6/007589 A2 | IV 200 R A0

—

e
=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization __; d | [.

529 |00 00 00O OO0

International Bureau

(43) International Publication Date
19 January 2006 (19.01.2006)

(10) International Publication Number

WO 2006/007589 A2

(51) International Patent Classification:
GOIT 3/00 (2006.01)

(21) International Application Number:
PCT/US2005/023738
(22) International Filing Date: 30 June 2005 (30.06.2005)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:

60/585,350 1 July 2004 (01.07.2004) US
60/588,641 15 July 2004 (15.07.2004) US
60/686,680 1 June 2005 (01.06.2005) US

(71) Applicant (for all designated States except US): CIPHER-
GEN BIOSYSTEMS, INC. [US/US]; 6611 Dumbarton
Circle, Fremont, California 94555 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): KELLER, Craig, A.
[US/US]; 73 Loyola Avenue, Menlo Park, California 94025
(US). WALTMAN, Steve [US/US]; 1441 County Road 83,
Boulder, Colorado 80302 (US). MILLER, Steve [US/US];

719 Holly Oak Drive, Palo Alto, California 94303 (US).
YOUNGQUIST, Michael, G. [US/US]; 452 Marion Av-
enue, Palo Alto, California 94301 (US).

Agents: GRAY, Gerald, T. et al.; Townsend and
Townsend and Crew LLP, Two Embarcadero Center, 8th
Floor, San Francisco, California 94111 (US).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA,
MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO, NZ,
OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL,
SM, SY, TI, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC,
VN, YU, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, MC, NL, PL, PT, RO,
SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: NON-LINEAR SIGNAL AMPLIFIERS AND USES THEREOF IN A MASS SPECTROMETER DEVICE

10

30,

20

O—

(€]
(=]
n

50

d
—

F \40

25,

N

(57) Abstract: Signal amplifiers having a non-linear transfer function. A high speed (high bandwidth) circuit with a non-linear
& transfer function over a limited range of input signal is provided. By appropriate choice of components, the non-linear transfer
function can be used to accurately approximate any monotonic function such as a square root transfer function. In another aspect, a
piecewise non-linear circuit arrangement using a set of non-linear sub-circuits is provided to accurately generate a desired non-linear
transfer function over an extended dynamic range of input signal. In one implementation of such a circuit, each of the sub-circuits
approximates the desired non-linear function over a portion of the input range.



WO 2006/007589 A2 1IN} NDVYH0 AT 000 O A0 AR

Declaration under Rule 4.17: For two-letter codes and other abbreviations, refer to the "Guid-
—  of inventorship (Rule 4.17(iv)) for US only ance Notes on Codes and Abbreviations" appearing at the begin-
Published: ning of each regular issue of the PCT Gazette.

—  without international search report and to be republished
upon receipt of that report



10

15

20

25

30

WO 2006/007589 PCT/US2005/023738

NON-LINEAR SIGNAL AMPLIFIERS AND USES THEREOF IN A
MASS SPECTROMETER DEVICE

CROSS-REFERENCES TO RELATED APPLICATIONS
[0001] This application claims the benefit of US provisional application Nos. 60/585,350,

filed July 1, 2004, 60/588,641, filed Tuly 15, 2004, and 60/686,680, filed June 1, 2005, each

of which is hereby incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

[0002] The present invention relates generally to signal amplifiers, and in particular to
signal amplifiers having a non-linear transfer function. The amplifiers of the present
invention have a wide range of applicability, including, for example, in mass spectrometry

devices or cameras.

[0003] In many signal processing applications, it is often desirable to digitize analog
signals. For example, it is often desirable to convert analog signals representing detected
physical events or phenomenon to digital signals for further processing in a digital computer
system. To do so, analog signals are typically sampled at a certain rate and converted to

digital bits using a digitizer, e.g., an analog-to-digital converter (ADC).

[0004] An ideal digitization system that is able to handle high dynamic range and high
bandwidth signals is difficult to realize. Dynamic range refers to the ratio between the
maximum signal level and the minimum signal level that can be handled by the electronic
system. Often, the maximum level corresponds to the largest signal that can be handled
without clipping or other substantial distortion, and the minimum signal level is determined
by the larger of the noise level for small signals or the resolution of the digitizer for small
signals. In electrical fransmission systems, bandwidth refers to the range between the highest
and lowest frequencies of a transmission channel. Bandwidth is typically measured in Hertz
(Hz, cycles per second). For a signal sampled at discrete time intervals, the bandwidth of the

signal is limited to one half the sampling rate (the Nyquist frequency).

[0005] A mass spectrometer is a good example of a system that requires a digitization

system that can handle transient signals from the mass spectrometer that have a high dynamic
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range and large bandwidth. Ideally the dynamicrange of a mass spectrometer designed for
protein profiling will match the dynamic range of the concentratioﬁ of proteins present in
blood serum, or about 10"°. This dynamic range is many orders of magnitude beyond the
capability of any currently available protein profiling system including those using mass
spectrometry. The realizable dynamic range of protein profiling systems using mass
spectrometry techniques is currently closer to 10°. Part of this dynamic range can be
practically realized using signal averaging, but much of it must be accounted for directly with

the digitization system.

[0006] In atime-of-flight mass spectrometer (TOF-MS) system, the time resolution of the
digitization system is one of the factors that determines the mass resolution that can be
realized by the system. Ideally the time resolution of the mass spectrometer is limited by the
detection system or the performance of the mass analyzer rather than the digitization system.
Currently available ion detectors produce output signals with pulse widths ranging from
tenths of nanoseconds to a few nanoseconds. Effectively digitizing these signals without loss
of time resolution requires digitization systems with bandwidths from about 100 to about
5000 MHz.

[0007]  Consider a digitization system with a dynamic range of approximately 7000 and a
bandwidth of approximately 320 MHz. Using standard techniques such a system would
require a 13-bit linear analog-to-digital converter (ADC) with a bandwidth greater than 320
MHz. Currently it is difficult and expensive to produce systems with such high combined
dynamic range and bandwidth. However, the situation can be improved by considering the

noise characteristics of the signal being processed. In general, all analog signals have noise.

[0008] A typical ADC is a substantially linear device that simply outputs a number
proportional to the input at a fixed sampling rate. The dynamic range is usually determined
by the largest number that the ADC can output. This dynamic range is usually 2" where n is '
this number of digital bits used to represent the output number. Implicit in this calculation of
the dynamic range is the assumption that the smallest signal that can be effectively measured
is represented by a change of 1 in the output of the ADC. Thus, for a particular ADC there is
a trade off between the largest signal measured and the amplitude resolution achieved.
Choice of useful amplitude resolution is generally limited by noise; very little is gained by

digitizing a signal with an amplitude resolution finer than the amplitude of the noise on the

signal.



10

15

20

25

30

WO 2006/007589 PCT/US2005/023738

[0009] In general, the noise characteristic of a signal can vary with the amplitude of the
signal. Further, the noise characteristic of a signal typically contains contributions from
many different sources. In many electronic systems, for example, the amplitude of the noise
is essentially independent of the amplitude of the signal (i.e., constant). This is usually true
where the main noise contribution is, for example, thermal noise in amplifiers and other
circuit components. Another type of noise, shot noise, arises when a signal is composed of
discrete elements. For example, any electronic signal associated with a current has shot noise
because the current is made up of discrete charge carriers, usually electrons. The amplitude
of shot noise is proportional to the square root of the amplitude of the signal. Since most
electronic signals involve extremely large numbers of electrons, the shot noise is often a very
small fraction of the amplitude of these signals and is often a negligible portion of the total
noise in the system. Shot noise also occurs when the signal is due to the detection of particles
such as photons or charged or neutral particles. Thus, in a system such as a mass
spectrometer, where the numbers of ions detected can be as low as a few or even single ions,

shot noise can dominate all other noise sources.

[0010] The noise characteristic of the signal and the resolution of the digitization system
can be matched by choosing the resolution of the digitizer to be roughly equivalent to the
noise amplitude (Note that the peak-to-peak noise amplitude will usually be a few times the
noise amplitude measured, for example, with a standard deviation). In this way, the largest
possible signal is accommodated while the resolution of the system is limited by the noise in
the signal and not by the resolution of the digitization (noise limited resolution). This is
straight forward for a signal where the noise amplitude is constant. For a linear ADC, this
procedure optimizes the dynamic range of the measurement system by minimizing the
digitization levels devoted to measuring the noise in the signal and allowing the signal
amplitude to be as large as possible. However, for a signal where the noise amplitude
changes with signal amplitude, the situation is not so simple. With a linear ADC, matching
the resolution to the amplitude of the noise at one signal amplitude will either cause the
digitizer to become the resolution limiting factor at signal amplitudes where the noise is

smaller or digitizer resolution will be wasted at signal amplitudes where the noise is larger.

[0011] This situation can be improved by constructing a digitization system where the
resolution changes with signal amplitude such that the resolution is always matched to the
amplitude of the noise. One way of doing this is to transform the signal before it is digitized

with a linear ADC such that the noise amplitude of the transformed signal is a constant, i, e,
3
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the noise amplitude does not vary with the amplitude of the signal. For example, for a signal
where the noise amplitude characteristic is dominated by shot noise (noise amplitude
increases with the square root of the signal amplitude), the required transformation is to take
the square root of the signal before digitizing with a linear ADC. Linear and logarithmic
transformations are not optimal when the noise characteristic of the signal is dominated by
shot noise. For example, with a linear transformation of the input signal before digitization
with a linear ADC, the noise amplitude of the transformed signal will increase with larger
signal amplitude exactly as it did in the uniransformed signal. If the resolution is matched to
the noise amplitude at low signal levels where the noise amplitude is smallest, then resolution
will be wasted on high amplitude signals where the noise amplitude is larger. With a
logarithmic transformation of the input signal before digitization with a linear ADC, the noise
amplitude of the transformed signal will decrease with larger signal amplitude. If the
resolution is matched to the noise amplitude at high signal levels where the noise amplitude is
smallest, then resolution will be wasted on low amplitude signals where the noise amplitude

is larger.

[0012] However, it is difficult to design amplifiers with particular non-linear transforms,
such as a square root transform, and particularly difficult to design such amplifiers to handle

high bandwidth signals, for example, signals with bandwidths greater than 100 MHz.

[0013] It is therefore desirable to provide an amplifier circuit that provides a non-linear
transfer function, and particularly a square root transfer function. Such an amplifier circuit
should also operate with a high dynamic range and a large bandwidth. It is also desirable to

use such an amplifier in a mass spectrometer device or in a camera.

BRIEF SUMMARY OF THE INVENTION

[0014] The present invention provides signal amplifiers having a non-linear transfer
function. In one aspect, a high speed (high bandwidth) circuit with a non-linear transfer
function over a limited range of input signal is provided. By appropriate choice of
components, the non-linear transfer function can be used to accurately approximate any
monotonic function such as a square root transfer function. In another aspect, a piecewise
non-linear circuit arrangement using a set of one or more non-linear sub-circuits is provided
to accurately generate a desired non-linear transfer function over an extended range of input

signal where each of the sub-circuits approximates the desired non-linear function over a
4
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portion of the input range. As used herein, a signal amplifier has a "substantially non-linear
transfer function" if the desired output signal is a non-linear transform of the input signal.

For example, the desired output can be a power, such as a square root or a square, a log,
exponential (e.g., €°) or other non-linear function of the input signal over the desired range. It
is recognized that amplifiers designed to produce an output signal that is a linear transform of
an input signal will produce an output having a small degree of non-linearity in their transfer
function. However, this non-linearity in linear circuits is often undesirable and unintended,

and is not considered to be substantially non-linear as used herein.

[0015] According to an aspect of the present invention, a circuit block that implements a
non-linear transfer function is provided. The block typically includes a diode in series with
an impedance element. An example of such a circuit block is shown in FIG. 1C. This circuit
generates a non-linearity that can be shaped to match the desired transfer function using
current biasing to modify the shape of the transfer function produced. The portion of the
transfer function generated by the circuit block that most closely matches the desired transfer
function can be selected or used. This is done, in certain aspects, by mapping the input and
output onto this portion of the transfer function using gain and offset adjustments (scaling and
shifting).

[0016] According to another aspect of the present invention, a circuit arrangement that
processes an input signal with a non-linear transfer function to produce an output signal
typically includes a plurality of circuit blocks, each having a different transfer function, and
each configured to receive the input signal and produce an output, wherein at least one of the
circuits has a non-linear transfer function, and a combining circuit configured to combine the

outputs of the plurality of circuit blocks so as to produce the output signal.

[0017] Circuit blocks as described herein, such as a block including a diode element in
series with an impedance element, can produce a transfer function to map some range of
inputs to some range of outputs approximating a desired mapping. Typically there is an
inverse relationship between the accuracy of the mapping and the range over which the
mapping meets the required accuracy. A piecewise non-linear architecture provides a way to
get around this limitation by using a set of circuit blocks, each producing the desired transfer
function with the desired accuracy over a portion of the desired range. The outputs of the
circuit blocks are tied together to produce the desired transfer function with the desired

accuracy over a larger range than can be produced by any individual block.
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[0018] According to yet a further aspect of the present invention, a mass spectrometer
device is provided. The device typically includes a particle source that provides particles, a
detector that detects the particles and provides a signal having an amplitude proportional to a
detected particle flux, a signal amplifier having a non-linear transfer function that produces
an amplified signal having a noise component that is substantially independent of the signal
amplitude, and an analog to digital converter (ADC) that converts the amplified signal to a
digital output signal.

[0019] According to still a further aspect of the present invention, a method of amplifying a
mass spectra signal in a mass spectrometer is provided. The method typically includes
receiving at least a portion of a transient signal from a signal source, the transient signal
having an amplitude proportional to a detected particle flux, and amplifying the transient
signal in a non-linear amplifier having a non-linear transfer function that approximates a
square root transfer function to produce an amplified signal having a noise component that is

substantially independent of the signal amplitude.

[0020] According to still a further aspect of the present invention, circuit arrangement is
provided that generates an output signal that is a non-linear function of an input signal over

an input signal range, comprising a diode in series with an impedance element.

[0021] According to another aspect of the present invention, a circuit arrangement is
provided that generates an output signal that approximates a desired non-linear function of an
input signal over an input signal range. The arrangement typically includes two or more
circuits, wherein each circuit is configured to receive the input signal and produce a circuit
output, wherein at least one of said circuits has a non-linear transfer function over at least a
portion of the input signal range. The arrangement also typically includes a combining

circuit that combines the circuit outputs to generate the output signal.

[0022] According to yet another aspect of the present invention, a method is provided for
generating an output signal that is substantially a desired non-linear function of an input
signal over an input signal range. The method typically includes providing a circuit having a
diode in series with an impedance element, and additional circuitry comprising one or more
of a) input circuitry to transform the input signal into a current passing through the diode and
impedance element; b) bias circuitry to provide a bias current through the diode and
impedance element; c) first offset circuitry to provide an offset to the input signal; d) second

offset circuitry to provide an offset to the output signal; and e) scaling circuitry to provide

6
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scaling to the input and/or output signals. The method also typically includes adjusting one
or more of the input circuitry, bias circuitry, first offset circuitry, second offset circuitry and
scaling circuitry so as to generate an output signal that approximates the desired non-linear

function of the input signal over the input signal range.

[0023] According to yet another aspect of the present invention, a method is provided for
generating an output signal that is substantially a desired non-linear function of an input
signal over an input signal range. The method typically includes providing two or more
circuits having a diode in series with an impedance element, and additional circuitry
comprising one or more of: a) input circuitry to transform the input signal into a current
passing through the diode and impedance element; b) bias circuitry to provide a bias current
through the diode and impedance element; c) first offset circuitry to provide an offset to the
input signal; d) second offset circuitry to provide an offset to the output signal; and e) scaling
circuitry to provide scaling to the input and/or output signals. The method also typically
includes, for each of said two or more circuits, adjusting one or more of the input circuitry,
bias circuitry, first offset circuitry, second offset circuitry and scaling circuitry so as to
generate an output signal that approximates thé desired non-linear function of the input signal
over a portion of the input signal range, and combining the output signals from the two or
more circuits to form a composite output signal that approximates the desired non-linear

transfer function of the input signal over the input signal range.

[0024] According to another aspect of the present invention, a camera is provided that
typically includes a photon detector comprising a plurality of pixel elements, wherein each
pixel element detects photons and provides a pixel signal having an amplitude proportional to
a detected number of photons, a signal amplifier having a substantially non-linear transfer
function that processes a pixel signal to produce an amplified signal having a noise
component that is substantially independent of the signal amplitude, and an analog to digital
converter (ADC) that converts the amplified signal to a digital output signal. In certain
aspects, the pixels are read or detected at a rate greater than 200kHz, greater than 1MHz,
greater than 10MHz or greater than 100MHz.

[0025] According to a further aspect of the present invention, a circuit arrangement is
provided that generates an output signal that approximates a desired non-linear function of an
input signal over an input signal range. The arrangement typically include a first circuit

element configured to produce a first non-linear transform that approximates the desired non-
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linear transform over a first part of the input signal range, and a second circuit element
configured to produce a second non-linear transform that approximates the desired non-linear
transform over a second part of the input signal range. the arrangement also typically
includes a third circuit element configured to produce a transfer function that cancels out the
parts of the transfer functions of the first and second circuit elements that do not approximate
the desired non-linear function, and a combining element configured to combine outputs of
the first, second and third circuit elements to produce an output signal that approximates the
desired non-linear function over the entire input signal range. In certain aspects, the first
circuit element includes a first sub-circuit element that approximates the desired non-linear
function over a particular signal range, a first scaling element that performs a scaling function
on the input signal and delivers the scaled input signal to the first sub-circuit, wherein the
scaling function is selected so that the first part of the input signal range is scaled to the
particular signal range at which the first sub-circuit approximates the desired non-linear
function, and a second scaling element that undoes the scaling of the first element. In certain
aspects, the first circuit element includes a first sub-circuit element that approximates the
desired non-linear function over a particular signal range, a first scaling element that

performs a scaling function on the input signal and delivers the scaled input signal to the first

* sub-circuit, wherein the scaling function is selected so that the first part of the input signal

range is scaled to the particular signal range at which the first sub-circuit approximates the
desired non-linear function, and a second scaling element that performs a second scaling
function on the output of the first sub-circuit. In certain aspects, the first part of the input
signal range is 1 to X units, wherein the scaling function multiplies the input signal by a
factor of X, and wherein the second scaling element multiplies the output of the first sub-
circuit by a factor of 1/(sqrt(X)). In certain aspects, X is 84. In certain aspects, the second

scaling function is selected to be fully inverse or partially inverse to the first scaling function.

[0026] Reference to the remaining portions of the specification, including the drawings and
claims, will realize other features and advantages of the present invention. Further features
and advantages of the present invention, as well as the structure and operation of various
embodiments of the present invention, are described in detail below with respect to the
accompanying drawings. In the drawings, like reference numbers indicate identical or

functionally similar elements.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1A shows a simple resistive voltage divider circuit.

[0028] FIG. 1B shows a simple circuit where the output is directly proportional to the I-V

curve of a diode.

[0029] FIG. 1C shows two hybrid voltage divider-diode circuits. The ordering of the
components on a single branch of the circuit does not affect the function of the circuit. These

two circuits have identical transfer functions.

[0030] FIG. 1D shows a hybrid voltage divider-diode circuit with generalized impedance

blocks instead of the simple resistors shown in FIG. 1C.

[0031] FIG. 1E shows example transfer functions for the circuits in FIGS. 1A to 1D. The
transfer function of the circuit of FIG. 1A is linear. The transfer function of the circuit of
FIG. 1B is the diode curve. The transfer function of a circuit of FIG. 1C is the hybrid curve
laying between the other two.

[0032] FIG. 2 shows a diode based non-linear circuit with components to allow gain, offset,

bias current, and shaping adjustments according to one embodiment.

[0033] FIG. 3 shows examples of how the transfer function of the circuit shown in FIG. 2
can be shaped by changing two of the adjustable parameters, V2 and R1. FIG. 3A shows the
effect of varying V2. The middle part of the transfer function is changed by changing V2.
Increasing V2 decreases the curvature in the middle part of the transfer function while
decreasing V2 has the opposite effect. FIG. 3B shows the effect of varying R1.

[0034] FIG. 4 shows an alternate circuit arrangement that demonstrates how a second diode
can be used to control the voltage offset (V3) applied to the diode used to generate the non-
linearity in order to cancel out the effects of changes in the operating temperature. To
optimize the temperature compensation, the second diode may be (as shown) contained in the

same package as the diode used to generate the non-linearity.

[0035] FIG. 5 shows a typical implementation of a piecewise linear transfer function. Both

the circuit and the transfer function are shown. Reference: Horowitz and Hill, “The Art of

Electronics”, 2nd edition, p 252, Cambridge University Press.
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[0036] FIG. 6 illustrates a piecewise non-linear circuit arrangement architecture configured
to implement a non-linear transfer function by combining the outputs of a plurality of circuits

or sub-circuits according to an embodiment of the present invention.

[0037] FIG. 7 is a block diagram for a piecewise non-linear implementation of a wide

dynamic range square root amplifier circuit according to one embodiment.

[0038] FIG. 8 shows a graphical representation of a representative set of characteristic
equations for the circuit segments of FIG. 7. FIG. 8A shows the low range square root
function segment. FIG. 8B shows the high range square root function segment. FIG. 8C
shows the piecewise linear segment. FIG. 8D shows the sum of the outputs of the low and
high range square root segments minus the piecewise linear segment; this is the full range

square root function.

[0039] FIG. 9 shows a graphical representation of a preferred set of characteristic equations
of the circuit segments of FIG. 7. These figures are similar to those of FIG. 8 except the
slope is continuous at the linear-square root transition in the square root functional block.
This difference is most easily seen between FIG 8B and FIG 9B. The horizontal scale is in
amperes and the vertical scale is in volts. There is a vertical offset added to the signal to
allow digitization of signals down to slightly negative currents. The digitizer used here
operates from 0 to 1.6 V. The input current range for this system is from negative 15 pA to

6.8 mA.

[0040] FIG. 10 illustrates a laser desorption/ionization time-of-flight mass spectrometer

where the amplifier circuit arrangements of the present invention might be useful.

[0041] FIG. 11 illustrates another example of nonlinear circuit elements according to the

present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0042] The present invention provides circuits and circuit arrangements that implement
non-linear transfer functions (or non-linear transforms). In one aspect, a high speed (high
bandwidth) circuit with a non-linear transfer function over a limited range of input signal is
provided. By appropriate choice of components, the non-linear transfer function can be used

to accurately approximate any monotonic function (e.g., a square root transfer function is a

10
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special case). In another aspect, a circuit arrangement using a set of non-linear sub-circuits is
provided to accurately generate a desired non-linear transfer function over an extended range
of input signal. This type of circuit is referred to as a “piecewise non-linear circuit” because
in one implementation of such a circuit, each of the sub-circuits approximates the desired

non-linear function over a portion of the input range.

[0043] In one embodiment, the circuit arrangement implements a high speed square-root
transform that provides a suitable noise-limited match between a signal and a linear analog-
to-digital converter (ADC), where the signal includes a noise component proportional to the
square root of the signal amplitude. Such noise statistics are common in any signal
representing detected particles, for example, any signal representing or made up of photons
(light), electrons (electrical) or ions (e.g., in a mass spectrometer device). This type of noise
is called shot noise. An amplifier including such a circuit arrangement that implements a
square root transform is also particularly useful in the detection system of a mass
spectrometer device. Use of such an amplifier allows for an increase in the range of
intensities (e.g., dynamic range) that can be recorded in a single mass spectrum transient
signal. Such an amplifier is also particularly useful in a camera. In a camera, at low light
levels or for short exposure times the noise of the signal for each pixel is dominated by the
limited number of photons captured and as such has a noise characteristic corresponding to
shot noise. In a camera, a specific example would be to use such an amplifier to apply a non-
linear transform to the signal from each pixel (e.g., from a CCD array or other photon sensing

device) before the signal for that pixel is digitized with an ADC.

[0044] The inputs to and outputs of the circuits used as examples here will generally be
assumed to be voltage signals. As is well known in the art, similar circuits can be constructed
that accept either voltage or current signals as inputs and produce voltage or current signals

as outputs.
[0045] Generating non-linear transfer functions using diodes

[0046] Because of their intrinsically exponential current-voltage characteristic, diodes have
long been used in circuits to generate logarithmic and exponential transfer functions (see,
e.g., FIG 1B). According to one aspect of the present invention, a diode inserted into a
voltage divider is used to generate non-linear transfer functions other than logarithmic. A
very simple example of this is shown in FIGS. 1C and 1D. FIG. 1C shows two ways of

including a diode in a voltage divider to produce a non-linear and non-logarithmic transfer

11
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function. FIG. 1E shows example transfer functions for the simple voltage divider of FIG.
1A, the logarithmic diode curve of FIG. 1B, and the non-linear, non-logarithmic transfer
function of the voltage divider-diode hybrid circuits of FIG. 1C. As shown in FIG. 1C the
various series elements on a given branch of the circuit can be arranged in any order. FIG.
1D shows how the resistors of the previous circuit may be replaced with general impedances
that can be constructed themselves of various circuit components. An example of a useful

diode that can be used in circuits such as are discussed herein is an RF diode from Agilent
(HMPS-2822).

[0047] While the simple circuits shown in FIG. 1 do have non-linear, non-exponential
transfer functions, they are unlikely to have the particular transfer function desired for a
particular application. For example, they are unlikely to have the square root transfer
function desired for optimally coupling a signal with a shot noise dominated noise
characteristic to a linear ADC. By adding various voltage offsets and gain stages and by
providing a bias current through the diode (D3), a transfer function may be achieved that
matches the desired transfer function within allowable deviation over some range of inputs.
An example of such a circuit according to one embodiment is shown in FIG 2. In FIG. 2, the
gains (G1 and G2) and the voltage offsets (V1, V2, V3, and V4) allow for matching a
particular range of inputs to a particular section of the transfer function of the circuit without
these adjustments. Branch 2, the branch of the circuit with V2 and R2 allows the bias current
through the diode (D3) to be adjusted while maintaining flexibility in the choice of the other
voltages and resistances. Note that as discussed earlier each of the resistances shown may be
replaced by impedance blocks composed of one or more components. In designing this type
of circuit, there will often be a trade off between the accuracy with which the realized transfer
function matches the desired transfer function and the range of inputs over which the match is
considered close enough. The construction of circuits that can extend the satisfactory match

to cover a much larger range of inputs will be described below.

[0048] Other components may be included to increase the bandwidth of the circuit or
otherwise control the frequency response. These additional components can compensate for
non-ideal behavior of other components. In particular, to increase the bandwidth of this
circuit to include higher frequencies, it is advantageous to have the impedance block in series

with the diode contain components that cancel out the non-ideal characteristics of the diode.
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[0049] A portion of the non-linear current-voltage characteristic of the diode D3 can be
scaled, shifted, and shaped with the offset voltages V1, V2, V3, and V4; with resistances R1,
R2, and R3; and with gain blocks G1 and G2 to generate an approximation of a desired non-
linear transfer function over a particular range of input signal. Note that one skilled in the art
will realize that this particular set of offset voltages, resistances, and gains provide redundant
control over the scaling, shifting, and shaping of the diode characteristic. Thus, in any
particular implementation of this circuit some of the offset voltages and/or resistances may be
set to zero and some of the gains may be set to one. One skilled in the art will also realize
that any of the resistors can be replaced with other impedance blocks constructed of zero or

more components.

[0050] Examples of how the transfer function of the circuit can be shaped are shown in
FIG. 3. InFIG. 3A, the middle part of the transfer function is changed by changing V2.
Increasing V2 decreases the curvature in the middle part of the transfer function while
decreasing V2 has the opposite effect. FIG. 3B demonstrates how R1 affects the transfer
function. When the curves are scaled and offset so that the end points match, it can be seen
that the resulting changes in shape are primarily in the low signal part of the transfer function.
[0051] According to one aspect, a procedure for determining the offset voltages, resistances

(impedances), and gains is as follows:
(1)  Accurately model the circuit.
(2)  Apply atest signal to the input of the model over the desired input range.

(3)  Adjust the offset voltages, resistances, and gains to minimize the difference
between the modeled output signal and the desired output signal. Note that because
of the redundancy in the parameter set of voltages, resistances, and gains some of the
parameters may need to be constrained for the minimization procedure to succeed.
For example, at least one of the voltages, V1, V2, V3, V4, must be constrained

because only voltage differences affect the operation of the circuit.

(4)  Adjust the frequency characteristics of the circuit by adding other components

or replacing the resistors with other impedances.

[0052] Stability of both offsets and gains are critical for a non-linear amplifier because,
unlike for linear amplifiers, a change in the offset of an input signal will change the gain

applied to each particular value of the input signal. That is, the slope and offset of the
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transfer function are coupled together. In particular, temperature compensation will often be

necessary for high precision or high dynamic range applications.

[0053] Temperature compensation can be achieved, in one aspect, by controlling V3 so that
V3 plus the voltage across the diode D3 as a function of current or—for first order
temperature compensation—at a particular current is not a function of temperature. This is
achieved in one aspect by using a second diode element (D3B) with a bias current through it
to control V3 as shown in FIG. 4.

[0054] This implementation of a non-linear transfer function over a limited range of input
is able to operate at very high speeds (high bandwidth) because of the particularly clean
architecture, because of the use of diodes to generate the non-linearity that is shaped by the
other components, and generally because the system does not depend on feedback to form the
transfer function. While feedback elements may be used (in particular in the gain blocks) and
while this architecture may be used in a circuit with feedback or as part of the feedback loop
itself, such implementations will often limit the usable bandwidth. This is true because
diodes of very high speed are available. Note that this circuit architecture and the circuit
architecture described below can both be realized, potentially to great advantage, within
ASICs (application specific integrated circuits), as a integrated amplifier, or as a functional

block within a larger integrated circuit (for example an integrated digitization system).
[0055] Piecewise non-linear

[0056] A standard technique for generating an electronic circuit with an arbitrary
monotonic transfer function is to approximate the transfer function with multiple linear
segments. See FIG. 5 (see, e.g., Horowitz and Hill, “The Art of Electronics™, 2nd edition, P
252, Cambridge University Press). Diodes in conjunction with voltage references are used to
switch the slope of the transfer function as a function of the input signal level. The technique
described here is similar in that the input signal range may be divided up into sections that are
each handled differently by the circuit. In one example, a non-linear transfer function is
applied to at least one of the input ranges, and different paths through the circuit are utilized
to handle different input signal ranges. By applying different non-linear transfer functions to
various input signal ranges an accurate non-linear transfer function for the composite circuit
can be realized over very large dynamic ranges or for complicated functionalities. This
circuit architecture is termed “piecewise non-linear”. In another example, this concept may

be generalized by allowing the various input signal ranges to overlap or coincide with each

14



10

15

20

25

30

WO 2006/007589 PCT/US2005/023738

other. Even though the input signal is no longer divided up into distinct ranges, this is
referred to as a “piecewise non-linear” circuit because the circuit architecture is the same. In
both examples, it is important to realize that multiple paths through the circuit may be active

for all input signals within the intended input signal range.

[0057] FIG. 6 illustrates a general architecture of a piecewise non-linear circuit
arrangement 10 according to an embodiment of the present invention. As shown, circuit
arrangement 10 includes a plurality of circuit segments, or sub-circuits 25. The input signal
20 is split and allowed to pass into two or more sub-circuits 25. The transfer function of at
least one of the sub-circuits 25 is non-linear. The outputs 30 of the sub-circuits 25 are
combined in a summing section 40 to generate the single output 50 of the composite circuit

arrangement 10.

[0058] Often, each sub-circuit 25 may have a transfer function that can be thought of as the
sum of two parts. The first part is the non-linear transfer function desired at the output
multiplied by some scale factor over a limited input signal range. The second part is some
easily removable function of the input signal over the entire input signal range. This allows
the second part of the transfer function to be subtracted out by providing a sub-circuit that
provides an inverted version of the function to be removed to the summing section of the
circuit. Often the second part of the transfer function will be a constant, linear, or piecewise
linear function of the input established by 1) simply limiting the range of the input signal that
passed through the sub-circuit or 2) by constructing the non-linear section so that its output
becomes linear for signals outside the limited range for input handled by the particular sub-

circuit.

[0059] In one aspect, at least one sub-circuit 25 has a transfer function that cancels out the
second parts of the transfer functions of the other sub-circuits. When the second parts of the
other sub-circuits are limited to constant, linear, or piecewise linear forms, then the canceling

transfer function can be linear or piecewise linear.

[0060] In one aspect, as shown, the outputs of all of the sub-circuits 25 are summed
together to generate the output 50 of the composite circuit. The summation circuit 40 may
weight and/or invert the outputs of the different sub-circuits 25 as they are included in the

sum.

[0061] A preferred embodiment of this circuit typically includes two or more non-linear
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signal 20. Outside of the particular range, the input to each sub-circuit is limited so that the
output of the particular sub-circuit is a constant. In one aspect, a sub-circuit 25 with a linear
or piecewise linear transfer function designed to cancel out the output of the other sub-

circuits outside of their particular input ranges is included.

[0062] The piecewise non-linear circuit architecture of the present invention is especially
useful for circuit realization of transfer functions equivalent to self similar functions and
other functions that look the same on different scales or on different input ranges. Examples
include the exponential, logarithm, power law, and root (e.g., square root) functions. For
these functions, a single sub-circuit with limited dynamic range can be used together with
scaling and offsets to construct a circuit with any desired dynamic range. That this is
possible can be seen in the following expansions of some simple functions:

a) y(ax) = sqrt(ax) = sqrt(a) * sqrt(x) = sqrt(a) * y(x), where sqrt(x) means the
square root of x.

b)  y(ax) =log(ax) = log(a) + log(x) = log(a) + y(x)

0) y(a+x) = e = ¢ * ¢¥ = & * y(x)
[0063] As a specific example, the block diagram for a 300 MHz wide dynamic range
square root amplifier circuit 200 according to one embodiment is shown in FIG. 7. This
example circuit realizes a square root transfer function with a dynamic range of 7056 (equal
to 84%) built out of square root functional blocks each with a dynamic range of 84 by

implementing the following functional equations.

a) square root functional block 225: sr(x) =x / sqrt(84) if x < 84 and sr(x) =
sqrt(x) if x >= 84. Note the change from square root to linear behavior at lower signal
levels. Note that the functional dynamic range of this block is assumed to be 84 or
better. Note that a preferred implementation of a square root functional block will not
have the discontinuous slope of the transfer function between the square root and

linear sections used in this example.

b) limiter functional block 235: lim(x) =x if x <7056 and lim(x) = 7056 if x >=
7056.

c) The composite circuit 200 as shown has three paths from the input 220 to the
output 250 (examples of transfer functions for each of the paths is shown in FIG. 8.

In FIG. 9, a similar set of transfer functions is shown for a preferred implementation
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where the slope is continuous at the linear-square root transition of the square root
functional block.):

d)

(1)  high signal square root path through sub-circuit 225, and gain module
245;: high(x) = sr(x) (FIG. 8B)

(2)  low signal square root path through gain module 215, limiter 235, sub-
circuit 225, and gain module 245;: low(x) = sr( lim(x*84)) / sqrt(84). (FIG.
8A) The input signal is amplified by a factor of 84 and limited to less than or
equal to 7056 before being fed into a square root block identical to that used
for the high signal path. After the square root is taken, the signal is rescaled in
gain module 2453 before being added to the signal from the other paths in
block 240.

(3)  linear path through gain module 215, limiter 235 and gain module
245,: linear(x) = - lim( x*84) / (84 * sqrt(84)). (FIG. 8C) As can be seen in
FIG. 7, the amplified and limited signal from the low signal square root path is
simply inverted and scaled before being added to the signal from the other
paths in block 240.

Summing section 240. The summing section of the circuit simply adds the

three paths together giving the overall functional equation: output(x) = st( lim(x*84))
/ sqrt(84) + sr(x) - lim( x*84) / (84 * sqrt(84)). (FIG. 8D)

e)

The output 250 of the circuit is equal to the square root of the input over inputs

ranging from 1 to 7000. For inputs below 1, the output is a linear function of the

input. This linear limiting behavior at very low signal amplitudes is generally

preferred in an actual implementation to avoid over amplifying low level noise and to

keep the circuit well behaved when the input signal swings from positive to negative.

In this way, a square root transform is applied to positive signals while a linear

transform is applied to negative signals and very small positive signals.

[0064] The piecewise non-linear architecture can be used to realize accurate non-linear

transfer functions with both a large dynamic range and high speed (e.g., a square root transfer

function with a dynamic range of over 3000 and a bandwidth of over 300MHz). Achieving

both a large dynamic range and high speed is difficult with other methods of generating non-

linear transfer functions. With piecewise linear circuits, for example as described and shown
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. inFIG. 5, it is hard to accurately generate non-linear transfer functions for signals with a

large dynamic range. Accurately generating most non-linear transfer functions, including the
square root function, over a large range of signal levels (large dynamic range) with a
piecewise linear architecture requires the use of many linear segments. With the traditional
diode-switched piecewise-linear circuit architecture the number of segments that can be
effectively utilized is limited by the available voltage and by the voltage swing required to
switch a diode. At high speeds, this limit becomes especially severe as the available voltage
range becomes limited by the slew rate of signal amplifiers. While there are methods of
using diodes and amplifiers in feedback configurations to decrease the voltage swing required
to switch from one linear segment to another, these methods are hard to implement at high
speeds. Another method used to generate a square root transfer function (See, Mark Shill,
“Circuit takes square root of input voltage”, EDN Access, EDN Magazine, 1997) utilizes an
NMOS transistor operating in the saturation region where the drain current is proportional to
the square of the gate-source voltage. While simple, the speed achievable with this
architecture is limited by the large gate capacitance of MOSFET transistors to substantially
less than 100MHz.

[0065] Calibration

[0066] The advantages of a non-linear amplifier for efficient digitization are realized if the
transfer function is similar to, i.e., substantially the same as, the ideal transfer function. In
other words, the exact ideal transfer function is generally not required. Although the exact
ideal transfer function is generally not required, the non-linearity must generally be
reversible. This can be accomplished in two ways. Either the transfer function must be
known to sufficient accuracy for the particular application or the actual transfer function of

the realized circuit must be measured.

[0067] Calibration is the measurement of the realized transfer function. This can be
achieved by supplying a known input to the non-linear system and measuring the output. For
example, the transfer function of the non-linear system can be deduced by measuring the
output of the non-linear system when a sinusoidal signal of known amplitude is applied to the
input and when a constant signal (for example a ground or null signal) of known value is
applied to the input. The frequency and phase of the sinusoidal input signal can be
determined from the periodic nature of the output, while the amplitude offset of the

sinusoidal input can be determined by comparing the output to the output generated with the
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known constant input. With a second but different constant input signal the amplitude of the
sinusoid can also be determined. In a preferred implementation, these measurements will
occur in situ (with the amplifier in the operating instrument), periodically, and utilizing the
digitization system that is used during data collection. A somewhat extreme example would

be to automatically perform the calibration before every measurement period.

[0068] As indicated above, any signal fundamentally consisting of distinct particles (e.g.,
light, current, ions, atoms, molecules) contains shot noise. When this shot noise dominates
the noise characteristic of the signal, taking the square root of the signal will decrease the
variation in the amplitude of the noise with the amplitude of the signal. This allows the
dynamic range of a linear ADC to be efficiently utilized. The circuits and methods described
here allow the construction of high bandwidth square root amplifiers. Such amplifiers are
useful in many areas including mass spectrometry, photography and other light detection

based technologies, and, generally, high bandwidth recording of any electronic signal.
[0069] Square root amplifier in a mass spectrometer

[0070] Because mass spectrometers are usually capable of detecting individual or small
numbers of particles, it is common for the noise characteristic of the output signal to be
dominated by the shot noise associated with the detected particles. Because the noise
characteristic in a mass spectrometer is shot noise dominated, the dynamic range over which
noise limited resolution can be achieved can be dramatically increased by effectively taking

the square root of the signal before digitizing the signal with a linear ADC.

[0071] In amass spectrometer, in particular for a laser desorption/ionization mass
spectrometer, multiple spectra are usually acquired and then summed or averaged to generate
a composite spectrum with improved signal-to-noise characteristics. Before this averaging
occurs, the non-linearity introduced by effectively taking the square root of the signal must
generally be accurately removed. This is required because the individual spectra summed or
averaged are in general not identical and mathematically: f(a) + f(b) is not generally
proportional to f(a + b) for a non-linear function f(x) where a and b are the spectra to be
summed and f(x) is the non-linear function that has been applied to the signal. Calibration of
non-linear electronics in a mass spectrometer serves several important purposes. For
example, calibration allows for a) the accurate removal of the introduced non-linearities, b)
the removal of any residual drift of the transfer function over time, aﬁd ¢) more accurate

matching of distinct instruments.
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[0072] FIG. 10 illustrates a schematic view of components of a laser desorption/ionization
time-of-flight mass spectrometer device 100 where circuit embodiments of the present
invention might be useful. Briefly, mass spectrometer device 100 includes ion optics system
120, ion detection system 125, light optics system 150 and control system 170. In particular,
non-linear transform amplification circuits of the present invention, such as circuit 10 or

circuit 200, are useful in detection system 125 as will be discussed below.

[0073] As shown, ion optics system 120 includes a repeller lens 121, an extractor plate 122
and an acceleration lens or ground plate 124. An optional mass filter (not shown) may be
included, and would typically be positioned between lens 124 and detector 140. As shown,
extractor 122 is conical in shape and acceleration lens 124 is planar, however, other
geometries may be used as desired. For example, both extractor 122 and acceleration lens
124 may be planar. Both extractor 122 and acceleration lens 124 have apertures which
together define a flight path for ions desorbed from sample 130. A flight tube (not shown) or
other enclosure encloses the flight path between the ion optics system 120 and the detection
system 125. Typically this enclosure is evacuated so as to prevent unwanted interactions

during ion flight.

[0074] Mass spectrometer device 100 also includes a light optics system 150 that includes a
light source 152. Light optics system 150 is designed to produce and deliver light to the
sample 130. In preferred aspects, optics system 150 includes a plurality of optical elements
that may condition, redirect and focus the light as desired so that a light pulse of known
energy, and focus, is delivered to the sample 130. Light source 152 preferably includes a
laser, however, other light producing elements may be used as would be apparent to one
skilled in the art. The delivered light is preferably provided as one or more pulses of known
duration and intensity. Thus, in preferred aspects, light system 150 generates and delivers a
pulsed laser beam to sample 130. The laser source may include a pulsed laser or a continuous

(cw) laser with pulse generating elements.

[0075] Additional aspects and details of the elements of light system 150, as well as ion
optics system 120 and control system 170, may be found in co-pending US Non-provisional
Patent Application Serial No. 10/832,822 [atty docket 016866-011800US], entitled "Laser
Desorption Mass Spectrometer with Uniform Illumination of the Sample", filed on April 26,
2004, which is incorporated by reference.
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[0076] Detection system 125 includes an ion detector 140, a pre-amplifier module 142 and
a digitizer module 144. Ion detector 140 includes circuit elements for detecting ions
desorbed from sample 130 and converting the detected ions to a signal (transient signal)
representing the detected ion spectrum. Suitable detection elements include electron
multiplier devices and other charge-based detectors. Examples include discrete and
continuous dynode electron multipliers. Digitizer 144 converts the analog spectra signals to a
digital form, e.g., using an analog-to-digital converter (ADC). Pre-amplifier 142 is included
for conditioning transient signals from ion detector 140, for example by applying a non-linear
(e.g., square root) transform to the transient signals, prior to digitization. The ion to electron
conversion efficiency of detection system 125 is generally a function of the electronic
properties of the surface of the detector’s ion-to-electron conversion dypode, the gain of the

ion detector 140, and the gain of its associated electronics, including preamp 142 when used.

[0077] In one aspect, it is generally desirable to sample a transient signal at intervals of 2.0
ns or less. In this case, digitizer 144 should operate with a sampling rate of greater than about
500Ms/sec. Also, use of an amplifier having a bandwidth of greater than about 250MHz is
desirable. The signal amplitude in a mass spectrometer transient signal can vary over a range
of greater than 1000:1, i.e., a dynamic range of greater than 1000. It is traditionally difficult
to achieve both a high sampling rate and a large dynamic range as is required for the
digitization of such signals. Therefore, in one embodiment, pre-amplifier includes a circuit
10 or circuit 200, configured to apply a square root transform. Because the input transient
signal has a noise component proportional to the square root of the amplitude, the transient
signal output by pre-amplifier 142 will therefore advantageously have a noise component that
is substantially independent of signal amplitude. In this manner, the effective number of bits
in linear ADC 144 may increased, e.g., theoretically doubled from 7 to 14, but in application
the increase will often be less than this because of the desirable linear response for small and

negative signals.

[0078] FIG. 11 illustrates another example of nonlinear circuit elements according to the
present invention. FIG. 11a shows an example of a circuit with a diode in series with
impedance similar to the circuits of FIG 1. FIG. 11b shows a useful modification to the
circuit of FIG 11a. Using additional circuitry, it is possible to make the response of the non-
linear building block linear or constant outside of a particular range. As shown in FIG. 11b,
the addition of R3 makes the low signal response linear. One skilled in the art will appreciate

that similar circuitrv can be used to make the high and/or low circuit response linear.
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[0079] While the invention has been described by way of example and in terms of the
specific embodiments, it is to be understood that the invention is not limited to the disclosed
embodiments. To the contrary, it is intended to cover various modifications and similar
arrangements as would be apparent to those skilled in the art. For example, although specific
examples were discussed, the amplifier circuits of the present invention operate with signals
from 0 Hz to over 5 or 6 GHz. Therefore, the scope of the appended claims should be
accorded the broadest interpretation so as to encompass all such modifications and similar
arrangements. All documents referred to herein are incorporated by reference. Additionally,
this application incorporates by reference US Provisional application serial number
60/585,350 [attorney docket 016866-011900US], titled "NON-LINEAR SIGNAL
AMPLIFIERS AND USES THEREOF IN A MASS SPECTROMETER DEVICE", filed July
1, 2004, which is incorporated herein by reference. Where "knee" is referred to in that
provisional application, "knee" relates to a pertinent portion of the diode circuit response

curve that may be shaped and used as discussed herein.
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WHAT IS CLAIMED IS:

1. A mass spectrometer device, comprising:

a particle source that provides particles;

a detector that detects the particles and provides a signal having an amplitude
proportional to a detected particle flux;

a signal amplifier having a substantially non-linear transfer function that
produces an amplified signal having a noise component that is substantially independent of
the signal amplitude; and

an analog to digital converter (ADC) that converts the amplified signal to a

digital output signal.
2. The device of claim 1, wherein the particle source is an ion source.
3. The device of claim 2, wherein the detector comprises an ion detector

configured to detect ions desorbed from the ion source.

4, The device of claim 3, wherein the ion detector comprises one of a

channel electron multiplier, electron multiplier and a multi-channel plate.

5. The device of claim 1, wherein the non-linear transfer function is

substantially a square root function.

6. The device of claim 1, wherein the non-linear transfer function is non-

logarithmic and non-exponential.

7. The device of claim 1, wherein the ADC samples the amplified signal
at a rate greater than about 500 Ms/sec, and wherein the signal amplifier has a bandwidth of
greater than about 250 MHz.

8. The device of claim 1, wherein the ADC has a sampling interval of less
than about 5 ns and wherein the operational bandwidth of the non-linear amplifier is greater
than about 100MHz. |

9. The device of claim 1, wherein the signal amplifier includes:
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two or more circuit elements, each circuit element configured to receive at
least a portion of the signal and to produce a circuit element output, wherein at least one of
said circuit elements has a non-linear transfer function; and

a combining circuit that combines the circuit element outputs to generate the

amplified signal.

10. The device of claim 1, wherein the non-linear transfer function of the

signal amplifier is generated at least in part by a diode in series with an impedance element.

11. A method of amplifying a mass spectra signal in a mass spectrometer,
the method comprising:

receiving a transient signal from a signal source, the transient signal having an
amplitude proportional to a detected particle flux; and

amplifying the transient signal in a non-linear amplifier having a non-linear
transfer function that approximates a square root transfer function to produce an amplified

signal having a noise component that is substantially independent of the signal amplitude.

12.  The method of claim 11, further comprising converting the amplified
signal to a digital output signal using a substantially linear analog-to-digital converter (ADC).

13.  The method of claim 11, wherein a sampling interval of the ADC is
less than 5.0 ns and wherein the operational bandwidth of the non-linear amplifier is greater
than about 100MHz.

14.  The method of claim 11, comprising amplifying the signal to decrease

" the variation in the amplitude of the noise component of the signal as a function of the

amplitude of the signal.

15. The method of claim 11, wherein the non-linear transfer function of the
non-linear amplifier is generated at least in part by diode in series with an impedance

element.

16.  The method of claim 11, wherein the non-linear amplifier includes:
two or more circuit elements, each circuit element configured to receive at
least a portion of the transient signal and to produce a circuit element output, wherein at least

one of said circuit elements has a non-linear transfer function; and
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a combining circuit that combines the circuit element outputs to generate the

amplified signal.

17. A circuit arrangement that generates an output signal that is a non-
linear function of an input signal over an input signal range, comprising a diode in series with

an impedance element.

18. A circuit arrangement that generates an output signal that approximates
a desired non-linear function of an input signal over an input signal range, the arrangement
comprising:

two or more circuits, wherein each circuit is configured to receive the input
signal and produce a circuit output, wherein at least one of said circuits has a non-linear
transfer function over at least a portion of the input signal range; and

a combining circuit that combines the circuit outputs to generate the output

signal.

19.  The circuit arrangement of claim 18, wherein at least one circuit

includes a diode in series with an impedance element.

20. The circuit arrangement of claim 17 or 18, wherein the non-linear

function is substantially a square root function.

21.  The circuit arrangement of claim 17 or 19, wherein the diode and
impedance element form a first circuit block that is arranged with an additional impedance

element in a voltage divider configuration.

22.  The circuit arrangement of claim 17 or 19, wherein the impedance

element includes one or more resistors.

23.  The circuit arrangement of claim 17 or 19, wherein the impedance

element includes one or more of a resistor, a capacitor or an inductor.

24,  The circuit arrangement of claim 17 or 18, wherein the bandwidth of

the circuit arrangement is greater than about 100 MHz.

25.  The circuit arrangement of claim 17 or 18, wherein the bandwidth of

the circuit arrangement is greater than about 300 MHz.
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26.  The circuit arrangement of claim 17 or 18, further including additional
circuit elements configured to provide a calibration signal that is used to measure the non-

linear function.

27.  The circuit arrangement of claim 17 or 18, further including additional

circuit elements configured to provide temperature compensation.

28.  The circuit arrangement of claim 17 or 18, further including additional
circuit elements configured to flatten or extend a frequency response of the circuit

arrangement.

29.  The circuit arrangement of claim 17, wherein the non-linear function is

non-constant as a function of the input signal for the input signal range.

30.  The circuit arrangement of claim 18, wherein the non-linear transfer
function of said at least one of said circuits is non-constant as a function of the input signal

for the input signal range.

31. The circuit arrangement of claim 17 or 18, wherein the non-linear

function is substantially non-linear for more than 10% of the input signal range.

32.  The circuit arrangement of claim 17 or 18, wherein the non-linear

function is substantially non-linear for more than 90% of the input signal range.

33.  The circuit arrangement of claim 17 or 18, wherein the input signal and

the output signal are each one of a voltage signal or a current signal.

34,  The circuit arrangement of claim 17 or 18, wherein the output signal

has a noise component that is substantially independent of an amplitude of the input signal.

35.  The circuit arrangement of claim 17 or 18, wherein the input and

output signals are analog signals.

36.  The circuit arrangement of claim 17 or 18, wherein the non-lingar

function is non-logarithmic and non-exponential.
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37.  The circuit arrangement of claim 18, wherein the output signal
generated by the combining circuit is one of a linear combination of the circuit outputs or a

sum of the circuit outputs.

38.  The circuit arrangement of claim 18, wherein the non-linear part of the
transfer functions of at least two of the circuits correspond to different portions of the input

signal range.

39.  The circuit arrangement of claim 18, wherein one of the circuits has a

circuit output that is a linear or piecewise linear function of the input signal.

40.  The circuit arrangement of claim 18, wherein the output signal is not a

piecewise linear function of the input signal.

41.  The circuit arrangement of claim 17, further including additional

circuit elements configured to scale the input and/or output signals.

42.  The circuit arrangement of claim 18, further including additional
circuit elements configured to scale the input signal and/or output signal and/or one or more

of said circuit output signals.

43.  The circuit arrangement of claim 17, further including additional

circuit elements configured to provide offsets to the input and/or output signals.

44.  The circuit arrangement of claim 18, further including additional
circuit elements configured to provide offsets to the input signal and/or output signal and/or

one or more of said circuit output signals.

45.  The circuit arrangement of claim 18, further including additional
circuit elements configured to make the response of the at least one circuit substantially linear

for input signals higher than and/or lower than the portion of the input signal range.

46.  The circuit arrangement of claim 17, further including additional
circuit elements configured to make the response of the circuit arrangement substantially

linear for input signals higher than and/or lower than the input signal range.
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47.  The circuit arrangement of claim 18, wherein each of the two or more

circuits has a non-linear transfer function over a different portion of the input signal range.

48.  The circuit arrangement of claim 47, wherein each said circuit includes
circuit elements configured to make the transfer function of the respective circuit
substantially linear for portions of input signals outside of the respective portion of the input

signal range, thereby producing circuit outputs having a substantially linear portion.

49.  The circuit arrangement of claim 48, further comprising a canceling
circuit element configured to receive the input signal and produce a linear or a piecewise
linear circuit output which when combined with said circuit outputs in the combining circuit
substantially cancels the substantially linear portions of said circuit outputs for inputs within

the input signal range.

50.  The circuit arrangement of claims 17 or 19, wherein the diode and
impedance element are not part of a feedback loop with bandwidth substantially equal to or

greater than the bandwidth of the circuit arrangement..

51. A method of generating an output signal that is substantially a desired
non-linear function of an input signal over an input signal range, comprising the steps of:
providing a circuit having a diode in series with an impedance element, and
additional circuitry comprising one or more of:
a) input circuitry to transform the input signal into a current passing
through the diode and impedance element;
b) bias circuitry to provide a bias current through the diode and
impedance element;
c) first offset circuitry to provide an offset to the input signal;
d) second offset circuitry to provide an offset to the output signal; and
e) scaling circuitry to provide scaling to the input and/or output
signals; and
adjusting one or more of the input circuitry, bias circuitry, first offset circuitry,
second offset circuitry and scaling circuitry so as to generate an output signal that

approximates the desired non-linear function of the input signal over the input signal range.
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52. A method of generating an output signal that is substantially a desired
non-linear function of an input signal over an input signal range, comprising the steps of:
providing two or more circuits having a diode in series with an impedance
element, and additional circuitry comprising one or more of:
a) input circuitry to transform the input signal into a current passing
through the diode and impedance element;
b) bias circuitry to provide a bias current through the diode and
impedance element;
c) first offset circuitry to provide an offset to the input signal;
d) second offset circuitry to provide an offset to the output signal;
e) scaling circuitry to provide scaling to the input and/or output
signals; and
for each of said two or more circuits, adjusting one or more of the input
circuitry, bias circuitry, first offset circuitry, second offset circuitry and scaling circuitry so as
to generate an output signal that approximates the desired non-linear function of the input
signal over a portion of the input signal range; and
combining the output signals from the two or more circuits to form a
composite output signal that approximates the desired non-linear transfer function of the

input signal over the input signal range.

53. A method of generating an output signal that is substantially a desired
non-linear function of an input signal over an input signal range, comprising the steps of:
providing two or more circuits, each having a non-linear transfer
function over at least part of the input signal range, and additional circuitry including
at least an additional circuit with a linear or piecewise linear transfer function over the
input signal range; and
combining the output signals from the two or more circuits and any additional
circuits to form a composite output signal that approximates the desired non-linear transfer

function of the input signal over the input signal range.

54. The method of claim 52 or 53, wherein each said circuit generates an
output signal that approximates the desired non-linear function of the input signal over a

different portion of the input signal range.
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55. A camera, comprising:

a photon detector comprising a plurality of pixel elements, wherein each pixel
element detects photons and provides a pixel signal having an amplitude proportional to a
detected number of photons;

a signal amplifier having a substantially non-linear transfer function that
processes a pixel signal to produce an amplified signal having a noise component that is
substantially independent of the signal amplitude; and

an analog to digital converter (ADC) that converts the amplified signal to a
digital output signal.

56.  The camera of claim 55, wherein the non-linear transfer function of the

signal amplifier is generated at least in part by a diode in series with an impedance element.

57.  The camera of claim 55, wherein the photon detector comprises a CCD

array.

58.  The camera of claim 55, wherein the non-linear transfer function is

substantially a square root function.

59.  The camera of claim 55, wherein the pixels are detected at a rate
greater than 1MHz.
60. The camera of claim 55, wherein the pixels are detected at a rate

greater than 10MHz.

61.  The camera of claim 55, wherein the pixels are detected at a rate
greater than 100MHz.

62. A circuit arrangement that generates an output signal that approximates
a desired non-linear function of an input signal over an input signal range, the arrangement
comprising:

a first circuit element configured to produce a first non-linear transform that
approximates the desired non-linear transform over a first part of the input signal range;

a second circuit element configured to produce a second non-linear transform
that approximates the desired non-linear transform over a second part of the input signal

range;
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a third circuit element configured to produce a transfer function that cancels
out the parts of the transfer functions of the first and second circuit elements that do not
approximate the desired non-linear function; and

a combining element configured to combine outputs of the first, second and
third circuit elements to produce an output signal that approximates the desired non-linear

function over the entire input signal range.

63.  The circuit arrangement of claim 62, wherein the first circuit element
comprises:

a first sub-circuit element that approximates the desired non-linear function
over a particular signal range;

a first scaling element that performs a scaling function on the input signal and
delivers the scaled input signal to the first sub-circuit, wherein the scaling function is selected
so that the first part of the input signal range is scaled to the particular signal range at which
the first sub-circuit approximates the desired non-linear function; and

a second scaling element that performs a second scaling function on the output

of the first sub-circuit.

64.  The circuit arrangement of claim 63, wherein the first part of the input
signal range is 1-X units, wherein the scaling function multiplies the input signal by a factor
of X, and wherein the second scaling element multiplies the output of the first sub-circuit by
a factor of 1/(sqrt(X)).

65.  The circuit arrangement of claim 64, wherein X is 84.

66.  The circuit arrangement of claim 63, wherein the second scaling

function is selected to be fully inverse or partially inverse to the first scaling function.
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