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Abstract 
The passivated solid state detector with a 500 A boron doped window was observed to be sensitive to impacts of large 

(H,O),H+ (100 < n < 1500) ions and multiply charged macro biomolecular ions accelerated in a 600 kV Cockcroft-Wal- 
ton accelerator. although the ions have isolated atomic ranges smaller than the thickness of the detector window. For 
biomolecular ions generated by an electrospray ion source the detector pulse height spectra showed clearly resolved peaks 
that are consistent with the existence of aggregate ions of composition M’, 2M2i, . , 5MSi ions. 

1. Introduction 

Silicon surface barrier detectors have been extensively 
used for measuring energy deposition by impacts of ener- 
getic atomic or nuclear particles. They have been mainly 
used to detect particles with sufficient velocities to pene- 
trate the detector window. In an effort to measure the 
stopping power of small water cluster ions (H,O), H+ 
in < 10) [ 11, we have discovered that the passivated solid 
state (PSS) detector, with a 500 f 50 A boron doped 
window, is sensitive to impacts of large (H,O), H+ ions 
with n up to 1500. 

A surprising aspect of this observation is that the 
isolated atomic ranges of these ions are much smaller than 
the thickness of the detector window which is too thick for 
the penetration of small particles at these energies. For 
example, the range of an isolated 0 atom with 444 eV 
energy [using, for example, (HzO),oooH+ ions at 500 keV] 
is calculated to be - 20 A [2], which is - 25 times 
smaller than the thickness of the window. Clearly, the 
energy deposition by the coherent collective collision of 
many particles is much different from that of isolated 
particles. Subsequently, we applied this detection tech- 
nique for measuring the stopping power of multiply charged 
large molecular ions generated by an electrospray source 
(ES), such as albumin ions (MW = 66 43 1) with 47 charges, 
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by coating thin aluminum films of varying thicknesses 
directly on detectors [3]. The result showed evidence of 
collective hydrodynamic-shock-like interaction and the 
pressures estimated from the stopping power were hun- 
dreds of megabars. 

In the present paper, we report further measurements of 
the response of the PSS detector to singly charged water 
cluster ions and compare this response to the impact of 
multiply charged ions generated by an ES ion source. In 
particular, the PSS detector appears to not only make 
possible the detection of large multicharged polymer ions 
but also allows the discrimination between events resulting 
from impacts of different mass polymer ions having the 
same mass to charge ratio. 

2. Experimental 

The experiments were carried out in a Cockcroft-Wal- 
ton accelerator [l] coupled with two types of ion sources 
shown in Fig. 1. The detailed description of the apparatus 
can be found in Ref. 111. The (H,O),H+ ions were 
generated by supersonic expansion of weakly ionized mix- 
tures of water in He carrier gas. Further details of this 
cluster ion source can be found in Ref. [4]. Multiply 
charged biomolecular ions were generated in an Analytica 
ES source modified with additional differential pumping 
[S]. Ions generated in the ion source were subjected to 
mass analysis with a quadrupole mass analyzer, followed 
by post acceleration in the Cockcroft-Walton accelerator 
and detection with the off axis PSS detector. The PSS 
detectors used in the present studies were ORTEC Ultra 
solid state detectors with 500 A boron doped windows. 
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Fig. 1. Schematic diagram of the experimental apparatus that combines a Cockcroft-Walton accelerator with the water cluster ion source 

and the electrospray source. The particle detector system consists of the off-axis electrostatic and magnetic filter system and the silicon 

detectors. 

The electrospray mass spectra typically show resolved 
peaks for ions differing by unit charges so that the mass 
and charge of the ions can be identified [5]. 

In addition to the PSS detectors, “ruggedized” OR- 
‘EC silicon detectors with 50 pg/cm’ of Al layer (equiv- 
alent to 2300 A of Si) were used. The accelerated ions 
were filtered through electrostatic deflection plates and a 
magnetic filter [l]. This filtering system decreases the 
transmission of atomic and small molecular impurity ions 
generated in the acceleration column by several orders of 
magnitude. Fast neutrals were eliminated by deflecting the 
ion beam off axis with the electrostatic plates. Pulse height 
spectra obtained with a detector placed on the beam axis 
without the filtering system were completely dominated by 
high velocity light fragment ion signals so that no peaks 
corresponding to the signal pulses due to the large ion 
impact were observed. This observation is a necessary 
condition for ensuring that the signals result from the 
primary ions rather than from the fragment ions. 

3. Results and discussion 

Pulse height data as a function of cluster size obtained 
with impacts of 500 keV (H,O),H+ ions on the respective 
silicon detectors are presented in Fig. 2. For n < 50 the 
output pulse height of the PSS detectors (open circles) 
decreases monotonically with increasing cluster size, for 
50 < n < 300 it is nearly constant, and for n > 300 it 
gradually drops with increasing cluster size. On the other 
hand, the results obtained with the “ruggedized” detector 

(open squares) in Fig. 2 show that the detector is insensi- 
tive to the ions with n > 7 in agreement with the calcu- 
lated ranges [Z]. This observation also supports the conclu- 
sion that observed signals for n > 50 with the PSS detector 
are not generated by fragment ions in the cluster ion beam. 

1 IO 100 
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Fig. 2. The measured and calculated detector pulse height of 

singly charged water cluster ions as a function of cluster size. The 

impact energy of the cluster ions is 500 keV. The open circle data 

represent the measured pulse height with the passivated detector 

with the boron-doped 500-A window. The open square data 

represent measured pulse height with the ruggedized detector with 

the 2300-A Al window. The solid line represents the results of 

calculation for the passivated detector with the energy losses 

through the window. The dashed line represents the caiculated 

results without the energy losses through the window. 
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We first attempted to simulate the observed signals 
with the assumption that most of the cluster kinetic energy 
is carried by oxygen atoms, and energy losses of the 
clusters in the detector can be calculated from losses 
expected for isolated constituent atoms moving with the 
cluster velocity. Here, the electronic energy available when 
the cluster reaches the sensitive area of the detector is 
considered as a dominant factor in determining the magni- 
tude of observed output pulse heights. The calculated solid 
line in Fig. 2 reflects the available electronic energy of the 
clusters in the sensitive region of the detector beyond the 
400 A window as a function of cluster size. The experi- 
mental data (open circles) are in good agreement with the 
calculated curve for 1 < n < 10, but they start to deviate 
from the calculated curve for n > 10. Thus, it seems that 
the signals for n > 10 cannot be accounted for by the 
energy deposition via isolated atomic stopping. 

The dashed line in Fig. 2 shows results of a calculation 
which assumes no loss of energy in the 500 A window of 
the PSS detector. The drop in the calculated pulse height 
with increasing n reflects the decreasing fraction of elec- 
tronic energy available with the slower heavier clusters 
having the same kinetic energy. At n - 300 the measured 
detector sensitivity approaches - 70% of the sensitivity 
without a window loss. The mechanism for such high 
detector sensitivity to the impact of large clusters whose 
range is much smaller than the window thickness is not 
understood now. One possibility is that each cluster impact 
produces an intense shower of secondary electrons, some 
of which penetrate into the active region of the detector. In 
this case, the detector pulse height should be affected by a 
change in the window thickness, because the change will 
alter the transport characteristics of the low energy elec- 
trons generated by the cluster impact. This possibility was 
tested by tilting the detector by 45”, thereby increasing the 
window thickness by a factor of 1.41. Because the mecha- 
nism due to the intense electron shower should involve 
transport properties of the slow electrons through the 
window, the pulse height spectra should be affected by this 
41% increase in the window thickness. No change was 
observed in the detector pulse height. Thus, it seems that 
the extraordinary detector sensitivity does not result from 
intense electron showers. 

Another possibility is that the window of the PSS 
detector becomes partially active when there is strong 
shock compression. The evidence for strong shock genera- 
tion induced by large biomolecules was obtained in our 
recent experiment [3]. If we assume that n = 500 water 
clusters accelerated at 600 keV can generate shock, the 
shock pressure can be estimated by 

P, - (4/3)P&? (1) 

where pp is the density of water, lo3 kg/m3, and v, is 
the velocity of the water cluster ions at 600 keV, 1.13 X lo5 
m/s [3]. The estimated pressure is 1.7 X lOI Pa, 170 
Mbar. Also the transient temperature of the impact area is 
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Fig. 3. A passivated detector output spectrum obtained with 3.5 
MeV cytochrome-c (MW = 12400). The mass and charge states of 
the ions correspond to Mf7. 

expected to be extremely high. At this high pressure and 
temperature silicon will be metallic, thus a good conduc- 
tor. Thus, we speculate that the characteristics of the 
detector window around the impact area may be signifi- 
cantly modified which may possibly lead to the generation 
of detectable signals. The connection between the charac- 
teristics of the impact area and the generation of the 
detectable signal is not clear and remains a subject of 
further studies. Perhaps the measurement of time character- 
istics of the detector pulses will provide further informa- 
tion. 

We have extended the impact energy of the particles on 
the detectors from the upper limit 600 keV obtained with 
singly charged water clusters to - 30 MeV with the use of 
multiply charged biopolymer ions generated with an ES 
ion source. Results obtained with cytcchrome-c (MW - 
12 400) with a charge state of + 7 and accelerated at 500 
kV, i.e. the equivalent impact energy of 3.5 MeV, are 
shown in Fig. 3. A primary peak lies at a channel number 
- 120 and has an FWHM of 10%. The truncated peak 
near channel 30 is ascribed to noise counts which decrease 
rapidly with increasing channel number. This low energy 
peak is truncated by the discriminator setting in the detec- 
tor amplifier and is interpreted to result from impacts of 
fragment ions and neutrals generated in the acceleration 
column. This interpretation was supported by the observa- 
tion that the low energy peak intensity was roughly propor- 
tional to the background pressure in the accelerator. 

‘Ihe minor peaks at higher channel numbers appear at 
impact energies approximately in integral multiples of the 
deposited energy of the primary peak, though there is an 
indication that the spacing decreases between increasing 
peaks. We interpret these minor peaks as resulting from 
impacts of fully accelerated aggregates, i.e. dimers and 
trlmers, etc., of cytochrome-c molecules with the same 
mass to charge ratio as the monomer. This interpretation is 
consistent with the following observation on the change of 
aggregate size with ions of different mass to charge ratio. 
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Output pulse height spectra of cytochrome-c ions acceler- 
ated at 500 kV with charge states of 7, 11, and 18 are 
shown in Fig. 4. The output peak intensities are plotted on 

a semilog scale and the plots of the respective spectra have 
been shifted vertically in the graph to facilitate comparison 

of relative peak positions. For the charge state 18 which is 
close to the maximum charge that can be attached to the 

monomer ions, the curve shows only a primary peak and a 

barely perceptible secondary peak. As the charge state 
decreases, peaks corresponding to polymers of multi- 
charged ions become more prominent. The peak corre- 

sponding to the pentamer is clearly observable in the 
spectrum of the 7 charge state cytochrome-c ions. Because 
the ions with higher charge states are anticipated to have a 

smaller critical size for coulomb explosion, the above 
observation is consistent with the interpretation that the 

minor peaks indeed result from the impact of aggregate 
ions with m/z equivalent to the monomer ions. 

A summary of the data obtained with a variety of water 
cluster and biomolecular ions on the PSS detector is shown 

in Fig. 5. The data are presented in reduced form to show 
the relation between output pulse height per amu and 
energy input on the same basis. The nonlinearity of the 

relation between output pulse height and energy input for 
albumin and cytochrome-c is greatest in the lower energy 
range of the results. The efficiency of the detector, i.e. the 

ratio of output pulse energy to input energy, is lower for 
albumin ions than for all singly charged water cluster ions 
studied; for cytochrome-c ions of charge + 18 the effi- 
ciency decreases from the high vaiues characteristic for 
water cluster detection to values less than the albumin 
values at energies per amu less than 0.1 keV. The results 
indicate that the PSS detector should be calibrated for each 
molecular species. 

The data in Fig. 5 can also be used to explain qualita- 
tively why the positions of the peaks in Fig. 4 are not 
precisely linear with aggregate size. For example, the 
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Fig. 4. Spectra of cytochrome-c ions with nominal charge states of 

7, 1 I, and 18, accelerated at 500 kV. Note that the output peak 

intensities are plotted on a semilog scale and the plots for the 

respective spectra have been systematically shifted for compari- 

son. 
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Fig. 5. Reduced detector pulse height (pulse height per amu) of 

various water cluster ions and biopolymer ions as a function of 

reduced energy per amu. 

detector pulse height spacing for z/M = + 7 ion between 
peaks 1M and 2M in Fig. 4 is 100, and decreases to 60 
between 4M and 5M. The corresponding values of pulse 
height per amu for each peak lM, . . , 5M are 0.011, 
0.0092, 0.0084, 0.0076, and 0.0071, respectively. These 
data were taken at a value of energy per amu of 0.28 keV. 
At this value of energy per amu in Fig. 5 the pulse height 
per amu for + 18 cytochrome-c is 0.012, and for +47 
albumin the value is 0.0065. Cytochrome-c and albumin 
differ in mass by approximately a factor of 5, so it is 
reassuring that the albumin values of pulse height per amu 
decrease by about the same ratio as the pentamer of 
cytochrome-c. Further work will have to be done to better 
characterize the detector response as a function of ion 
energy and complexity. 

There appear to be higher threshold energies for detec- 
tor response with albumin and cytochrome-c than with the 
water clusters of comparable mass in Fig. 5. The higher 
specific threshold energies may reflect the higher threshold 
energies to trigger the necessary shock behavior because 
the highly charged biomolecular ions are less dense than 
water cluster ions. The density of water cluster ions has 
been shown to be comparable to liquid water based on 
measured attenuation cross sections of large water cluster 
ions in inert gases [6]. Volumes of albumin ions and 
cytochrome-c ions can be estimated from collision cross 
sections measured by Covey and Douglas [7] if one as- 
sumes that the ions have spherical symmetry and that the 
projected area corresponds to the measured cross section. 
Respective values of cross section for + 18 charged cy- 
tochrome-c and +47 charged albumin from Ref. [7] are 
4120 A2 and 14500 A’, the latter value obtained by 
extrapolation from measurements on lower charged states. 
The resulting calculated particle densities for the various 
cluster projectiles are shown in Table 1; they are presented 
as mass densities to compare ions with somewhat different 
constituent atomic composition. The mass densities of 
multiply charged albumin and cytochrome-c ions with 
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Table 1 
Mass densities of various particles. Tire volumes of cytochrome-c 
and albumin ions were estimated from the collision cross sections 
measured by Covey and Douglas [7] 

Mass density [amu/A3] 

H ,O clusters 0.60 
Qtocbrome-c)‘s+ 0.061 
(Albumin)“+ 0.05 1 

charge states of 47 and 18 are 12 and 10 times smaller 
respectively than of water clusters, and this can he qualitn- 

trvely understood by assuming that the high charge state 
causes these ions to spread out compared to the tight 
geometry of a spherical droplet. With much lower density, 
the impact properties of the biomolecular clusters are 
expected to approach those of isolated atoms with a reduc- 
tion in range and correspondingly lower specific threshold 
energies for detection. At sufficiently high velocity the 
cytochrome-c data and the water cluster data in Fig. 5 
appear to converge to a qualitative linear relationship 
between output pulse height and input energy plotted on a 
per amu basis. 

There is evidence that dimers and higher polymers of 
electrosptayed ions have been observed previously. For 
example in the work of Axelsson, Reimann and Sundqvist 
[8] the measured distribution of secondary electrons ejected 
by +7 charged cytochrome-c molecules peaks at 22 elec- 
trons and has a broadened hump on the high electron side 
which they attributed to the dimer ion. This observation 
led to the use of the electron distribution to give informa- 
tion on the mass of the ions detected. Also in their mass 
spectra there were peaks which appear to be dimer ions 
with odd numbers of charges. In the work of Winger et al. 
[9] there were peaks in the mass spectrum of electro- 
sprayed cytochrome-c which were identified as mummer 
peaks up to SM ‘I+. However, in none of these experi- 
ments is there a clear separation of detection events caused 
by different polymers with the same mass to charge ratio. 
lhe present technique combined with a mass spectrometer, 
such as a quadntpole mass spectrometer, makes possible 
the selective detection of a particular polymer species with 
a specific charge number by choosing only the pulses of a 
particular height. For example, by accepting only events 
with pulse heights between 250 and 350 in Fig. 4 it would 
be possible to selectively detect the 2M+22 species of 
cytochrome-c. 

A current topic under active investigation is the deter- 
mination of conformation of gas phase macro-ions. Gas 
phase exchange reactions in a Fourier-transform mass 
spectrometer [IO] have shown that cytochrome-c ions 
formed in an electrospray ion source can exist in four 
different stable conformations. In the present experiments 
the response of the PSS detector to bombardment with 
accelerated cytochrome-c ions from the ES source does not 

appear to be sensitive to the conformation of the ion, 
because no structure was observed in the monomer peak of 
the charge states where different conformers were found to 
coexist. The use of a PSS detector with somewhat higher 
resolution might show different responses to ions with 
different conformations. However the present experiments 
point out a potential problem that can exist in any experi- 
ment designed to determine ion conformation. The prob- 
lem is what effect dimers and higher n-mers would have 
on the interpretation of the experiment. In the experiments 
of Quist et al. [ 111 the morphology of craters or hillocks 
caused by accelerated macroions striking a target was 
imaged with an atomic force microscope. Damage from a 
dimer ion or higher polymer ion could be expected to be 
larger compared to damage from the monomer ion, just as 
damage was found to increase with macroion size for 
constant impact velocity. In our experiments with the +7 
charge state of cytochrome-c the intensities of dimer and 
trimer ions were respectively 12% and 4% of the monomer 
ion intensity. Measurements of both the intensity and 
composition (presence of dimer or higher polymer ions) of 
the beam are necessary to interpret the number of impacts 
and the morphology of damage in imaging experiments. 

Although the mechanism for the unexpected sensitivity 
to the macro molecules of the detector to produce a signal 
above ambient noise levels is not currently understood, a 
reliable correlation between detector output pulse height 
and projectile kinetic energy can be established with water 
clusters and a variety of other projectiles over a range of 
energies. Finally, we note that the detector can be used for 
studying macro biomolecules and clusters with accelera- 
tion voltages less than IO0 keV. Further improvement of 
the detector amplification system will allow detection of 
the multiply charged ions at acceleration voltages of a few 
tens of keV. Then, the detection system including an 
accelerator with the PSS detector can be very compact and 
more versatile compared with other techniques, such as 
secondary electron detection [4,8]. 
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