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The TCSPC Microscopy Solution SPC-830

High Resolution Time-Correlated Single Photon Counting Imaging
and FCS Module for Laser Scanning Microscopes

¢ Complete picosecond imaging system on single PC board
# Picosecond resolution

¢ Ultra-high sensitivity

+ Multi detector capability

+ High-speed on-board data acquisition

+ Works at any scanning speed of microscope

+ High resolution picosecond lifetime imaging

¢ FRET imaging

+ High-resolution steady state imaging

¢ Single-point time-lapse lifetime analysis

¢ Single-point FCS/ lifetime data

¢ Time channel width down to 813 fs

+ Image size up to 4096 x 4096 pixels

¢ Electrical time resolution down to 8 ps fwhm /4 ps rms

¢ Reversed start/stop: Laser repetition rates up to 200 MHz
¢ Useful count rate up to 4 MHz - dead time 125 ns

# Active and passive scanning control

+ Software versions for windows 95/98 /2000 / NT
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The TCSPC Microscopy Solution SPC-830

Photon Channel

Principle

Time Resolution (FWHM / RMS, electr.)
Opt. Input Voltage Range

Min. Input Pulse Width

Lower Threshold

Zero Cross Adjust

Synchronisation Channel
Principle

Opt. Input Voltage Range
Min. Input Pulse Width
Threshold

Frequency Range
Frequency Divider

Zero Cross Adjust

Time-to-Amplitude Converter / ADC
Principle

TAC Range

Biased Amplifier Gain

Biased Amplifier Offset

Time Range incl. Biased Amplifier
min. Time / Channel

TAC Window Discriminator

ADC Principle

Diff. Nonlinearity (dith width 1/8, 90% of TAC range)

Data Acquisition, Histogram Modes
Method

Dead Time

Saturated Count Rate / Useful Count Rate
Number of Time Channels / Pixel

limage Resolution (pixels), 1 Detector Channel
Iimage Resolution (pixels), 4 Detector Channels

Constant Fraction Discriminator
7ps/4ps
-50mVto-1V
400 ps
-20 mV to - 500 mV
- 100 mV to + 100 mV

Constant Fraction Discriminator
-50mVto-1V
400 ps
- 20 mV to -500 mV
0 to 200 MHz
1-2-4-8-16
-100 mV to + 100 mV

Ramp Generator / Biased Amplifier

50 nsto 2 us

1to 15
0 to 100% of TAC Range

3.3nsto2us

813 fs
Any Window inside TAC Range
50 ns 12 bit Flash ADC with Error Correction
< 0.5% rms, typically <1% peak-peak

on-board 4-dimensional histogramming process over t, X, y, and detector channel number

125ns, independent of computer speed
8 MHz / 4 MHz
4 16 64 256 1024 4096

4096 x 4096 2048 x 2048 1024 x 1024 512 x512 256 x256 128 x 128 64 x 64
2048 x 2048 1024 x 1024 512 x512 256 x 256 128x128 64 x64 32x32

IImage Resolution (pixels), 16 Detector Channels 1024 x 1024 512 x 512 256 x256 128 x 128 64 x64 32x32 16 x 16

Counts / Time Channel

Counts / Time Channel ('Single' mode, repeat and acquire)

Overflow Control

Collection Time (per curve or per pixel)
Display Interval Time

Repeat Time

Curve Control (Internal Routing / Scan Sync In Mode)

Routing Control / Detector Channels
Count Enable Control

Control Signal Latch Delay
Experiment Trigger

Data Acquisition, FIFO/BIFL Modes
Method

Macro Time Resolution

ADC Resolution / No. of Time Channels

Dead Time

Output Data Format (ADC / Macrotime / Routing)
FIFO buffer Capacity (photons)

Multi Module Systems
Number of modules operable parallel

Operation Environment

Computer System
Bus Connector
Power Consumption
Dimensions

Related Products and Accessories

201
2%
none / stop / repeat and acquire
100 ns to 1000 s
10ms to 1000 s
0.1 ms to 1000 s
up to 262,144 decay curves
14 bit TTL / 16384
1bit TTL
0to 255 ns

TTL

Time-tagging of individual photons and continuous writing to disk
50 ns
12 bit / 4096
150 ns
12/12 /4
8 million photons

PC Pentium
PCI
approx. 20 W at +5V, 0.7 W at +12V
312 mm x 122 mm x 28 mm

Detector Heads (MCPs, PMTs), Multichannel Detector Heads, Routing Devices for Multichannel Measurements, Step Motor Controllers,
Preamplifiers, PIN and Avalanche Photodiode Modules, ps Diode Lasers, Adapter Cables for Scanning Microscopes. SPC-600/630 TCSPC
modules for single molecule and correlation spectroscopy, SPC-700/730 for imaging and SPC-134 for optical tomography. Please downlaod or
call for individual data sheets. To control detectors and shutters please see DCC-100 detector controller.

Please visit our web site to download the manual, the device software and application notes.
Becker & Hickl GmbH

Nahmitzer Damm 30
' 12277 Berlin, Berlin
Tel. +49 /30 / 787 56 32 Fax +49 / 30 / 787 57 34
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The TCSPC Imaging Package SPC-144

Four Channel Time-Correlated Single Photon Counting
FLIM Module for Laser Scanning Microscopes

Four parallel TCSPC imaging channels

Picosecond resolution

Ultra-high sensitivity

Multi-detector capability in all four channels
High-speed on-board data acquisition

Works at any scanning speed of CLSMs or MPLSMs
Time channel width down to 813 fs

Lifetime image size up to 1024 x 1024 pixels
Steady-state image size up to 2048 x 2048 pixels
Electrical time resolution down to 8 ps fwhm /4 ps rms
Reversed start/stop: Laser repetition rates up to 150 MHz
Total useful count rate up to 16 MHz

Total saturated count rate 32 MHz

Multi-wavelength picosecond lifetime imaging
FRET imaging

High-resolution steady state imaging
Single-point time-lapse lifetime analysis
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Photon Channels
Principle
Time Resolution (FWHM / RMS, electr.)
Opt. Input Voltage Range
Min. Input Pulse Width
Lower Threshold
Upper Threshold
Zero Cross Adjust

Synchronisation Channels
Principle
Opt. Input Voltage Range
Min. Input Pulse Width
Threshold
Frequency Range
Frequency Divider
Zero Cross Adjust

Time-to-Amplitude Converters / ADCs
Principle
TAC Range
Biased Amplifier Gain
Biased Amplifier Offset
Time Range incl. Biased Amplifier
min. Time / Channel
ADC Principle
Diff. Nonlinearity

Data Acquisition
Method
Saturated Count Rate, per TCSPC channel
Useful count rate, per TCSPC channel
Dead Time
Channels / Curve per TCSPC channel
max. Scanning Area per TCSPC channel
max. Counts / Time Channel
Overflow Control
Collection Time
Display Interval Time
Repeat Time
Sequential recording
Synchronisation with scanning
Count Enable Control
Experiment Trigger

Operation Environment
Computer System
Bus Connectors
Used PCI Slots
Total power Consumption
Dimensions

Related Products and Accessories

SPC-144

Constant Fraction Discriminator (CFD)
8 ps/5ps
-50mVto-1V
400 ps
-20 mV to - 500 mV

-100 mV to + 100 mV

Constant Fraction Discriminator (CFD)
-50mVto-1V
400 ps
- 20 mV to -500 mV
0 to 200 MHz
1-2-4
-100 mV to + 100 mV

Ramp Generator / Biased Amplifier

50 ns to 2 us

1to 15
0 to 100% of TAC Range

3.3nsto2us

813 fs
50 ns Flash ADC with Error Correction
< 0.5% rms, typ. <1% peak-peak

on-board multi-dimensional histogramming process

8 MHz
4 MHz
125ns, independent of computer speed
4096 1024 256 64 16 4 1
16x16 512x512 1024x1024 2048x2048

64x64 128 x 128 256x256
21%1
none / stop / repeat and correct

0.1 us to 10000 s

10ms to 1000 s

0.1 us to 1000 s

Programmable Hardware Sequencer
pixel, line and frame clocks from scanning microscope
1bit TTL
TTL

PC Pentium
PCI
4
approx. 60 W from +5V, 0.7 W from +12V
225 mm x 125 mm x 85 mm

Detectors and Detector Modules, Multichannel Detector Heads, Step Motor Controllers, Detector/Shutter Controllers,
Preamplifiers, ps Diode Lasers. Also available: SPC-134, SPC-6, -7, -8 time-correlated single photon counting modules,
gated photon counters and multiscalers. Please download or call for individual data sheets and manuals.

Please visit our web site to download the manual, the device
software and application notes.
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The TCSPC Power Package SPC-134

Four Channel Time-Correlated Single Photon Counting Module

+ Four Completely Parallel TCSPC Channels

+ Ultra-High Data Throughput

+ Overall Count Rate 32 MHz

+ Channel Count Rate 8 MHz (Dead Time 125ns)

+ Dual Memory Architecture: Readout during Measurement
+ Reversed Start/Stop: Repetition Rates up to 200 MHz
+ Electrical Time Resolution down to 8 ps FWHM /5 ps rms

+ Channel Resolution down to 813 fs

+ Up to 4096 Time Channels / Curve

+ Measurement Times down to 0.1 ms

+ Software Versions for Windows 95 /98 / NT
+ Direct Interfacing to most Detector Types

+ Single Decay Curve Mode

+ Oscilloscope Mode

+ Segential Recording Mode

+ Spectrum Scan Mode with 8 Independent Time Windows
+ Continuous Flow Mode for Single Molecule Detection
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SPC-134

Photon Channels
Principle

Time Resolution (FWHM / RMS, electr.)

Opt. Input Voltage Range
Lower Threshold

Upper Threshold

Zero Cross Adjust

Synchronisation Channels
Principle
Opt. Input Voltage Range
Threshold
Frequency Range
Frequency Divider
Zero Cross Adjust

Time-to-Amplitude Converters / ADCs
Principle
TAC Range
Biased Amplifier Gain
Biased Amplifier Offset
Time Range incl. Biased Amplifier
min. Time / Channel
ADC Principle
Diff. Nonlinearity

Data Acquisition
Dead Time
max. Number of Curves in Memory
Number of Time Channels / Curve
max. Counts / Channel
Overflow Control
Collection Time
Display Interval Time
Repeat Time
Curve Control (internal)
Count Enable Control
Measurement Trigger

Operation Environment
Computer System
Bus Connectors
Used PCI Slots
Power Consumption
Dimensions

Accessories and Associated Products

Constant Fraction Discriminator (CFD)
8ps/5ps
-50mVto-1V
-20mV to - 500 mV

-100 mV to + 100 mV

Constant Fraction Discriminator (CFD)
-50mVto-1V
- 20 mV to -500 mV
0 to 200 MHz
1-2-4
-100 mV to + 100 mV

Ramp Generator / Biased Amplifier

50 nsto 2 us

1to15
0 to 100% of TAC Range

3.3nsto2us

813 fs
50 ns Flash ADC with Error Correction
< 2% rms

125ns
4096 1024 256 64
64 256 1024 4096
2'%-1
none / stop / repeat and correct
0.1 ms to 10000 s
10ms to 1000 s
0.1 ms to 1000 s
Programmable Hardware Sequencer
1bit TTL
TTL

PC Pentium
PCI
4
approx. 18 W at +5V, 0.7 W at +12V
225 mm x 125 mm x 85 mm

Detectors (MCPs, PMTs), Multichannel Detector Heads, Step Motor Controllers,
Preamplifiers, PIN and Avalanche Photodiode Modules, ps Diode Lasers. Also
available: SPC-3x0/4x0/500/5x0/6x0/7x0 time-correlated single photon counting
modules, gated photon counters and multiscalers. Please call for individual data sheets

and descriptions.
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The TCSPC General Solution SPC-600/630

Time-Correlated Single Photon Counting Modules with dual Memory
and PCI Bus

Complete TCSPC Systems on single PC Boards

Dual Memory Architecture: Unlimited Sequential Curve Recording
Histogram Mode: Recording of Decay Curves

FIFO Memory Mode: Continuous Recording by BIFL Method
Reversed Start/Stop: Repetition Rates up to 200 MHz

Electrical Time Resolution down to 8 ps FWHM /5 ps rms

Channel Resolution down to 813 fs

Up to 4096 Time Channels / Curve

Ultra High Count Rate: Up to 8 MHz (125 ns Dead Time)
Measurement Times down to 0.1 ms

Multi Detector Capability: Up to 128 Detector Channels

+ Software Versions for Windows 3.1/95/98 / NT

+ Optional Step Motor Controller for Wavelength or Sample Scanning
+ Direct Interfacing to most Detector Types

+ Single Decay Curve Mode

+ Oscilloscope Mode

+ Multiple Decay Curve Mode (Wavelength, Time or User Defined) .
+ Spectrum Scan Mode with 8 Independent Time Windows ‘Continuous Flow’ Mode: Fluorescence decay from
+ Multichannel X-Y-t-Mode single molecules

+ Continuous Flow and BIFL Mode for Single Molecule Detection

L JEE B JER JER SR JER 2R R JER R 2

=] SPC-400 17t
Main Parameters Display Start! Exit! - - =
SPC-400 FTEX Mode - mdrfel.s«dt

T R N TR RT S
Tiee el

‘BIFL’ Mode: Traces of

single molecules

Time [ns]

s = .

1e8- - .
197 F!ale [F*h /5] Device state _J Measurementin progress _j ----------
e
b -~ @ SYNC OK .Spr
5 ZSE &5
. ~ + | Displaying data from file e\spcimdriel sdt ‘ Page 3,7‘
4 72E+5
led- - Ol Contral
ime TAC CFD) SYMNC
Tes- - 8 EEBS 3l Collection | 3] Pange | 2 Limit Low | 3l Freq Oiv | ﬂM‘
100 - - Step /CFD
o - _ [257E+5] 4 400 | i so00EsS | 4 500 | I =z | °r ||
SYNC CFD TAC ADC D ¥
K -

' l Becker & Hickl GmbH
Nahmitzer Damm 30

'“te”'gent 12277 Berlin
measurement  Tel.  +49/30/787 56 32

d Fax. +49/30/7875734
. and email info@becker-hickl.de
control systems  http://www.becker-hickl.de




SPC-600

SPC-630

Photon Channel
Principle
Time Resolution (FWHM / RMS, electr.)
Opt. Input Voltage Range
Lower Threshold
Upper Threshold
Zero Cross Adjust

Synchronisation Channel
Principle
Opt. Input Voltage Range
Threshold
Frequency Range
Frequency Divider
Zero Cross Adjust

Time-to-Amplitude Converter / ADC
Principle
TAC Range
Biased Amplifier Gain
Biased Amplifier Offset
Time Range incl. Biased Amplifier
min. Time / Channel
TAC Window Discriminator
ADC Principle
Diff. Nonlinearity (dith. width 1/8)

Data Acquisition (Histogram Mode)
Dead Time
max. Number of Curves in Memory
max. Number of Detector Channels
Number of Time Channels / Curve
max. Counts / Channel
Overflow Control
Collection Time
Display Interval Time
Repeat Time
Curve Control (internal)
Curve Control (external Routing)
Add/Sub (Lock-in) Control
Count Enable Control
Control Signal Latch Delay

Data Acquisition (FIFO / BIFL Mode)
ADC Resolution
Dead Time
Output Data Format (ADC / Macrotime / Routing)
FIFO buffer Capacity (photons)
Macro Timer Resolution
Curve Control (external Routing)
Count Enable Control
Routing Signal Latch Delay

Operation Environment
Computer System
Bus Connector
Power Consumption
Dimensions

Accessories and Associated Products

SPC-600 SPC-630
Constant Fraction Discriminator
13ps/7ps 8ps/5ps

+10 mV to £ 80 mV -50mVto-1V
5 mV to 80 mV -20 mV to - 500 mV
5mV to 80 mV -

-10 mV to + 10 mV -100 mV to + 100 mV
SPC-600 SPC-630
Constant Fraction Discriminator

+10 mV to £ 50 mV -50mVto-1V
- - 20 mV to -500 mV
0 to 200 MHz
1-2-4-8-16

-10 mVto + 10 mV -100 mV to + 100 mV

Ramp Generator / Biased Amplifier

50 nsto 2 us

1to 15
0 to 100% of TAC Range

3.3nsto2us

813 fs
Any Window inside TAC Range
50 ns Flash ADC with Error Correction

<0.5% rms
125ns
4096 1024 256 64
128 128 128 32
64 256 1024 4096
2161

none / stop / repeat and correct
0.1 us to 10000 s
10ms to 1000 s
0.1 ms to 1000 s
Programmable Hardware Sequencer

7 bit TTL
1bit TTL
1bit TTL
0 to 255 ns
12 bit 8 bit
150 ns 125 ns
12/ 24/ 8 8/17/3
128 k 256 k
1 us, 24 bit 50ns, 17 bit
8 bit TTL 3 bit TTL
1bit TTL
0to 255 ns

PC Pentium or 486
PCI
approx. 20 W at +5V, 0.7 W at +12V
312 mm x 122 mm x 28 mm

Detectors (MCPs, PMTs), Multichannel Detector Heads, Routing Devices for Multichannel Measurements,
Step Motor Controllers, Preamplifiers, PIN and Avalanche Photodiode Modules, ps Diode Lasers. Also
available: SPC-300/330/400/430/500/530 time-correlated single photon counting modules, gated photon

counters and multiscalers. Please call for individual data sheets and descriptions. .
Becker & Hickl GmbH '
Nahmitzer Damm 30 ]
12277 Berlin intelligent
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The ps Imaging Solution SPC-700/730

Time-Correlated Single Photon Counting Imaging Modules
with Scanning Control and PCI Bus

¢ Complete TCSPC Imaging Systems on single PC Boards

+ Up to 65636 (256 x 256) Decay Curves in Memory

+ Up to 4096 Time Channels / Curve

+ Multi Detector Capability: Up to 128 x 128 Detector Channels
+ Electrical Time Resolution down to 8 ps fwhm / 4 ps rms

+ Channel Resolution down to 813 fs

+ Reversed Start/Stop: Repetition Rates up to 200 MHz

+ Count Rate up to 3 MHz

¢ Measurement Times down to 1 ms

+ Active or Passive Scanning Control

+ Optional Step Motor Controller

+ Software Versions for Windows 3.1/95/98/ NT

+ Single Decay Curve Mode

+ Multiple Decay Curve Mode (Wavelength, Time or User Defined)
+ Spectrum Scan Mode with 8 Independent Time Windows

+ Oscilloscope Mode

+ Multichannel X-Y-t-Mode

+ Fast Object Scanning / Lifetime Imaging Modes
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SPC-700

SPC-730

Photon Channel

Principle

Time Resolution (FWHM / RMS, electr.)
Opt. Input Voltage Range

Lower Threshold

Upper Threshold

Zero Cross Adjust

Synchronisation Channel

Principle

Opt. Input Voltage Range
Threshold

Frequency Range
Frequency Divider

Zero Cross Adjust

Time-to-Amplitude Converter / ADC

Principle

TAC Range

Biased Amplifier Gain

Biased Amplifier Offset

Time Range incl. Biased Amplifier
min. Time / Channel

TAC Window Discriminator

ADC Principle

Diff. Nonlinearity (dith width 1/8, 90% of TAC range)

Data Acquisition

Dead Time (from stop to next photon)
Number of Time Channels / Curve
max. Number of Curves in Memory
max. Square Scanning Area (pixels)
max. Number of Detector Channels
Counts / Channel

Counts / Channel ('Single’ mode, repeat and acquire)

Overflow Control

Collection Time (per curve or per pixel)
Display Interval Time

Repeat Time

Curve Control (Internal Routing)

Curve Control (Passive Scanning)
Scanning Control (Active Routing)
Count Enable Control

Control Signal Latch Delay

Operation Environment

Computer System
Bus Connector
Power Consumption
Dimensions

Accessories

SPC-700 SPC-730
Constant Fraction Discriminator
13 ps/7ps 7ps/4ps
+10 mVto+80 mV -50mVto-1V
5mV to 80 mV -20 mV to - 500 mV
5 mV to 80 mV -
-10 mVto + 10 mV -100 mV to + 100 mV
SPC-700 SPC-730

Constant Fraction Discriminator
+10 mVto x50 mV -50mVto-1V
- -20 mV to -500 mV
0 to 200 MHz
1-2-4-8-16

-10 mVto + 10 mV -100 mV to + 100 mV

Ramp Generator / Biased Amplifier

50nsto 2us

1to 15
0 to 100% of TAC Range

3.3nsto2us

813 fs
Any Window inside TAC Range
50 ns Flash ADC with Error Correction

<0.5% rms
180 ns
64 256 1024 4096
65536 16384 4096 1024
256 x 256 128 x 128 64 x 64 32x32

16384 16384 " 4096 1024

-1

2%

none / stop / repeat and acquire

100 ns to 1000 s

10ms to 1000 s

0.1 ms to 1000 s

up to 65536 Curves
14 bit TTL or SYNC Pulses from Scanner to SPC
14 bit TTL or Sync Pulses from SPC to Scanner
1bit TTL
0to 255 ns

PC Pentium or 486
PCI
approx. 20 W at +5V, 0.7 W at +12V
312 mm x 122 mm X 28 mm

Detector Heads (MCPs, PMTs), Multichannel Detector Heads, Routing Devices for Multichannel
Measurements, Step Motor Controllers, Preamplifiers, PIN and Avalanche Photodiode Modules, .
ps Diode Lasers, Adapter Cables for Scanning Microscopes. Please call for individual data

sheets.
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Picosecond Fluorescence Lifetime Microscopy by TCSPC Imaging
Wolfgang Becker*, Axel Bergmann*, Karsten Konig**, Uday Tirlapur**

* Becker & Hickl GmbH, D-12277 Berlin, Germany, ** Friedrich-Schiller-University, Institute of
Anatomy Il, D-07743 Jena, Germany

Abstract

A new Time-Correlated Single Photon Counting (TCSPC) imaging technique delivers combined intensity-lifetime images in
a two-photon laser scanning microscope. The sample is excited by laser pulses of 150 fs duration and 80 MHz repetition
rate. The microscope scans the sample with a pixel dwell time in the ps range. The fluorescence is detected with a fast PMT
at the non-descanned port of the laser scanning microscope. The single photon pulses from the PMT and the scan control
signals from the scanning head are used to build up a three-dimensional histogram of the photon density over the time within
the decay function and the image coordinates x and y. Analysis of the recorded data delivers images containing the intensity
as brightness and the lifetime as colour, images within selected time windows or decay curves in selected pixels. The
performance of the system is shown for typical applications such as FRET measurements, Ca imaging and discrimination of
endogenous fluorophores or different dyes in living cells and tissues.

Keywords: Fluorescence lifetime imaging, laser scanning microscope, time-correlated single photon counting

1. Introduction

To investigate molecular interactions in cells and subcellular structures fluorescence markers are used which specifically link
to protein structures. Staining the sample with different dyes and recording the fluorescence image reveals the cell structures
via the different fluorescence spectra and fluorescence lifetime of the dyes. Energy transfer between the dye molecules and
the proteins changes the fluorescence quantum efficiency and thus the fluorescence lifetime. Due to the variation of the dye
concentration these effects cannot be distinguished in simple intensity images. Therefore, recording time-resolved patterns
of the full fluorescence decay functions rather than simple intensity imaging is required to investigate molecular interactions
in biological systems.

Recording time-resolved fluorescence images can be achieved by combining a confocal laser scanning microscope, a
femtosecond Titanium Sapphire (TiSa) Laser and an advanced Time-Correlated Single Photon Counting (TCSPC) imaging
technique.

2. TheLaser Scanning Microscope

The optical principle of a confocal microscope is shown in fig. 1. Detector Detector
Pinhole

The laser is fed into the optical path via a dichroic mirror and

focused into the sample by the microscope objective lens. In the

traditional one-photon setup the light from the sample goes back

through the objective lens, through the dichroic mirror and penroie penroie

through a pinhole in the upper image plane of the objective lens. NIR fs pulses

Light from outside the focal plane is not focused into the pinhole

plane and therefore substantially suppressed. X-Y imaging is objective Objective

achieved by optically scanning the laser spot over the sample, Excite Lens Excite Lens

Z imaging (optical sectioning) is possible by moving the sample or Sample Sample

the microscope up and down. o o
One-Photon Excitation Two-Photon Excitation

With a fs TiSa laser the sample can be excited by two-photon
absorption. Due to the short pulse duration and the small diameter
of the Airy disk the photon density in the focus is very high, so

Fig. 1: Principle of a laser scanning microscope (scanning
setup not shown)
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that the two-photon excitation works with high efficiency. Excitation occurs only in the focus, so that no pinhole is required
to reject light from outside the focal plane. For imaging biological samples, two-photon excitation has several benefits:

- Scattering and absorption coefficients at the near infrared excitation wavelength are small. Therefore, layers deeply in the
sample can be excited.

- If deep sample layers are imaged the scattering at the emission wavelength broadens the luminescent spot seen by the
microscope objective. The absence of a pinhole allows to efficiently record the emitted light from a relatively large area
while maintaining the optical sectioning capability.

- Living cells are surprisingly stable when illuminated with NIR radiation [1].

2. TCSPC Lifetimelmaging
2.1. Light Sources

Fluorescence Lifetime Imaging requires a pulsed excitation source. Two-photon microscopes use fs pulsed Ti:Sa lasers so
that a suitable light source is already present. For one-photon excitation, a frequency-doubled Ti:Sa can be used.
Synchrotron radiation has also been used [2], but is available only in some special cases. A reasonable cost solution are
pulsed diode lasers which are available for the blue and red spectral range. These lasers deliver pulses down to 40 ps fwhm
with up to 80 MHz repetition rate. They are by far a better solution than modulating the continuous laser of a commercial
one-photon microscope which is sometimes suggested.

2.2. Detection Electronics

To record fluorescence images with lifetime information gated image intensifiers, modulated image intensifiers or single
channel modulation techniques [3], gated photon counting [4], and time-correlated photon counting can be used.

In conjunction with a scanning microscope, most of these methods have serious drawbacks. Simple gating of the detector
electronics discards the majority of the fluorescence photons and thus yields a poor sensitivity. Gated photon counting and
single channel modulation techniques usually have problems with the high scanning speed of the microscope. Image
intensifiers and other direct imaging techniques do not only record photons from the scanned spot of the sample, but also the
thermal background events from the remaining detector area.

Gated photon counting can be accomplished in several parallel channels with subsequent time windows [4] . However,
correct signal analysis is a problem if, as usual, the detector response shows afterpulses and bumps or if the optical system is
not absolutely free of reflections.

Time-correlated single photon counting (TCSPC) is often believed to be an extremely slow method unable to reach short
acquisition times. This ill reputation came from older NIM systems used in conjunction with low repetition rate light
sources. Nevertheless, an early application of a high count rate TCSPC system to laser microscopy used an Ar+ laser for
excitation and reached a count rate of 2+10° /s [5].

State-of-the art TCSPC systems reach count rates in ——
the MHz range and therefore are able to record | "'y | Measuement L _
decay functions within a few ms. The TCSPC o L)
method has a high detection efficiency, a time | From Laser T jaoc| | decay :
resolution limited only by the transit time spread of S
the detector and directly delivers the decay _
functions in the time domain. Furthermore, the | Samangoners
TCSPC method can be combined with a | g e sync | Scanning interface stonram
multiplexed detection which is ideally suited for - counter Y | || oeation Memory
scanning applications [6]. heE | within_
Pixel Clock counterx_ | |area
The principle our TCSPC Lifetime Imaging module
is shown in fig. 2. 2
The module employs an advanced TCSPC
technique featuring both high count rate and low

It contains the usual
TAC, ADC) in the

differential nonlinearity.
building blocks (CFDs,
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‘reversed start-stop” configuration together with a scanning interface and a large histogram memory integrated on one board.

The TCSPC module receives the single photon pulses from the photomultiplier (PMT) of the microscope, the reference
pulses from the laser and the Frame Sync, Line Sync and Pixel Clock signals from the scanning unit of the microscope. For
each PMT pulse, i.e. for each photon, the TCSPC module determines the time of the photon within the laser pulse sequence
and the location within the scanning area. These values are used to address the histogram memory in which the events are
accumulated. Thus, in the memory the distribution of the photon density over X, Y, and the time within the fluorescence
decay function builds up. The result can be interpreted as a two-dimensional (X, Y) array of fluorescence decay curves or as

a sequence of fluorescence images for different T - - - -
. o image resolution t channels per pixel  min. t channel width
times (t) after the excitation pulse. .
pixels ps
D memory size limitations the maximum
ue to memory size limitations the maximu 256 X 256 64 52
number of time channels per pixel and the minimum
. . ; . 128 x 128 256 13
time channel width depend on the image resolution.
; L : . 64 x 64 1024 3.25
Some possible combinations are given in table 1.
: : : 32x32 4096 0.82
For an image resolution smaller than the resolution .
. . i 1024, line scan 4096 0.82
of the microscope scan, several adjacent pixels are
binned into one pixel of the TCSPC image. Table 1: Number of time channels and minimum time channel width for
different image resolution

The actual time resolution depends on the detector
and is 300 ps to 500 ps (fwhm) with the PMTs typically built-in in the microscope, and 30 ps (fwhm) with external
Microchannel Plate (MCP) detectors. Interestingly, there is practically no loss of photons in the TCSPC imaging process.
Due to the short dead time of the TCSPC imaging module (180 ns) nearly all detected photons are processed and
accumulated in the histogram.

3. The TCSPC Scanning Microscope

The general setup of the TCSPC microscope is shown in figure 3. A Ti:Sa laser delivers femtosecond pulses in the
wavelength range from 780 nm to 900 nm. We used different Coherent and Spectra Physics systems with a pulse width from
90 fs to 800 fs. The repetition rate was 76 or 82 MHz.

Scanning Head
P1.. P4:
Preamp internal PMTSs,
i descanned
TiSa Laser
200 fs, 76 MHz 780 nm to 900 nm, 200fs
I SYNC
Preamp
SPC-730 TCSPC Imaging Module -
Stop D
= FEEE
I - N external PMT,
. Start non-descanned

| —
> +¢ l. [
® -l E
I
Scan Control

System Computer i
Unit of ;
Microscope Confocal Microscope
Pixel Clock, Line Sync, Frame Sync

Fig. 3: General setup of the TCSPC Laser Scanning Microscope
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The microscope scans the sample in the x-y plane providing an image of the sample in the focal plane of the objective lens.
3 D imaging is achieved by changing the depth of the focus in the sample. We used the Zeiss LSM-410, the LSM-510 in the
Axiovert and the Axioplan version, and the Leica SP-1 and SP-2.

The scanning heads of these microscopes have several detection channels equipped with variable confocal pinholes, filters,
and photomultipliers (PMTs). The PMTs are small side-window tubes which give good sensitivity but not the optimum time
resolution in the TCSPC mode. Unfortunately, replacing these PMTs with faster ones is difficult if not impossible. To get a
high time resolution from the detection channel of a LSM-510 scanning head we used a fibre in place of one detector and fed
the light to a Hamamatsu R3809U-50 MCP PMT.

For two-photon excitation which does not require a pinhole, attaching a fast detector to the non-descanned port of the
microscope is a better solution. We use the PMH-100-1 detector head of Becker & Hickl (transit time spread 150 ps) and
the Hamamatsu R3809U-50 (transit time spread 30 ps). To get best performance from the R3809U-50 we use a Becker &
Hickl HFAC-26-01 preamplifier. The instrument response functions for these detectors are shown in fig. 4 and fig. 5.

#5655+ P |
o134 B7343-
49181~ ! 49161 -

i B

- [\ fwhm=150ps o ! fwhm=30ps
§32768- ! i .gszves-

24676~ 245T6-

16384~ 16384- i

81z, s1ge- : k

0.00 033 087 100 133 167 200 234 267 300 334 000 033 087 100 133 167 200 23 287 300 33
Time I Tirew fres]
Fig 4: System response for the PMH-100 detector Fig 5: System response for the R3809U-50 MCP

If the non-descanned port is used problems can arise from incomplete blocking of scattered laser light. If the appropriate
filters are not present in the microscope a suitable set of filters must be found and placed in front of the detector.

Data acquisition is accomplished by the Becker & Hickl SPC-730 TCSPC Imaging module [6]. The CFD input receives the
single photon pulses of the PMT. Synchronisation with the laser pulse sequence is achieved by the SYNC signal from the
reference diode of the Ti:Sa laser.

The SPC-730 module gets the scan control signals, Pixel Clock, Line Sync, and Frame Sync, from the scan controller of the
microscope. Connecting the TCSPC module does not require any modifications in the microscope hardware and software.
The scan parameters are controlled in the usual way via the microscope software. The normal scan speed, the zoom function,
region of interest setting, etc. can be used also when recording lifetime images. Furthermore, the SPC-730 can be run in
parallel with the standard image recording electronics of the microscope. Basically, steady state images and lifetime images
in different spectral ranges can be obtained at the same time.

Due to the simple interfacing the SPC-730 TCSPC Imaging module can be adapted to almost any laser scanning microscope.
The only requirement is that Frame Sync and Line Sync signals with TTL or CMOS levels can be made available. The Pixel
Clock signal is not absolutely required. If it is not available a pixel clock can be generated in the SPC-730 module. The cost
for upgrading a microscope is about $ 17,000 to $ 30,000 ($ 15,000 for the imaging module plus $ 2000 to $ 15,000 for the
detector).

4. Resaults

Fig. 6 shows a TCSPC image of a single cell layer (double staining with Hoechst for DNA and Alexa 488 for Tubulin)
obtained by simultaneous two-photon excitation at 800 nm in a Zeiss LSM-510 Axioplan microscope. The detector was a
PMH-100-1 at the non-descanned port giving an instrument response function of 150 ps fwhm. The overall acquisition time
was 60 seconds at a count rate of about 10° photons per second. The intensity image containing the photons of all time
channels is shown left.
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Steady state intensity image Time resolved intensity image

Deconvolution analysis delivers the fluorescence lifetime t in the
individual pixels of the image. This allows to generate intensity-t
images that display the fluorescence intensity and the fluorescence
lifetime as brightness and colour (fig. 4, right). The quality of the fit
is shown for two selected pixels (fig.4, bottom). The decay times of
2.0 ns and 2.8 ns are clearly distinguished.

Fig. 7 shows an intensity-t image of the autofluorescence of human
skin, obtained with two-photon excitation in a Zeiss LSM-410. The
count rate was 25,000 /s. The two-photon fluorescence of melanin
was found to be a potential tumor indicator [7]. Lifetime images can 140

Sample curves

help to separate the melanin fluorescence from NADH or other /Mmps Lfetme /ps
fluorescence components. g m::w s00 [
Fig. 8 was obtained with a Leica SP-1 and shows a Ca lifetime image £ 1« “WM; 200 [
of cortex neurons after Calcium Green injection. The count rate was £ residuals oo [
10°/s. The lifetime of the Calcium Green is a direct measure of the L v

calcium ion concentration. Therefore, lifetime images can avoid the A DT 2000 [N

intensity calibration normally used for Ca imaging. — 00 =

Fig. 9 shows cells containing CFP and YFP excited at 820 nm. The Fig. 6: Intensity image (top left), intensity-t image (top
count rate was 20,000 /s. The microscope was an LSM-410 Axiovert 19t and fitted curves

Fig. 7: Autofluorescence of human skin. Fig. 8: Ca image of cortex neurons. Leica Fig 9: FRET in cells containing CFP and

Zeiss LSM-410, 2-photon excitation SP-1, 2-photon excitation YFP. Zeiss LSM-410, 2-photon excitation
with a Hamamatsu R3809U-50 MCP attached to the non-descanned port. To  '0%3 al%]xins]
suppress the excitation light and to select the fluorescence wavelength we used o

three 720 nm short pass filters (SWP-BL-720, Delta Light & Optics) and a '}
440 - 490 nm bandpass filter.

In this example, CFP acts as a donor and YFP as an acceptor for FRET. The CFP %
fluorescence is therefore quenched in the places where FRET occurs. The 1
fluorescence in these places shows double exponential decay which cannot be 10004 i
displayed by a simple colour coding. Therefore, green was used for the short x\,,__b!”’ m
lifetime and red for the long lifetime component. The colours were mixed '®3§ Sk
according to the relative intensities of the components. The decay curves of
selected areas are shown in fig. 10. o

‘-z\'ew.

3

i

The acquisition times for the lifetime images shown above were in the range from 0 10 20 30
30 seconds to 20 minutes. Although simple intensity images are obtained by .

TCSPC imaging in the same time as with the standard recording electronics of Fig 10: Decay functions of selected areas
of fig. 9
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the microscope, such images do not contain enough photons for lifetime analysis. Basically, the acquisition time could be
decreased by increasing the laser power and thus the photon count rate. The SPC-730 module allows count rates up to some
10° photons per second which would decrease the acquisition time by a factor of 10 to 100. However, for living cells the
limitation is the stability of the sample [1] which usually restricts the count rate to values less than 10° / s. Therefore, the
only way to decrease the acquisition time is to confine the scanning area to a small region of interest. Since the acquisition
time scales down with the number of pixels, reasonable data for an area in the order of 4 x 4 pixels can be obtained in less
than 100 ms.

Conclusions

The results show the potential of TCSPC Laser Scanning Microscopy as a new method of fluorescence lifetime imaging. The
field of application covers energy transfer measurements (Fluorescence Resonance Energy Transfer, FRET), Ca imaging,
separation of multiple fluorescent labels, imaging of the autofluorescence of cells, and other fluorescence imaging
applications of microscopic samples.
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Abstract

A new Time-Correlated Single Photon Counting (TCSPC) imaging technique in conjunction with a
two-photon laser scanning microscope was used to obtain FRET lifetime data from living cells. Double
exponential decay analysis separates the FRET fluorescence from the fluorescence of the unquenched
donor molecules. By using the intensity ratio of the quenched and the unquenched donor fluorescence
images are created that show the size of the FRET in different regions of the cell.

Instrumentation

Recording of time-resolved fluorescence images was achieved by combining a confocal laser scanning
microscope (Zeiss LSM-510 Axiovert), a femtosecond Coherent titanium sapphire laser and an SPC-730
time-correlated single photon counting (TCSPC) imaging module developed by Becker & Hickl, Berlin.
The fibre output option of the LSM-510 was used to connect an ultra-fast MCP-PMT (Hamamatsu
R3809U) for TCSPC detection.

The principle of the TCSPC

imaging technique used in the SPC- S T

730 is shown in fig. 1. The module Start | Measurement -

contains the usual building blocks - witin _
(CFDs, TAC, ADC) in the ‘reversed | Foptaser | —|""[I"™ e =

start-stop’ configuration together with
a scanning interface and a large | _ - N
histogram memory integrated on one | Scanning Unit
board. It receives the single photon | Framesync
pulses from the photomultiplier | |iesync

(PMT), the reference pulses from the | el ciock |
laser and the Frame Sync, Line Sync

and Pixel Clock signals from the ”
scanning unit of the microscope. For ,/

Scanning Interface

Histogram

Counter Y Y Memory

Location
within

scanning in
area I

Counter X

SPC-730
each PMT pulse, i.e. for each photon, TCSPC Imaging Module

the TCSPC module determines the
time of the photon within the laser
pulse sequence and the location within
the scanning area. These values are used to address the histogram memory in which the events are
accumulated. Thus, in the memory the distribution of the photon density over X, Y, and the time within the
fluorescence decay function builds up.

The data acquisition runs with the full scanning speed of the microscope. Due to the short dead time of
the TCSPC imaging module (180 ns) there is practically no loss of photons in the TCSPC imaging process.
The time resolution with the R3809U MCP is < 30ps (FWHM).

Fig. 1: Principle of the TCSPC Lifetime Imaging module
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Results

Fig. 2 shows HEK cells containing CFP and YFP in the oo and B1 subunits of the Na channels. Fig. 2a
shows an intensity image of the donor fluorescence obtained by summing the photons from all time
channels of the individual pixels. Fig. 2b shows an intensity-lifetime image built up from the fluorescence
intensity as brightness and the average decay time obtained by single exponential analysis as colour.

Fig. 2b clearly shows lifetime differences throughout the image of the cell.

Fig. 2a: Intensity image of donor (CFP) Fig. 2b: Intensity-Lifetime Image of Donor CFP

Fig. 3a shows the decay functions of selected pixels of fig. 2b. The decay is clearly not mono-exponential.
Double exponential decay analysis reveals a fast lifetime component of about 0.37 ns and a slow
component of 1.84 ns to 2.09 ns. The fast component most likely comes from the quenched CFP molecules
while the slow component is fluorescence from the unquenched CFP and perhaps some YFP fluorescence.
Both components are found anywhere in the image. However, the ratio of the intensity coefficients of the

components differs considerably between regions with strong FRET and ‘normal’ regions (fig 3b).

100004
1 M 71
1 & % 66
R |a ®. "o.‘ —
]| N TR
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] | L] ; - 71
n:‘ -. ‘*"..,q / FRET | normal
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b . l.. o r
- . e .
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0 2 4 6 8 short long short long
time / ns Fig. 3b: Relative intensity of fast and
slow fluorescence component

Fig. 3a: Fluorescence decay curves of selected pixels
Using the ratio of the intensity coefficients of the lifetime components as an indicator for FRET, we created

imaged showing the size of the FRET as colour and the intensity as brightness. The result is shown in
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fig. 4. 1t shows a lot of detail not visible in the pure intensity image and more contrast than the lifetime
image obtained from the average lifetime.

Fig. 4: FRET image built up from intensity (brightness) and ratio of coefficients of fast and slow decay
component (colour)

Conclusions

A new TCSPC imaging technique in conjunction with a scanning microscope yields high quality
fluorescence lifetime data. Applied to FRET in living cells, the technique delivers the decay components of
the quenched and unquenched donor molecules. The ratio of the intensity coefficients of the quenched and
the unquenched fluorescence component can be used to build up images that show the size of the FRET
effect in the individual parts of the cell. The images show detail not visible in pure intensity images and
better contrast than images created from the average lifetime.
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A PC plug-in card for on-line time resolved fluorescence detection of single dye molecules based on
a new time-correlated single photon counting (TCSPC) module is described. The module contains
all electronic components constant fraction discriminators (CFDs), time-to-amplitude converter
(TAC), analog-to-digital converter (ADC), multichannel analyzer (MCA timers) on board required
for TCSPC. A fast TAC design in combination with a fast flash ADC and an error-correcting
ADC/MCA principle results in a maximum count rate of 8 MHz (dead time 125 ns). A dual memory
architecture allows for unlimited recording of decay curves with collection times down to 150 us
without time gaps between subsequent recordings. Applying a short-pulse diode laser emitting at
640 nm with a repetition rate of 60 MHz in combination with a confocal microscope, we studied
bursts of fluorescence photons from individual dye labeled mononucleotide molecules (Cy5-dCTP)
in a cone shaped microcapillary with an inner diameter of 0.5 um at the end of the tip. The flow of
the conjugates was controlled by electrokinetic forces. The presented technique permits the counting
and identification of all labeled analyte molecules present in a given sample due to their
characteristic velocities, burst sizes, and fluorescence decay times. © 1999 American Institute of

Physics. [S0034-6748(99)03503-0]

I. INTRODUCTION

In recent years, several scientific groups achieved the
capability to detect individual fluorescent molecules in lig-
uids using laser induced fluorescence techniques.’~° Due to
the improvements of the instrumentation, different dye mol-
ecules have been identified in solvents on the single-
molecule level by their characteristic fluorescence decay
times'*~® and spectral properties.*® Besides the implication
of this highly sensitive detection techniques for the identifi-
cation of various analyte molecules in diluted solutions, the
fluorescence characteristics of individual dye molecules in
specific local environments, i.e., the dynamic aspects, are of
particular interest for different biological applications.!’~%°

In all applications of the single-molecule detection tech-
nique, it is desirable to count and identify each molecule
present in a given sample with comparable efficiency. There-
fore, great efforts have been made to construct a light barrier
on the single-molecule level using laser induced fluorescence
where all molecules have to pass.?*~2* Unfortunately, here a
drawback is associated with the use of a femto liter detection
volume which is generally applied in confocal fluorescence
microscopy of single molecules. In order to direct the flow of
all molecules through the detection area microcapillaries or

dElectronic mail: sauer@sun0.urz.uni-heidelberg.de

0034-6748/99/70(3)/1835/7/$15.00

-channels with inner diameters smaller than the detection
area (<1 um) have to be used. Unfortunately, a drawback is
associated with the use of such small channels, namely
strong adsorption of the analyte molecules to the wall due to
the relatively great surface-to-volume ratio. On the other
hand, if the adsorption can be efficiently suppressed by ad-
dition of detergents or additives, the use of such channels
makes it possible to manipulate the motion of single mol-
ecules by electrokinetic, electro-osmotic, or capillary forces.
Recently,?* we were able to demonstrate the time-resolved
identification of individual labeled mononucleotide mol-
ecules as they flow through a microcapillary with an inner
diameter of 500200 nm. Furthermore, we showed that by
addition of Tween 20, i.e., a nonionic detergent, adsorption
of negatively charged analyte molecules to the capillary wall
could be neglected. Hence, the flow of the negatively
charged conjugates could be established by electrokinetic
forces. ldentification of the labeled mononucleotide mol-
ecules was performed by time-correlated single-photon
counting (TCSPC) using a PC plug-in card with a minimum
integration time of 600 ws and a dead time of several sec-
onds between subsequent cycles of up to 128 histograms.
However, for on-line identification of each analyte mol-
ecule by the characteristic burst length, fluorescence decay
time, and burst size a TCSPC-card with high acquisition rate
and short integration times without dead times between sub-

1835 © 1999 American Institute of Physics
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FIG. 1. Schematic diagram of the optical and electronic apparatus.

sequent cycles has to be used. In this article, we present
time-resolved detection and identification of each labeled
mononucleotide molecule Cy5-dCTP passing the detection
volume by TCSPC in a microcapillary using a new devel-
oped PC plug-in card for TCSPC.

Il. EXPERIMENT
A. Single-molecule apparatus and solvents

A schematic diagram of the used experimental setup is
shown in Fig. 1. A pulsed diode laser (640 nm) served as
excitation source. This system provided pulses of less than
400 ps full width at half maximum duration with a repetition
rate of 60 MHz. The laser beam passes an excitation filter
(639DF9; Omega Optics, Brattleboro, VT) and entered an
inverse microscope (Axiovert 100 TV, Zeiss, Germany)
through the back port and was coupled into an oil-immersion
objective (100xNA=1.4; Olympus, Tokyo, Japan) by a di-
chroic beam splitter. Measurements were done with an aver-
age laser power of 630 W at the sample. The fluorescence
signal was collected by the same objective, filtered by two
bandpass filters (675DF50, Omega Optics, Brattleboro, VT;
680HQ65, AF Analysentechnik, Tubingen, Germany) and
imaged onto a 100 um pinhole oriented directly in front of
the avalanche photodiode (AQ-131, EG&G Optoelectronics,
Canada).

Measurements in open volumes were performed by us-
ing microscope slides with a small depression.'® To ensure
the detection of each analyte molecule, a cone shaped capil-
lary with an inner diameter of about 0.5+0.2 um at the very
end of the tip (Femtotip, Eppendorf-Nethler-Hinz GmbH,
Hamburg, Germany) was used. The capillary dips into a tis-
sue culture dish that contains pure glycerol. The small end of
the capillary (ID=0.5 um) was adjusted to meet the focus of
the exciting laser beam by the use of a three-axis (xyz) elec-
trostrictive actuator (20 nm resolution) and a charge coupled
device camera. As solvent inside of the capillary, a 20 mM
Tris-borate buffer pH 8.4 containing 65% water, 30% glyc-
erol, and 5% Tween 20 was used. Tween 20 was added to
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prevent adsorption at the glass surface and to diminish the
electro-osmotic flow.? Cy5-dCTP (Amersham Life Science,
Braunschweig, Germany) served as analyte molecule and
was used without further purification. Single-molecule solu-
tions were prepared by diluting a 10~ M stock solution with
an appropriate amount of solvent down to the required con-
centration. To avoid blocking of the tip, all solutions were
filtered through a 20 nm filter prior to injection into the fem-
totip. The flow of the negatively charged analyte molecules
Cy5-dCTP through the femtotip was established by electro-
kinetic forces using two platinum electrodes. The cathode
was inserted into the microcapillary and the anode was
dipped into the solvent of the tissue culture dish.

B. TCSPC system

All time-resolved measurements were carried out in the
reverse mode, i.e., the detector signal served as the start sig-
nal, whereas the laser pulse was used as the stop pulse. The
instrument response function of the entire system was mea-
sured to be 420 ps.

1. Detector and synchronization channel

The principle of the TCSPC module SPC-430 is shown
in Fig. 2. The single-photon pulses from the avalanche pho-
todiode are fed to the input DETECT. To avoid an influence
of amplitude jitter of the detector input pulses a constant
fraction discriminator (CFD) is used to provide a well de-
fined start pulse for the time-to-amplitude converted (TAC).
The synchronization signals (stop pulse) generated by the
pulse generator of the laser diode are fed to the input SYNC.
To improve the timing of the synchronization signal also, the
SYNC circuit contains a CFD. In addition, an adjustable fre-
quency divider with ratios from 1:1 to 1:16 is implemented.
Divider ratios greater than one can be used to record several
periods of the light signal.

2. Time-to-amplitude converter

The TAC operates in the reversed start-stop mode. By
this mode, the speed requirements of the TAC can be re-
duced because the cycle rate is controlled by the photon de-
tection rate instead of the considerably higher repetition rate
of the laser. The TAC output voltage is fed to a program-
mable gain amplifier (PGA). The PGA is used to amplify the
interesting part of the TAC signal and can be adjusted by a
gain and offset option so that the chosen part of the signal
covers the complete ADC range. The speed limiting device
is the PGA. Therefore, it is essential to have a very small
settling time. The employed PGA has a settling time of less
than 40 ns, even if the output voltage returns from saturation.
To increase the effective count rate especially at high PGA
gains, the output voltage of the PGA is checked by a window
discriminator (WD) which rejects the processing of events
outside of the selected time window. The TAC, the PGA, the
WD, and the associated control circuits, as well as, the CFD
and the SYNC circuit are integrated in compact hybrid cir-
cuits. The small size of all circuits reduces crosstalk between
the start and the stop channel, which is essential to achieve a
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FIG. 2. Block diagram of the PC-interface card SPC-430.

small differential nonlinearity. Besides, the hybrid circuits
reduce speed losses due to signal distortions on interconnec-
tion lines.

3. Analog-to-digital converter

The ADC converts the amplified TAC signal into a
memory address (MEM). As in all TCSPC systems, the ADC
must work with an extremely high accuracy. The ADC has a
resolution from 64 to 4096 time channels and the width of
each particular channel has to be constant within 1%-2%.
This requires a ‘‘no missing code’” accuracy of more than 18
bits which is not achievable with conventional fast ADCs
which are, however, required to achieve a high count rate. In
the SPC-430 module, the problem is solved by the use of a
fast flash ADC with 12 bit no missing code accuracy in com-
bination with a proprietary error correction method. The ba-
sic idea of this method is the implementation of a variable
offset on the TAC characteristics referred to the ADC char-
acteristics (Fig. 3). Thus, each photons event is converted at
a slightly different position of the ADC characteristics result-
ing in an averaging of the errors of the ADC characteristics
and a considerable reduction of the difference of the particu-

lar ADC steps. The arrangement is shown in Fig. 3. The
digital-to-analog converter (DAC) is used to shift the TAC
output voltage up and down on the ADC characteristics and
is controlled by a counter which counts the start pulses of the
TAC. Consequently, the DAC generates a sawtooth that in-
creases by one DAC step at each recording of a photon. The
DAC voltage is added to the TAC output voltage and the
resulting signal is converted by the ADC. To restore the
correct address byte for the memory, the counter bits are
subtracted from the ADC result in a digital subtraction cir-
cuit. Of course, each address byte still contains an unavoid-
able deviation of the particular ADC step from the correct
value. However, there is a significant difference to a direct
ADC conversion in that the error is now different for differ-
ent photons, even if the photons appeared at equal times and
caused equal TAC voltages. Hence, the averaging of the in-
dividual errors results in a smoothing of the effective ADC
characteristics.

The obtained improvement of the conversion accuracy
depends on the number of ADC steps Napc over which the
signal is shifted by the DAC voltage. Additionally, the accu-
racy depends on the distribution of errors of the ADC char-

CNT
<DAC < > CNT
TAC
i TAacout | Flash-
v |1 " 7 L

SUB
Address= Zég 3f.hA/D conversion of the SPC-
ADC - CNT]| Agdress with error correction.
Memory
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TABLE |. Number of decay curves in the memory banks and minimum
collection times per decay curve for gap-free measurements using a Pentium
200 processor.

ADC resolution Number of curves Minimum collection
(Number of channels) in one memory bank time/curve without gaps (ms)

64 2048 0.15
256 512 0.60
1024 128 2.40
4096 32 9.60

acteristics. If the error of an ADC step is not correlated to the
errors of adjacent steps the improvement is (Napc)¥2. How-
ever, in real flash ADCs the errors appear periodically with
periods of 4, 8, and 16 low significant byte. If a DAC am-
plitude is used which corresponds to a multiple of this value,
the improvement in accuracy is considerably higher than

( NADC) 1/2'

4. Memory control

Differing from conventional TCSPC devices, the data
memory in the SPC-430 module consists of two memory
banks with 128 k words, respectively. Depending on the se-
lected ADC resolution (64, 256, 1024, or 4096 time chan-
nels) in each memory bank 2048, 512, 128, or 32 data
blocks, i.e., decay curves, can be stored. Within a selected
memory bank and data block, respectively, the buildup of the
histogram is done by the usual method. When a photon is
detected, the contents of the addressed location of the MEM
is increased by a fixed increment. This is done by the ADD
circuit. Values greater than 1 can be added to get full scale
recordings in short collection times, e.g., for oscilloscope or
single-molecule applications.

For single-molecule detection and similar applications a
timer controlled sequencer logic is provided which automati-
cally switches through all available data blocks. When the
current memory bank has been filled with decay curves, the
measurement continues in the other memory bank. While the
measurement runs in one memory bank, the data from the
other bank were read out and written to the hard disk of the
computer. As long as the data stream is fast enough to read
one complete memory bank before the other one is filled,
subsequent decay curves can be measured without gaps be-
tween the curves. The minimum collection (integration)
times per decay curve for a gap-free measurement for a Pen-
tium 200 processor are given in Table I.

Multichannel-scalar (MCS) traces were generated by
adding up all photons collected per integration time in an
applied time window.

Ill. RESULTS AND DISCUSSION

Figure 4 shows a section of a data block derived by
time-resolved fluorescence measurement of a 10~ M aque-
ous solution (20 mM aqueous Tris-borate buffer pH 8.4, 30%
glycerol, 5% Tween 20) Cy5-dCTP in an open volume. The
integration time was set to be 1 ms per decay. The measure-
ment was performed with an ADC resolution of 64 channels
a 0.25 ns allowing 2048 decay curves to be collected in one
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FIG. 4. Raw TCSPC fluorescence data recorded with the plug-in card SPC-
430 from a 107'* M aqueous solution of Cy5-dCTP (65% 20 mM Tris-
borate buffer pH 8.4, 30% glycerol, 5% Tween 20) using a collection time
of 1 ms per decay curve. Excitation power: 630 uW at the sample, ADC
resolution: 64 channels a 0.25 ns. Approximately 50 ms after the start of the
experiment a Cy5-dCTP molecule passes the detection volume and a decay
curve containing about 200 fluorescence photons is received within 1 ms in
the applied time-window of 16 ns.

memory bank (Table I). As can be seen, at approximately 50
ms after start of the experiment, a single Cy5-dCTP mol-
ecule passes the detection volume and about 200 photons are
detected within 1 ms. With the chosen channel width, 25
photons were collected in the maximum channel by using a
fluorescent dye (Cy5) with a relatively short fluorescence
decay time in this solvent of 1.3 ns.?* In Fig. 5, MCS-traces
(3 ms per decay curve) are formed from the recorded data
measured at the same sample. Figure 5(a) shows the MCS
trace observed from the same sample in an open volume. In
Figs. 5(b)-5(f), the sample is measured flowing through the
thin end in the microcapillary at different applied voltages.
With the setup described, an average background of 2 kHz
was obtained in the solvent system at hand in an open vol-
ume. This background arises mainly from Raman scattered
photons passing the emission filter simultaneously with the
excitation pulse. The same background rate was obtained in
the microcapillary at the thin end of the tip. On the basis of
this background, we calculate signal-to-background ratios
(S/B) of up to 200 for the most intense peaks. It should be
noted that in case of an open volume the analyte molecules
move in and out of the detection volume due to their Brown-
ian motion. Hence, most analyte molecules will cross the
detection volume at the edge resulting in small burst sizes.
However, if the detection took place inside of a microcapil-
lary with an inner diameter smaller than the detection area of
the optical system, all analyte molecules should be excited
and detected very efficiently. In addition. Figs. 5(b)-5(f)
demonstrates that a control of the analyte movement towards
the anode is possible by applying different voltages. On the
one hand, the number of analyte molecules passing the de-
tection area increases with increasing voltage. Simulta-
neously, the velocities increase thereby decreasing the burst
size.

To study the burst size, the fluorescence decay time, and
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FIG. 5. Fluorescence signals observed from a 10~** M solution of Cy5-dCTP in 65% 20 mM Tris-borate buffer pH 8.4, 30% glycerol, 5% Tween 20 with an
integration time of 3 ms per bin. the data were collected with the PC-module SPC-430 for TCSPC and converted into MCS traces. (a) Open volume, (b), (c),
(d), (e), and (f) microcapillary at different applied voltages of 2, 5, 9, 15, and 30 V, respectively.

the burst length of each individual burst, we used a burst
recognition procedure. To suppress the background (2 kHz)
efficiently, only bursts with a count rate higher than 10 kHz
were utilized. The starting and the end point of a burst were
defined by a count rate of 5 kHz. For the case that two count
rate maxima fall into the same time interval, we split the
bursts at the minimum count rate between them. For the
following statistics we used more than 4000 single-molecule
events measured at different applied voltages, respectively.
Figures 6(a)—6(c) show the histograms of the burst sizes, the
fluorescence lifetimes, and the burst lengths of Cy5-dCTP
molecules measured in the microcapillary at 5 V with an

integration time of 500 us/bin and an ADC resolution of 64
channels a 0.25 ns. As shown in Figs. 6(a) and 6(c), we
determine an average burst size of 141 counts (maximum
frequency 110 counts) and an average burst length of 5 ms
(maximum frequency 3.5 ms) at an applied voltage of 5 V.
Using this data, we calculate an average S/B of 14 (S/B=17
using the frequency maxima) for individual Cy5-dCTP mea-
sured in a microcapillary with an inner diameter of 500200
nm. With a diameter of the detection area of 1 um, we cal-
culate a flow speed of about 0.3 mm/s for Cy5-dCTP mol-
ecules in the described solvent at a voltage of 5 V. The
fluorescence decay time determination of the single-
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FIG. 6. (a) Burst size, (b) fluorescence decay time, and (c) burst length
distribution measured on a 10~ M solution of Cy5-dCTP flowing through
the microcapillary at an applied voltage of 5 V. Data acquisition was per-
formed with PC-module SPC-430 with an integration time of 0.5 ms per
decay curve, ADC resolution of 64 channels, number of decay curves in one
memory bank: 2048, 100 cycles, corresponding to a time period of 102.4 s
without any loss of data.

molecule events was realized by a monoexponential maxi-
mum likelihood estimator (MLE) using the following
relation:?®

m
l+(eT/T_l)_l_m(emT/T_l)—l:N_].; iN;, (1)

where T is the width of each channel, m the number of uti-
lized time channels, N the number of photon counts taken
into account, and N; the number of photon counts in channel
i. The parameters used to determine the decay time r are
m=50, T=0.25 ns. To calculate the experimental standard
deviation oy, the obtained fluorescence decay times were
plotted against their frequency [Fig. 6(b)]. Applying a
Gaussian fit to the fluorescence decay time distribution re-
sults in a fluorescence decay time of 7=1.45 ns with an
experimental standard deviation o,,=0.14ns, which is in
good agreement with the fluorescence decay time of Cy5-
dCTP measured in bulk solutions in the same solvent (7
=1.3ns).?

In Fig. 7(a), the number of detected bursts per second
observed from a 10~ ' M Cy5-dCTP solution in a microcap-
illary at different applied voltages are shown. As expected
from Fig. 5 with increasing voltage the number of detected
analyte molecules increases linear up to an applied voltage of
30 V. In addition, also the velocity of the analyte molecules
through the detection volume with a diameter of 1 um is
proportional to the voltage [Fig. 7(b)]. Since in an open vol-
ume most analyte molecules pass at the edge of the detection
volume, the measured average diffusion time of 0.9 ms®
(corresponding to a velocity of 1.1 mm/s) is shorter than the
average value obtained from analyte molecules passing the
detection volume in the microcapillary due to electrokinetic
forces. In the microcapillary, all analyte molecules have to
cross at the center of the detection volume with a diameter of
1 um. This indicates that we deal essentially with a
1-dimensional diffusion, i.e., our detection volume perpen-
dicular to the flow direction is not defined by the confocal
system but by the capillary walls. Hence, all analyte mol-
ecules cross the center of the detection area with a diameter
of 1 um, i.e., the measured average diffusion time is longer
(corresponding to a slower velocity) than in open volumes.
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FIG. 7. (a) Detected bursts per second, and (b) velocities of Cy5-dCTP
molecules (10~ M) measured in the microcapillary with a collection time
of 0.5 ms pr decay curve at different applied voltages. The velocity of the
analyte molecules through the detection volume was calculated from the
maximum frequency obtained from the burst length distribution shown in
Fig. 6(b) and a diameter of the detection area of 1 um.

IV. DISCUSSION

Counting and time-resolved identification of individual
labeled analyte molecules in a microcapillary with an inner
diameter of 500+200 nm have been demonstrated. As
shown, the characteristic flow velocity of negatively charged
analyte molecules in the capillary is proportional to the ap-
plied electrical field and is slower than the velocity measured
in an open volume element.?* This behavior can be addressed
to 1-dimensional diffusion characteristics indicating that the
adsorption of the analyte molecules on the glass surface can
be neglected by addition of Tween 20. Furthermore, the elec-
troosmotic flow is drastically reduced allowing a control of
the motion of negatively charged molecules towards the an-
ode. By the use of a new PC plug-in card (SPC-430) the
fluorescence decay times, burst sizes, and burst lengths, i.e.,
diffusion times, can be measured for each individual analyte
molecule present in a given sample. The results presented
demonstrate new possibilities for time-resolved single strand
DNA sequencing® and other important bioanalytical applica-
tions such as highly sensitive detection of ribonucleic acid,
DNA sequences or proteins due to different electrophoretic
mobilities of bound and free labeled primers and antibodies,
respectively, in the microcapillary.
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TCSPC Laser Scanning Microscopy

Upgrading laser scanning microscopes with the SPC-730 TCSPC lifetime
imaging module

Fluorescence Lifetime Imaging (FLIM) has become a new powerful method to investigate
molecular interactions, metabolic reactions and fluorescence quenching or energy transfer in
cells and subcellular structures [4-7]. These effects cause changes in the fluorescence quantum
efficiency and thus in the fluorescence lifetime. Since the fluorescence lifetime does not
depend on the unknown dye concentration it is a direct measure for the quantum efficiency. It
therefore gives a more direct access to the investigated effects than the fluorescence intensity.
Furthermore, the fluorescence lifetime can be used to separate the fluorescence of different
luminophores in the cells if the components cannot be distinguished by their fluorescence
spectra.

Recording time-resolved fluorescence images can be achieved by combining a Laser Scanning
Microscope with pulsed laser excitation and a new Time-Correlated Single Photon Counting
(TCSPC) Imaging technique introduced by Becker & Hickl [1, 6]. This note was written to
assist upgrading of laser scanning microscopes for lifetime imaging.

I ntroduction
TheLight Source

Fluorescence Lifetime Imaging requires a pulsed excitation source with a repetition rate in the
MHz range.

Titanium-Sapphire Lasers

The ultimate solution is the femtosecond Ti:Sa laser. These lasers deliver pulses with 70 to
80 MHz repetition rate, 80 to 200 fs pulse width and up to 1 W average power. The
wavelength is in the NIR from 780 nm to 950 nm. Tuneable and fixed wavelength versions
are available. To excite the sample which usually absorbs below 500 nm, simultaneous two
photon excitation is used. Due to the short pulse width and the high energy density in the
focus of the microscope the two-photon process works very efficiently. Therefore the
traditional frequency doubling of the Ti:Sa radiation is not normally used for laser scanning
microscopes.

Frequency Doubled Titanium-Sapphire Lasers

Frequency doubled titanium-sapphire lasers can be used to excite the sample via the
traditional one-photon absorption. Frequency doubling is achieved by a nonlinear crystal. The
output power is in the mW range. Less than 50uW are required to excite a typical sample so
that the available power is by far sufficient. Whether one-photon or two-photon excitation
gives less photodamage is still under discussion. In a few cases we obtained considerably
higher count rates and less photodamage for one-photon exciation.



If a frequency doubled Ti:Sa laser is used, the NUV pulses should be stretched to a width of
some ps. This avoids two-photon processes into the UV which are absolutely deadly for any
biological sample.

FibreLasers

Another useful excitation source are fibre lasers. Fibre lasers are available for a wavelength of
780 nm and deliver pulses as short as 100 to 180 fs [8]. The average power is 10 to 20 mW.
This is less than for the Ti:Sa laser but well sufficient for two-photon excitation. As a rule of
thumb, the maximum useful power for biological samples and fs NIR excitation is 1 to
100 mW. A higher power Kkills the cells or cooks the sample. The benefit of the fibre laser is
the small size, the high reliability and the lower price compared to the Ti:Sa laser. The
drawback is the fixed wavelength.

Pulsed Diode Lasers

A reasonable cost solution for one-photon excitation are pulsed diode lasers which are
available for the blue and red spectral range [9]. These lasers deliver pulses from 40 to 400 ps
duration with up to 80 MHz repetition rate. The average power is a few mW. The beam
quality of diode lasers is not very good. Therefore it can be difficult to obtain a diffraction-
limited resolution. However, if only the central part of the beam is used, the result can be
quite acceptable. Discarding a large fraction of the beam causes a considerable loss of power.
This loss is, however, not substantial because 50 uW are absolutely sufficient to excite the
sample.

The microscope companies sometimes suggest to use a continuous laser and to modulate it
with an electro-optical modulator. Don’t use this solution. It is unable to deliver sufficiently
short pulses and more expensive than a good diode laser.

The Microscope

The general optical principle of a laser
scanning microscope is shown in fig. 1. Q Detector

Pinhole

Detector

The laser is fed into the optical path via a
dichroic mirror and focused into the sample by
the microscope objective lens. In the
traditional one-photon setup the light from the
sample goes back through the objective lens,
through the dichroic mirror and through a
pinhole in the upper image plane of the
objective lens. Light from outside the focal
plane is not focused into the pinhole plane and
therefore substantially suppressed.
X-Y imaging is achieved by optically scanning
the laser spot over the sample, Z imaging (optical sectioning) is possible by moving the
sample or the microscope up and down.

Dichroic
Mirror

Dichroic
Mirror
NIR fs pulses

Objective
Lens

Objective
Lens

Sample Sample

One-Photon Excitation Two-Photon Excitation

Fig. 1: Principle of a laser scanning microscope (scanning
setup not shown)

With a fs Ti:Sa laser the sample can be excited by two-photon absorption. Due to the short
pulse duration and the small diameter of the Airy disk the photon density in the focus is very
high, so that the two-photon excitation works with high efficiency. Excitation occurs only in
the focus, so that no pinhole is required to reject light from outside the focal plane. For
imaging biological samples, two-photon excitation can have several benefits:
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- Scattering and absorption coefficients at the near infrared excitation wavelength are small.
Therefore, layers deeply in the sample can be excited [4].

- If deep sample layers are imaged the scattering at the emission wavelength broadens the
luminescent spot seen by the microscope objective. The absence of a pinhole allows to
efficiently record the emitted light from a relatively large area while maintaining the optical
sectioning capability.

- Living cells are surprisingly stable under two-photon NIR excitation [7]. The reason is that
the absorbed energy is far less than the energy in the excitation beam. Furthermore, there is
no substantial absorption above and below the focal plane.

The TCSPC Imaging Module
The principle the SPC-730 TCSPC Imaging module [1] is shown in fig. 2.

The module employs an advanced _
TCSPC technique featuring both high | oM™ | measirement

count rate and low differential g}éigzn

nonlinearity [1]. It contains the usual | “B&™ || Lyil\| @ ‘

building blocks (CFDs, TAC, ADC) in

the ‘reversed start-stop’ configuration | Senning ontr

together with a scanning interface and a | Frame sync | Scaninginteriace Yo

large histogram memory integrated on | tnesse [ 1" L fiegion = MR

one board. Pixel Clock Counerx [ |area

The TCSPC module receives the single X

photon pulses from the photomultiplier K

(PMT) of the microscope, the reference
pulses from the laser and the Frame Fig. 1: Basic principle of the SPC-730 TCSPC Imaging
Sync, Line Sync and Pixel Clock module[1]

signals from the scanning unit of the
microscope. For each PMT pulse, i.e.
for each photon, the TCSPC module
determines the time of the photon
within the laser pulse sequence and the
location within the scanning area.
These values are used to address the
histogram memory in which the events
are accumulated. Thus, in the memory  rig 2: The Becker & Hickl SPC-730 TCSPC Imaging

the distribution of the photon density Module [1]

over X, y, and the time within the

fluorescence decay function builds up. The result can be interpreted as a two-dimensional
(x, y) array of fluorescence decay curves or as a sequence of fluorescence images for different
times (t) after the excitation pulse.

Interestingly, there is practically no loss of photons in the TCSPC imaging process. As long as
the photon detection rate is not too high all detected photons are processed and accumulated in
the histogram, thus providing maximum sensitivity. This is a key advantage of the TCSPC
Scanning Microscope over simple (single gate) gated photon counting or gated image
intensifiers which gate away the majority of the fluorescence photons.

Another benefit of TCSPC imaging is the high time resolution. The time channel width can be
as small as 820 fs. Decay times down to 5 ps can be determined with fast detectors. On the
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other hand, TCSPC imaging is flexible in that a large number of pixels can be measured with
wide time channels or precision measurements can be done at a small number of pixels.
Furthermore, the method can work with the fastest scanning speed of the microscope thus
avoiding heat concentration in the excited spot of the sample.

Advocates of gated photon counting or phase fluorometry sometimes claim that the count rate
of the TCSPC method is too low for microscopy application. This ill reputation comes from
older TCSPC devices built from nuclear instrumentation modules. The SPC-730 has a dead
time of 180 ns yielding a maximum useful count rate of about 3 MHz. For comparison, living
cells excited by two-photon excitation give a count rate of some 10,000 photons per second.
Samples of non-living cells stained with highly fluorescent dyes can deliver up to 200,000
photons per second. A higher excitation intensity Kills the cells or destroys the sample.

The Detector

Time-correlated single photon counting requires a detector capable to deliver an electrical
pulse for a single detected photon. The detector must be fast enough to resolve the
fluorescence decay time of typically 100 ps to 5 ns. Only photomultipliers (PMTs) and single-
photon avalanche photodiode modules meet these requirements.

Built-in PMTs

Commercial scanning microscopes employ small side-window PMTs to detect the light from
the sample. The PMTs are integrated in the scanning head. Usually there are several detection
channels with separate PMTs. The PMTs are selected for optimum sensitivity, not for time
resolution in the single photon mode. Thus, the built-in detectors can be used for TCSPC
imaging, but do not deliver a good time resolution. Nevertheless, they can be used to
distinguish between different dyes in multi-stained samples and to investigate other lifetime
effects in the ns range. They are not useful for FRET measurements. The internal detectors
should be operated at the maximum permissible supply voltage and with a HFAC26-10
preamplifier of Becker & Hickl.

PMH-100 PMT Module

The PMH-100 of Becker & Hickl is a rugged PMT module with
an internal high-voltage generator, preamplifier, and overload
warning circuit. It is connected directly to the SPC-730 module.

The PMH-100 delivers a system response of 150 to 220 ps P 9
FWHM and can be used to measure lifetimes down to 200 to
e e
T ———

300 ps. We recommend this detector as a startup solution. It is

attached to the non-descanned port of the microscope or to the a 'EJ
fibre output from the scanning head. The PMH-100 is available —
with bialkali and multialkali cathodes. The reduced spectral r—

range of the bialkali cathode can be a benefit in two-photon
systems when blocking of the laser line is a problem. Typical
FRET effects are well detectable with the PMH-100. However,
for quantitative FRET experiments we recommend the R3809U
MCP-PMT (see below).

PMH-100, about 1/2 natural size



H5783 Photosensor M odule

The Hamamatsu H5783P and H5773P Photosensor Modules
incorporate a small size PMT and the HV power supply. They
require a +12 V supply and some gain setting resistors only. The
+12 V is available from the SPC-730 module or from the
DCC-100 detector controller (see below). The time resolution is
150 to 220 ps FWHM. The H5783P and H5773P are available
with bialkali and multialkali cathodes. For optimum results, use
the '-P' type, which is specified for photon counting. Due to their
small size, the H5783 and H7783 modules are a solution if a
detector in the scanning head has to be replaced with a faster one. The modules should be
operated with a HFAC-26-10 preamplifier of Becker & Hickl.

H5783 module, natural size

R3809U MCP PMT

The Hamamatsu R3809U MCP PMT [2, 3] achieves an FWHM
below 30 ps. It is the ultimate solution for TCSPC scanning
microscopes. It is clearly the best detector for FRET
experiments. However, since MCPs are expensive and easily
damaged it is neither a solution for beginners nor a low budget
solution.

The R3809U is connected to the SPC-730 via an HFAC-26-01
preamplifier. Furthermore, it requires a 3 kV high voltage power
supply. Thus, the overall cost for one R3809U detection channel
is in the order of $15,000 to $20,000. This is not very much
compared to the price to the microscope and the laser, but a lot if the detector is damaged by
maltreatment. Due to its relatively large size the R3809U should be attached to the non-
descanned port of the microscope or to a fibre output from the scanning head.

R3809U MCP, about 2/3 natural size

The R3809U is available in different cathode versions. The most versatile one is the
R3809U-50 with a multialkali cathode for the wavelength range from 180 to 820 nm. The
R3809U-52 has a bialkali cathode and can be used up to 650m [3]. This limitation of the
spectral range can be a benefit for two-photon systems when blocking of the laser line is a
problem.

Gain control and overload shutdown of the R3809U can be achieved by the DCC-100 detector
controller, see below.

A cooler is available for the R3809U. Cooling substantially reduces the dark count rate and
therefore makes possible long acquisition times. However, before you install a cooler, make
sure that your background signal really comes from the detector and not from poor blocking of
excitation light or even from insufficient shielding of daylight.

SPCM-AQR Avalanche Photodiode M odules

The SPCM-AQR Avalanche Photodiodes Modules of EG&G / Perkin Elmer have a high
quantum efficiency in the NIR. This makes the modules exceptionally suitable for single
molecule investigations. For precision decay time measurements they are less useful because
the system response is 500 ps wide and slightly dependent on the count rate. The SPCM-AQR
is connected to the SPC-730 via an adapter available from Becker & Hickl.



Hamamatsu H7222 M odules

The H7422 modules are a high speed, high sensitivity PMT modules. They contain a GaAs
photomultiplier along with a thermoelectric cooler and a high voltage generator. The H7422
modules feature excellent sensitivity in the red and near-infrared region. The resolution in the
TCSPC mode is typically 250 ps. The H7422 comes in different cathode versions for the
wavelength range up to 900 nm. For most microscope applications the H7422-40 is best. It
has the highest quantum efficiency of all H7422 versions and is sensitive up to 750 nm.
Above this wavelength the sensitivity drops rapidly. That means that the dyes typically used
for cell staining can be measured, but there is a substantial suppression of the excitation line
of a Ti:Sa laser for two-photon excitation.

If you need sensitivity up to 900 nm - which requires one photon excitation in the red or NIR
range - you can use the H7422-50.

All H7422 modules must be handled with care because the cathodes can easily be damaged by
overload. Exposure to daylight is not allowed even when the devices are switched off.
Therefore, the H7422 should be used with an HFAC-26-1 preamplifier only. Gain control,
overload shutdown and cooling can be achieved by using the bh DCC-100 detector controller
(see below).

The DCC-100 detector controller

=

|

The DCC-100 module is designed to control - IE=s -
detectors in conjunction with bh photon counters. '
It can be used to control the gain of the
Hamamatsu H7422, H5783, H6783, H7422 or
similar Hamamatsu photosensor modules by
software. The gain of MCPs and PMTs can be
controlled via the FuG HCN-14 High Voltage
Power Supply. In conjunction with bh | =
preamplifiers, overload shutdown of the detectors M

‘to SPC module

can be achieved. Furthermore, the DCC-100 L CFDin

delivers the current for thermoelectric coolers, e.g. — I N o
for the Hamamatsu H7422. High current digital Rrac 261 Fan
outputs are available for shutter or filter control. 2[ler et

The DCC-100 is a PCI module for IBM :__I_ﬂzv

compatible computers. It works under Windows 3 LS

95, 98, 2000 and NT. H Peltier

The figure right shows how a H7422 module is Lf powersi:,:,wandgam control of H7422
controlled via the DCC-100. For more Lo

information, please see DCC-100 data sheet and DCC-100 manual, www.becker-hickl.com.

Preamplifiers

Most MCPs and PMTs deliver pulses of 20 to 50 mV when operated at maximum gain.
Although these pulses can easily be detected by the input discriminators of the SPC modules a
preamplifier can improve the time resolution, the noise immunity, the threshold accuracy and
the safety against damaging the SPC input. Furthermore, it can extend the detector lifetime
because the detector can be operated at a lower gain and a lower average output current.



For TCSPC applications we recommend our HFAC-26
preamplifier. The HFAC-26 has 20dB gain and 1.6 GHz
bandwidth. The maximum linear output voltage is 1 V. Therefore,
it amplifies the single photon pulses of a typical PMT or MCP
without appreciable distortions. Furthermore, the HFAC-26
incorporates a detector overload detection circuit. This circuit
measures the average output current of the PMT and turns on a
LED and activates a TTL signal when the maximum safe detector
current is exceeded.

[+12v HFAC-26dB OWL|

Out
Becker & Hickl GmbH

0,1 A

Ser.-Nr.: 640012

HFAC-26 Amplifier

L cc |

Thus, even if the gain of the amplifier is not absolutely required the overload warning function
helps you to make your measurement setup ‘physicist proof’. If you use an MCP with your
SPC module you should always connect it via an HFAC-26 preamplifier.

The HFAC-26 is available with different overload warning thresholds from 100 nA (for

MCPs) to 100 uA (for large PMTs).



System Setup

Attaching the detector
Generally there are four options for the detection channel. You can

- use one of the internal detectors of the microscope

- replace one of the internal detectors with a faster one

- use a fibre to feed the light from the scanning head to an external detector
- attach a detector to the non-descanned port of the microscope

Not all options are available in all microscopes. The following considerations can help to find
the best solution for your microscope and your application.

Using the built-in detectors

The general principle of the scanning head of a laser scanning microscope is shown in the
figure right.

The laser beam is coupled into the setup via a dichroic

mirror. Than it is deflected by the scan mirrors. The scan lens PMTL  Scanning Head
focuses an image of the scan mirror axis into the microscope = pi
objective. Thus, the direction the laser takes through the e sinrole
objective changes as the mirrors tilt back and forth thus Dichroic = -

scanning the laser focus over the sample. The fluorescence !

light from the sample goes back through the microscope
objective, the scan lens, and the scan mirrors. If the setup is
correctly aligned the motion of the returned light beam is sean
exactly compensated by the scan mirrors. The fluorescence Mirror
light is separated into several detection channels by one or
several additional dichroics. Filters are used to block the
scattered laser light and to select the correct fluorescence
wavelength. Pinholes in front of the detectors are used to
suppress the light from outside the focal plane of the
microscope objective.

Laser Dichroic

Scan
Mirror

Various modifications of this setup are used in different
microscopes. Transfer lenses or mirrors are used to image the e
rotation axis of the first scanning mirror into the axis of the sample
second one, the laser beam diameter is changed to fit the
diameter of the microscope objective, monochromators are used instead of the filters, and the
size of the pinholes can be adjustable. Depending on the application and on the setup of the
scanning head, detection via the scanning head PMTs has benefits and drawbacks.

- One-photon excitation requires the pinholes to suppress the fluorescence from outside the
focal plane. Therefore, the detection path back through the scanning head is the only useful
one for one-photon excitation.

- Two-photon excitation does not require the pinholes. The pinholes can even be troublesome
because they suppress some light that leaves the sample slightly scattered. Therefore, the
pinhole size is adjustable in good scanning heads. If the pinholes can be made wide enough,
there is no appreciable drawback of the detection path via the scanning head.

- For two-photon excitation, the complicated optical path trough the scanning head can
introduce some loss of intensity due to the large number of lens and mirror surfaces.
However, the scanning heads of state-of-the-art microscopes are optically near perfect so
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that there is no noticiable loss of photons. Furthermore, computer controlled selection of
dichroics and filters or monochromators available in the scanning heads helps to select the
best wavelength range and to suppress scattered laser light. This often compensates for
possible loss in the optical path.

- The pinhole - even a very large one - helps to suppress straylight and optical reflections that
often show up in time resolved data obtained by non-descanned detection.

- The most serious drawback of using the internal detectors is the poor time resolution.
Unfortunately, replacing the detectors with faster ones is usually very difficult, if not
impossible. The remedy is the fibre coupling option described in the next section.

Fibre Coupling

One of the internal detectors is removed and an optical

i ead
fibre is attached instead. The light is fed to an external otz
detector. Compared to the setup with all PMTs in the L Loioe
scanning head, this configuration has the benefit that any Filter

detector can be installed at the end of the fibre. There is no AL D

problem to use large detectors, coolers, or additional
filters.

The drawback is that

- the coupling of the fluorescence light into the fibre can be e
inefficient, especially for a thin fibre in conjunction with
two photon excitation and strongly scattering samples.

Dichroic
External

I | Fibre\
/\Detector

Dichroic

Scan
Mirror

- the dispersion in the fibre can introduce some broadening
of the system response. Due to the small aperture of the light beam behind the pinhole the
effect is very small. We did not find a substantial loss of resolution of an R3809U MCP
coupled trough a 1 m long fibre to a Zeiss LSM-510.

Some microscope manufacturers (e.g. Zeiss) offer a fibre coupling option for their scanning
heads. In this case fibre coupling is an excellent and easy-to-use solution that works for one-
photon and two-photon excitation as well. Detectors for the Zeiss LSM-510 fibre output are
available from bh, see figure below.

PMH-100 H7422-40 R3809U
Detector for the ‘Fibre Out’ version of the Zeiss LSM-510



Non-Descanned Detection

Microscope manufacturers claim that non-descanned
detection (NDD) is the ultimate solution for two-photon
excitation. The optical path is shown in the figure right. Laser | Scanning Head

The fluorescence light is separated from the excitation
by a dichroic mirror before it enters the scanning head.
The light goes through a laser blocking filter and a
wavelngthe selection filter directly to the detector.
Although the principle is more or less the same in all

microscopes, several modifications are possible. The Filter

setup of the dichroic can be reversed so that the scanned B I I Dichroic
laser beam is reflected instead of the fluorescence signal. .

A demagnification lens can be used to shrink the irer ™

illuminated area on the detector. Zeiss offers a ‘Non
Descanned Detection Module’ with several detection
channels and computer selectable dichroics and filters
for the LSM-510.

The benefits and drawbacks of non-descanned detection are:

Objective

Sample

- Two-photon excitation in conjunction with NDD allows imaging as deep as 100 um into
biologic tissue.

- For single cell layers there is no appreciable advantage in sensitivity compared to descanned
detection. The scanning head optics in good microscopes works virtually without losses. If
the pinhole diameter is adjustable (as it is in the Zeiss LSM-510) the advantage of NDD is
questionable.

- NDD can be reasonably used only for two-photon excitation

- The selection of the dichroic and of the laser blocking filter is crucial. The scattered laser
light is many orders of magnitude stronger than the fluorescence, and a suppression factor of
10° to 10" is required. Therefore, make sure that the correct filters be inserted in your
microscope and that your microscope supplier gives you appropriate support.

- Since there is no pinhole the NDD setup is prone to optical reflections. Reflections between
the filters or reflections from condensor lenses behind the sample are often found in the
decay curves.

- Since the detection path is relatively open to straylight the detector can easily be overloaded.
Furthermore, NDD setups are often not safe in terms of operator errors. Often a mercury or
halogen lamps used to adjust the sample visually. If the lamp can be switched on when the
detection path is open the detector is immediately destroyed. Therefore, special care has to
be taken in order not to damage the detector.

Two-Photon Systems
Optical System

Scattering of excitation light can be a serious problem in a two-photon microscope. Even if
the optical system is perfect the excitation light scattered at the dichroic, at the microscope
lens, and in the sample is many orders of magnitude stronger than the fluorescence light.
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Therefore proper blocking of the excitation light is essential for two-photon fluorescence
imaging.

The key to two-photon operation is the Schott BG39 *°
filter. The characteristics of this filter is shown in the

— 1
jTransmlssmn I

figure right. The filter efficiently blocks the Jimm 8639 ]
excitation between 780 and 900 nm. A minimum of o e
1mm BG39 for bialkali detectors and a minimum of s o

3mm for multialkali detectors is required. o1f4 A

_
f—‘
LT

Although dielectric filters have a sharper edge than \

the BG39 these filters usually fail to block the laser o0 \ \‘
sufficiently. The reason may be that a dielectric filter
reflects the light instead to absorb it. Therefore the

\

laser light is scattered through the microscope and °°* § \‘.“
eventually arrives at the detector. Therefore, a \‘ \\
dielectric filter should always be used in conjunction \

with a BG39. 300 400 500 0 v
Even with the BG39 filter scattered laser light often Transmission of BG39 Filter

impairs the results of lifetime measurements. If the

light comes from the sample it shows up as a sharp peak at the top of the fluorescence decay
curves. If it comes from parts of the optical system the peak appears in a different position. If
you see such effects although you have enough BG39 filters in the light path the reason may
be:

Scattering at the microscope objective. To get diffraction limited resolution, the cross section
of the laser beam is usually made larger than the microscope lens. A part of the laser beam
hits the lens mount and is scattered into the detection path. Solution: Keep the beam diameter
as small as possible - if you can. Or - if you are designing your own system - use a transfer
lens and a diaphragm in front of the detector.

Reflection at a condensor lens. Usually the microscope has a condensor lens on the opposite
side of the sample. Laser light that penetrates the sample can be reflected at this lens and
directed back into the detection path. A simple solution is to shed the condensor during the
measurement.

Dielectric blocking filters. In dielectric (dichroic) filters, the blocked light is reflected. That
means, it is scattered through the microscope. Therefore, the first filter should be an
absorptive filter, e.g. a BG 39.

Stacks of dielectric Filters. Do not stack dichroic filters to improve the blocking factor. The
blocked light is reflected and bounces between the filters so that the blocking factor is less
than the product of the blocking factors of the two filters. If dichroic filters have to be stacked,
place absorptive filters (BG glass filters) between.

Insufficient Baffling: As far as possible, block straylight out of the detection path. The most
critical places are the area around the microscope lens and the area behind the dichroic mirror.
Excitation light from these areas can be diverted directly into the detection path. Make sure
that the critical areas are black and insert baffles so that they are not directly seen by the
detector.

A well-designed optical system for non-descanned detection and a design with features to be
more or less avoided are shown in the figure below.
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Microscope

Diaphragm,
cuts off light
scattered from

Scan Lens L Microscope
Trap Lens Light scattered
off lens mount
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scanner Dichroic Excitation Beam Y not black
from
Sl Dichroic/$
Scan Lens
Light reflected
: . off filter is scattered
Absorptive Filter (BG39) back to the detector
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Light bounces
Transfer Lens, projectin between filters,
image of microgcojpe g inefficient blocking
lens into diaphragm Dielectric Filter (Short Pass)

Full detector area
detects scattered
excitation light

microscope
lens mount

PMT

Well-designed NDD system (left) and features to be avoided (right)

Selection of Detectors

For most detectors two cathode versions exist - the
bialakali and the multialkali cathode. The quantum
efficiency and the spectral response function mainly
depends on the cathode type. The sensitivity variation
between different tubes of the same type is usually in
the same order as the differences between tubes of
different types. The typical spectral response for the two
cathode versions is shown right.

The dark count rate for the bialkali cathode is typically
20 to 80 counts per second. The mutialkali cathode
usually has 200 to 600 dark counts per second.

The sensitivity of the bialkali cathode drops sharply
above 650nm. Therefore a 1 mm BG39 blocking filter
is enough for this cathode. The multialkali tube has a
sensitivity range up to 820nm and usually requires 3mm
BG39. The figure right shows the spectral response of
the bialkali cathode with 1mm BG39 and of the
multialkali cathode with 3mm BG39.

Interestingly, there is almost no difference in the
wavelenth range for the two cathode/filter
combinations. It is probably better to sacrify a few
nanometers in the red and take advantage of the higher
blue sensitivity and the lower dark count rate of the
bialkali cathode.
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System Connections

The typical setup of the TCSPC microscope is shown in the figure below. A Ti:Sa laser
delivers femtosecond pulses in the wavelength range from 780 nm to 950 nm.

Scanning Head

P1.. P4:
internal PMTs,

Pream
& descanned

TiSa Laser

200 fs, 76 MHz 780 nm to 900 nm, 200fs

| SYNC

Preamp
SPC-730 TCSPC Imaging Module P5
sop 1

4

external PMT,

. non-descanned
Start

> :l-o .

[ 1 -

L

Scan Control
System Computer

Unit of .
Microscope Confocal Microscope
Pixel Clock, Line Sync, Frame Sync

General setup of the TCSPC Laser Scanning Microscope

The microscope scans the sample in the x-y plane providing an image in the focal plane of the
objective lens. 3 D imaging is achieved by changing the depth of the focus in the sample.

Data acquisition is accomplished by the Becker & Hickl SPC-730 TCSPC Imaging module
[1]. The CFD input receives the single photon pulses of the PMT. Synchronisation with the
laser pulse sequence is achieved by the SYNC signal from the reference diode of the Ti:Sa
laser.

The SPC-730 module gets the scan control signals, Pixel Clock, Line Sync, and Frame Sync,
from the scan controller of the microscope. Connecting the TCSPC module does not require
any modification in the microscope electronics and software. The scan parameters are
controlled in the usual way via the microscope software. The normal scan speed, the zoom
function, region of interest setting, etc. can be used also when recording lifetime images.
Furthermore, the SPC-730 can be run in parallel with the standard image recording electronics
of the microscope. Basically, steady state images and lifetime images in different spectral
ranges can be obtained at the same time.

Due to the simple interfacing the SPC-730 TCSPC imaging module can be adapted to almost
any laser scanning microscope. The only requirement is that Frame Sync and Line Sync
signals with TTL or CMOS levels can be made available. The Pixel Clock signal is not
absolutely required. If a pixel clock is not available it can be generated in the SPC-730
module.
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Detector Signals
Detectorsin the Scanning Head

In most microscopes the internal PMTs are connected to preamplifiers designed for video
signal bandwidth. The output signals of these amplifiers are too slow for photon counting.
Therefore, the PMT output must be made directly available. The PMT output is always
connected to a 50 Q coaxial cable. Best case, there is a small coaxial connector (SMB, SMA,
MCX, Lemo, etc.) that you can use to disconnect the PMT from the internal amplifier and to
connect it via a HFAC-26-10 preamplifier to the SPC-730 module. Worst case, you have to
desolder the cable either from the PMT assembly or from the internal amplifier board. We
recommend to insert a connector into the cable so that you can easily connect the detector
either to the scanning head electronics or to the SPC-730 system.

PMT
Assembly internal amplifier
board
SMA, SMB or
MCX Connectors to internal signal
NG Dj processing electronics
out in
@ (@)

Lt +12V from SPC-730

to SPC-730, CFD input

Warning: Do not connect or disconnect the PMT signal line when the PMT operating voltage
is switched on. There is not only danger of electrical shock, you can also damage the
preamplifiers.

PMH-100 detector head

Connecting the PMH-100 is very simple. Connect its +12V power supply
to pin 10 of the lower sub-D connector of the SPC-720 module. Connect =
a 50 Ohm SMA cable from the detector output to the CFD input of the i
SPC-730. You need not make the cables yourself, they are delivered with U
the PMH-100 if it is ordered together with the SPC-730.

The PMH-100 gives an optical and acoustical overload warning if the

maximum output current of the PMT is exceeded. Please shut down the

light or disconnect the +12 V immediately if you see the LED turning on |SPC-730, SPC-730,
or hear the overload beep. CFD  SUBD

o
.
T

14



R3809U MCP

The Hamamatsu R3809U MCP requires a high voltage power supply and an HFA-26-01
preamplifier. The connections are shown in the figure below.

HV Power Supply
FuG HCN14-3500
or
-3000V Hamamatsu C3350
(@)
Pl °
R3809U
HFAC-26-01
out in
@ O
It +12V from SPC-730
to SPC-730, CFD input

Although the R3809U can be operated up to 3400 V a supply voltage of 3000 V is sufficient
to get a system response below 30 ps and excellent counting efficiency. Therefore, an
operating voltage of 3000V should not exceeded in order to achieve a maximum lifetime of
the detector. Suitable power supplies are the Hamamatsu C3350 (available for 220 V and
127 V) and the FuG HCN14-3500. If you connect another power supply, please make sure
that the output voltage is negative.

MCP PMTs are very sensitive to overload. The maximum permitted average output current is
only 100 nA. Exceeding this value does not damage the MCP immediately but reduces the
lifetime of the device if the overload persists for a longer time. The Becker & Hickl
HFAC-26-01 preamplifier measures the output current of the MCP and turns on an overload
warning LED if a current of 100 nA is exceeded.

Warning: Do not connect or disconnect the output signal line when the MCP operating
voltage is switched on. There is not only danger of electrical shock, you can also damage the
preamplifier. Please make sure that the connection between the MCP and the amplifier is
reliable. Moreover, make sure that the HV cable and the HV connectors be in a good
condition. Any interruption in the ground return path of the HV supply can put the detector
case, the signal cables, the preamplifier, etc. on high voltage. Therefore be careful please,
since touching 3000 V can ruin you the whole day.

Scan Control Signals

The scan control signal synchronise the data acquisition in the SPC-730 module with the
scanning action of the microscope. Three signals are required:

- Frame Clock indicates the start of the next frame
- Line Clock indicates the start of the next line
- Pixel Clock indicates the start of the next pixel

The SPC-730 needs TTL or CMOS compatible pulses. The duration and the polarity of the
pulses are not essential. The signals are connected to the upper sub-D connector of the SPC-
730 module. The pin assignment of this connector is shown below.
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1 +5V (max. 100mA) 9 Line Clock

2 Routing Signal, /R 7 or ARMED? 10 +12V (max. 60mA)

3 Routing Signal, /R 8 or TRGD? 11 -12V (max. 60mA)

4 Routing Signal, /R 9 or MEASURE? 12 Pixel Clock

5 Ground 13 TRIGGER®

6 -5V (max. 100mA) 14 CNTE2 (CNTE=CNTE1&CNTE2)
7 Routing Signal, /R 10 15 Ground

8 Frame Clock

Frame Clock, Line Clock and Pixel Clock pulses are used in all scanning microscopes. The
question is only whether they are available externally at an unused connector.

Cables for the Zeiss LSM-510 Axiovert and LSM-510 Axioplan and the Leica SP2 are
available from Becker & Hickl. For other microscopes please contact Becker & Hickl under
info@becker-hickl.com or phone +49 / 30 787 56 32.

Some microscopes have only the Frame Clock and the Line Clock available. In this case you
can work with a pixel clock signal that is internally generated in the SPC module. This works
since both the scanning speed of the microscope and the frequency of the synthetic pixel clock
are constant. However, some microscopes use a non-uniform pixel clock to compensate for
nonlinearity in the line scan. In this case you may find some distortion in the SPC image if
you use a synthetic pixel clock.

If you make your own cable, please make sure that you don’t accidentally connect the +12V or
-12V of the SPC-730 to a scan control output of your microscope. This would almost surely
damage the microscope electronics.

Synchronisation with the L aser

The synchronisation signal from the laser is required to provide a stop signal for the time
measurement of the individual photon detection events (please see also SPC manual, [1]).

Most Ti:Sa lasers deliver a monitor signal that can be used for synchronisation. The SPC-730
module needs negative pulses of 100 to 500 mV amplitude and < 2ns risetime. The signal
should have a stable amplitude and be free of AC components from the laser power supply
and transients from the scanning head. If the pulses from your laser are positive, please use an
inverting transformer available from Becker & Hickl.

If there is no suitable signal from the laser please use the PHD-400-N photodiode module of
Becker & Hickl. A reflection of the Ti:Sa laser beam at a glass surface focused to the diode
chip is sufficient to generate pulses of -100 mV (please see also SPC manual, [1]).
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First Light
Detecting thefirst Photons

If you have a minimum of experience with optical detectors it should be no problem for you to
put the SPC system into operation. In this case proceed as described below. Otherwise please
suppress your aversion against manuals and read the section ‘Getting Started’ in the SPC
manual [1].

Adjusting the Sync Signal

Start the SPC software. Set ‘Sync Threshold’ = -50mV, ‘Sync Zero Cross’ = -20mV, ‘Sync
Frequency Divider’ =4

If you use a photodiode module for synchronisation: Adjust the photodiode until 'SYNC OK'
is displayed and the Sync rate corresponds to the repetition rate of your laser. If necessary,
change ‘Sync Threshold” and ‘Sync Zero Cross’. The current indicator at the photodiode
module should go to about 10% of full scale for a 70 to 80 MHz laser. Caution: the current
indicator of the PHD-100 is active only when the output is connected to the SPC module.

If the Sync signal comes from the laser: If necessary, change ‘Sync Threshold’ and ‘Sync Zero
Cross’ until the displayed Sync rate corresponds to the repetition rate of your laser. Make sure
that the pulses from the laser are negative.

Adjusting the detector

Do not give any light to your sample. Darken the room in order not to overload the detector by
daylight leaking into the optical path.

Set ‘CFD limit low” =50mV, ‘CFD Zero Cross’ =0

PMH-100 detector: Connect the +12V from the SPC card to the detector. Make sure that there
is no overload warning (LED turned on or overload alert beep). You should see a CFD count
rate of 100 to 500 counts per second. If you have a much higher count rate you probably have
room light leaking into the detector.

R3809U MCP: Carefully increase the operating voltage. Watch the overload LEDs at the
HFAC-26-01 amplifier. (Please make sure that you have the right amplifier. It must be the
HFAC-26-01 with 100nA overload current.) Stop the procedure if the LED turns on and find
the way the daylight leaks into the detector. If everything is correct you should have a CFD
rate of 100 to 500 counts per second at -3000 V.

Internal PMT: Proceed as described for the R3809U. The maximum supply voltage for the
internal detectors is usually -900 to -1000V. The internal PMTs of some microscopes are
prone to noise pickup from the scanning system. The effect shows up as a high count rate
present only when the scanning is active. The count rate does not depend on the detector
operating voltage. If you have effects like this, all you can do is to increase the CFD threshold
until the false counts disappear and to operate the detector at a gain as high as possible.

When the detector voltage has been set up, start the SPC measurement in the Oscilloscope
Mode. Use the parameters shown below:
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System Parameters: System Parameters: Display Parameters: Trace Parameters:

Operation Mode: Oscilloscope TAC Range: 50ns Scale Y: Linear Trace 1: Active, Curve 1, Page 1
Overflow: Stop TAC Gain: 1 Max Count: 65535
Trigger: None TAC Offset: 6% Baseline: 0

Coll Time: 0.5s TAC limit Low: 8% Point Freq: 1

Display Time: 100s TAC Limit High: 92% Style: Line

CFD Limit L: 50mV ADC Resolution: 1024 or 4096 2D Display Mode: Curve
CFD ZC Level: 0 Count Increment: 100

SYNC: ZC Level -20mV Memory Offset: 0

SYNC Threshold: -50mV Dith Rng: 1/16

SYNC Freq Divider: 4 Routing Channels X,Y: 1

Scan Pixels X,Y: 1 Page: 1

As long as there is no excitation at the sample you should see virtually nothing except perhaps
for some single photons scattered over the time axis. If you have more that a few thousand
photons per second you are detecting daylight.

Give light to the sample. Be careful with the intensity. Even if you use one of the internal
detectors of the microscope you may be surprised of the sensitivity of the PMT in the photon
counting mode. On the screen you should see three or four subsequent signal periods of your
fluorescence signal. Adjust the light intensity to a count rate of 100,000 counts per second or
less.

Change CFD Limit Low. The count rate decreases with increasing threshold, but the shape of
the system response improves. Set Limit Low that you get about 80% of the maximum count
rate.

Adjusting time scale and delay

Set ‘Sync Frequency Divider’ = 1. It can happen that you see only a part of the decay curve
now. Change the length of the SYNC cable until you see the decay curve well inside the last
(right) 10 ns of the display window. 1 ns corresponds to a cable length of 20 cm. Alternatively
you can change the length of the cable from the preamplifier or the position of the photodiode
module in the optical path. Caution: Don’t connect or disconnect the PMT when the high
voltage is switched on.

Increase ‘TAC Gain’ to stretch the decay curve over the full display window. The most
appropriate gain is 5. This gives a display window of 10 ns and covers nearly one laser period.

You can use a higher TAC gain to get finer time bins. Use ‘TAC Offset’ to centre the decay
curve in the display window.

Save the result. Use ‘Main’, ‘Save’, options ‘SPC Data’, “‘All used data sets’. Advice: Please
don’t name the file ‘test1.sdt’. Nine of ten files we receive for inspection are named “test1.sdt’
- you might get a strange answer.
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Recording thefirst image

If the scan control signals are not connected yet, connect them now. Except for the SYNC,
CFD and TAC settings adjusted as shown in the last section, set the SPC-730 parameters as
shown below:

BISPC-730 System Parameters More Parameters ...
,— X Sync Polarity glm
Y Sync Polarity g Positive
E 5.1 Pixel Clock Polarity gym
[~ k4 n Line Predivider ng -

Pixel Clock Divider ﬂ 4
Left border 10
Upper border

Pixel Clock g External

Pixel Clock from
Microscope

X Sync Polarity glm
Y Sync Polarity ﬁlm
Pixel Clock Polarity gym

Pixel Time [s] g 1.000E-5
Left border 10

Return (Esc) Upper border

Pixel Clock g Internal

Pixel Clock generated
in the SPC-730

BISPC-730 Display Parameters B} SPC-730 Window Intervals
i

= 1000 |

r
r
I
i
r
r
r
H

These settings give a full size TCSPC image of 128 x 128 pixels for a 512 x 512 resolution of
the microscope. However, if you do not have a pixel clock from the microscope and thus have
to generate the pixel clock in the SPC-730, the pixel time of 10 ps is only a rough estimate. It
can happen that the real pixel dwell time is longer or shorter resulting in an image that is
horizontally stretched or shrunk.

When all parameters are set, start the measurement and wait. The measurement should stop
after the specified ‘Collection Time’, i.e. after 30 seconds. In practice it can take a few
seconds longer because after the end of the collection time the acquisition is continued until
the current frame is completed. If the measurement stops correctly, the frame clock, line clock
and pixel clock signals arrive at the SCP-730 module. If the measurement does not stop one or
several clock signals are missing.

If you do not see an image after the measurement has stopped, please reduce the ‘Max Count’
setting in the display parameters. Some image should become visible.

With the display parameter and window parameter configuration shown above, you get an
image in the T Window 1 (specified in the ‘Display Parameters’). This window covers all
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time channels of the decay curves stored in the individual pixels. Another seven T windows
are defined in the Window Parameters. With the setting above, the T Windows 2 through 8
contain subsequent time intervals of the time axis. As you step through these T Windows by
changing the T Window number in the display parameters you see the image appearing with
the laser pulse and fading as the fluorescence decays.

Do not forget to save the result. This saves also the setup parameters so that you can restore
the system setup of the first successful measurement at any time.

If you do not get a reasonable image, please make sure that the parameters are set as shown
above and check the scan control signals with an oscilloscope.

Adjusting image size and image location

The first images recorded with the settings shown under *‘Recording the first images’ can still
have a wrong size, show a wrong part of the scan or be reversed in X or Y. Some typical
effects and the way of correction are shown below.
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Some microscopes, e.g. the older Leica SP1, deliver pixel clock pulses both at the start and at
the end of each line. The result is an image as shown in the figure below. If you have effects
like this please contact BH. We have adapters to transform odd scan control signals into
useful frame and line pulses.
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Image in the Microscope

Assistancethrough bh

Software updates, new manual versions and application notes about new applications are
available from our web site www.becker-hickl.de. Furthermore, we are pleased to support you
in all problems concerning the measurement of fast electrical or optical signals. This includes
discussions of new applications, the installation of the SPC modules, their application to your
measurement problem, the technical environment and physical problems related to short time

SPC-730 Image

Contact
BH for
Adapter

measurement techniques. Simply call us or send us an email.

Should there be a problem with your SPC module, please contact us. To fix the problem we
ask you to send us a data file (.sdt) of the questionable measurement or (if a measurement is
not possible) a setup file (.set) with your system settings. Furthermore, please add as much as

possible of the following information:

Description of the Problem

SPC Module Type and Serial Number
Software Version

Type of the Microscope

Detector type, Operating voltage of the detector, PMT Cathode type

Preamplifier type, Gain, Bandwidth etc.

Laser System: Type, Repetition Rate, Wavelength, Power
SYNC Signal Generation: Photodiode, Amplitude, Rise Time
System Connections: Cable Lengths, Ground Connections. Add a drawing if necessary.

Environment: Possible Noise Sources

Your personal data: E-mail, Telephone Number, Postal Address

The fastest way is to send us an email with the data file(s) attached. We will check your
system settings and — if necessary — reproduce your problem in our lab. We will send you an

answer within one or two days.

Becker & Hickl GmbH
Nahmitzer Damm 30

12277 Berlin

Tel. +49/30/7875632

FAX +49/30/78757 34
http://www.becker-hickl.com
email: info@becker-hickl.com
or becker@becker-hickl.com
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Patent DE 43 39 784 Al

Patent DE 43 39 784 Al

Patent DE 43 39 784 Al

Patent DE 43 39 784 Al

SPC-630 SPC-730 SPC-830 SPC-134 Time Harp 200
Standard lifetime experiments,
Standard lifetime experiments Lifetime imaging, Confocal
Standard lifetime experiments o . P > | and two-photon scanning Optical tomography Standard lifetime
. . Lifetime imaging, Confocal . . .
Single Molecule Detection . Microscopy Single Molecule Single Molecule
s and two-photon scanning . . . .
Target Application Stopped Flow Microsco Multi parameter experiments Stopped Flow Microscope with scan stage
Correlation Experiments Mulsi SMMS ter experiments Stopped Flow Correlation Experiments Correlation Experiments
FCS Experiments P p Single Molecule Detection FCS Experiments FCS Experiments
Stopped Flow . .
Correlation Experiments
FCS Experiments
No. of TCSPC Channels 1 1 1 4 1
Modules operable in parallel 4 x SPC-630 4 x SPC-730 4 x SPC-830 1 x SPC-134
TAC - ADC with error TAC - ADC with error TAC - ADC with error TAC - ADC with error
Conversion Principle reduction reduction reduction reduction Time-to-Digital Converter

Detector Channel
Sync Channel

Constant Fraction
Constant Fraction

Constant Fraction
Constant Fraction

Constant Fraction
Constant Fraction

Constant Fraction
Constant Fraction

Constant Fraction
Level Trigger

Time Resolution

820 fs per time channel

820 fs per time channel

820 fs per time channel

820 fs per time channel

40 ps per time channel

Diff. nonlinearity

0.6% to 1% pp, <0.5% rms

0.6% to 1% pp, <0.5% rms

0.6% to 1% pp, <0.5% rms

0.6% to 1% pp, <0.5% rms

<6%pp, <0.5% rms

Detectable Lifetimes

2 psto 2us

2 psto 2us

2 psto 2us

2 psto 2us

<100ps to 4.5pus

Histogramming Process

Hardware, on board histogram
memory

Hardware, 4-dimensional, on
board histogram memory

Hardware, 4-dimensional, on
board histogram memory

Hardware, on board histogram
memory

Hardware, on board histogram
memory

Image size for fast scan modes max. 256 x 256 pixels max 4096 x 4096 pixels

Dead Time 125 ns 180 ns 125 ns 125 ns <350 ns

Useful continuous count rate,

Histogram Modes, 50% loss, | 4 MHz 2.8 MHz 4 MHz 16 MHz (overall for 4 1.4 MHz
channels)

per module

Peak Count Rate, histogram 4 MHZ 28 MHz 4 MHz 16 MHz (overall for 4 1.4 MHz

modes, 50% loss, per moduel channels)

Continuous count rate, time-tag
modes

0.4...0.8 MHz, depends on
computer speed and
background activity

3...4 MHz, depends on
computer speed and
background activity

0.4...0.8 MHz, depends on
computer speed and
background activity

Depends on computer speed
and background activity

Peak count rate, time-tag 4 MHz 4 MHz 16 MHz Depends on computer speed
modes, 50% loss independent of computer speed independent of computer speed | independent of computer speed | and background activity
on-board FIFO bufter size, time | 128,000 photons or s
tag modes 256,000 photons 8 Million photons 512,000 photons 128,000 photons
Macro time resolution in time 50 ns from internal clock or 50 ns from internal clock or

50 ns 12ns to 100 ns from sync 12ns to 100 ns from sync 100ns
tag (FIFO) modes

(laser) (laser)
Scan rate. Scan svn in mode down to 100ns per pixel down to 100ns per pixel
i Y independent of computer speed | independent of computer speed
. . yes yes yes yes

Multi-Detector Operation Patent DE 43 39 787 Al Patent DE 43 39 787 Al Patent DE 43 39 787 Al Patent DE 43 39 787 Al yes
No of curves in memory 2 x 64 t0 4096 1024 to 65,536 4096 to 2,000,0000 ww Mm% 2x 2048 per TCSPC 5 1 35

Min. time per histogram

1us in continuous flow mode

100ns in scan sync in/out mode

100ns in scan sync in/out mode

1us in continuous flow mode

1us in ext sync mode
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seq.)
Time Tag (FIFO)

Imaging (Sync In, Sync Out,
XY in, XY out)

Imaging (Sync In, Sync Out,
XY in)
Time Tag (FIFO)

Continuous Flow (unlimited

seq.)
Time Tag (FIFO)

SPC-630 SPC-730 SPC-830 SPC-134 Time Harp 200
. . 4 MCPs, 4 PMTs 4 MCPs, 4 PMTs 4 MCPs, 4 PMTs 4 MCPs, 4 PMTs
Available multi-detector 8 MCPs, 8 PMTs 8 MCPs, 8 PMTs 8 MCPs, 8 PMTs 8 MCPs. 8 PMTs 4 APDs
extension devices for 8 APDs 8 APDs 8 APDs ] >wUmu
16 channel pmt head 16 channel pmt head 16 channel pmt head
Single . .
Oscilloscope Single w_sm_o m_sm_o
. . ; Oscilloscope Oscilloscope .
2 dimensional f(xyt) Oscilloscope . . . . Integration
. . 2 dimensional f(xyt) 2 dimensional f(xyt) :
Sequence f(t,T), fi(t,ext) 2 dimensional f(xyt) Oscilloscope
. Sequence f(t,T), fi(t,ext) Sequence f(t,T), fi(t,ext)
Operating Modes Spectrum fi(T), fi(ext) Sequence f(t,T), fi(t,ext) Spectrum fi(T), fi(ext) Spectrum fi(T), fi(ext) Sequence f(t,T)
Continuous Flow (unlimited Spectrum fi(T), fi(ext) p ’ p ’ Contiuous

Time-tag (Option)

Experiment Trigger

Start of measurement
Start of sequence
Each step of sequence

Start of measurement

Start of sequence

Each step of sequence

Frame Clock, Line Clock, Pxl
Clock

Start of measurement

Start of sequence

Each step of sequence

Frame Clock, Line Clock, Pxl
Clock

Start of measurement
Start of sequence
Each step of sequence

Start of measurement
Start of sequence

Triggered accumulation of
sequences

yes

yes

yes

yes

Detector / Experiment control
(Own products only)

Preamplifiers with detector
overload protection, PMH-100
Detector modules, PML-16
multichannel detector head,
DCC-100 Detector Controller ,
STP-340 Step Motor
Controller,

Routers for MCPs, PMTs,
APDs, Dual ADC module for
XY In operation

Preamplifiers with detector
overload protection, PMH-100
Detector modules, PML-16
multichannel detector head,
DCC-100 Detector Controller ,
STP-340 Step Motor
Controller,

Routers for MCPs, PMTs,
APDs, Dual ADC module for
XY In operation, Adapters for
Zeiss, Leica, Olympus and
Biorad laser scanning
microscopes

Preamplifiers with detector
overload protection, PMH-100
Detector modules, PML-16
multichannel detector head,
DCC-100 Detector Controller ,
STP-340 Step Motor
Controller,

Routers for MCPs, PMTs,
APDs, Dual ADC module for
XY In operation, Adapters for
Zeiss, Leica, Olympus and
Biorad laser scanning
microscopes

Preamplifiers with detector
overload protection, PMH-100
Detector modules, PML-16
multichannel detector head,
DCC-100 Detector Controller ,
STP-340 Step Motor
Controller,

Routers for MCPs, PMTs,
APDs

Preamplifiers with detector
overload protection, Routers
for APDs

Free Documentaion available
on web site

SPC Manual, 165 pages; TCSPC Introduction, 5 pages; Upgrading laser scanning microscopes for lifetime imaging; Controlling SPC
modules; Protecting Photomultipliers; FRET measurements by TCSPC lifetime microscopy; Multi-wavelengthe TCSPC lifetime
imaging; High count rate multichannel TCSPC for optical tomography; Optical Tomography: TCSPC Imaging of Female Breast;
Setting up High Gain Detector Electronics for TCSPC Applications; Testing SPC Modules; 16 Channel Detector Head for TCSPC
Modules; Routing Modules for Time-Correlated Single Photon Counting; Detector Control Module DCC100 Manual; TCSPC
Software is available and FREE; Manual: Multi - SPC 32 bit Dynamic Link Library

Measurement examples

Related Products SPC-300, SPC-330 TCSPC; SPC-400, SPC-430 TCSPC; SPC-500, SPC-530 TCSPC; MSA-100 1ns multiscaler; MSA-300 5ns Time Harp 100
(Own products only) multisclaer; PMS-400 and PMM-328 Gated photon counters / multiscalers; Picosecond Diode Lasers Picosecond Diode Lasers
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