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Secondary-ion emission from phenylalanine induced by atomic and molecular MeV ion beams
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Relative yields of positive and negative secondary ions are measured for atomic and molecular MeV

ion beam impinging on a phenylalanine target. The secondary ions were identified by a time-of-flight

mass spectrometer. C+, 0+, CO+, and CO&+ were the beams used. The yields obtained for [M-H]
[M +H]+, and [M-COOH]+ secondary ions show that they are roughly proportional to the third power

of the beam stopping power. Other experimental results and predictions of the molecular-expansion

model for neutral ejected species are included in the discussion.

INTRODUCTION

A great effort has been made by several scientists in the
attempt to understand the mechanism of sputtering of
molecular ions induced by the collision of accelerated
ions. ' ' It is generally accepted that for low-velocity in-
cident ions, lower than the Bohr velocity, the emission of
secondary ions depends mainly on the nuclear stopping
power. "" For ion velocities greater than the Bohr ve-

locity, experimental results indicate that electronic stop-
ping power is responsible for the emission of secondary
ions. ' ' ' ' In the abundant literature for slow atomic
beams, the linear-cascade theory' relates satisfactorily the
sputtering yield to the projectile energy loss. On the oth-
er hand, for fast and/or molecular beams, literature is
scarce and mechanisms for secondary-ion emission are
not very well established. In particular, no simple or
unique relation between the electronic stopping power
and secondary-ion yield gives good agreement with the
data in different energy ranges and different combinations
of projectile and surface.

In this work experimental results are reported for the
yield of the ejection of molecular ions from a phenylalan-
ine target induced by incident ions in the MeV energy
range. Some of the incident ions had velocities around
the Bohr-velocity values, where data are almost nonex-
istent. The behavior of the yield as a function of the
incident-ion velocity will be discussed and compared with
the experimental results of Salehpour, Fishel, and
Hunt' and with the predictions of a model based on a
molecular-dynamics description proposed by Fenyo
et al. ' Salehpour, Fishel, and Hunt used C+, 0+, CO+,
and CO2 MeV beams on valine (an amino acid with

molecular weight close to phenylalanine) and have ana-
1yzed negative secondary molecular ions. Their con-
clusions are based on the assumption that the secondary-
ion yield depends on the square of the electronic stopping
power. On the other hand, computer simulations for the
electronic sputtering of large neutral molecules from a
thin sample carried out by Fenyo et al. produced a

third-power dependence of the yield on the stopping
power. A similar dependence was obtained by Johnson
et al. ' using the pressure-pulse model.

In a recent paper, Brandl et al. ' measured the depen-
dence of secondary-ion yields on the stopping power for
several atomic beams with velocity one order of magni-
tude higher than the Bohr velocity. They found that the
yield is proportional to (dE/dx —a)", where n ranges
from 0.5 to 3, depending on the secondary ion and the
sample nature. The constant a is a threshold energy loss.

For lower ion velocities (keV range), some data con-
cerning the phenylalanine target have been reported for
atomic (Cs+) and polyatomic (Cs2I+, Cs&I2+) projectiles. '

It was shown that molecular-ion yields are one order of
magnitude higher for polyatomic projectiles with a veloc-
ity equal to that of a monoatomic one. This enhancement
also occurs with the CO+ and CO2+ projectiles used in
the experiment presented here.

EXPERIMENTAL DETAILS

A time-of-flight (TOF) mass-analysis system was em-

ployed to separate and identify the molecular ions sput-
tered from the sample irradiated with fast ion beams.
The primary beams were obtained from a 4-MV Van de
Graaff accelerator installed at PUC-Rio. An analyzing
magnet selects the ion mass, energy, and charge, and the
beam was directed by a switching magnet into the
scattering chamber. This switching magnet enables a
second analysis of the beam by selecting different charge
states resulting from collisions with residual gas along the
beam line. The target was placed at a 45 angle of in-

cidence. The overall experimental arrangement is shown
schematically in Fig. 1.

Desorbed positive and negative molecular secondary
ions were measured for several projectiles with different
energies. The desorbed ions were accelerated toward a
20-cm TOF tube by an electric field applied between the
target (biased at 2.3 kV) and a grounded grid 5 mm away.
The transmission coefficient of the mass spectrometer was
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FIG. 1. Setup of the mass spectrometer. The target substrate
is a thin film for the positive secondary ions and a metallic grid
for negative secondary ions. This last configuration allows the
monitoring of molecular beams. The distance from target to
grid is 5 mm, and the MCP (D2) detector has its first surface
grounded. D& is a surface-barrier detector.
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FIG. 2. Typical mass spectrum for positive secondary ions.
The beam is 0+ ions of 1.8 MeV energy. The mass calibration
was obtained by using the hydrogen-ion peaks. The 120u-mass
peak is attributed to the phenylalanine fragment [M-COOH]+,
and the 166u-mass peak is the protonated molecular ion.

not determined, but it is the same for a given secondary
ion and for all beams. For the positive secondary ions,
the start signal was generated by the incident ion in a sil-
icon detector placed in the beam direction 10 cm after
the target. For the negative secondary ions, the electrons
emitted from the impact site produced the start signal in
the same microchannel detector used for the stop signals.
Two different arrangements were used for the coin-
cidence measurements: one using a fast time-to-
amplitude converter (TAC) and the other using a time-
to-digital converter (TDC). In the first case, only two
correlated events can be measured since for each start
signal just one stop signal is available for coincidence. In
the second case, for each start signal several correlated
events can be measured. The results obtained with both
arrangements indicate that the emission of just one
secondary-ion species for each impact is the dominant
effect. The first setup was used for most of the measure-
ments reported here.

Samples of phenylalanine evaporated onto thin films of
carbon or Formvar (~1000 A) coated with aluminum
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FIG. 3. Typical mass spectrum for negative secondary ions.
It corresponds to the 300-keV CO2+ molecular-ion beam. The
dominant peaks are H, 25, and 26 hydrocarbon ions and
the deprotonated 166 phenylalanine molecular-ion peak.

and onto a metallic grid were used as targets. The thin
films allowed the primary beam to traverse the sample
and so to produce the start signal in the silicon detector.
The targets prepared on a grid were used for bombard-
ment with the molecular-ion beams and for the measure-
ment of the negative ions ejected. In this situation the
secondary ions detected in the MCP detector were un-
correlated to the ions traversing the target. The silicon
detector placed after the target was used in this case only
to monitor the incident beam. A cold trap was placed at
80 cm from the target in order to minimize the dissocia-
tion of the incident molecular ions in the beam line. Typ-
ical time-of-flight spectra (converted into mass spectra)
are shown in Figs. 2 and 3. Pressure in the chamber was
lower than 10 Torr.

RESULTS AND DISCUSSION

Samples of phenylalanine, molecular mass M=165,
were bombarded with beams of C+ and 0+ in the energy
range of 0.30 up to 3.0 MeV and with beams of CO+ and
CO2+ in the energy range of 0.30 up to 0.90 MeV. The
measured relative yields as a function of the velocity of
the incident ion for positive-sputtered molecular ions of
[M+H]+ and of [M-COOH]+ are shown in Fig. 4.
Those for negative-sputtered molecular ions [M-H] are
shown in Fig. 5. The dashed lines represent the normal-
ized curves for the third power of the stopping power of
the ions in the phenylalanine obtained from the Ziegler
tables, making use of Bragg's law. The stopping power
for molecular ions was obtained by adding the stopping
powers for the atomic components of the molecule corre-
sponding to the projectile velocity. Most of the
molecular-beam data correspond to a velocity range
below the Bohr velocity.

The data presented in Fig. 4 show that the desorption
yield of M = 166+ induced by the 0+ beam is roughly 2
times larger than the corresponding yield induced by the
C+ beam. The same ratio is found in data of Fig. 5 for
M = 164 desorbed by 0+ and C+ beams. In fact, this is
also the ratio (-2) presented in Ref. 14 for the depro-
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FIG. 4. Relative yields for phenylalanine (M=165) positive
secondary ions as function of the ion-beam velocity. The 120-
mass ion is attributed to the fragment [M-COOH]+, and the
166-mass ion is the protonated ion [M+H]+. The dashed lines
are the normalized (dE/dx)' calculations for oxygen and car-
bon beams on phenylalanine.

tonated M=116 valine ion desorbed by the mentioned
beams in the same energy range. It turns out that the
calculated electronic stopping-power ratio S0/S& for 0+
and C+ beams at v =0.4 cm/ns is approximately 1.3.
This means that (So/Sc) = 1.7 and that (So/Sc) =2.2,
suggesting that the secondary-ion yield would scale with
a stopping power having a power between 2 and 3. When
molecular ions are used as projectiles, the situation is
similar. In Table I is presented the first, second, and
third powers of the ratio S/Sc of the stopping power S
for several beams to the stopping power for carbon beam,
Sc, calculated also at v=0.4 cm/ns. These values are
compared with the results obtained in the present work
(for the phenylalanine deprotonated peak M = 164 ) as
well as some results of Salehpour, Fishel, and Hunt' (for
the valine deprotonated peak M = 116 ). The experi-
mental results were normalized to the desorption yield
corresponding to the C+ beam, Yc.

Assuming Y=KS", the results of Table I indicate that
n would lie between 2 and 3, being even slightly larger
than 3 in some cases. Salehpour, Fishel, and Hunt' had

ION VELOCITY (cm/ns)

FIG. 5. Relative yields for deprotonated phenylalanine nega-
tive secondary ions as a function of atomic- and molecular-ion-
beam velocity. The dashed lines are (dE/dx)' for the quoted
beams.

proposed n =2 based on their data obtained with C+, 0+
and Ar+ beams, as well as from measurements performed
by other groups. ' ' ' They have attributed the larger
values of the experimental results, when compared with
ES, to enhancements of the electronic stopping power
due to collective effects produced by molecular projec-
tiles. This enhancement has also been discussed by oth-
rs 20—22

The results presented by Brandl et al. ' are not direct-
ly comparable to ours in the sense that the beam veloci-
ties of their measurements are much higher than those
presented here. In addition, they have used a carbon foil
before the target in order to establish the charge-state
equilibrium of the beam. In our measurements all the
projectiles were in the 1+ charge state, which is below
the equilibrium charge state. Nevertheless, we may note
that they observed, for a valine target n —1.5 for large
positive secondary ions and n -2.2 for negative ones.

The observed third-power dependence of the stopping
power matches the prediction of the molecular-expansion
model used by Fenyo et al' . They describe quantita-
tively the fast ion-induced sputtering of large neutral
molecules from samples much thinner than the range of

TABLE I. Comparison of the experimental data from Ref. 14 and from the present work, normal-
ized to the desorption yield Yc corresponding to the C beam, with the first-, second-, and third-power
ratios of the stopping power S to the carbon stopping power Sc. Results from Ref. 14 refer to the va-
line deprotonated peak M=116, while the present work refers to the phenylalanine deprotonated
peak M =164

Y/ Yc
Beam

O+
O+
c+

CO
CO

S/S,

1.3
2.6
2.0
2.3
3.6

(S/Sc )

1.7
6.8
4.0
5.3

13

(S/Sc )

2.2
18
8.0

12
47

Ref. 14

11
8

9
22

This work

14
-70
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the incident ions on the target materials. These yields
were evaluated for incidence angles of 0' and 45'. The
data presented in this paper have a similar behavior as a
function of the incident-ion stopping power, both for pos-
itive and negative molecular ions.

CONCLUSIONS

Our data indicate that the secondary-molecular-ion
yield scales with the electronic stopping power as
F=ES", where n is roughly 3. Salehpour, Fishel, and
Hunt, ' using the same molecular beams and in the same
energy ranges, but with another amino-acid target, found
the value for n to be 2. They concluded that, in their
case, ion-yield enhancement was due to collective effects.
A molecular-dynamics model, ' in which the sputtering
of molecular ions is a result of the molecular expansion

around the beam track, suggests —under certain
conditions —a value of 3 for n. This value corresponds to
the behavior exhibited by the present results. Therefore
it is clear that more systematic data are needed for a
better understanding of the large molecule-emission pro-
cesses.

Finally, we note that desorption of hydrogen ions fol-
lows a different behavior, indicating these ions may be
generated by another desorption mechanism.
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