope, o}
and o9, On each side of the peak. Since some peaks may be quite
narrow (<3 channels) these points are calculated to fractional
channels; the procedure ijg illustrated in fig. B.l.

The full width at half maximum is taken as the difference

between op and o] and the intensity as

0o

=] (1 oHiay + DHD + ooy 0]

Fog
where the subscripts i and f indicate integer and fractional part
of o) or o) and H(i) is the number of counts in channel i. These
values are correct for a gaussian peak shape and give a
reasonably consistent approximation for the present peaks. The

peak centroids are calculated between the channels ojj and epi +1:

g +1
> HO)
Centroid = o

H()

=0y,
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Figure B.l Determination of points of maximum slope in 2 peak.
H(1) represents the number of counts ijn channel i of the
histogram.
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B.2 PEAK SEARCHING

A selected region of the spectrum may be analysed
automatically by supplying a representative peak width w and a
search sensitivity n. The peak search routine passes a

square-wave correlator through the data.

+2

—1I| W W v I

In the absence of a peak, the correlation signal

oot *2w-1 *3w-1
S0) = - » HK) + 2 ) HiK) - . H(K)
k=i ksiw k=i+2w

should be zero. If it 1is greater than =zero by more than n

(usually > 4 ) standard deviations:

-1 +2w-1 +3w-1 4

HO + 5 HK) + ) HEK) |

k=i+w k=i+2w

SG)>nUG)=n[

then a peak is found. The peak 1is then analysed wusing the

procedure described in §B.1 taking w as the approximate peak

width.
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B+3 BACKGROUND SUBTRACTION

Background may be subtracted in any region of the spectrum
to dimprove the accuracy of the centroid determination (8B.1) or
for display purposes. Regions of background are indicated wusing
cursors. The data in these regions are then fitted, using a least
squares procedure (98), to a function of the form

o~ Pn(®)
where

P_(x)= 3 agxt
X)= aszsx
n 150 i

is a polynomial of order n; any value of n up to 9 may be wused.
The coefficients of the polynomial are obtained by solving n

simultaneous equations:

- . o » n
Sy zap l At a )X
= + w2 + .4+ e

X;¥Vi= 2 ) X T /X a, i
2 2 3 .. n+2
e R ROy

n.o_ n n+ .. 2n
zxi Yi = a1zxi + azzxi * + anzxi
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