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METHOD AND APPARATUS FOR
SIMULTANEOUS DETECTION AND
MEASUREMENT OF CHARGED PARTICLES
AT ONE OR MORE LEVELS OF PARTICLE
FLUX FOR ANALYSIS OF SAME

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority from, and is a divi-
sional of, U.S. patent application Ser. No. 11/399,966 filed by
the same inventors on Apr. 6, 2006 and entitled METHOD
AND APPARATUS FOR SIMULTANEOUS DETECTION
AND MEASUREMENT OF CHARGED PARTICLES AT
ONE OR MORE LEVELS OF PARTICLE FLUX FOR
ANALYSIS OF SAME, now allowed, the contents of which
are hereby incorporated by reference.

[0002] This invention was made with Government support
under Contract DE-ACO05-76RLO1830 awarded by the U.S.
Department of Energy. The Government has certain rights in
the invention.

FIELD OF THE INVENTION

[0003] The present invention relates generally to a method
and apparatus for simultaneous detection and measurement
of charged particles at one or more levels of particle flux in a
measurement cycle for analysis of same.

BACKGROUND OF THE INVENTION

[0004] Charged particle detection is necessary for the iden-
tification, monitoring, and concentration determination of
chemicals, particulates, and aerosols in the gas phase. The
detection of charged particles, or ions, can be accomplished
using single, multiple, or array detector devices. Such ion
detectors are useful in analytical instrumentation such as
mass spectrometers, ion mobility spectrometers, and aerosol/
particle counters, among others. Commonly desired features
of ion detectors in such applications are high sensitivity,
uniformity of response, high stability, and fast response.

SUMMARY OF THE INVENTION

[0005] The present invention relates generally to a method
and apparatus for simultaneous detection and measurement
of charged particles at one or more levels of particle flux (e.g.,
low, medium, high) in a measurement cycle for analysis of
same. The invention finds application in, e.g., analytical
instruments and associated detector systems including stages
and components thereof. Instruments, stages, and compo-
nents include, but are not limited to, e.g., mass spectrometry
(MS) instruments; ion mobility spectrometry (IMS) instru-
ments; and the like, or combinations thereof.

[0006] In situations where complex mixtures of charged
particles exist, simultaneous observation of all ionized spe-
cies is highly desirable; detection efficiency can thus be high
(100%), inter-signal variation (noise) can be minimized, and
artifacts associated with scanning (timing skew) can be elimi-
nated. Described herein is a charged particle detector incor-
porating such characteristics, referred to as a “simultancous™
detector. In addition, levels or intensities of charged particles
in complex mixtures can vary widely, complicating authentic
and accurate reading of particle number (the number of
charged particles) or the level of charged particles (e.g., low,
medium, or high). Detection of very low particle numbers
requires a highly sensitive and discriminating response. A
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very high level of charged particles may overwhelm or satu-
rate detector response. A method of charged particle detection
that accurately records abundance of all species, at their vari-
ous low, intermediate, and high flux levels is desirable. A
detection method described herein with such characteristics
can be expected to provide a high linear dynamic range.
Further, a detector that can be selectively set to appropriately
observe and record any/all signals at an ideal scale (i.e. at a
readout level that is not too low or too high for each/every
observed signal) can be expected to provide a genuine and
accurate recording of all charged particle signals. This capa-
bility can be achieved by automatic and judicious selection
and/or setting of the amplification or gain associated with the
electronics of the detector. Versatility in achieving such capa-
bility can be enabled by incorporating multiple levels of gain
or amplification in the detector circuitry. A detection method
incorporating such capabilities (as described herein) is
referred to as “automatic” or “selective” gain, and implicitly
necessitates multiple gain levels from which to choose. A
charged particle detector capable of simultaneous, selective,
and high dynamic range readout characteristics would be
further valued if various charged particle signals could be
accessed, read, and stored in a fully independent manner,
rather than in a regular, fixed, or predetermined sequence (e.g.
low-to-high mass or high-to-low mass or left-to-right channel
or right-to-left channel). With such capabilities, any detector
channel(s), whether single or multiple, contiguous or not, can
be accessed and read out at will for the desired purpose. Such
a detector capability (described further herein) is referred to
as a “random access” or an “independent access” or “fully
addressable” readout capability. In one embodiment, a
charged particle detector having all of the above desired
detection characteristics is provided in a discrete electronics
package or circuitry providing for facile detection of any type
and any level of charged particles. In another embodiment, a
charged particle detector having all of the above desired
detection characteristics is of a hybrid design. In yet another
embodiment, a charged particle detector having all of the
above desired detection characteristics is fully integrated in a
single (monolithic) electronic device or “chip” that includes
all necessary detector circuitry.

[0007] Accordingly, in one aspect, the invention is an appa-
ratus that includes two or more detector elements operatively
disposed for detecting and measuring different and/or sepa-
rated charged particles, the detector elements each including
a charge-collecting element operatively disposed to an ampli-
fying circuit. The amplifying circuit includes an integrating
amplifier with one or more integrating capacitors and indi-
vidually selectable switching means providing multiple and
independently selectable levels of integration and/or gain for
each of the detector elements. The detector elements are each
independently selectable and addressable providing for
simultaneous detection and measurement of charged particles
at one or more levels of particle flux in a measurement cycle.

[0008] Inanother aspect, the invention is a process, includ-
ing the steps of: providing two or more detector elements
operatively disposed for detecting and measuring different
and/or separated charged particles, the detector elements each
including an independently selectable and addressable
charge-collecting element operatively disposed to an ampli-
fying circuit, wherein the amplifying circuit includes an inte-
grating amplifier with one or more integrating capacitors and
individually selectable switching means thereby providing
independently selectable and variable integration and/or gain
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to each of the detector elements; reading each of the charge-
collecting elements at an initial level of particle flux; adjust-
ing the gain of the charge-collecting elements selectively and
variably providing sufficient charge-collecting capability for
each of the charge-collecting elements at one or more levels
ofparticle flux. The detector elements are each independently
selectable and addressable thereby providing for simulta-
neous detection and measurement of charged particles at one
or more levels of particle flux in a measurement cycle.
[0009] In another embodiment, charged particles are
selected from ions, electrons, positrons, alpha particles, aero-
sols, droplets, particulates, or combinations thereof.

[0010] In another embodiment, charged particles are net
positive.
[0011]
negative.
[0012] Inanother embodiment, charge-collecting elements
are configured as an array.

[0013] Inanother embodiment, an array of charge-collect-
ing elements is a linear array.

[0014] Inanother embodiment, an array of charge-collect-
ing elements is a curvilinear array.

[0015] Inanother embodiment, an array of charge-collect-
ing elements is a 2-dimensional linear array.

[0016] Inanother embodiment, an array of charge-collect-
ing elements is a 3-dimensional array.

[0017] Inanother embodiment, charge-collecting elements
are composed of an electrically conductive material.

[0018] In another embodiment, electrically conductive
material is selected from the group of alloy, single, mixed,
layered, binary, or combinations thereof.

[0019] In another embodiment, an amplifying circuit is a
charge-integrating amplifying circuit.

[0020] Inanother embodiment, a charge-integrating ampli-
fying circuit is a capacitive transimpedance amplifying cir-
cuit.

[0021] Inanother embodiment, a charge-integrating ampli-
fying circuit comprises two or more selectable charge-inte-
grating capacitors.

[0022] In another embodiment, charge-integrating capaci-
tors are fixed capacitors.

[0023] In another embodiment, charge-integrating capaci-
tors are variable capacitors.

[0024] Inanother embodiment, a readout means is used for
reading charges accumulated in two or more detector ele-
ments.

[0025] Inanother embodiment, a readout means is used for
reading charges accumulated in two or more detector ele-
ments simultaneously, sequentially, non-sequentially, selec-
tively, selectably, randomly and/or independently, in parallel,
non-destructively, destructively, or combinations thereof.
[0026] In another embodiment, reading of charges by a
readout means is non-destructive.

[0027] In another embodiment, reading of charges by a
readout means is destructive.

[0028] In another embodiment, a resetting means dis-
charges charges accumulated in each of two or more detector
elements providing a zero net charge therein.

[0029] In another embodiment, the invention comprises a
storage means for storing data representative of charges accu-
mulated in each of the two or more detector elements.
[0030] In another embodiment, a switching multiplexer is
coupled to a computing means for automated selection and
operation of the switching multiplexer.

In another embodiment, charged particles are net
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[0031] In another embodiment, a switching multiplexer is
configured as a discrete unit from the two or more detector
elements.

[0032] In another embodiment, a switching multiplexer is
configured as a hybrid unit with the two or more detector
elements.

[0033] In another embodiment, a switching multiplexer is
fully integrated with the two or more detector elements in a
single, monolithic, or one-piece chip or circuit.

[0034] In another embodiment, a switching multiplexer
includes devices selected from the group of selectable switch,
polarity switch, resetting switch, read-out switch, charge-
integrating capacitor, or combinations thereof.

[0035] In another embodiment, a measurement cycle is a
single measurement cycle.

[0036] In another embodiment, a measurement cycle is a
repetitive measurement cycle.

[0037] In another embodiment, a measurement cycle is a
repeatable measurement cycle.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] FIG. 1 illustrates a single detector element compris-
ing a charge collecting element and a multiple gain amplify-
ing circuit, according to one embodiment of the invention.

[0039] FIG. 2 illustrates a system of a generalized configu-
ration for detecting, integrating, and measuring accumulated
charged particles, including an array of single detector ele-
ments configured as detection circuitry, according to an
embodiment of the invention.

[0040] FIGS. 3a-3¢ present specific system configurations
for detection and measurement of charged particles, includ-
ing arrays of charge collecting elements and detection cir-
cuitry of various designs, according to different embodiments
of the invention.

[0041] FIG. 4 illustrates a complete system according to an
embodiment of the invention for detecting and measuring
charged particles, including an ion source, a mass separation
stage or instrument, and a charged particle detector.

[0042] FIG. 5is a plot of the isotope ratio precision plotted
as a function of integration time for isotopes of Ag from a 1
ppm solution measured using a dual gain array detector sys-
tem, according to an embodiment of the invention.

[0043] FIG. 6 presents a detector response signal data spec-
trum collected using a 128-collector element array detector
system showing resolution obtained with a 50-um mass spec-
trograph entrance slit, according to an embodiment of the
invention.

[0044] FIG. 7 is a plot showing linear dynamic range asso-
ciated with a 128-detector element array detector set at high
gain, according to an embodiment of the invention.

[0045] FIG. 8a is a plot showing *Y™* data collected using
a 128-detector element array detector with all detector ele-
ments set at a fixed low gain value, according to an embodi-
ment of the invention.

[0046] FIG. 85 is a plot showing *Y™ data collected using
a 128-detector element array detector with detector elements
covering the *°Y* mass range selectively set at high gain with
all other detector elements simultaneously set at a fixed low
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gain value as in FIG. 8a, demonstrating selective gaining
capability, according to another embodiment of the invention.

DETAILED DESCRIPTION

[0047] The present invention relates generally to a method
and apparatus for simultaneous detection and measurement
of charged particles at one or more levels of particle flux (e.g.,
low, medium, high) in a measurement cycle for analysis of
same.

[0048] FIG.1illustrates a detector element 100 operative as
a component of a charged-particle detector for detecting and
measuring charged particles at one or more levels of particle
flux, according to one embodiment of the invention. Charged
particles include, but are not limited to, e.g., ions, electrons,
positrons, alpha particles, aerosols, droplets, particulates, or
combinations thereof. In one mode of operation, for example,
detector element is configured for measuring charged par-
ticles having a net positive charge. In another mode of opera-
tion, detector element is configured for measuring charged
particles having a net negative charge. Detector element 100
includes a charge-collecting element 102 and an amplifying
circuit 120 for accumulating and integrating electrical
charges from charged particles. The term “charge-collecting
element” or “collector element” or “collector” means an elec-
trode capable of collecting charged particles at one or more
levels of particle flux for detection. The term “particle flux” as
used herein refers to any of a number of particles or a stream
of particles (e.g., in a beam) incident on a charge-collecting
element per unit time. Collector elements include, but are not
limited to, e.g., “Faraday strips or plates” or the like. Charge-
collecting element is composed of an electrically conductive
material, including, but not limited to, e.g., alloys, single
conductive materials, mixed conductive materials, layered
conductive materials, binary conductive materials, or combi-
nations thereof. No limitations are intended.

[0049] As will be appreciated by those of skill in the art,
amplifying circuit 120 may be of any design incorporating
components and/or characteristics described herein. In one
embodiment, amplifying circuit is a charge-integrating
amplifying circuit. In another embodiment, amplifying cir-
cuit is a capacitive transimpedance amplifying (CTIA) cir-
cuit. No limitations are intended. Amplifying circuit 120
includes an amplifier 104 for balancing charge, and one or
more integrating capacitors 106 providing a range of select-
able capacitance values and thus multiple levels of gain for
accumulating charge in the detector element. The term “inte-
grating capacitor” means a capacitor having an input and an
output, the input having a capacitance value equal to the
output capacitance times the voltage gain of the amplifier
coupled thereto. Integrating capacitors include, but are not
limited to, e.g., variable capacitors, fixed capacitors, or the
like. The term “‘variable capacitor” means any integrating
capacitor having a capacitance value that can be varied. The
term “fixed capacitor” means any integrating capacitor hav-
ing a fixed (non-varying) capacitance.

[0050] In the instant embodiment, one or more integrating
capacitors 106 within charge-amplifying circuit 120 are each
electrically coupled to individually selectable switching
means 110 or switching components (e.g., switches, switch-
ing transistors, field effect transistors, or the like) providing
multiple and independently selectable levels of gain suitable
for measuring and integrating various levels of particle flux
encountered at charge-collecting element 102 of detector ele-
ment 100. The term “gain” as used herein refers to the output
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voltage (V,,,) by the amplifying circuit per net unit charge
incident upon a charge collecting element. Gain in each
amplifying circuit is inversely proportional to the total
selected capacitances in the feedback loop (capacitive and/or
integrating components) within the amplifying circuit, as
denoted by equation [1]:

Vour =k X —

[0051] Inequation[1], (e)is the charge measured within the
amplifying circuit, (C) is the capacitance, and (k) is the pro-
portionality constant. Amplifying circuit converts accumu-
lated charge to a voltage that can be measured, e.g., in con-
junction with an A/D converter yielding a net voltage per unit
charge (e.g., 1.5 pV/unit charge) as the gain output. In an
illustrative example, an amplifying circuit having multiple
fixed capacitors 106, capacitance of the circuit is the sum of
the selected capacitances therein. In the figure, one integrat-
ing capacitor within the amplifying circuit is not coupled to a
switching means. In this configuration, the capacitor provides
a minimum charge accumulating capacity to the amplifying
circuit; capacitance is added to the sum of the capacitances of
any capacitors selected in conjunction with switching means.
When two capacitors therein are selected having capacitances
of magnitude, e.g., 10x and 100x, respectively, the amplify-
ing circuit provides two user-selectable gain settings with a
total capacitance in the selected configuration of magnitude
110x (10x+100x). Capacitors having the lowest capacitance
provide the highest gain setting. Capacitors having the high-
est capacitance provide the lowest level of gain. Thus, for low
levels of particle flux, a high gain setting is desired. Con-
versely, for high levels of particle flux, a low gain setting is
preferred. Combinations of selected capacitors provide for
intermediate levels of particle flux simultaneously. Gain is
selectively adjusted by opening and closing (connecting or
disconnecting) selected switches 110 thereby increasing or
decreasing gain suitable for the incident charges. With
respective magnitudes of 10x and 100x respectively, capaci-
tances differ by approximately a factor of 100, so gains of x
(low gain) and 100x (high gain) are achievable for each
collecting element 102 (channel) independently. In another
alternate configuration, three capacitors may be selected hav-
ing individual capacitances of 10x, 20x, and 50x, for
example, providing a total capacitance of 80x to the ampli-
fying circuit for measuring particle flux. No limitations are
intended. Number of capacitive components is not limited.
For example, any combination of capacitors can be selected,
e.g.,afirsttwo, alasttwo, a first and a third, or a first, asecond,
and a third, or any combinations of available capacitive com-
ponents within the circuit. Amplifying circuits 120 provide
multiple levels of gain for accumulating and integrating
charges. As will be understood by those of skill in the art,
capacitances are selected concomitant with the amount of
anticipated charge or amount of charge being detected and the
design of the applicable detection circuitry and/or the ana-
Iytical instrument dynamics. In general, capacitors and
capacitances may be of any range. In particular, capacitances
range from about 1 {F to about 10,000 fF. More particularly,
capacitances range from about 1 fF to about 1,000 fF. No
limitations are intended. Further, the capacitive components
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are not limited. All components as will be implemented by
those of skill in the art are encompassed hereby. No limita-
tions are intended.

[0052] Amplifying circuit 120 further includes a reset
means 125, an input/output (I/O) (switching) means 128, and
a mode selecting means 130. Resetting means 125 (e.g., a
reset switch) provides for discharging of accumulated charge
from capacitors 106 resetting the amplifying circuit to a zero
net charge. Input/output means 128 provides a gate for mea-
surement of voltage output from the amplifying circuit, e.g.,
in conjunction with data acquisition, A/D conversion, I/O,
and control devices and/or components. Mode selecting
means 130, e.g., a polarity switch, provides for selection of
the charge type to be measured or accumulated, whether
positive (i.e., v+) or negative (v—) charge accumulation. Reset
means 125, /O means 128, and mode selecting means 130
further provide selectability to the amplifying circuit allow-
ing for 1) continued charge accumulation and/or integration
within specified capacitors; 2) resetting of selected and/or
different capacitors; and/or 3) total discharge of accumulated
charges within the amplifying circuit. Selectability of the
amplifying circuit allows for random resetting (rapid dis-
charging of integrating capacitor) and restart of integration to
achieve extremely wide dynamic ranges for measurement of
e.g., disparate levels of particle flux in, e.g., two or more
coupled detector elements.

[0053] Electrical charges are thus accumulated and inte-
grated by detector element 100. Particle flux is correlated
with measurement of the quantity of collected and/or accu-
mulated charges in the detector element during a measure-
ment cycle. For example, a higher rate of particle arrival
increases the accumulated charge within detector element.
Control over the various switching components 125 128 130
permit charge accumulation and integration to any specified
level. Further, the amplifying circuit further ascertains when
resetting becomes necessary to prevent saturation in detector
element 100 or its associated circuitry and/or electronics, i.e.,
generating an over range or nonlinear region.

[0054] Charges within amplifying circuit 120 may be read
non-destructively or destructively, as will be understood by
those of skill in the art. The term “non-destructive readout”
(NDRO) or “non-destructive read” refers to a reading of
accumulated particle charge(s) within integrating capacitors
106 of the amplifying circuit without clearing charges accu-
mulated therein. The term “destructive readout” or “destruc-
tive read” refers to a reading of accumulated particle charge
(s) within integrating capacitors of the amplifying circuit and
clearing of charges accumulated therein. For example,
NDRO can be used to perform multiple reads of accumulated
charges in the amplifying circuit of a given detector element
to profile charge collection therein. In addition, multiple
NDROs can reduce noise improving precision of measure-
ments. Since noise is largely random, averaging multiple
readouts drops effective read noise by a factor of 1//N, where
N is the number of reads.

[0055] Integration (times) periods (e.g., wherein charges
are accumulated and read) are selectable. The term “integra-
tion period” defines the time interval between a destructive
readout and a subsequent destructive readout. In cases ot high
particle flux, for example, integration period may be short.
That is, multiple destructive reads may be required. In an
instance of low particle flux, conversely, integration period
may be long or varied randomly to provide sufficient charge
accumulation. Data for each integration period correspond-

May 14, 2009

ing to accumulated charges may be collected and stored for
further analysis in conjunction with data acquisition devices
and control systems known to those of skill in the art. Thus,
particle flux at each collecting element (collector) can be
individually determined. Upon completion of the integration
period, each collector may be reset, by engaging switching
means 125 thereby draining all charge from amplifying cir-
cuit 120 or alternatively engaging mode selecting means 130
to select an alternative charge particle accumulation.

[0056] FIG. 2 illustrates a detector system of a generalized
configuration for detecting, integrating, and measuring accu-
mulated charged particles, according to an embodiment of the
invention. System 250 includes two or more charge-collect-
ing elements 102 configured, e.g., in an array 204 of single
detector elements. Array configurations include, but are not
limited to, e.g., linear arrays, curvilinear arrays, 2-dimen-
sional arrays, 3-dimensional arrays, or the like. No limitations
are intended. Charge collecting elements couple electrically
to respective amplifying circuits 120 controlled via a switch-
ing multiplexer 220. The term “switching multiplexer” as
used herein refers to a device, component, or circuit for
selecting which switches of an amplifying circuit are engaged
or not engaged at any time during a measurement cycle,
thereby providing multiple and independently selectable lev-
els of integration and/or gain for components coupled thereto,
as described herein. In the instant configuration, amplifying
circuits 120 and switching multiplexer 220 couple within an
amplifier-multiplexer circuit 225, but is not limited thereto.
The amplifier-multiplexer circuit and/or switching multi-
plexer provide selective and independent control via of indi-
vidual amplifying circuits including switching means and
components thereof via one or more (input) control lines 228
interfacing thereto. Components include, but are not limited
to, e.g., reset switches, input/output gates, mode switches,
polarity switches, capacitive switches, or like components
within individual amplifying circuits. No limitations are
intended. Charge collecting elements 102, amplifying cir-
cuits 120, and switching multiplexer 220 within amplifier-
multiplexer circuit 225 in combination define detection cir-
cuitry for a detector 205 operable for detecting, integrating,
and measuring charged particles. The amplifying circuits pro-
vide multiple and selectable levels of gain for accumulation
of charged particles and integration thereof. The amplifier-
multiplexer circuit further provides independent selection of
individual amplifying circuits, including components thereof
(e.g., switching means, reset means, gate means, and/or mode
selecting means therein described previously with respect to
FIG. 1). In the figure, multiplexer 220 of amplifier-multi-
plexer circuit 225 optionally couples to various control
devices as will be implemented by those of skill in the art. For
example, switching means and components within the ampli-
fier-multiplexer circuit may be controlled via instructions
from one or more (input) control lines 230 that interface with,
e.g., A/D conversion, logic, I/O, and/or control device 240
(e.g., a Cyclone™ FPGA chip, Altera Corp., San Jose, Calif.,
USA) and/or circuits and a computer 246 (e.g., a Dell Opti-
plex GX260 personal computer, Dell, Round Rock, Tex.,
USA). Data outputs from the amplifier-multiplexer circuit
may be transported via one or more output lines 232 to, e.g.,
an A/D converter present in the control device 240 or circuit
and input to the computer, e.g., in conjunction with an /O
device thereof (not shown) (e.g., a model NI-PCI-6534 or
NI-PXI1-6534 data acquisition card, National Instruments
Corp., Austin, Tex., USA) and control/analysis software (e.g.,
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LabVIEW®, National Instruments Corp., Austin, Tex.,
USA). All device configurations as will be implemented by
those of skill in the art are within the scope of this disclosure.
No limitations are intended. For example, components that
provide for gain selection, opening/closing of selected gates
and/or switches, resetting of amplifying circuits, mode selec-
tion, and the like can be integrated within amplifier-multi-
plexer circuit 225 of detector 205 or retained as discrete
components, as described further with reference to FIGS.
3a-3c.

[0057] FIGS. 3a-3¢ illustrate different configurations
250a-250c¢ of a charged-particle detector system for detect-
ing, integrating, and measuring charged particles 200,
according to three embodiments of the invention. Detector
systems 250a-250c¢ comprise two or more closely spaced
charge-collecting (collector) elements 102 (e.g., gold Fara-
day collector strips) configured, e.g., in an array 204. In the
instant embodiments, array 204 is of a linear design, but is not
limited thereto. Individual charge-collecting elements are
each coupled to an amplifying circuit 120 which further
couples to a switching multiplexer 220 or circuit providing
selectability and control of individual amplifying circuits,
including switching components thereof, providing for
simultaneous charge accumulation and integration at one or
more levels of particle flux. Amplifying circuits 120 and
switching multiplexer 220 may be coupled together, e.g.,
within an amplifier-multiplexer circuit or component, as
described previously herein, but is not limited thereto. Par-
ticles 200 impinging upon collecting elements 102 are gen-
erated, e.g., from any ion source (e.g., an inductively coupled
plasma, ICP) or instrument (e.g., a mass spectrometer),
described further with reference to FIG. 4 hereinbelow.

[0058] FIG. 3a illustrates a first charged-particle detector
system 250q, according to an embodiment of the invention. In
the instant embodiment, detector 205 including detection cir-
cuitry and electronics is of a side-by-side (discrete) design.
Charge collecting elements 102 of array 204, are distinct
from, but coupled to, amplifying circuits 120 including
switching means and/or components thereof (described pre-
viously with reference to FIG. 1). Amplifying circuits 120 are
distinct from, but coupled to, a switching multiplexer 220.
Amplifying circuits 120 and multiplexer 220 may be option-
ally configured within an amplifier-multiplexer circuit or
component (described previously with respect to FIG. 2), but
is not limited. Array 204 of charge collecting elements 102 is
positioned within detector 205 for collecting charged par-
ticles 200 impinging any of the collector elements. Switching
multiplexer (or amplifier-multiplexer) 220 provides selective
and independent control of switching components employed
within amplifying circuits 120 via one or more control lines
228 that interface thereto. Multiplexer further couples to, e.g.,
anA/D conversion, logic, and/or control device or component
240 (e.g., a Cyclone™ FPGA chip, Altera Corp., San Jose,
Calif., USA). Instructions from control device 240 to the
multiplexer and to the amplifying circuits for control thereof
are provided via one or more input or control lines 230. Data
read from switching multiplexer (or amplifier-multiplexer)
220 are output via one or more output lines 232 to the A/D
conversion, logic, and/or control device or component 240
and subsequently input to a computer 246 (e.g., a Dell Opti-
plex GX260 personal computer, Dell, Round Rock, Tex.,
USA) in conjunction with a computer I/O device (not shown)
(e.g., a PCI-6534 data acquisition card, National Instruments
Corp., Austin, Tex., USA) controlled in conjunction with,
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e.g., control/analysis software (e.g., LabVIEW®, National
Instruments Corp., Austin, Tex., USA). All configurations as
will be implemented by those of skill in the art are within the
scope of the disclosure. No limitations are intended.

[0059] FIG. 3b illustrates a second charged-particle detec-
tor system 2505, according to another embodiment of the
invention. In the instant embodiment, detector 205 including
detection circuitry and electronics is of a hybrid or partially
integrated design. Amplifying circuits 120 are operatively
coupled to switching multiplexer 220 apart, or distinct from,
an array 204 of charge-collecting elements 102. Amplifying
circuits 120 and multiplexer 220 may be optionally config-
ured within an amplifier-multiplexer circuit or component
(described previously with respect to FIG. 2), but is not lim-
ited. Array 204 of charge collecting elements 102 is posi-
tioned within detector 205 for collecting charged particles
200 impinging any of the collector elements. Switching mul-
tiplexer (or amplifier-multiplexer) 220 provides selective and
independent control of amplifying circuits 120, including
switching components thereof, via one or more control lines
228 that interface thereto. Multiplexer further couples to, e.g.,
anA/D conversion, logic, and/or control device or component
240 (e.g., a Cyclone™ FPGA chip, Altera Corp., San Jose,
Calif., USA). Instructions from control device 240 to the
multiplexer and to the amplifying circuits for control thereof
are provided via one or more input or control lines 230. Data
read from switching multiplexer (or amplifier-multiplexer)
220 are output via one or more output lines 232 to the A/D
conversion, logic, and/or control device or component 240
and subsequently input to a computer 246 (e.g., a Dell Opti-
plex GX260 personal computer, Dell, Round Rock, Tex.,
USA) in conjunction with a computer I/O device (not shown)
(e.g., a PCI-6534 data acquisition card, National Instruments
Corp., Austin, Tex., USA) controlled in conjunction with,
e.g., control/analysis software (e.g., LabVIEW®, National
Instruments Corp., Austin, Tex., USA).

[0060] FIG. 3¢ illustrates a third charged-particle detector
system 250c, according to yet another embodiment of the
invention. In the instant embodiment, detector 205 including
detection circuitry and electronics is of a fully integrated,
monolithic, or one-piece design. Charge-collecting elements
102 are configured as an array 204 of charge-collecting ele-
ments. Charge-collecting elements 102 are operatively
coupled to respective amplifying circuits 120 that further
couple to switching multiplexer 220. Array 204 may be
optionally configured within an amplifier-multiplexer circuit
or component (as described previously with respect to FIG.
2), but is not limited. Array 204 of charge collecting elements
102 is positioned within detector 205 for collecting charged
particles 200 impinging any of the collector elements.
Switching multiplexer (or amplifier-multiplexer) 220 pro-
vides selective and independent control of amplifying circuits
120, including switching components thereof, via one or
more control lines 228 that interface thereto. Multiplexer
further couples to, e.g., an A/D conversion, logic, and/or
control device or component 240 (e.g., a Cyclone™ FPGA
chip, Altera Corp., San Jose, Calif., USA). Instructions from
control device 240 to the multiplexer and to the amplifying
circuits for control thereof are provided via one or more input
or control lines 230. Data read from switching multiplexer (or
amplifier-multiplexer) 220 are output via one or more output
lines 232 to the A/D conversion, logic, and/or control device
or component 240 and subsequently input to a computer 246
(e.g., a Dell Optiplex GX260 personal computer, Dell, Round
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Rock, Tex., USA) in conjunction with a computer I/O device
(not shown) (e.g., a PCI-6534 data acquisition card, National
Instruments Corp., Austin, Tex., USA) controlled in conjunc-
tion with, e.g., control/analysis software (e.g., LabVIEW®,
National Instruments Corp., Austin, Tex., USA).

[0061] Charged particle detectors 205 described herein can
be used in conjunction with an instrument or analysis system
for detecting and measuring charged particles, which will
now be described with reference to FIG. 4.

[0062] FIG. 4 illustrates an instrument analysis system 450
illustrative of configurations providing for supply, spatial
separation, and analysis of charged particles, according to
one embodiment of the invention. System 450 provides for
generation, detection, charge accumulation, integration, and
simultaneous measurement of charged particles at one or
more levels of particle flux. System 450 is configured with an
ion source 446 for generating and providing charged par-
ticles. Ion sources include, but are not limited to, e.g., Induc-
tively Coupled Plasma (ICP), ElectroSpray lonization (ESI),
Matrix-assisted Laser Desorption lonization (MALDI),
Atmospheric Pressure MALDI (AP-MALDI), Electron
Impact (EI), Chemical lonization (CI), or the like, but are not
limited thereto. lon source 446 couples, e.g., to a mass sepa-
ration/selection device, stage, or instrument 448 (e.g., a mass
spectrometer, MS) providing separation of charged particles
as a function of mass (e.g., m/z) received from the ion source.
As will be understood by those of skill in the art, mass sepa-
ration devices, stages, or instruments of any class may be
coupled in conjunction with the invention, including, but not
limited to, e.g., mass spectrometers (MS), mass filters, mass
storage, mass isolation, tandem instruments, or combinations
thereof. Analytical devices or instruments known to those of
skill in the art can be selected without limitation. The selected
analysis instrument couples to a detector 205 that includes
components described herein providing selectability and
multiple levels of gain and integration to the selected instru-
ment system. No limitations are intended. In one illustrative
instrument system tested in conjunction with the invention,
ion source 446 was, e.g., an ICP. The selected mass separator
448 was, e.g., a Mattauch-Herzog geometry mass spec-
trograph (MHMS) providing for spatial separation of charged
particles (e.g., ions) as a function of mass (n/z). Detector 205
included, e.g., 128 Faraday strips (collecting elements or
collectors) configured in an array (“FPC-128") connected to
a custom semiconductor chip with 128 amplifying circuits
(described previously with respect to FIG. 1) supporting ver-
satile integration and readout capabilities with multiplexer
functionality. Detector 205 was placed at the focal plane
within the (e.g., 6-inch focal plane) MHMS instrument. The
detector utilizes 45-um wide collectors set on 50-um centers,
thereby providing higher spatial resolution, less inter-collec-
tor dead space, and correspondingly better spectral definition.
Length of each collector was increased to span the height of
the magnetic sector and the entrance slit of the MHMS 448,
enabling more of the charged-particle stream (beam) to be
collected. The detector was further of'a simple dual-gain (e.g.,
CTIA) design configured with relative capacitances of 1x and
100x, respectively. The instant detector configuration permits
the instrument system to acquire signal (response) on all
collecting elements at a frequency greater than 2 kHz and the
ability to independently adjust the gain level of each collect-
ing element. TABLE 1 lists component specifications for the
detector.
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TABLE 1

Detector specifications for a 128-detector element array detector.

Collector Elements: 128
Collector Width, (um) 45
Collector Height, (mm) 6.35
Collector Area, (mm?) 0.286
Inter-collector Spacing, (um) 5
Length of Collector Array, (mm) 6.4
[0063] The inductively coupled plasma (ICP) 446 is sus-

tained using an RF power supply [e.g., a 2500D and a 2500E
impedance-matching network available from PlasmaTherm
(St. Petersburg, Fla., USA)]. Argon (99.998%, Airgas, Rad-
nor, Pa., USA) is supplied to the ICP torch via three mass flow
controllers (e.g., amodel 1179 A mass flow controllers, MKS,
Andover, Md., USA) operated with a multi gas-controller unit
(e.g., amodel 647A, MKS, Andover, Md., USA). Gas flows in
the outer, intermediate, and central channels of the ICP torch
are 16-18 L/min, 1.1-1.5 L/min, and 0.7-1.2 L/min, respec-
tively. The MHMS was constructed as detailed, e.g., by Bur-
goyne et al. (Journal of the American Society for Mass Spec-
trometry 1997, 8, 307-318) and Solyom et al.
(Spectrochimica Acta, Part B: Atomic Spectroscopy 2001,
56B, 1717-1729), incorporated herein, with an interface con-
sisting of three differentially pumped stages separated by a
0.5 mm skimmer cone and a 1.0 mm third-stage aperture. lons
were sampled from ICP 446 plasma via a 0.75-mm sampling
cone and accelerated into the energy and mass analyzing
sectors by maintaining the sampler and skimmer cones at a
1.0 kV-1.2 kV potential. Operation of the 128 collecting
element array detector 205 relies on two user-defined param-
eters to set the integration period. Parameters are set by means
of a custom-written LabVIEW® (National Instruments
Corp., Austin, Tex., USA) program interfaced with detector
through a data acquisition card described hereinabove. Inte-
gration period is defined by the number of non-destructive
read-outs (NDRO) and the time interval between each pair.
The output file contains the value of each NDRO, therefore,
particle flux on each collector can be individually determined.
Upon completion of all NDROs, each collector is reset, by
shorting all capacitors to ground, thereby removing all
charge. The LabVIEW® software enables several repetitions
of the measurement cycle to be automatically made. The
shortest integration period using all channels of 128-detector
element array detector is roughly 500 ps, but shorter integra-
tions can be taken if less than all 128 channels are used.
TABLE 2 lists typical operating parameters/conditions for
the test configuration.

TABLE 2

Exemplary Operating Conditions of a Detector System using an ICP
ion source, coupled to a 128-detector element array detector in
a Mattauch-Herzog geometry mass spectrograph configuration.

Sample Introduction System Operating Conditions

Sample Uptake Rate 1 mL/min
USN? Chamber Temperature 160° C.

USN Condenser Temperature 5-10° C.
Inductively Coupled Plasma Source

Forward Power 1.25 kW

Reflected Power <5 W
Central-Channel Gas Flow 0.7-1.2 L/min
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TABLE 2-continued

Exemplary Operating Conditions of a Detector System using an ICP
ion source, coupled to a 128-detector element array detector in
a Mattauch-Herzog geometry mass spectrograph configuration.

Sample Introduction System Operating Conditions

Intermediate-Channel Gas Flow 1.1-1.5 L/min
Outer-Channel Gas Flow 16.0-18.0 L/min
Sampling Depth 10-12 mm ALC?
Mass Spectrograph

Sampler-cone Orifice 0.75 mm
Skimmer-cone Orifice 0.50 mm
Third-stage Aperture Orifice 1.0 mm
First-stage Pressure 1-2 Torr

2-5x 107 Torr
0.8-5 x 107 Torr
50 0r 100 pm
1.00-1.20 kV

Second-stage Pressure
Third-stage Pressure
Entrance Slit Width
Acceleration Potential

“USN—Ultrasonic nebulizer
5 ALC—distance above the load coil

[0064] Sample Introduction. Aqueous samples are intro-
duced into the plasma by an ultrasonic nebulizer [e.g., a
U-6000AT ultrasonic nebulizer (USN)] available commer-
cially (Cetac, Omaha, Nebr., USA) with the evaporation and
condensation units operated at 160° C. and 5-10° C., respec-
tively. Sample and waste flows to and from the USN are
regulated by means of a peristaltic pump (e.g., a model RP-1
four-head peristaltic pump, Rainin, Emeryville, Calif., USA)
operated at a sample uptake rate of 1.0 ml/min.

[0065] Standard Solutions. A 0.1 M HNO; solution was
used to prepare all analytical standards through serial dilu-
tion. The 0.1 M HNO; solution was prepared by dilution of
purified reagent-grade nitric acid (70%, Mallinckrodt Baker
Inc., Phillipsburg, N.J., USA). Purification was achieved by
sub-boiling distillation in a Teflon still (e.g., a model SBS-
108 still, Savillex, Minnetonka, Minn., USA). For the mea-
surement of limits of detection, resolution, and isotope-ratio
accuracy, serial dilution of 1x10° ng mL~" multi-elemental
standards (Spex Certiprep, Metuchen, N.J., USA) were used.
For isotope-ratio precision studies, a 1x106 ng mL ™" atomic
absorption silver standard (Johnson Matthey Electronics,
Ward Hill, Mass., USA) was diluted to 1x10°> ng mL~". For
the determination of dynamic range, a 1000 ng ml.-1 hol-
mium atomic absorption standard was used to make solutions
varying in concentration from about 1x10~> ng mL ™" to a bout
5x10° ng mL.~!. All data were background-subtracted using
the 0.1 M HNO; solution as a blank. Signal levels were
determined for each collecting element by performing linear
regression through the charge vs. time ramps output by the
software. The slope of the regression line corresponds to the
particle flux incident on each collector, and when multiplied
by the integration period, gives the total signal level over that
period. Regression analysis is useful for minimizing read
noise of the detector.

Detector Noise

[0066] To reduce detector noise, a Peltier cooler can be
placed on the backside of the circuit board or chip containing
the collecting elements. Heat from the “hot” side of the Peltier
cooler is optionally carried out of the vacuum chamber by
means of a heat pipe. The heat pipe may then be cooled e.g.,
by a heat sink and fan or water cooled via copper tubing coiled
around the pipe. A temperature sensor may be optionally used
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to directly read temperature of the collector chip or to ensure
effectiveness of the cooling system.

[0067] In the test configuration comprising the FPC-128
array detector, noise was first characterized independently of
noise that might arise from the ICP ion source. This was
accomplished by operating the FPC-128 array detector
mounted in the MHMS, but with the ICP off. Sampling orifice
of'the MHMS was blocked and pressure in the detector cham-
ber was in the tens of nTorr for these studies. Noise values
were taken as the standard deviation of ten replicates for
various integration times. Read noise was reduced by using
the regression method described hereinabove to determine
background level. Another method for reducing read noise
would be to extinguish ion flux after a chosen integration
period and to average data acquisitions from many non-de-
structive read outs of accumulating charges. Noise followed
square-root dependence with integration periods of 5 seconds
or more. Typical noise values for 10-second integration peri-
ods were between 60 charges and 100 charges. Major fre-
quencies in the noise spectrum were found to be from about
60 Hz and 180 Hz indicating that environmental noise is at
present still a limiting factor. White-noise declined exponen-
tially with increasing Peltier-cooler current until a current of
1.70 A was reached. Noise studies were repeated while ions
were sampled from the ICP, but no significant differences
were observed. Findings suggest that ions scattered in the
mass spectrometer are not a significant factor.

[0068] Additional features of the dual gain detector in the
test configuration will now be detailed.

Peak Shape

[0069] Shape of individual m/z peaks was evaluated by
fitting points output by the collecting elements (collectors)
with Gaussian and Lorentzian functions. Peak shape is
affected by ion-impact liberation of electrons from the sur-
face of the collectors. In such cases, the peak displays a small
negative dip on the low-mass side, believed to be due to
sputtered electrons curling backwards in the presence of the
magnetic field and landing on an adjacent collector. This
negative signal was observed only at low magnetic field
strengths. At high magnetic field strengths, electrons do not
have sufficient energy to reach an adjacent collector. This
phenomenon can affect peak shape by making it asymmetric
about the maximum; however, electron release did not occur
at a great enough rate to make this sort of distortion observ-
able. Peak shape can also be effected by collector crosstalk.
Crosstalk between collectors refers to any inaccurate output
from a collector caused by any influence by collected charge
onan adjacent collector. The magnitude of crosstalk in the test
configuration was determined by placing a slit in front of the
detector, e.g., at the focal plane of the array. The slit is pref-
erably sufficiently narrow to expose a single collector. How-
ever, limits in slit widths and positioning accuracy in the test
configuration did not permit exposure of a single collector, so
a slit of 150 um was used, which exposed 3-4 collectors. No
observable signal was seen on any unexposed collectors,
meaning little or no collector crosstalk occurred. Unexposed
collectors were 2-3 collectors away from the intense signal.

Array Bias

[0070] Inter-channel bias of the detector array was mapped
by using a magnetic field to scan the '®*Ho peak across all
collecting elements of the detector. Because signal from the
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ICP is not perfectly stable, 25 repetitions on each collector
were averaged to determine response. Average response var-
ied from channel to channel by about 11% RSD across the
collector array. Moreover, there was a slight and nearly linear
rise in response from the low-mass to high-mass ends of the
array. The averaged response values were normalized to the
signal from the first pixel and fit by means of linear regression
to the pixel number, leading from the low-mass end of the
array. The slope of the regression line was 0.0029 per channel.
Thus, the signal from the second channel produced an average
signal that was 1.0029 times the signal from pixel 1. This
slight bias across the collectors most likely arises because the
plane of the detector array does not exactly coincide with the
focal plane of the MHMS.

Limits of Detection

[0071] The 128-element array detector employs pixels that
span the entire height of the magnetic sector of the MHMS.
Ten repetitions of a 10-second integration period were used to
determine limits of detection (LOD) at a 30 level. Signal and
noise on a single collecting element were used to determine
these values even though the analyte peaks typically spanned
5-8 collectors of the 128-detector element array detector. This
approach was selected because when the sum of the signal
and the sum of the noise on more than one collector was used,
the S/N dropped (since the noise in this situation grows faster
than the signal). In all cases, noise was determined as the
standard deviation (N=10) of the signal level of an off-mass
collector from a 0.1M HNO; blank solution. An off-mass
collector was used because contamination-free detection lim-
its were desired. Noise can alternatively be determined using
collector-to-collector variations from a “blank” region of the
spectrum as long as fixed-pattern noise between collectors
can be removed. TABLE 3 lists the limits of detection (LOD)
for the 128-detector element array detector system.

TABLE 3

Detection limits measured for a 128-element
(FPC-128) charged-particle detector.

Isotope FPC-128
STq 1.1
sty 4.5
2Cr 4.5
3SMn 2.1
88Sr 0.7
10010 0.4
g 0.3
19gn 0.2
1650 0.4
186y 0.5
1937y 0.5
203T] 0.7
2098 1.1

Isotope-Ratio Accuracy and Precision

[0072] Isotope-ratio accuracy (IRA) for the test system
configured with the 128-clement detector was determined
with a 5-second total integration time for several isotope
pairs. Ratios were calculated from single-collector peak
heights for two isotopes. IRA values are listed in TABLE 4.

May 14, 2009

TABLE 4

Isotope Ratio Accuracy for a 128-element (FPC-128) detector.

Isotope Ratio FPC-128
SSNi/ONi 27
S3Cu/Cu 5.8
667n/%%7Zn 24
88S1/56Sr 8.2

190 f0/°"Mo 3.2
Hacd/tized 0.82
1209/t 188 0.4
121812381 0.73
184w/186w 1.3
1937191 0.032

[0073] Generally, less than 1% error was achieved except
for isotopes in the region of the spectrum between *°Ar* and
8Ar,*. Errors in these regions were higher because of
elevated noise, attributable to high ion currents associated
with *“°Ar* and *°Ar,* in the ICP.

[0074] IRA is greatly improved by accounting for a linear
bias between low-mass and high-mass sides of the 128-ele-
ment (FPC-128) array detector, as explained herein. With
better spectral definition it is much easier to center two iso-
topes on two different collecting elements at a given time.
Since a peak spans several pixels of a detector array, IRA may
be improved by using a fitting function to determine peak
height or area, as will be understood by those of skill in the art.
No limitations are intended.

[0075] Isotope ratio precision (IRP) was determined by
calculating the % RSD for ten measurements ofa 1 ppm silver
(Ag) solution at various integration times. Signals from '°’Ag
and '°°Ag isotopes were taken as the sum of outputs of all
collector elements accumulating ions from the respective iso-
topes. The sum of the signal from multiple collectors was
used to minimize effects of peak drift due to fluctuations in
the magnetic field or accelerating potential. FIG. 5 is a plot
showing isotope ratio precision plotted as a function of the
integration time for Ag isotopes. The dashed line represents
the theoretical counting-statistics limit based on number of
charges collected using the 128-detector element array detec-
tor. Data show that precision improves as the square root of
the number of ions collected, a limit governed by counting
statistics. A value of 0.018% RSD was reached in less than
300 seconds. This value may be improved by correcting, e.g.,
for magnetic field instabilities, and/or the accelerating poten-
tial, and/or other fluctuations in the dark current.

Resolution

[0076] Resolving power for the 128-element array detector
in the test configuration (with a dual low and high gaining
capability) configured with a 50-um MHMS entrance slit was
determined from the 2°>T1 peak. FIG. 6 presents results for Tl
and Pb spectra. As observed in the figures, 2°°Pb and *°"Pb
isotopes are discernable in the spectra. Resolving power can
be raised to about 600 by narrowing the entrance slit of the
MHMS, e.g., to 50 um. In this spectrum, signal is reduced by
a factor of approximately three. Variations in ion optics opti-
mization can account for the larger than expected signal drop.

Dynamic Range

[0077] Linear dynamic range for the test configuration uti-
lizing the 128-element array detector was determined. A high
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gain setting was used by analyzing Ho solutions at concen-
trations ranging from about 1x10~> ng mL~" to about 50x10°
ng mL~". Various integration times were used to accommo-
date the wide range of ion fluxes. For example, for high
intensity particle fluxes, integration times can be short, e.g.,
from a few microseconds to a few milliseconds. For low
intensity particle fluxes, integration times can be, e.g., tens of
seconds. No limitations are intended. FIG. 7 is a plot com-
paring linear dynamic range for the detector system. Dynamic
range is shown to be linear over a span of more than seven
orders of magnitude. At least another two orders of magnitude
should be obtainable on the high side of the concentration
range using a low-gain setting, as provided by the variable
gaining system described herein.

Independent Gain Levels

[0078] Selective and independent gaining capability of the
instrument system of the test configuration equipped with the
128-element array detector was evaluated by introducing into
the ICP a solution containing 1x10° ng mL.=* Sr and 10 ng
mL~" Y and collecting spectra at low and high gain settings,
respectively, and/or selected combinations thereof. FIG. 8a is
a plot showing *Y data collected using 128-detector element
array detector with all elements set at low gain, according to
an embodiment of the invention. FIG. 85 is a plot showing
89Y data collected using the 128-element array detector with
elements covering the Sr peaks (3°Sr, ®7Sr, and **Sr) all set at
a low fixed gain and elements covering the *’Y peaks set at
high gain, according to another embodiment of the invention.
Data presented in FIG. 85 show that variable gain adjustment
provided by the invention permits analysis of samples con-
taining vastly different analyte concentrations through use of
selective gain level choices.

Independent Addressability

[0079] Independent addressability has also been demon-
strated in the 128-element array detector of the test configu-
ration described herein. “Independent addressability” as the
term is used herein means independent command and control
of any single detector element (described previously with
respect to FIG. 1) or group(s) of detector elements including
configuration parameters and unique sequencing of readout
operations of the detector elements. Thus group(s) of detector
elements can by addressed, controlled, and readout separately
and independently of any other single detector element or
group(s) of elements. For example, independent addressabil-
ity provides capabilities including, but not limited to, e.g.,
setting integration times differently for different detector ele-
ments, setting gain levels differently for different detector
elements (see FIG. 8b), setting readout mode (e.g., destruc-
tive or non-destructive) differently for different detector ele-
ments, and setting readout sequences differently (e.g., other
than sequential) for different detector elements. In FIG. 85,
one aspect of independent addressability is demonstrated.
Detector elements for measuring particle fluxes attributable
to 9Sr*, #7Sr*, and **Sr* were set to a low fixed gain, whereas
those specific to the region of #Y* were set to a high gain in
order to detect the low ion flux of *Y™* with greater sensitiv-
ity. No limitations are intended. All embodiments and uses of
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the independent addressability capability as will be imple-
mented by those of skill in the art are within the scope of the
disclosure.

Closure

[0080] Results using a test instrument system configuration
coupledto an array detector of the invention show a capability
to individually select gain level for each Faraday collector in
the 128 element array detector. Limits of detection in the
hundreds of pg-L~* for metals in solution have been obtained.
Some additional features, such as a broader linear dynamic
range (over eight orders of magnitude), greater resolving
power (up to 600), and improved isotope ratio accuracy were
also attained. In addition, isotope ratio precision of 0.018%
RSD has been achieved.

[0081] While the present disclosure is exemplified by spe-
cific embodiments, it should be understood that the invention
is not limited thereto, and variations in form and detail may be
made without departing from the spirit and scope of the
invention. All such modifications as would be envisioned by
those of skill in the art are hereby incorporated.

We claim:

1. A method, comprising the steps:

providing two or more detector elements operatively dis-

posed for detecting and measuring different and/or sepa-
rated charged particles, said detector elements each
comprising an independently selectable and addressable
charge-collecting element operatively disposed to an
amplifying circuit, wherein said amplifying circuit com-
prises an integrating amplifier with one or more integrat-
ing capacitors and individually selectable switching
means thereby providing independently selectable and
variable integration and/or gain to each of said detector
elements;

reading each of'said charge-collecting elements at an initial

level of particle flux;
adjusting the gain of'said charge-collecting elements selec-
tively and variably providing sufficient charge-collect-
ing capability for each of said charge-collecting ele-
ments at one or more levels of particle flux; and

whereby said detector elements are each independently
selectable and addressable thereby providing for simul-
taneous detection and measurement of said charged par-
ticles at one or more levels of particle flux in a measure-
ment cycle.

2. A method of claim 1, wherein said charged particles are
selected from the group consisting of ions, electrons,
positrons, alpha particles, aerosols, droplets, particulates, or
combinations thereof.

3. A method of claim 1, wherein said charged particles are
net positive.

4. A method of claim 1, wherein said charged particles are
net negative.

5. A method of claim 1, wherein said charge-collecting
elements are disposed in an array.

6. A method of claim 5, wherein said array is a linear array.

7. A method of claim 5, wherein said array is a curvilinear
array.

8. A method of claim 5, wherein said array is a 2-dimen-
sional array.

9. A method of claim 5, wherein said array is a 3-dimen-
sional array.

10. A method of claim 5, wherein said charge-collecting
elements are composed of an electrically conductive material.
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11. A method of claim 10, wherein said electrically con-
ductive material is selected from the group consisting of alloy,
single, mixed, layered, binary, or combinations thereof.

12. A method of claim 1, wherein said amplifying circuit is
a charge-integrating amplifying circuit.

13. A method of claim 12, wherein said charge-integrating
amplifying circuit is a capacitive transimpedance amplifying
circuit.

14. A method of claim 12, wherein said charge-integrating
amplifying circuit comprises two or more selectable charge-
integrating capacitors.

15. A method of claim 14, wherein said charge-integrating
capacitors are fixed capacitors.

16. A method of claim 14, wherein said charge-integrating
capacitors are variable capacitors.

17. A method of claim 1, further comprising a readout
means operatively disposed for reading charges accumulated
in said two or more detector elements.

18. A method of claim 17, wherein said readout means
reads charges accumulated in said two or more detector ele-
ments simultaneously, sequentially, non-sequentially, selec-
tively, randomly and/or independently, in parallel, non-de-
structively, destructively, or combinations thereof.

19. A method of claim 17, wherein said reading at said one
or more levels of particle flux is sequential.

20. A method of claim 17, wherein said reading at said one
or more levels of particle flux is non-sequential.

21. A method of claim 17, wherein the reading of charges
by said readout means is non-destructive.

22. A method of claim 17, wherein the reading of charges
by said readout means is destructive.

May 14, 2009

23. A method of claim 1, further comprising a resetting
means operatively disposed for discharging charges accumu-
lated in each of said two or more detector elements providing
zero net charge therein.

24. A method of claim 1, further comprising a storage
means for storing data representative of charges accumulated
in each of said two or more detector elements.

25. A method of claim 1, further comprising a switching
multiplexer operatively disposed to a computing means for
automated selection and operation of said switching multi-
plexer.

26. A method of claim 25, wherein said switching multi-
plexer is disposed discretely or as a hybrid with said two or
more detector elements.

27. A method of claim 25, wherein said switching multi-
plexer is disposed monolithically or is fully integrated with
said two or more detector elements.

28. A method of claim 1, wherein said switching multi-
plexer includes members selected from the group consisting
of selectable switch, polarity switch, resetting switch, read-
out switch, charge-integrating capacitor, or combinations
thereof.

29. A method of claim 1, wherein said measurement cycle
is a single measurement cycle.

30. A method of claim 1, wherein said measurement cycle
is a repetitive measurement cycle.

31. A method of claim 1, wherein said measurement cycle
is a repeatable measurement cycle.
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