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Fast molecular ions as primary particles have been used to study secondary-ion desorption from
organic layers. The secondary molecular-ion yield of the amino acid valine (molecular weight, 117)
has been measured as a function of the velocity of primary atomic and molecular incident ions. The
primary ions used were C*, O*, Ar*, C,*, 0,7 , CO*, CO,", CH*, CH;*, CF*, CF;*, C;Fs*,
and C,F;* in the energy range 600 keV-3.7 MeV. The secondary molecular-ion yields, when com-
pared to yields for atomic constituents, unambiguously show that collective effects exist in desorp-
tion with incident molecular ions. Results are discussed in the framework of enhancement in the
electronic stopping power per atom for molecular ions due to the vicinage of the fast-moving
charges in the material. The resulting high-yield enhancements, especially with the use of large in-
cident ions such as C;Fs* and C,F,*, are very encouraging for the future of mass spectrometry of

large organic molecules.

I. INTRODUCTION

As energetic particles traverse matter, energy is depos-
ited as a result of collisions with nuclei and electrons.
The energy loss per unit path length is referred to as the
stopping power which may be divided into two overlap-
ping regions determined by the velocity of the incoming
ion. If the incident ion velocity is less than the orbital ve-
locity of its electrons and those in the target, energy loss
will be governed by the screened Coulombic collisions of
the atoms giving rise to momentum transfer to the solid
nuclei. This is referred to as the nuclear stopping power.
At higher ion velocities, the electrons in the solid near
the ion’s path cannot react adiabatically due to the short
collision time and, therefore, ion-electron interactions be-
come the main mode of energy loss, the so-called elec-
tronic stopping power. A commonly used constant to
coarsely separate electronic and nuclear stopping powers
for heavy atomic ions (i.e., Z> 3) is the Bohr velocity
(r9=0.218 cm/ns), which is the velocity of the electron
in the ground state of the hydrogen atom. In this paper
we use the terminology slow and fast ions for ions with
velocities lower than and greater than v, respectively.

One of the secondary effects caused by incident ener-
getic ions is the ejection of neutral and ionized atoms and
molecules from sample surfaces. This is referred to as
“sputtering” or ‘“‘desorption.” Since slow and fast ions
deposit energy due to different types of interactions, the
resulting sputtering effect is also governed by different
mechanisms. For slow ions, nuclear sputtering is a result
of nuclear collisional cascades caused by the momentum
transfer between the incident ion and the atoms in the
medium. This has been described theoretically by Sig-
mund' and is directly related to the nuclear stopping
power.

In 1974 Macfarlane and co-workers discovered that
fragments from fissioning **’Cf nuclei (fast ions), upon
impact at organic surfaces, cause ionization and desorp-
tion of complex molecules.? A time-of-flight technique
was employed for secondary-ion mass analysis and the

38

method was named plasma desorption mass spectrometry
(PDMS). They showed that this technique could be uti-
lized to mass analyze involatile and thermally labile mole-
cules not possible with other methods at that time.> Be-
fore this discovery, the upper mass limit for organic
molecular ions with a molecular weight (MW) of about
2000. Now, commercial PDMS instruments are avail-
able* and the phenomenon is being utilized to mass-
analyze small proteins such as trypsin® (MW of 24 000)
and pepsin® (MW of 34 000).

An array of experimental data has provided some in-
sights into the mechanism of desorption. For fast ions,
the electronic stopping power, dE /dx, has been shown to
be responsible for fast-ion-induced desorption,”? the so-
called “electronic sputtering.” Unlike nuclear sputtering,
which applies to metals and insulators, electronic sputter-
ing is only effective in insulators.® An experimental pa-
rameter often measured and referred to is the molecular
yield which is defined as the number of desorbed neutral
or ionized molecules per incident ion. Other important
findings are (1) The total yield is very high!® ( ~ 1200 in-
tact molecules for 90-MeV ') and ratio of the charged
to neutrals is about 1074, (2) the yield is strongly depen-
dent on the charge state of the incident ion,)'=13 (3) the
desorption depth is in the order of 100 A,'*!S and (4)
Héakansson et al.'® have shown that a minimum stopping
power is needed for desorption of very large organic
molecular ions. However, the details of the ejection
mechanism are not fully understood.

Brandt et al.'” have shown the existence of collective
effects in energy deposition of molecular ions in solid car-
bon. In experiments with H*, H,", and H;" incident
ions, the ratio R of the electronic stopping power of a hy-
drogen atom in a cluster to that of atomic hydrogen was
reported to be higher than 1 (maximum R ~1.5 at 80
keV/nucleon), implying collective effects due to the vi-
cinage of the moving hydrogen atoms. Tape et al. later
showed the same effect for O, ions in the same velocity
range.'®

The importance of using molecular incident ions in
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electronic sputtering is twofold. First, from a mechanis-
tic point-of-view, it is important to study the collective
effects of temporally and spatially correlated atoms and
the corresponding effect on desorption yields. Second,
from an applied point of view, the inherent nonlinearities
associated with the stopping power of cluster ions means
higher obtainable dE /dx and, thus, the possibility of
studying higher-molecular-weight compounds.

For slow incident ions, secondary yield enhancements
have been reported for metal clusters on metals.'~2!
There have been two qualitative experiments with in-
cident molecular ions on organic molecules.?*?® For fast
incident ions, Brown et al.,?* for the first time, showed
molecular effects in the total yield of water ice with H,*
and H;" incident ions. Thomas et al. used hydrogen
clusters to measure the yield of secondary positive Cs
(Ref. 25) and phenylalanine molecular ions?® as a function
of the number of hydrogens in the cluster at a fixed ener-
gy. We recently reported the use of fast primary carbon
clusters,”’ large hydrocarbon ions® such as C;H,",
C,Hy", and C;H,5", and also CF,* ions? for desorption
studies.

We present experimental results for the secondary ion
yield of the model compound valine (MW of 117) for a
wide variety of incident molecular ions over a range of
velocities and compare the results to those of atomic ions.
Furthermore, interactions of fast molecular ions with
solids and the relationship to nonlinear desorption is dis-
cussed.

II. EXPERIMENTAL

The Dynamitron accelerator at the Physics Division,
Argonne National Laboratory, has been used as the
source of primary atomic and molecular-ion beams. The
reliable operating range of the accelerator, considering
the ion optics and terminal voltage limitations, is in the
range 500 keV-4 MeV for singly charged ions. The ion
source is based on low-energy electron bombardment of
atoms and molecules in the gas phase. A favorable
characteristic of the ion source is its low current output
which makes it particularly suitable for single-particle
counting techniques. The ion beam is collimated to
about 2 mm in diameter by four sets of four-jaw slits. A
magnet facilitates momentum analysis of the ion beam
before entering the mass spectrometer. The count rate of
primary ions in the mass spectrometer is in the range
50-4000 sec ~!, depending on the abundance of the par-
ticular ion in the ion source.

A surface barrier detector (SBD) is used for particle en-
ergy and flux measurements. Incident molecular-ion
identification is achieved by energy analysis of molecular
fragments utilizing a SBD. The vacuum in the beam line
between the magnet and the mass spectrometer is about
1X107° torr. This is sufficiently high to cause an appre-
ciable number of collisions between the primary molecu-
lar ions and the rest gas. This results in fragmentation of
the primary molecular ion. The fragments are detected
in the SBD with energies determined by the ratio of frag-
ment to parent mass. Therefore, each molecular ion has
a signature decomposition energy spectrum. The level of
fragmentation is about 1% of the parent ion in our setup
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which is ideal since it is not large enough to be a serious
beam contaminant. Such analysis is especially useful to
avoid mistaking molecular ions for atomic ions (e.g., F*
and H;07).

The time-of-flight mass spectrometer is in a vacuum
chamber at a base pressure of about 3 1078 torr. The
spectrometer consists of a target holder assembly at high
voltage, a complementary acceleration grid setup, a
field-free flight path for secondary ions and electrons, a
detector for timing measurements, and a surface barrier
detector (Fig. 1). The target assembly, which is movable
in vacuum and is connected to a high-voltage power sup-
ply (0-20 kV, negative), allows loading of five samples
simultaneously. The samples are prepared by elec-
trospraying® a thick layer of valine on a stainless steel
backing or aluminized Mylar films. The sample is posi-
tioned at 45° with respect to the primary ion beam. A
90% transmission acceleration grid at ground potential is
located 6 mm from the sample surface. In between the
target-grid assembly and the secondary-ion detector is a
40-cm-long field-free flight path, which has been ground-
ed and magnetically shielded to eliminate the effect of
stray fields on the trajectory of the secondary ions and
electrons. This is particularly important for detection of
secondary electrons which are used to trigger the start
pulse. The secondary ion detector is a tandem coupling
of channel electron multiplier plates which gives a fast
timing signal output upon impact of an ion.

When a desorption event occurs, the negatively
charged species are accelerated towards the grid and then
drift in the field-free region. The time-of-flight measure-
ments, recorded by a multihit time-to-digital converter,
are thus based on the time differences between the arrival
of the fast electrons emitted from the surface and the neg-
atively charged secondary ions sputtered from the sample
surface. The secondary molecular-ion yield is the in-
tegral of the molecular-ion peak divided by the number of
incident ions.

When a fast ion impacts on a sample surface, a large
number of secondary electrons are emitted from the sam-
ple surface. For the energy range of our experiment, the
yield of secondary electrons (number emitted per incident
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FIG. 1. The schematic diagram of the experimental setup.
Abbreviations used are, amplifier (AMP), constant fraction
discriminator (CFD), and time-to-digital converter (TDC).
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jon) is in the range 20-70 per incident ion,' depending
on the velocity and the atomic number of the primary
ion. The secondary electron shower is used to signal the
impact of a primary ion on the surface and thus start the
time-of-flight measurements. One start pulse will be reg-
istered irrespective of the number of emitted secondary
electrons per incident ion. Thus, the secondary-electron
pulses can be used to measure the number of incident
ions impinging on the sample surface. In order to be able
to measure reliable secondary ion yield values, care must
be taken in order to assure that all secondary electron
showers are detected, i.e., one start pulse is obtained per
incident ion. Test experiments were performed where the
primary ion rate I was measured with a SBD and the rate
was compared to that of secondary electron pulses, (2,
from the sample. The electrons are distinguished from
the secondary ion count rate according to the flight
times. Because of stray magnetic fields, Q /I values as
low as 10% were initially measured. However, by using
p-metal material to shield the flight path the value was
increased to 90% with a standard of deviation of 12% for
47 experiments with primary atomic- and molecular-ion
beams of different energies and atomic number. There-
fore, a systematic error of about 10% is expected. In all
experiments, as a means of additional control, the pri-
mary ion count rate was measured before and after each
time-of-flight measurement.

Our measurements are limited to negatively charged
secondary ions. In conventional accelerator-based elec-
tronic sputtering experiments, the primary ion beam
passes through the sample (or an electron-emitting foil)
and initiates the start signal in a detector for the time-of-
flight measurement. However, at the energy range of our
experiment, the energy loss in thin targets could be high
enough to stop the ion beam. Thin aluminized Mylar
films are a convenient sample backing to use in PDMS
and high-energy electronic sputtering. A typical beam
used in our experiments is 1.5-MeV C*, whigh has an es-
timated stopping power of about 100 eV/A in Mylar.
Even the thinnest Mylar films available commercially,
about 200 ug/cm? thick, are thick enough to stop the pri-
mary ion beam. A typical fission fragment (e.g., 100 MeV
106T¢22+), loses only about 15% of its total energy in the
same film. Therefore, either very thin samples should be
used ( << 100 pg/cm?) or the start signal should be ob-
tained in another way, as described above. Concerning
the former, we have prepared thin films (5-10 ug/cm?) of
Formvar, and the energy loss in the film was measured to
be small compared to the total beam energy (~10%).
However, more experimental work is underway to test
for reproducibility and characteristics of such films in
vacuum.

Different positions on the targets may be analyzed by
the primary ion beam for different measurements which
could be a source of error. For a given sample we found
that by moving the target over distances greater than the
beam spot, reproducibilities of better than 7% are ob-
tained. However, by analyzing the same position on the
target (as is the case during experiments) the reproduci-
bility is within the statistical uncertainty (3%) over a
period of hours. Over a period of three days the yield
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varied by no more than 6%. Data points taken more
than one day apart were remeasured for such errors.

III. RESULTS AND DISCUSSION

A. Incident atomic ions

One of the characteristic features of fast-particle-
induced desorption ionization is the formation of pro-
tonated and deprotonated secondary molecular ions, i.e.,
(M+H)*. All amino acids abide by this empirical rule.*
Figure 2 shows part of the time-of-flight mass spectrum
for the amino acid valine (CsH;;NO,) With 2.5-MeV
Art as the primary incident ions. The molecular ion
(M-H)~ and the fragments (M-COOH)™ and CN ™ are all
characteristic of the valine mass spectrum. The peaks at
masses 113 and 69 are the molecular ion, (TFA-H) ™, and
fragment ion, CF; ™, from the solvent, trifluoroacetic acid
(CF;COOH), which can also be used for calibration pur-
poses.

The velocity range of the incident ions is between two
limits, namely, the velocity of the incident ions’ loosely
bound valance and K-shell electrons. Thus, according to
Bohr’s criterion,*® the valence electrons will be stripped
off, whereas the K-shell electrons will respond adiabati-
cally and will not be stripped off the incident ion. In or-
der to estimate the time scale (and hence the depth) in
which charge equilibrium is reached, experimental data
on the electron-loss cross section is needed. Simple rough
estimates made by taking the electron-loss cross section
as that of the size of the L shell’* indicate that within a
few angstroms from the surface the L-shell electrons are
lost. A large body of experimental results exists on the
electron-loss cross section® o, (i.e., change from charge
state n* to m* with m > n). Since the concept of addi-
tivity of atomic charge-exchange cross sections for
molecular targets is known to be invalid,*® we do not at-
tempt to do any calculations for valine. The most com-
parable ion-target combination and energy range to this
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FIG. 2. Time-of-flight mass spectrum for secondary ions
from a valine sample with 2.5-MeV Ar™ incident ions. M
denotes the valine molecule and TFA the trifluoroacetic-acid
solvent molecule.
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experiment is nitrogen ions 1n01dent on a target of nitro-
gen molecules with 0,=0.5 A? and 0,3=0.33 A’ per L-
shell electron.’” Assuming a realistic electron number
density such as that of solid carbon (n=4X 1023
electrons/cm?®) one calculates that within the first 10 A
there is a very high probability (>90%) of losing the L-
shell electrons. This is consistent with the finding of
Maor et al.** for charge equilibration of 2.1-MeV N+
ions. It should be noted that at higher velocities, where
K-shell ionization is possible, much longer equilibrium
lengths are predicted and observed.*® This is because the
electron-loss cross sections for K-shell electrons are much
smaller than for the L shell and therefore charge equili-
bration takes a correspondingly longer time.

Measurements of Sdwe et al. have shown that the
depth of desorption, L, for valine secondary molecular
ions with 6.8-MeV carbon incident ions is of the order of
100 A.'"'5 Since 6.8-MeV carbon is over the maximum
of the electronic stopping power,*® and our experiments
are near the electromc stopping-power maximum, L, is
at least 100 A in our experiment. Since the equilibration
length L, was estimated to be of the order of a few
angstroms, we have L,/L,<<1. Thus, the effect of
charge equilibration is expected to have a small effect on
desorption yields.

A pertinent parameter in electronic sputtering is the
electronic stopping power, dE/dx. Experiments by
Hakansson et al.” and Diick et al.® have shown that the
electronic stopping power dE /dx is directly related to
desorption. However, the fraction of the total dE /dx re-
sponsible for desorption is unknown. The stopping-
power tables of Northcliffe and Schilling®® are rather
inaccurate (up to a few hundred percent) in this energy
range.41 In addition, the dE /dx tables of Ziegler” for
heavy ions do not cover the energy range in this experi-
ment. Therefore, we use the effective charge concept*? to
scale the electronic stopping powers of ions at the same
velocity as protons.*® The electronic stopping power of
an atom with atomic number Z is given by

2
dx , dx q*(H) ||,

where (dE /dx)(H) is the electronic stopping power of a
proton in the medium at velocity v, calculated using
Bragg’s rule.’* Experimental (dE /dx)(H) values have
been tabulated in Ref. 43 for atomic targets. The
effective charge of the ion in the solid is discussed in de-
tail by Brandt*? and Betz** and is given by the relation

,[u/(uozm)])

qg(Z)=Z(1—e (2)

Gaseous argon and carbon dioxide have been intro-
duced to the ion source of the Dynamitron accelerator to
produce fast primary ion beams of C*, OT, and Ar™.
The yields of valine negative molecular ions Y have been
measured as a function of the velocity of incident C¥,
O, and Ar* ions. The corresponding stopping powers
have been calculated according to Egs. (1) and (2) and
Ref. 43. Figure 3 shows Y (M-H) as a function of the
square of the stopping powers of the incident ions. The
linear correlation shows that for incident C*, O%, and
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FIG. 3. The yield of valine secondary molecular ions, (M-
H) ™ as a function of the square of the electronic stopping power
of the incident C* (solid squares), O" (open squares), and Ar™*
(solid triangles) incident ions at different energies.

Ar7 ions,

EE(Z)

Y(Z)=K dx

) (3)

where Y (Z) denotes the secondary molecular-ion yield
for an incident ion with atomic number Z and K is a con-
stant, independent of Z. A quadratic yield dependence
on the electronic stopping power has also been observed
by others.”*~*® This relation, however, may not hold
for positive secondary molecular ions or at much higher
incident ion velocities*®*’ and stopping powers. '

B. Incident molecular ions

1. Coulomb explosion of incident molecular ions

Once a molecular ion enters the solid, the binding elec-
trons are lost and the nuclear charge is partially exposed.
The resulting Coulombic field will cause the constituent
atoms to experience a strong Coulomb repulsion. For ex-
ample, for 1.6-MeV C, %, once charge equilibrated, there
is approximately 100 eV in repulsive Coulombic energy
between the two carbon atoms. Thus, the distance be-
tween the atoms increases and the atoms finally separate
in the time scale of a few femtoseconds. This is called
“Coulomb explosion” of the molecule. The equation of
motion has been solved for a diatomic molecule'” and the
results are given below. The incident molecule reaches
charge equilibrium very quickly. Thus, two atoms with
masses M, and M, and velocity v are regarded as two
point charges with charges equal to the corresponding
effective charges g, and g, [see Eq. (2)] at an initial inter-
nuclear distance of r( (bond length) and a distance of r(¢)
thereafter. Solving for a force F(r)=gq,q,e?/r? gives the
expression for the depth D of the cluster ion in the solid
as a function of the internuclear distance {=r/r,

D =vT [VEVE—1+In(VE+VE-T], (4)

172

where T,=(ur3/2q,9,¢*)'’? and the reduced mass
i

=M +M;)”
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Figure 4 shows the internuclear distance r(¢) calculat-
ed as a function of depth D of the cluster in the solid for
C,* and CH™ clusters at a velocity of 0.54 cm/nsec (i.e.,
1.9-MeV CH™ and 3.5-MeV C,*). At depths compara-
ble to the desorption length ( ~ 100 A), the internuclear
separation is close to r(, so the Coulomb explosion is still
in an early stage. Therefore any collective molecular
effects of impinging molecular ions are expected to direct-
ly affect the desorption yield. The incident molecular
ions were assumed to be in the ground state, however,
averaging the internuclear distances over all the vibra-
tional states was found to have a small effect.'”** For in-
ternuclear distance above the dynamic screening length*
(i.e., when the target electrons screen the internuclear po-
tential) Eq. (4) is not valid. However, for the discussion
above (D=~100 A), the internuclear separation is less
than the screening length and therefore Eq. (4) holds.
The bond lengths for C,™ and CH™" are from Refs. 50
and 51, respectively.

In this velocity domain, as mentioned in Sec. IIT A,
atomic ions reach charge equilibrium within about 10 A
of the surface. The molecular ions are also expected to
reach charge equilibrium near the surface. Maor et al.®*
found that for fast molecular ions, namely 4.2-MeV N,*
ions, the binding electrons are lost very rapidly, as with
the atomic ions. Some differences between the molecular
and atomic equilibration lengths were observed,** but the
effects are too small to be important in the context of
desorption.

2. Secondary molecular-ion yields
with incident molecular ions

Desorption experiments have been performed using a
number of different sets of incident molecular ions over a
range of velocities. Three different compounds have been
introduced into the ion source to produce the following
primary molecular ions with energies ranging between
600 keV and 3.7 MeV: (1) CO, gas to produce C*, O™,
CO™*, O,*, and CO,™; (2) Allene gas to produce CT,
CH*, CH;*, C,*, C;t, and C3H;*, and (3) a low-
boiling-point perfluorokerosene liquid>? volatilized to
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FIG. 4. The Coulomb explosion of CH' and C,* ions at an
incident velocity of 0.54 cm/ns. r (A) is the distance between
the constituent atoms and depth (A) is the distance traveled by
the primary molecular ion into the sample.
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produce CF*, CF,;*, C;F;*, and C,F,;*. Time-of-flight
mass spectra of valine have been obtained using all of
these incident ions over a range of different velocities.
The mass spectra have features similar to those produced
with atomic ions. The only differences occur in the rela-
tive magnitude of the secondary ion peaks.

Figure 5 shows the measured yield of valine (M-H)~
ions measured as a function of the velocity of incident
C*,CH™", CH;*, and C," ions. The existence of collec-
tive effects is evident when comparing the C,* to the C*
data. In the absence of collective molecular effects and
considering the relation Y « (dE /dx)?% it would be pre-
dicted that Y(C,*)~4Y(C"), at the same velocity. How-
ever, the experimental results are Y(C,T)~8Y(C*). As
reported in Ref. 27, the data for C;* also show strong
nonlinearities, ¥(C;+)~16Y(C*).

The enhancement in the yield of CH' compared to C™*
(see Fig. 5) is much larger than expected. The ratio of the
effective charges, g, of carbon to hydrogen (at 0.4 cm/ns)
is about 3. Since dE /dx « g2, the corresponding ratio of
the stopping powers is about 9. Furthermore, since
Y « (dE /dx)?, the yield ratio of a proton compared to a
carbon incident ion should be in the region of a few per-
cent. Therefore, the secondary ion yield due to a proton
at the same velocity would be smaller than the error bars
for the C* data. Figure 5 shows clearly the effect of the
extra proton on the yield of CH" (about 50% that of
C™). Furthermore, the increase in the yield from C* to
CH,™ is larger than three times that from C* to CH™.

Brandt et al.!” have measured enhancements in elec-
tronic stopping power per atom for hydrogen clusters.
The interpretation was that the electronic stopping power
enhancement was due to the overlap of the electron po-
larization wakes left by the passage of the fast ions in the
medium, referred to as the “vicinage” effect.!” Tape
et al.'® also performed similar experiments with H,* and
O,” incident ions and obtained similar results. The
enhancement in dE /dx was described by the electronic
stopping-power enhancement factor R which is the ratio

3.0 Ca+

YIELD (%)

VELOCITY(cm/ns)

FIG. 5. The yield of valine (M-H)~ ions as a function of the
velocity of incident C* (solid triangles)) CH™" (open circles),
CH;™" (solid squares), and C,* (open triangles). The fit to the
data points is based on Eq. (6) and is discussed in the text.
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of the stopping power of the molecular ion to that of the
sum of its separate atomic constituents in the medium.
Experimental results reported so far for R have been be-
tween 1-1.5.1"1%53 For a heteronuclear molecular ion

X,Y, " (n,m =0,1, ...)R can be written as
9E x,,,)
R= X , (5)
dE dE
ndx (X)+m dx(Y)

where (dE /dx)(X) and (dE/dx)(Y) are the electronic
stopping power of the separate atomic constituents.
Analogous to Eq. (3) for atomic ions, we have for the
secondary ion yield with incident X, Y,, ions

n9E %)+ m9E (v

Y(X,Y, )=KR?
(X,Y,)=KR ix i

(6)

The constant K is the same as that used for the atomic
ions. From the fit to the atomic incident ions the con-
stant K in Eq. (3) has been determined. The R values
used in association with desorption will be effective
values averaged over the desorption depth.

The fit to the data points for CHt, CH;", and C, ¥,
shown in Fig. 5, are for R values of 1.11, 1.40, and 1.39,
respectively. The fit to the C* data is also shown in Fig.
5. There are no literature R values for CH* and CH;*
ions, but the R value for C,™ ions is approximately the
same as that reported for incident O, incident ions in
the same velocity region.'?

Figure 6 shows the yield of valine (M-H)™ ions as a
function of the velocity of the incident C*, O*, CO™,
0,", and CO," ions. The fit to the data points for the
atomic ions was done using Eqgs. (1)-(3), as described in
Sec. IIT A, using the same K value. Assuming a simple
additive stopping power for the stopping power of CO*
and the Y «(dE/dx)* relation, we would expect
Y(CO*)~5Y(C*t). However, the measured values are
much larger, i.e., Y(CO")~9Y(C*). Making similar as-

3.0 CO2+ }
O2+
?
~ 2.0 i } CO+
a H / I _
w
> i
1.0 P
O+
0.0 = i c+
0.1 0.2 0.3 0.4 0.5 0.6

VELOCITY(cm/ns)

FIG. 6. The yield of valine (M-H)~ ions as a function of the
velocity of incident C* (solid squares), O (open squares), CO™*
(solid triangles), O," (open triangles), and CO,* (solid circles).
The fit to the data points is based on Eq. (6) and is discussed in
the text.
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sumptions for O,* incident ions one would expect
Y(O,")~4Y(O™") which is considerably smaller than the
measured value of ¥(O,")~7Y(O%). The same reason-
ing applied to CO, ™" incident ions would give an expected
Y(CO,")~13Y(C") whereas the measured value is
roughly 22 times that of C* incident ions at the same ve-
locity. Therefore, the incident molecular ions exhibit col-
lective effects on the desorption yields, beyond that ex-
pected by a Y « (dE /dx)? relation. The fits to the CO™,
0O,%, and CO,* incident ion data are based on Eq. (6)
giving R=1.32 in each case.

Figure 7 shows the yield of valine (M-H)™ ions as a
function of the velocity of C*, CF*, CF;*, C;Fs™, and
C,F,;" incident ions. As with other incident molecular
ions, collective molecular effects exist for these molecular
ions. The fit to the data points for CF*, CF;*, C,F,*,
and C,F,* are based on Eq. (6) for R=1.39. The com-
bination of the Y « (dE /dx)? relation and the collective
effects give rise to very high yields with the larger in-
cident ions (Fig. 7). The highest yields, obtained with 2-
MeV C,F,* and 2.8-MeV C;F;s™, are more than a factor
of 60 higher than the slowest carbon ions (600 keV).
Such high yields could be quite useful in the applied field
of mass spectrometry, in particular for the desorption of
large organic molecules.

Héakansson et al.'® have shown for a number of organ-
ic samples that the secondary molecular-ion yields behave
nonlinearly with respect to the electronic stopping power
of the incident atomic ions below a certain “threshold”
dE /dx. Above this value of dE /dx, the yield becomes
linear with respect to dE /dx. This effect may explain the
reason the fits to the data points are not very good for
molecular ions with high stopping powers such as CO,*
ions in Fig. 6 and CF;*, C;Fs*, and C,F,* in Fig. 7.

3. Electronic stopping of molecular ions

Consider a molecular ion with an effective charge Q.
and the separate atomic constituents at the same velocity

T

C4F/7+/ C3Fs+
/4% % CF3+
I i

o

w

3
[ 4
r f 3
w 31 *
= ¢ CF+ |
21 23
] /
11
—/‘ C+
0 . -
0.1 0.2 0.3 0.4 0.5 0.6
VELOCITY(cm/ns)

FIG. 7. The yield of valine (M-H)™ ions as a function of the
velocity of incident C* (solid squares), CF* (open triangles),
CF;* (solid circles), C3Fs™ (open squares), and C,F,* (solid tri-
angles). The fit to the data points is based on Eq. (6) and is dis-
cussed in the text.
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having effective charges gq;. The effective charge of the
molecule is between two limits,'”*°

3(g; < Qat < qu,» ]2 : (7)
1 1

The lower limit corresponds to the constituent atoms
being far enough apart (farther than the characteristic
charge screening length) so that they can be treated as
separate charges. The upper limit is the unified charge
limit, experimentally unrealizable for molecular ions.
From the yield data presented here, the relative dE /dx,
and thus the relative effective charges of molecular ions
with respect to the atomic constituents, can be deter-
mined. For example, in the simple case of C,* incident
ions, Y(C,*)~8Y(C*). Therefore, Q¢ ~V'8¢] which,

once substituted, satisfies inequality (7). For all the
molecular ions used in this experiment, the correspond-
ing effective charges obtained in the manner explained
above satisfy relation (7).

Brandt et al.!” described the collective effects in
dE /dx as being due to the superposition of particles’
electron polarization “wakes.” As discussed by Bohr,* a
fast ion traversing matter causes the polarization and col-
lective displacement of the target electrons due to the
strong electric field created by the passage of the ion.
This cylindrically symmetric polarization, the so-called
wake, acts as a brake on the ions. As shown by Vager
and Gemmel®* the stopping power derived by linear-
response theory approximates well with the Bethe
stopping-power formula®® for atomic ions. The wake ap-
proach to the interaction of ions with solids immediately
necessitates the introduction of the concept of plasmons,
i.e., collective excitation of valence electrons. Plasmons
are well understood in solid-state theory of metals where
valance electrons facilitate density fluctuations. A num-
ber of experiments have shown the existence of plasma
oscillations in solids such as carbon,’® frozen xenon,’’
and aluminum.’’ Collective excitations in insulators have
been addressed by a number of authors.’® % Measure-
ments have shown the existence of collective electronic
excitations in a variety of insulators such as DNA,%!
nucleic-acid  bases,>®  water,®* benzene,*>%  po-
lyethylene,®” and hydrocarbons.®

Arista,®® in a similar approach to that of Ref. 17, as-
sumed a one-dimensional charge density created by the
passage of diatomic molecular ions, from which, using
Poisson’s equation, the induced electric field was calculat-
ed. This electric field acts as the braking force which
gives rise to the stopping power. The collective effects of
cluster ions arise from the superposition of the electric
fields induced by the passage of the atoms in the cluster.
The Lindhard’s electron gas dielectric approximation at
high velocities (v >v,) was used. Arista derived an ex-
pression for the electronic stopping-power enhancement
factor for a dicluster,

29,9,
91 +4q3

1

R =1+ L

(8)

where g, and g, are the effective charges for the constitu-
ent atoms and

MEHRAN SALEHPOUR, DERRY L. FISHEL, AND JERRY E. HUNT 38

I=(1—y)+In 9
row,
and
2
L =In 2mv , (10)
fiw,,

where L also appears in the stopping-power expression
for atomic ions in Bethe’s formula,>® I is the molecular
interference term, # is Planck’s constant, ¥ =0.577 is
Euler’s constant, o, is the plasma frequency for the medi-
um, m is the electron mass, and r, is the molecular bond
length.

Equations (8)—(10) have been used to calculate the R
value for a number of diatomic incident molecular ions.
The bond length for CH*, C,*, CO™, and O, % ions were
obtained from Refs. 50, 51, 70, and 71, respectively. In
the calculations for R, we have used an W, value of 20 eV
which is from the literature on optical reflectance and
transmission measurements. As a rule, organic materials
have , values of about 20 eV.* Examples are DNA,®!
nucleic-acid bases,®>% and polyethylene.®” At a velocity
of 0.4 cm/ns, the predicted R values are R(CH)=1.09,
R(C,)=1.23, R(CO)=1.27, R(0,)=1.18, and
R(CF)=1.23. These predicted R values are within 15%
of the experimentally fitted values. Considering that the
measured R values here are obtained from desorption ex-
periments and the fact that Arista’s analytical solution is
for an electron gas medium, the agreement is quite
reasonable.

IV. SUMMARY AND CONCLUSIONS

A number of different atomic and molecular incident
ions over an energy range of 600 keV-3.7 MeV have been
produced and used as incident ions in desorption experi-
ments. The desorption yield of secondary negative
molecular ions from a sample of the amino acid valine
(MW of 117) has been measured for different incident
ions. The yields due to incident atomic ions obey a
square dependence on the electronic stopping power,
Y « (dE /dx)*. The yields from molecular incident ions,
as well as following the square dependence, show an addi-
tional collective behavior. This collective effect was ob-
served for all incident molecular ions in these experi-
ments. Such collective effects give rise to high yields of
secondary molecular ions. The yield enhancement as a
result of molecular-ion impact is explained as being due
to enhancement in dE /dx per atom in an incident molec-
ular ion. The enhancement in dE /dx per atom has been
experimentally observed by others.!”!® The electronic
stopping-power enhancement factor R can be estimated
using a theory developed by Arista.® The estimates
agree to within 15% of the R values deduced from the ex-
perimental data for the molecular ions.

The large enhancements in the secondary ion yield pro-
duced by using incident molecular ions could be of great
importance in the field of mass spectrometry. The abso-
lute yield values obtained here for molecular ions are
comparable to those obtained with fission fragments from
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a 2°2Cf source or ions from high-energy accelerators'®
(e.g., 90-MeV '2'1'2+). This makes low-energy accelera-
tors (few MeV) such as a Dynamitron suitable and possi-
bly preferable for the study of very large secondary
molecular ions. It has been shown'®’? that strong non-
linearities of the secondary ion yields with respect to the
electronic stopping power exist for high-molecular-
weight organic samples (MW of over 2000u). This non-
linearity becomes more pronounced for the larger secon-
dary ions. Thus, molecular primary ions are ideally suit-
able for the study of high-molecular-weight secondary
ions which are very important in the field of mass spec-
trometry. Such work is underway at this laboratory.
Finally, Salehpour et al.!° have shown that electronic
sputtering is mostly a neutral ejection process with the
secondary ion fraction being about 1:10*. In experiments
with incident 90-MeV '?"I'2* ions they reported total
yields of about 1200 intact molecules for the amino acid
leucine and valine. Based on the measurements of Brown
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et al.** on total yields of water ice and those of Hedin

et al.”® on the leucine neutral, positive, and negative
secondary ion yields, it is expected that the collective
effects shown here for secondary ions would also exist for
the total yield.
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FIG. 1. The schematic diagram of the experimental setup.
Abbreviations used are, amplifier (AMP), constant fraction
discriminator (CFD), and time-to-digital converter (TDC).



