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1 Safety instructions 

1.1 General safety instructions 
1. Read the safety instructions and the operating instructions first. 

2. Pay attention to all the safety warnings. 

3. Keep the device away from water or high moisture areas. 

4. Keep the device away from dust, sand and dirt. 

5. Always ensure there is sufficient ventilation. 

6. Do not put the device anywhere near sources of heat. 

7. Connect the device only to the power source indicated in the 
operating instructions or on the device. 

8. Clean the device only according to the manufacturer’s 
recommendations. 

9. If the device is not in use, remove the mains plug from the 
socket. 

10. Ensure that no liquids or other foreign bodies can find their way 
inside the device. 

11. The device should only be repaired by qualified personnel. 
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1.2 Special safety instructions 
 The Dual-PAM-100 is a highly sensitive research instrument 
which should be used only for research purposes, as specified in this 
manual. Please follow the instructions of this manual in order to 
avoid potential harm to the user and damage to the instrument. 

 The Dual-PAM-100 employs strong light for excitation of 
chlorophyll fluorescence, for driving photosynthetic electron 
transport and for transient saturation of photosynthetic energy 
conversion (Saturation Pulse method). In order to avoid harm to your 
eyes, please avoid looking directly into this light, particularly during 
Saturation Pulses. 
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2 Introduction 

 The Dual-PAM-100 measuring system is more than a chlorophyll 
fluorometer. On one hand, as suggested by its name, it follows the 
tradition of the original PAM-100 Chlorophyll Fluorometer, which 
was introduced in 1985 and since then has been serving generations 
of researchers. On the other hand, it represents a new PAM 
generation that is not only suited for assessment of the state of PS II 
via Chl fluorescence, but for the analysis of other parts of 
photosynthesis as well. With the Dual-PAM-100 also the state of PS I 
can be assessed via dual wavelength P700 measurements. 
Furthermore, it can be extended to assess other key photosynthesis 
parameters like the transthylakoid ΔpH (via 9-amino acridine 
fluorescence), the thylakoid membrane potential (via the carotenoid 
absorbance bandshift, "P515") and the NADP redox state (via 
NADPH-fluorescence).  

 Over the past 20 years the modular PAM-101/102/103 system has 
been growing continuously, with numerous accessories being added 
in response to new applications and demands. For example, in 1994 
probes for ultrasensitive measurements with suspensions (ED-101US 
and accessories) were introduced and in 1998 the Dual-Wavelength 
P700 Unit (ED-P700DW) became available. The new Dual-PAM-100 
incorporates all essential components and accessories of the old 
PAM-100 in just one compact system and at the same time it 
constitutes a novel measuring system with numerous additional 
features. 

 Major points of progress of the Dual-PAM-100 with respect to 
the PAM-100 measuring system are: 

 The Dual-PAM-100 is fully computer-controlled using the 
integrated data acquisition windows software DualPAM 
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 The DualPAM software not only allows very comfortable system 
operation, but also provides many preprogrammed measuring 
routines for optimal assessment of photosynthesis parameters 

 All essential light sources (red or blue fluorescence excitation 
light, NIR P700 measuring light, red and blue actinic light, single 
turnover and multiple turnover saturating flashes, far red light) 
are integrated in the basic system 

 Due to various novel opto-electronic components, specially 
developed for the Dual-PAM-100, the Emitter-Detector 
measuring heads with integrated light sources are extremely 
compact and easy to handle 

 All light sources can be switched with 2.5 µs time resolution 
under software control 

 An extremely wide range of Measuring Light frequencies (1 Hz 
to 400KHz) is provided, so that the same Measuring Light can be 
applied for assessment of Fo and the recording of fast kinetics 

 While the system allows countless combinations of instrument 
settings, particular combinations may be saved in User Settings 
files, thus assuring full reproducibility in future experiments. 

 Chl fluorescence and P700 pulse modulated measuring light is 
synchronized for minimal mutual disturbance 

 The Dual-PAM-100 measuring system and the DualPAM 
software are prepared for future extensions allowing the parallel 
(or even simultaneous) assessment of other photosynthesis 
parameters via fluorescence and absorbance measurements 

 These features open the way for a wide range of new applications 
and further progress in basic and applied photosynthesis research. In 
particular, experimental approaches that so far required considerable 
experience (e.g. simultaneous assessment of PS I and PS II quantum 
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yields) and therefore with the PAM-100 system were applied by few 
specialized researchers only, now have become sufficiently easy and 
reliable to be applied by non-experts. 

 This manual describes the various components of the 
Dual-PAM-100, how to connect them and how to get started with 
some measurements. For getting acquainted with the measuring 
system and its operation via the DualPAM software, it is 
recommended to start out with simple fluorescence 
measurements. Most users probably already have some experience 
with the PAM-100 or other standard PAM fluorometers (like 
MINI-PAM or PAM-2100) and will be readily able to reproduce 
familiar experiments, like measurements of PS II quantum yield, 
recording of Induction Curves with and without Saturation Pulse 
analysis, and Light Curves. In the next step the same type of 
experiments may be carried out with P700 measurements. Such 
measurements essentially provide the same information on PS I as 
Chl fluorescence on PS II. In an analogous manner Saturation Pulses 
are applied to assess the quantum yield of energy conversion at PS I 
reaction centers, which depends on the physiological state of the 
sample. Some background information on the rationale of PAM P700 
measurements is given, with emphasis on the analogy to PAM 
fluorescence measurements. 

 It is recommended that for the purpose of getting familiar with 
the Dual-PAM-100 the first measurements are carried out with 
leaves, even if the user is mainly interested in algae or cyanobacteria. 
This is particularly true for P700 measurements. With leaves the 
quality of the P700 signal is almost equivalent to that of the 
fluorescence signal. There is hardly any noise or drift, so that the user 
can fully concentrate on the light responses and learn how to control 
the system using the DualPAM software. The P700 signal relies on 
small absorbance differences of P700 in its reduced and oxidized 
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state. In a leaf the maximal oxidized vs. reduced difference signal 
amounts to about 0.5 %, that can be readily processed into a large 
voltage change. In order to obtain an equally large difference signal 
with e.g. cyanobacteria, not only the P700 concentration must be 
equivalent, but also the effective pathlength of the NIR measuring 
light within the sample must be equivalent. In leaves the effective 
pathlength is enhanced by the highly scattering vascular tissue. P700 
measurements with suspensions may be also disturbed by sample 
movement and settling. While these complicating aspects can be 
mastered by an experienced user, who can obtain excellent results 
with algae and cyanobacteria, they may confuse the beginner and 
distract from actual purpose of getting familiar with the instrument 
and the DualPAM software. 

 With all functions of the Dual-PAM-100 being software 
controlled and numerous accessories being integrated in the basic 
measuring system, the DualPAM software has reached a degree of 
complexity that argues against a point by point description in a 
printed manual. Therefore, in the present manual only the most 
essential features are described systematically. Detailed explanations 
to all functions are directly available at the corresponding sites of the 
user surface in form of online Help-text files. The user just has to 
move the cursor to the function element of interest (e.g. the Fo, Fm 
button) and press the F1 key. Then a window opens in which this 
particular function is explained. These Help-texts will be further 
extended in future versions of the DualPAM software. 

 The Dual-PAM-100 is a new tool in photosynthesis research, 
opening the way to numerous new applications in basic and applied 
studies. New insights may be expected to call for extensions and 
modifications of the DualPAM software. The developers are grateful 
for constructive suggestions by the users. Update versions of this 
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manual and of the DualPAM software will become available via the 
Walz homepage (www.walz.com under Support/Downloads). 
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3 Components of the Dual-PAM-100 

 The basic measuring system of the Dual-PAM-100 consists of the 
following components: 

1. Power-and-Control-Unit DUAL-C 

2. Battery Charger MINI-PAM/L 

3. Measuring Head DUAL-E with NIR Emitter 

4. Measuring Head DUAL-DB or DUAL-DR with Detector, 
featuring either blue or red fluorescence measuring light, 
respectively, as well as blue actinic light 

5. Leaf Holder DUAL-B and Mounting Stand ST-101 

6. DualPAM windows software on CD. 

 For measurements with suspensions optionally the Optical Unit 
ED-101US/MD with various accessories is available. 

 All basic components are contained in a transport box with 
additional room for the Optical Unit ED-101US/MD and its 
accessories. 

 The features of the various components are briefly described in 
the following sections 3.1 - 3.8. Details on how to connect these 
components and how to get started with simple measurements are 
presented in chapter 4 (How to get started). 

3.1 Power-and-Control-Unit DUAL-C 
 The Power-and-Control-Unit DUAL-C contains a rechargeable 
sealed lead-acid battery (12 V/2.1 Ah). Hence, in conjunction with a 
notebook PC, the Dual-PAM-100 can also be operated independently 
from line voltage. 
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Fig.  3.1 Front view of Power-and-Control-Unit DUAL-C 

 All controls and electrical connectors are located on the front side 
of the instrument. The elements are grouped according to their 
function: 

AUX and USB sockets 

 AUX, input socket for auxiliary devices like micro quantum and 
temperature sensors 

 USB, socket for USB cable to be connected to corresponding 
USB port of PC 

Detector input 

 DETECTOR 1, to connect corresponding cable of DUAL-DB 
(or DUAL-DR) unit; the DETECTOR 1 serves for detection of 
dual-wavelength pulse-modulated P700 measuring light 
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(transmission) and pulse-modulated chlorophyll fluorescence. 
Also, the DUAL-DP515 is connected to DETECTOR 1: in this 
case, the dual-wavelength 550 minus 520 nm signal and the 535 
nm single-wavelength signal are measurement. 

 DETECTOR 2, to connect corresponding cable of optional 
DUAL-DX unit; the DETECTOR 2 serves for detection of dual-
wavelength excited pulse-modulated alternative fluorescence 
signals (e.g. 9-AA or NADPH fluorescence). Also, dual-
wavelength absorbance difference signals (e.g. carotenoid 
pigment shift, "P515) use DETECTOR 2 when a single channel 
signal is fed into DETECTOR 1 e.g., the DUAL-DB (or 
DUAL-DR) unit is connected to DETECTOR 2 when 
DETECTOR 1 is connected to the photomultiplier DUAL-DPM. 

Measuring light sockets 

 FLUO ML, to connect corresponding cable of DUAL-DB (or 
DUAL-DR) unit, carrying the pulse-modulated current for 
driving the chlorophyll fluorescence measuring light LED 

 EMITTER, to connect corresponding cable of DUAL-E unit, 
carrying the pulse-modulated currents for driving the dual-
wavelength P700 measuring light LEDs; alternatively also the 
optional Dual-Wavelength Fluorescence Excitation Unit 
DUAL-EX may be connected. 

Trigger 

 TRIGGER IN, to connect external trigger source that may serve 
to trigger Fast Kinetics (DualPAM software) 

 TRIGGER OUT, output to trigger external light sources 
(controlled by DualPAM software) 
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External Signals 

 EXT. SIGNALS, input sockets for two independent external 
signals to be recorded using the DualPAM software. 

LED array 

 LED ARRAY, two identical sockets for connecting the 
corresponding cables of the DUAL-DB (or DUAL-DR) and 
DUAL-E units, via which the two LED Arrays are powered that 
serve for red Actinic Light, as well as saturating Single Turnover 
and Multiple Turnover flashes 

Stirrer (from left to right) 

 4-pole socket to connect  US-MS Miniature Magnetic Stirrer 

 Adjusting knob for stirrer rotation 

 Toggle switch, switching to ON put stirrer control in standby (= 
red LED of toggle is off). Stirring is activated by a trigger out 
command given by the DualWin software (= red LED of toggle is 
on). 

System 

 CHARGE LED, red blinking LED indicates charging of 
batteray 

 CHARGE socket, to connect BATTERY CHARGER 
MINI-PAM/L. 

 ONLINE LED, LED lighting up green indicates functioning of 
the communication between DUAL-C and PC via USB interface 

 Fuse 3.15 AT, access to fuse box featuring 3.15 A fuse (slow 
response) 

 POWER Switch, which has to be in the on-position (indicator 
LED lighting up green) for proper instrument functioning 
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3.2 Battery Charger MINI-PAM/L 
 The Battery Charger MINI-PAM/L serves for recharging the 
internal lead-acid battery (12V/7.2Ah) of the DUAL-PAM-100. It is 
connected to the CHARGE-socket at the front side of the Power-and-
Control Unit DUAL-C. The charger, which operates at input voltages 
between 100 and 240 V AC, features overload protection. Full 
charging of an empty battery takes about 12 hours. During laboratory 
operation the charger may remain permanently connected. The 
Battery Voltage is continuously measured and displayed on the PC 
monitor via the DualPAM software. 

3.3 Measuring Head DUAL-E with NIR Emitter 
 The Measuring Head DUAL-E features an array of Near Infra 
Red (NIR) LEDs (830 nm and 875 nm Dual-Wavelength P700 
Measuring Light), a 730 nm LED for selective excitation of PS I and 
a special Chip-On-Board (COB) LED Array (24 x 635 nm Power 
LEDs) for red Actinic Light, Single Turnover Saturating Flashes and 
Multiple Turnover Saturating Flashes (Saturation Pulses). All LEDs 
couple efficiently into a 10 x 10 mm perspex rod, at the exit of which 
the various light qualities are well mixed. The other end of the 
perspex rod is fixed in a 22 mm aluminum tube, so that its entrance 
surface is in close proximity (about 0.2 mm) to the COB Array. The 
22 mm tube serves for mounting the Measuring Head either in the 
Leaf Holder DUAL-B or in the Optical Unit ED-101US/MD. 

 The Measuring Head DUAL-E is connected via two cables (NIR 
and LED ARRAY) to the corresponding sockets at the front panel of 
the Power-and-Control-Unit DUAL-C. 

3.4 Measuring Head DUAL-DB or DUAL-DR with Detector 
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 The Measuring Head DUAL-DB features a single blue (460 nm) 
Power LED for excitation of chlorophyll fluorescence, whereas for 
the same purpose in the Measuring Head DUAL-DR a single red 
(620 nm) Power LED is employed. The latter is required for 
chlorophyll fluorescence excitation in cyanobacteria. In addition, 
both the DUAL-DB as well as the DUAL-DR feature three 460 nm 
Power LEDs for blue actinic illumination, which in cyanobacteria 
selectively drives PS I. 

 For red Actinic Light, Single Turnover Saturating Flashes and 
Multiple Turnover Saturating Flashes (Saturation Pulses) a special 
Chip-On-Board (COB) LED Array (24 x 635 nm Power LEDs) is 
provided. All LEDs couple efficiently into a 10 x 10 mm perspex rod, 
at the exit of which the various light qualities are well mixed. The 
other end of the perspex rod is fixed in a 22 mm aluminum tube, so 
that its entrance surface is in close proximity (about 0.2 mm) to the 
COB Array. The 22 mm tube serves for mounting the Measuring 
Head either in the Leaf Holder DUAL-B or in the Optical Unit 
ED-101US/MD. 

 A photodiode with pulse preamplifier at the same time serves 
for detection of the transmitted 830 nm /870 nm P700 measuring 
light and of pulse modulated chlorophyll fluorescence. The 
photodiode is protected by a long-pass filter (RG9) against red and 
blue actinic light. A perspex rod with 6 mm diameter transmits the 
light signals via a corresponding hole in the LED Array board from 
the 10 x 10 mm perspex rod to the photodiode. 

 The Measuring Head DUAL-DB (or DUAL-DR) is connected via 
three cables (DETECTOR 1, FLUO ML and LED ARRAY) to the 
corresponding sockets at the front panel of the Power-and-Control-
Unit DUAL-C. 

3.5 Leaf Holder DUAL-B and Mounting Stand ST-101 
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Fig.  3.2 Leaf Holder DUAL-B mounted to Mounting Stand ST-101 

with attached Measuring Heads DUAL-E and DUAL-DB 

 The Leaf Holder DUAL-B features two ring-adapters (22 mm 
inner diameter) for holding the two Measuring Heads and a mounting 
rod for fixing it on the Mounting Stand ST-101. Alternatively the 
DUAL-B also may be mounted on a tripod, for which purpose 
threaded holes are provided. The leaf sample may be either placed 
directly between the end pieces of the two 10 x 10 mm perspex rods 
or between two separate distance ring adapters that can be slit over 
the ends of the perspex rods. The ring adapters assure 2 mm distance 
between the exit planes of the two perspex rods (i.e. 1 mm room at 
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each side of the leaf). The side of the ring touching the leaf is padded 
with foam-rubber which prevents mechanical harm and allows some 
air diffusion from outside. 

3.6 DualPAM software 
 The DualPAM software is delivered on a CD. Detailed 
instructions for installation of the software on the user's PC is given 
in the "Help me" text file which is reproduced below. 

3.6.1 DualPAM installation instructions 
1. Install the DualPAM software by starting setup.exe. The 

DualPam InstallShield Wizzard will lead you through the various 
steps (always click "Continue"). 

2. When it is proposed that the software is installed in C:\Program 
Files\DualPAM, please click "Install". Links of the DualPAM.exe 
file as well of the DualPAM folder are automatically installed on 
the Desktop of your PC. 

3. Before you can start the DualPAM software, the USB Serial 
Driver has to be installed. For this purpose the Dual-PAM-100 
has to be connected via the USB cable to the computer. 

4. The computer will detect "USB Serial" as an unknown hardware 
component and ask for a driver. 

5. Installation of the USB Driver is carried out in two steps. First 
the USB Serial Converter and then the USB Serial Port are 
installed. These two steps are very similar. 

6. In both cases the location of the USB Driver in the previously 
created DualPAM folder has to be specified. Therefore, when the 
Wizard asks: "What do you want the wizard to do?", please select 
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"Install" from a list or specific location (Advanced) and click 
"Next". 

7. Then select "Search for the best driver in these locations"/ 
"Include this location in the search" and Browse in C:\ for the 
location Program Files\DualPAM\USB Driver. After selection of 
USB Driver, confirmation by OK and clicking "Next" the 
installation of the USB Driver Converter will be carried out. This 
first step is terminated by clicking "Finish". 

8. Then essentially the same steps have to be carried out for 
installation of the USB Driver Port. This time the proper path C:\ 
Program Files\DualPAM\USB Driver is proposed. 

9. When installation of the USB-Driver is completed, there is a 
message announcing that it now can be used. However, before 
starting the program, the settings of the USB Driver Port have to 
be updated under Windows. 

10. For this purpose please open the Device Manager of theWindows 
Operating System (My Computer/System Properties/System 
/Hardware/Device Manager/ Ports. After double clicking Ports 
the USB Serial Port will be shown, provided the Dual-PAM-100 
is connected to the PC via the USB cable. 

11. Double click USB Serial Port in order to get to the Port Settings, 
where you select "Advanced...". The following settings are 
essential: 
Receive Bytes 4096 
Transmit Bytes 64 
Latency timer 1 ms 
After having updated these settings please click OK. 

12. Now you can start the DualPAM program from your desktop 
(double click on the DualPAM icon). 
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3.6.2 Use of the DualPAM software 
 In view of the very wide range of possible applications of the 
Dual-PAM-100, the DualPAM program displays considerable 
complexity. Describing all features of this program would be out of 
scope of the present manual. Some of the most basic features and 
applications are dealt within Chapter 4 (How to get started). 

 The most important information for users is available in form of 
DualPAM Help texts that can be opened via the F1 key. For every 
active element on the user surface (push buttons, check boxes etc.) an 
information window can be opened by pointing with the cursor on 
this element and pressing the F1 key. In this way there is direct 
access to the essential information, without any need to search for a 
particular item in the manual. 



CHAPTER 3 COMPONENTS OF THE DUAL-PAM-100 

18 

3.7 Optical Unit ED-101US/MD for suspensions (optional) 

 
Fig.  3.3 Optical Unit ED-101US/MD mounted to Mounting Stand 

ST-101 with attached Measuring Heads DUAL-E and 
DUAL-DB 

 The Optical Unit ED-101US/MD basically is identical to that 
originally introduced for ultrasensitive measurements with the 
PAM-101 (ED-101US), which also has been used in conjunction with 
the XE-PAM (ED-101US/M). The only difference is, that for use in 
conjunction with the Dual-PAM-100, all four optical port openings 
have 22 mm diameter, so that besides the Measuring Heads DUAL-E 
and DUAL-DB (or DUAL-DR) also the optional Measuring Heads 
DUAL-EX and DUAL-DX can be attached (e.g. for 9-AA or 
NADPH fluorescence measurements). At 90° angle to the perspex 
rods of the DUAL-E and DUAL-DB heads one of the remaining 
openings is occupied by a 22 mm ∅ aluminum tube holding a 
10 x 10 mm perspex rod, which may serve for attachment of an 
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additional Detector unit, like the optional DUAL-DX. The opening at 
the opposite side may accomodate the optional DUAL-EX. 
Alternatively, a ring-adapter with 22 mm outer and 15 mm inner ∅ is 
provided, so that in principle also PAM-101 and XE-PAM 
accessories with 15 mm ∅ (e.g. Fiberoptics 101-F or LED-Array-
Cone HPL-L470) can be attached. This opening normally is occupied 
by a 15 mm rod with mirrored endpiece (Fig.  3.4). 

 
Fig.  3.4 Optical Unit with 10 x 10 x 45 mm cuvette in optical contact 

with the light-guiding 10 x 10 mm perspex rods of the 
DUAL-E and DUAL-DB heads 

 The Optical Unit consists of a solid aluminum holder (black 
anodized) with an octagonal body, in the center of which a 
10 x 10 x 45 mm cuvette with the sample is placed. The DUAL-E 
and DUAL-DB (or DUAL-DR) emitter-detector heads are attached 
via opposite ports, as the P700 measurements are carried out in the 
transmission mode. The light-guiding perspex rods of the two heads 
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are moved to give gentle contact with the cuvette and then fixed with 
the help of the nylon screws. The other sides of the cuvette are in 
contact with the light-guiding perspex rod of the port for an 
additional Detector unit (see above) and with the mirrored endpiece 
of the 15 mm rod (see above). This assembly assures maximal signal 
amplitudes and flexibility of applications. After having made sure 
that all components are in optimal optical contact, the cuvette 
position can be further stabilized with the help of a metal cover 
featuring a central 10 x 10 window for the upper part of the cuvette 
(see Fig.  3.3). For complete dark adaptation this can be covered by a 
cylindrical hood with central hole via which chemical additions can 
be made using a syringe. 

 Another port opening is located at the bottom of the Optical Unit, 
via which the Miniature Magnetic Stirrer US-MS can be applied. 
Alternatively this opening may also serve for accomodating 
additional light sources or detectors (e.g. via the branched Fiberoptics 
101-F or 101-F5). This port can also be closed with another 15 mm 
rod with mirrored endpiece. 
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3.8 Accessories to the Optical Unit ED-101US/MD 

 
Fig.  3.5 Optional accessories: Miniature Magnetic Stirrer US-MS (left 

top), Spherical Micro Quantum Sensor US-SQS/WB (left 
bottom) and Temperature Control Unit ED-101US/T 

 The Miniature Magnetic Stirrer US-MS features a 12 x 12 mm 
endpiece (incorporating a rotating magnetic field) that fits into the 
bottom port of the Optical Unit. For optimal performance, please 
make sure that it is pushed all the way in. Relatively small stirring 
fleas are provided, with which the unavoidable optical noise is 
minimized. Stirring is essential for reliable temperature control using 
the Temperature Control Unit ED-101US/T (see Fig.  3.6). In 
many applications involving P700 measurements it is recommended 
to interrupt stirring during the actual measurements. The stirring rate 
is controlled via a potentiometer located on the power supply unit of 
the US-MS. 
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Fig.  3.6 Components of the Temperature Control Unit ED-101US/T 

 The Temperature Control Unit ED-101US/T is applied in 
conjunction with a separate Flow-Through-Constant-Temperature-
Bath (to be provided by the user). It essentially consists of a 
sectioned metal block, through the upper part of which flows water 
from a constant temperature bath and the lower part of which 
encloses part of the cuvette. The latter is sectioned into two parts, one 
of which can be moved somewhat outside with the help of a "pulling-
stick" in order to put the cuvette in/out. This part is pulled back 
towards the cuvette by springs which assure optimal contact between 
the temperature-controlled metal and the cuvette. This is essential, as 
due to the fact that a substantial part of the cuvette surface interfacing 
the optical ports cannot be covered, the area available for heat 
exchange is rather limited. Heat-exchange between the ED-101US/T 
and the suspension sample is greatly enhanced by stirring (see Fig.  
3.5 and Fig.  3.6). 
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Fig.  3.7 Assembly of Temperature Control Unit ED-101US/T on top of 

Optical Unit 

 
Fig.  3.8 Temperature Control Unit ED-101US/T mounted on top of 

Optical Unit 
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 The Temperature Control Unit ED-101US/T is mounted on top of 
the Optical Unit ED-101US/MD as shown in Fig.  3.7 and Fig.  3.8. 
Heat transfer between the ED-101US/T and the ED-101US/MD is 
minimized with the help of a separating 2 mm PVC plate. Heat 
exchange with the surrounding air is minimized with the help of a 
plastic foam frame covering the side walls of the unit. 

 
Fig.  3.9 Components of the Spherical Micro Quantum Sensor 

US-SQS/WB 
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Fig.  3.10 Spherical Micro Quantum Sensor US-SQS/WB mounted on 

Optical Unit equipped with Temperatur Control Unit 
ED-101US/T 

 The Spherical Micro Quantum Sensor US-SQS/WB consists of 
a spherical 3.7 mm ∅ white diffuser that is optically connected via a 
2 mm plastic fiber with a photodiode PAR-sensor. The latter, as well 
as a miniature preamplifier are contained in a compact rod-shaped 
steel housing that can be mounted on top of the cuvette using a 
special lid adapter-piece (see Fig.  3.9 and Fig.  3.10). With the help 
of an adjustment-ring the position of the diffuser sphere within the 
cuvette can be optimized. It is recommended to adjust for maximal 
PAR at a given intensity setting of Actinic Light. 

 After use the sphere should be rinsed with clean water. Organic 
solvents should be avoided. When not in use, the diffuser sphere 
should be covered by the provided tube-hood. 

 When the Dual-PAM-100 is applied in conjunction with the 
Optical Unit ED-101US/MD, the sample can be illuminated from 
various sides. The diffuser sphere receives light equally well from all 
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sides, except for the top. When in the case of fluorescence 
measurements dilute samples are used, the effective PAR corresponds 
to the sum of the various quantum flux densities. In the case of P700 
measurements rather concentrated samples have to be used, resulting 
in intensity gradients for each type of incident light. As the diffuser 
sphere is positioned in the center of the sample, it may be assumed 
that it senses the mean quantum flux density seen by the sample. 

3.9 Optional Measuring Head DUAL-EX 
(in preparation) 

3.10 Optional Measuring Head DUAL-DX 
(in preparation) 
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4 How to get started 

 The following sections explain how to assemble the basic system 
together and perform some simple measurements. It is strongly 
recommended to start with leaf measurements, in order to get 
familiar with the basic instrument functions using the DualPAM 
software. Measurements with suspensions require some experience. 
This is particularly true for P700 measurements. As most users 
already have experience with standard PAM fluorometers, they first 
may prefer to just measure Single Channel Fluorescence in the 
Saturation Pulse Mode (in analogy to standard PAM Fluorometers 
like the PAM-100, PAM-2100 or MINI-PAM), before trying out P700 
measurements and getting involved with simultaneous measurements 
of fluorescence and P700. 

4.1 Set up of the basic configuration and connection of 
components 

 The basic configuration of the Dual-PAM-100 is readily set up. 
The following components have to be connected: 

 Power-and-Control-Unit DUAL-C with Battery Charger 
MINI-PAM/L 

 Measuring Head DUAL-E with NIR Emitter 
 Measuring Head DUAL-DB (or DUAL-DR) with Detector 
 Mounting stand ST-101 
 Leaf Holder DUAL-B with ring-adapters 
 PC with installed DualPAM windows software 

 

 Before the cables are connected, the various optical components 
should be fixed on the Mounting Stand ST-101, as illustrated in Fig.  
4.1 - Fig.  4.3. First the Leaf Holder DUAL-B is fixed on the stand, 
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afterwards one of the two Measuring Heads can be inserted into the 
Leaf Holder and one of the two ring-adapters is attached to the end of 
its perspex rod. The ring can be fastened with the help of a nylon 
screw. Then the Measuring Head is pulled all the way out of the 
center in order to make room for the other Measuring Head and for 
mounting the other ring-adapter. 
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Fig.  4.1 Components of the basic configuration to be fixed on the 

Mounting Stand ST-101 

 
Fig.  4.2 Leaf Holder DUAL-B with attached Measuring Heads and leaf 

being sandwiched between two ring-adapters 



CHAPTER 4 HOW TO GET STARTED 

30 

 
Fig.  4.3 Leaf Holder with Measuring Heads in vertical position 

 In many applications attached leaves can be kept in a more 
natural position when sandwiched between the two Measuring Heads 
with the Leaf Holder fixed in the vertical position (see Fig.  4.3). 
Normally the upper side of the leaf (adaxial) is pointing to the 
DUAL-DB (or DUAL-DR), so that chlorophyll fluorescence is 
excited and measured from the upper side. 

 After mounting the Leaf Holder and attaching the Measuring 
Heads, the following cables have be connected (names on tags at end 
of cable): 
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 From Measuring Head DUAL-DB (or DUAL-DR) to 
corresponding sockets at the front side of Power-and-Control-Unit 
DUAL-C 

 Detector 1 
 Fluo ML 
 LED Array (the two LED Array sockets are fully equivalent) 

 From Measuring Head DUAL-E to corresponding sockets at the 
front side of Power-and-Control-Unit DUAL-C 

 NIR ML 
 LED Array (the two LED Array sockets are fully equivalent) 

 For data acquisition and control of the Dual-PAM-100 by the 
DualPAM software the USB-socket at the front side of the Power-
and-Control-Unit DUAL-C is connected via the USB-cable to the 
corresponding port on the PC. 

 Before the DualPAM program can be started, the software 
delivered on CD has to be installed, as already described step by step 
in section 3.6.1. 

4.2 Basic fluorescence measurements 
 After installation of the DualPAM program (following 
the instructions in 3.6.1) a link to the DualPAM.exe file 
(program icon) is installed on the desktop. Upon double 
clicking this icon the program is started. Provided that the 

USB Serial Driver has been properly 
installed (following instructions in 
3.6.1) and the USB cable properly 
connected (see 4.1), the number of the 
USB Com Port for communication via 
USB is briefly shown. Upon the first 
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start of the program the most common mode (SP-Analysis-Mode 
Fluo) is opened. In this mode the Dual-PAM-100 is most readily 
comparable to previously introduced PAM Fluorometers, like the 
PAM-101/102/103 or PAM-2000, many users are already familiar 
with. 

4.2.1 User surface and basic fluorescence parameters 

 
Fig.  4.4 DualPAM user surface after first start of program 

 The screenshot in Fig.  4.4 shows the DualPAM user surface after  
program start. The Slow Kinetics window is displayed, which serves 
for registration of time dependent changes, in analogy to a chart 
recorder or a storage oscilloscope. The green indicator button in the 
upper left corner indicates that the communication between the 
instrument and the PC via USB interface is working properly. In the 
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top line the present mode of operation (SP-Analysis-Mode Fluo) is 
indicated. The current fluorescence signal is shown in the Fluo box in 
the lower right corner. Immediately after start of the program the 

signal fluctuates around 0.00 V, as the fluorescence 
measuring light is not yet switched on. It can be 

switched on via the F ML switch box (lower left corner). In the 
absence of a sample, even with F ML being switched on the Fluo 

signal remains close to 0.00. A signal will show, as 
soon as a leaf sample is put into the leaf holder. The 

Fluo signal is not only displayed numerically in the 
Fluo box, but its level is also indicated by a red mark 
on the ordinate axis of the Fluo display in the Slow 
Kinetics window. In the absence of actinic light the 
measured fluorescence corresponds to the minimal 
fluorescence yield, Fo. In a healthy leaf the 
fluorescence yield may vary by about a factor of 5. 
Maximal fluorescence yield, Fm, can be readily 
determined with the help of a Saturation Pulse. 
When the Fo, Fm button (above Fluo box) is clicked, 
a Saturation Pulse is given with which the Fo and 
Fm levels in the given (dark adapted) state are 
measured. The data are shown in the Fluo Parameter 
box (above Fo, Fm button). The Fv/Fm parameter, 

which is a measure of maximal 
PS II quantum yield (with Fv = 
Fm-Fo), is automatically 
calculated. In the lower right 
corner of the screen the 
Saturation Pulse induced change 
in fluorescence yield is 
depicted. This graph allows to 
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quickly judge that a plateau is reached from which Fm can be reliably 
derived. The Fo and Fm levels are indicated by broken lines. These 
lines are also entered into the Slow Kinetics window and the Fluo 
axis is automatically scaled for display of variable fluorescence. 
Fluorescence yield may vary between Fo and Fm. 

 
Fig.  4.5 Help-Text relating to Fo, Fm button opened via F1 key 

 The Dual-PAM-100 features "hidden" information texts for every 
functional element of the user surface. When the tip of the cursor 
arrow is moved to the area covered by a particular element (e.g. 
Fo,Fm button) a label with the corresponding name is briefly shown 
(for about 2 s). A window displaying a DualPAM Help text (Fig.  
4.5), that relates to this particular function, can be opened by pressing 
the F1 key on the PC keyboard. This feature is particularly useful for 
beginners and for teaching purposes. The text window may be more 
or less enlarged (drag vertically with left mouse key pressed) 
depending on the size of the Help-Text. 
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4.2.2 Rationale of PAM fluorometry and Saturation Pulse 
method  

 Time dependent changes of fluorescence yield are recorded on 
the Slow Kinetics window after Start of a Manual Recording. You 

may just try out the effect of the various types 
of illumination on the fluorescence signal. 
While doing this you should be aware of the 
rationale of PAM fluorometry and the 
Saturation Pulse method for assessment of 
PS II quantum yield. For some basic 

information the following book article can be recommended: 

 Schreiber U (2004) Pulse-Amplitude (PAM) fluorometry and 
saturation pulse method. In: Papageorgiou G and Govindjee (eds) 
Chlorophyll fluorescence: A signature of Photosynthesis, pp. 279-
319. Kluwer Academic Publishers, Dordrecht, The Netherlands 
(the book is described at the following internet address: 
http://www.life.uiuc.edu/govindjee/newbook/Vol%2019.html). 

 For understanding changes in the Fluo signal, it is essential to 
realize that this signal selectively reflects the fluorescence excited by 
the pulse modulated measuring light (ML), whereas ambient light 
and the fluorescence excited by the much stronger actinic (AL) or 
Saturation Pulse (SP) light are not recorded. Even light that is 
transmitted by the filter in front of the photodiode detector, like Far 
Red (FR) does not add to the signal. Non-modulated light can cause 
changes in the Fluo signal only if it induces a change in the 
fluorescence yield measured by the pulse modulated ML. Such 
changes may be brought about basically in two different ways: First 
via closure/opening of PS II reaction centers (decrease/increase of 
photochemical fluorescence quenching) and second via 
stimulation/relaxation of excitation energy dissipation into heat 
(increase/decrease of nonphotochemical fluorescence quenching). 
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The latter is reflected by a decrease/increase of the maximal 
fluorescence yield measured with the help of a SP (Fm' level lowered 
with respect to Fm level). 

4.2.3 Example of Manual Slow Kinetics recording 

 
Fig.  4.6 Manual Slow Kinetics recording of various light induced 

changes of fluorescence yield 

 Fig.  4.6 shows some typical changes of the Fluo signal in 
response to the manual application of various types of light. In this 
example, briefly after Start of a Manual recording a Fo, Fm 
determination was carried out. Consequently the Fo, Fm lines were 
drawn and Autoscaling was carried out automatically. When the Fluo 

signal had decayed almost back to the Fo line, 
AL was switched on, inducing a biphasic rise 
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followed by a decline (Kautsky effect). During the course of the 
decline three SP were applied manually using the Fluo SP button. 
The maximal signals reached during the SP, Fm', declined in parallel 
with the Fluo signal showing that in this case the fluorescence 
decline is primarily due to an increase of nonphotochemical 
quenching. Then the AL was switched off, resulting in a rapid signal 
drop followed by a small increase. This phenomenology could reflect 
a post-illumination reduction of the intersystem electron carrier pool 
by reduced stroma components via the NADPH dehydrogenase. 
When FR is switched on the signal declines back to the Fo level, as 
FR selectively drives PS I and thus can oxidize the intersystem pool. 

 The depicted recording was 
manually stopped after 1 min 4 s (via 
Stop button). In the given example 
only 25 % of the overall recording 
time was used up, as under 
Settings/Slow Kinetics/Acquisition a 

Time of 320 s was defined (64000 Points at a Rate of 5 ms/Point). As 
Autoscaling of the time (s) axis was enabled (Auto check box), the 
time scale was automatically adapted to the length of the recording. 
Depending on the particular application, the user may choose Slow 
Kinetics recording times ranging between 1 s (1000 points at 
1 ms/point) and 12800 s (128000 points at 100 ms/point, amounting 
to more than 3.5 hours). 

 The recorded data are not only displayed on the Slow Kinetics 
window, but also on the SP-Analysis window, where for each SP the 
corresponding values of 10 different fluorescence parameters are 
plotted. Furthermore, in the SP Kinetics window the SP induced 
Fluo change for each individual SP of a recording may be assessed in 
retrospect. All data are documented in the Report window from 
where they can be saved with or without the SP Kinetics, opened 
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again at any later time for analysis under the Dual-PAM-100 software 
or exported for analysis under a spreadsheet program like Excel. 

 For a particular Manual recording, the 
complete information on the time sequence of 
manually carried out actions can be saved in a 
list that is displayed on the Trig.Run window 
that can be opened via the Trig.Run Settings 
button For further information, please have a 

look at the related Help texts (accessible via F1). At the level of the 
Trig.Run window the list may be edited, permanently saved and 
opened again at any later time. The actions documented in this list are 
triggered automatically upon Start of a Trig.Run. This special mode 

of Slow Kinetics recording can be selected from 
a drop-down menu (click arrow) as an alternative 
to the Manual mode. Triggered Runs offer 
experienced users the possibility to program 

complex routines for analyzing specific photosynthetic responses 
under strictly reproducible conditions. For beginners, recordings of 
preprogrammed standard Induction Curves (see 4.2.4) or Light 
Curves (see 4.2.5) are more easily carried out. 
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4.2.4 Recording of Induction Curve with Saturation Pulse 
Analysis 

 
Fig.  4.7 Typical Induction Curves with Saturation Pulse Analysis 

 The recording of dark-light Induction Curves with the 
Dual-PAM-100 is very simple. The Ind. Curve recording mode is 

selected from the drop-down menu on the Slow 
Kinetics window and then the recording is 
manually triggered via Start. If the F ML is off, 

it will be automatically switched on 
upon Start. First a SP is applied for 
Fo, Fm determination. If Fo, Fm 
was previously determined 
manually, the user is asked whether 
a new Fo, Fm determination is 
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desired, as in principle Induction Curves may also be measured with 
preilluminated samples. After Fo, Fm determination the Fo, Fm lines 
are drawn and Autoscaling of the maximal variable fluorescence is 
carried out. The AL is switched on after a Delay time, which like all 
other Ind. Curve parameters is defined under Settings/Slow 
Kin./Slow Induction Curve. For the time being the user does not need 
to bother about these parameters, as upon the first start of the 
Dual-PAM program Default-settings were installed, which assure 
normal functioning. The default Delay time of 40 s allows almost 
complete reoxidation of PS II acceptors after the initial SP. Upon 
onset of actinic illumination fluorescence yield first quickly rises to a 
peak, which is followed by a biphasic decline (Kautsky effect). 
Briefly after AL-on the second SP (SP2) is given, which is followed 
by further SP applied at regular Clock intervals. The parameters SP2 
Delay (time between AL-on and SP2) and Clock interval (time 
between two consecutive SP) are defined under Settings/Slow 
Kin./Slow Induction Curve, with Default values of 1000 ms and 20 s, 
respectively. 

 The Fm' levels induced by the repetitive SP first decline in 
parallel with the Fluo signal and then rise again before reaching a 
steady state. The lowering of Fm' with respect to Fm reflects 
nonphotochemical quenching induced by a large transthylakoidal 
ΔpH, which relaxes upon onset of energy consumption, when CO2 
fixation sets in after light-activation of the Calvin-Benson cycle. In 
order to see this typical induction pattern, the sample must be dark 
adapted and the AL intensity (defined under Settings/Actinic 
Light/Act.Red Light, Default setting 8) should be not more than 
about 50 % of the intensity at which the sample was grown. Besides 
this general pattern there is an enormous amount of specific details, 
e.g. in the kinetics of the complex initial fluorescence rise and in the 
responses to the individual SP, which relate to the specific state of the 
photosynthetic apparatus in the investigated sample. All this 
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information is saved in the Report, from where it can be permanently 
stored on disc. 

 The most essential information obtained by the Saturation Pulse 
method relates to the partitioning of the absorbed excitation energy 
between photochemical utilization for photosynthesis and heat 
dissipation. The latter, which is reflected by nonphotochemical 
quenching, may be further split into regulated and nonregulated heat 
dissipation. Regulated heat dissipation is stimulated by the 
xanthophyll cycle when excitation energy is in excess. For PS II it is 
equivalent to decreased excitation and, hence, has a protective effect. 
In contrast, nonregulated heat dissipation is the consequence of 
PS II centers being closed, as electron transport is inhibited, with 
potential damage caused by hazardous side reactions, like the 
formation of reactive oxygen species (ROS). The Saturation Pulse 
method allows to estimate the quantum yields of these three 
pathways of energy utilization (Kramer, D.M., Johnson, G., Kiirats, 
O., Edwards G.E. (2004) "New flux parameters for the determination 
of QA redox state and excitation fluxes". Photosynthesis Research 79: 
209-218). In conjunction with PAM fluorometry these quantum 
yields have been designated Y(II) for photochemical energy 
utilization in PS II, Y(NPQ) for regulated energy dissipation in PS II 
and Y(NO) for nonregulated energy dissipation in PS II. 
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Fig.  4.8 Changes of quantum yields Y(II), Y(NPQ) and Y(NO) during 

course of Induction Curve (original recording presented in Fig.  
4.7) 

 Returning to the experiment of Fig.  4.7, with repetitive SP 
application during the course of an Induction Curve, the 
corresponding information obtained by Saturation Pulse Analysis 
can be viewed in the SP-Analysis window (see Fig.  4.8). Besides 
the original Fluo signal 9 different parameters may be selected for 
display. A particular parameter is selected (or removed) via cursor/left 
mouse click. In the given example, the quantum yields Y(II), 
Y(NPQ) and Y(NO) were selected. Please note that the sum of all 
three yields always amounts to 100 % (energy conservation law). At 
the beginning of illumination, Y(NO) is maximal, as PS II reaction 
centers are transiently closed and almost all energy is dissipated. 
Then Y(NO) steeply declines, as Y(NPQ) is stimulated and Y(II) 
increases. While Y(II) continues to increase, Y(NPQ) drops to a low 
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value. As Y(II) approaches saturation, Y(NO) shows a moderate 
secondary increase. In the steady state, Y(II) has reached 65 %, with 
the remaining 35 % being split between Y(NO), 28 % and Y(NPQ), 
7 %. 

 
Fig.  4.9 Changes of quenching parameter qL and of quantum yield 

Y(NO) during course of Induction Curve (original recording in 
Fig.  4.7) 

 Besides the quantum yields the most important information 
obtained from SP-Analysis is contained in the various quenching 
parameters. In this context the parameter qL is particularly useful, 
as it provides a measure of the "openness" of PS II reaction centers. 
In Fig.  4.9 the changes of qL during the course of an Induction 
Curve (same recording as in Fig.  4.7 - Fig.  4.8) are compared with 
those of Y(NO). It is apparent that the peak in qL correlates with a 
minimum in Y(NO). 
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4.2.5 Recording of Light Curve 
 Additional information on the photosynthetic performance of a 
leaf can be obtained with the help of Light Curves (LC). While 
Induction Curves (IC) normally are measured with dark adapted 
samples, LCs preferentially are measured with preilluminated 
samples, e.g. after an IC recording. The recording of a LC is as 
simple as the recording of an IC. After opening the Light Curve 
window and pressing the Start button, a preprogrammed sequence of 

illumination steps is 
carried out. The current 

light intensity step (LC Step number) and the remaining time until the 
next SP (Next SP) are indicated. The Light Curve parameters can be 

viewed after 
opening the 
Edit window 
(press Edit 
button) and for 
each step the 

Intensity 
setting and 
Time may be 
modified by the 
user (not during 
LC recording). 
The maximum 
number of 
stePS Is 20. 

Using the Default settings the LC involves ten 1°min illumination 
steps. 
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Fig.  4.10 Light Curve window with typical recording 

 Fig.  4.10 shows the Light Curve window with a typical 
recording using the Default settings. For the sake of clarity, from ten 
available parameters only the two most important ones, Y(II) and 
ETR(II), are selected for display. The ETR(II) is a relative measure 
of the rate of electron transport (rate of charge separation at PS II 
reaction centers). 

4.3 Basic P700 measurements 
 P700 is the reaction center chlorophyll of PS I. Its oxidized form 
displays a broad absorbance peak around 800-840 nm. It is oxidized 
upon illumination, with the electron being transferred to ferredoxin, 
eventually leading to NADP reduction and CO2 fixation. In contrast 
to the P680 reaction center chlorophyll of PS II, the oxidized form of 
which is extremely short lived, oxidized P700 is relatively stable. 
P700 can be readily oxidized by far red light (FR) that is 
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preferentially absorbed by PS I pigments. It is re-reduced via the 
intersystem electron transport chain by PS II activity, with electrons 
originating from water splitting. 

 P700 absorbance changes provide very similar information on 
PS I (state of acceptor and donor sides , F quantum yield etc.) as 
chlorophyll fluorescence changes provide on PS II. Essentially the 
same approach of pulse amplitude modulation and Saturation Pulse 
method can be used to obtain equivalent P700 and Fluo information. 
Both signals can be assessed simultaneously. The Dual-PAM-100 has 
been optimized for this purpose. The same user surface is applied for 
display of P700 and Fluo changes, essentially the same routines are 
applied for quantum yield determination, and both signals can be 
analyzed via preprogrammed Induction and Light Curves. 
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Fig.  4.11 Selection of P700 Measuring Mode 

 The P700 Measuring Mode is selected via the corresponding 
radio button under Settings/Mode/Measuring Mode. Now the 
Dual-PAM-100 measures P700 instead of chlorophyll fluorescence, 
under identical optical conditions and without any change of the 
detector system. It is also possible to measure Fluo and P700 
simultaneously (Fluo+P700 Measuring Mode). For beginners, 
however, it is recommended to start with single channel 
measurements. The Dual-PAM-100 is unique in using the same 
photodiode detector for both fluorescence and P700. While in the 
case of fluorescence, pulse modulated blue or red Measuring Light is 
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applied and the photodiode detects the pulse modulated fluorescence, 
for P700 measurements pulse modulated 830 nm and 875 nm 
Measuring Light is used and the photodiode detects the difference of 
the transmitted light signals. In the latter case, in order to obtain a 
dark signal fluctuating around zero, the 830 and 875 nm signals must 
be balanced. Following start of the program the P ML is off. When it 
is switched on, the signals are automatically balanced. Alternatively, 
when the green Bal. button is clicked, automatically the P ML is 
switched on (if not yet on) and the difference signal is regulated to a 
value close to 0.00 V. Shortly after P ML on there may be a slow 
signal drift, as the 830 and 875 nm LEDs warm up. This drift is quite 
small at the default P700 ML intensity (setting 5 under 
Settings/Meas.Light/P700 Meas.Light/Int). It can be readily 
compensated by clicking the green Bal. button (not after start of a 
Recording). Any deviation from 0.00 of the dark P700 difference 
signal is of no concern for assessment of the light induced changes. 

 The following examples may serve to explain the rationale of 
P700 measurements and to illustrate the kind of information obtained 
via P700 measurements. 
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4.3.1 Example of Manual Slow Kinetics Recording 

 
Fig.  4.12 Manual Recording of P700 signal changes on Slow Kinetics 

window 

 Fig.  4.12 shows some typical light induced P700 changes in a 
leaf sample. After zeroing the P700 signal (Bal. button) a Manual 
Recording is started. Initially, before onset of illumination, P700 is 
in the reduced state. It is oxidized when FR is switched on (after 7 s). 
The resulting absorbance change is displayed in form of a positive 
signal in order to facilitate comparison with light induced 
fluorescence changes. Application of a saturating single-turnover 
flash (ST) (after 22 s) causes transient re-reduction via electrons 
released in PS II (one electron per PS II center). The following 
oxidation is driven by the FR. When a saturating multiple-turnover 
flash (MT) is applied (after 26 s), first P700 is oxidized beyond the 
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level reached in FR and then re-reduced down to the initial dark 
level. The consecutive re-oxidation in FR is distinctly slower than 
after a ST. The oxidation level reached in FR is lower than that 
reached in the MT, suggesting that in FR a balance of P700 oxidation 
and P700 reduction is established. The ratio of "reduction areas" 
induced by MT and ST flashes provides information on the capacity 
of the intersystem electron carrier pool, which is completely filled up 
with a MT. When FR is switched off after a steady state level of P700 
oxidation is reached, the initial slope of re-reduction in the dark is 
relatively fast, suggesting that during steady state FR illumination 
there is a substantial electron flux via P700. The re-reduction rate of 
P700 slows down considerably within a few seconds after FR-off. 
This suggests that the reduction is fed by an electron pool filled 
during FR illumination, that accumulates less than one electron per 
chain. Upon application of another MT the original level of complete 
P700 reduction is re-established. 

 The depicted recording was manually stopped after 52 s (via Stop 
button). As described for the Manual Fluo recording (see 4.2.3), the 
complete information on the time sequence of all manually triggered 
actions can be saved via the "Copy Trig.Run from Man.Rec." 
button and displayed in the Trig.Run window. The list of actions 
may be edited at the level of the Trig.Run window, where it can also 
be permanently saved and opened again at any later time. The actions 
documented in this list are triggered automatically upon Start of 
Trig.Run (after selection in drop-down menu, as an alternative to the 
Manual mode). In this way, for example, a routine for determination 
of the ratio of MT/ST "reduction areas" (approximation of 
intersystem pool size) in a variety of samples under identical 
experimental conditions may be programmed. The reader of this 
manual is encouraged to try out the "Copy Trig.Run from Man.Rec." 
function and to convince himself about the reliability of Trig.Run 
recordings. 
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 The DualPAM software distinguishes between MT (Multiple 
Turnover flashes) and SP (Saturation Pulses), both of which have 
the same effect on the photosynthetic apparatus. The distinction 
relates to the fact that an MT in contrast to an SP does not infer any 
formal analysis of the effect (SP Analysis resulting in calculation of 
various photosynthetic parameters, see 4.2.4 and following section). 

4.3.2  Saturation Pulse method for assessment of P700 
parameters 

 Saturation Pulses, which originally were introduced for PAM 
fluorescence measurements, can be applied for assessment of P700 
parameters as well. The Dual-PAM-100 was optimized for the 
determination of key photosynthesis parameters, like the quantum 
yields of PS I and PS II, using the Saturation Pulse method. In 
analogy to Chl fluorescence yield, which can vary between the 
minimal level Fo and the maximal level Fm, also the P700 signal (as 
defined for Dual-PAM-100 measurements) may vary between a 
minimal level (P700 fully reduced) and a maximal level (P700 
fully oxidized). The latter level, which in analogy to Fm is called 
Pm, can be determined by application of a SP in the presence of FR. 

When the Pm button is clicked an automated 
routine is carried out that involves a 

preprogrammed Saturation Pulse (defined under Settings/SP Trigger) 
applied after 10 s FR preillumination. Further details on the Pm 
routine are given in the Help-Text for the Pm button (press F1 while 
cursor on button). 
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Fig.  4.13 Display of Pm determination routine in SP Kinetics window 

 Fig.  4.13 shows the fast P700 changes 
induced by a SP on the SP Kinetics window in 
conjunction with the Pm routine. Three 
characteristic levels of the P700 signal are 
determined at high time resolution, namely the 
oxidation level after 10 s FR (from which the 
complementary fraction of reduced P700 is 
calculated), the maximal signal level induced by 
the SP (P700 fully oxidized) and the signal level 
several hundred ms after the SP (baseline level; 
P700 fully reduced; the undershoot is known to be 
caused by transient ferredoxin reduction). The Pm 

is calculated from the difference between maximal and the baseline 
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level. The P700 parameter Pm' is defined in analogy to the Fluo 
parameter Fm'. Depending on the state of the PS I acceptor side, the 
maximal P700 oxidation induced by a SP may be considerably lower 
than after the FR preillumination applied for Pm determination. The 
relative lowering of Pm' with respect to Pm is a measure of acceptor 
side limitation.  

 In analogy to the PS II quantum yield, Y(II), a PS I quantum 
yield, Y(I), can be derived by Saturation Pulse Analysis. Per 
definition Y(I) = 0 when P700 is fully oxidized (as charge separation 
is possible with reduced P700 only). Reaction centers with reduced 
P700, however, are not necessarily capable of charge separation, as 
they may be inhibited at the acceptor side. Therefore, Y(I) 
corresponds to the fraction of reduced P700 only, when the PS I 
acceptor side is not limiting. This is the case, however, under the 
conditions of Pm determination (after 10 s FR) and, hence, Y(I) = 
red. P700. 

 In analogy to the complementary PS II quantum yields Y(II), 
Y(NPQ) and Y(NO) (see 4.2.4) the Dual-PAM-100 may differentiate 
between the complementary PS I quantum yields Y(I), Y(ND) and 
Y(NA). Excitation energy that reaches PS I centers can either lead to 
photochemical charge separation with quantum yield Y(I) or be 
nonphotochemically converted to heat, because P700 is either 
oxidized (donor side limitation) or (despite of P700 being reduced) 
no charge separation is possible due to acceptor side limitation. The 
nonphotochemical PS I quantum yield of donor-side limited heat 
dissipation is defined as Y(ND) and that of acceptor-side limited heat 
dissipation is defined as Y(NA). The sum of these three quantum 
yields is unity (or 100%). Under the conditions of the Pm 
determination, per definition Y(NA) = 0.000 and Y(ND) = 1 - Y(I). 

 The concept of complementary PS I quantum yields Y(I), Y(ND) 
and Y(NA) is very useful for analysis of light induced P700 changes. 



CHAPTER 4 HOW TO GET STARTED 

54 

Some practical examples are given in the following sections dealing 
with Induction Curves and Light Curves. 

4.3.3 P700 Induction Curve with SP Analysis 

 
Fig.  4.14 Example of P700 Induction Curve recording on Slow Kinetics 

window 

 The recording of P700 dark-light Induction Curves with SP 
Analysis is completely analogous to the corresponding Fluo 
recording (see Fig.  4.7). The time course is determined by the same 
Induction Curve parameters defined under Settings/Slow Kin./Slow 
Induction Curve. First a Pm determination is carried out. Then after 
the Delay time the AL is switched on and after the SP2 Delay time 
the second SP is applied, followed by further SP at regular Clock 
intervals. Upon onset of AL there is an initial undershoot of the signal 
below the level of fully reduced P700. This phenomenon reflects 
accumulation of reduced ferredoxin, as the electron acceptor side of 
PS I is not light activated yet. Thereafter transient P700 oxidation is 
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observed, which declines to a very low steady state level. Except for 
the SP2 (briefly after onset of AL) all other SP induce strong P700 
oxidation followed by full reduction. The Pm' levels reflect an initial 
acceptor side limitation that is transiently overcome during the phase 
of P700 oxidation (indication of donor side limitation).  

 The rapid P700 kinetics induced by each SP are displayed and 
saved under SP Kinetics (see example for Pm determination in Fig.  
4.13), the characteristic P-Lev. values are determined, from which the 
complementary PS I quantum yields, Y(I), Y(ND) and Y(NA), are 
calculated. The time courses of these parameters are displayed on the 
SP Analysis window (Fig.  4.15). 

 
Fig.  4.15 Changes of complementary PS I quantum yields during course 

of Induction Curve displayed on SP Analysis window 

 Whereas upon onset of AL Y(I) is rather low, Y(ND) = 54% and 
Y(NA) is quite high ( acceptor side limitation), during the first 20 s 
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of illumination there is an increase of Y(I) that is paralleled by a 
transient shift from acceptor to donor side limitation. The steady 
state in the given example is characterized by a high level of Y(I), a 
very low level of Y(ND) and alow level of (Y(NA). Just like in the 
case of the Fluo Induction Curve (see Fig.  4.7 - Fig.  4.8) in order to 
observe this typical induction pattern, the sample should be dark 
adapted and AL intensity below the intensity at which the plant was 
grown. These are the conditions for a distinct initial limitation of 
photosynthetic electron flow by the acceptor side of PS I (before light 
activation of Calvin-Benson cycle), transient "energization" by 
oxygen-dependent electron flow causing donor side limitation and 
"de-energization" after light activation of CO2 fixation (efficient use 
of electrons and ATP) leading to a high photochemical and low 
nonphotochemical quantum yields. The "de-energization" 
phenomenon cannot be observed at higher light intensities, where the 
quantum flux density exceeds the rate at which the photosynthetic 
apparatus can utilize the absorbed energy. When absorbed excitation 
energy becomes "excessive", the resulting "energization" triggers 
regulatory mechanisms that protect the plant from photodamage. 

4.3.4 P700 Light Curve 
 Depending on plant species, its particular growth conditions and 
physiological state the same light intensity may be more or less 
excessive. Differences in photosynthetic capacity and in the ambient 
light adaptation state can be readily assessed by P700 Light Curves 
(in analogy to Fluo Light Curves, see 4.2.5). 
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Fig.  4.16 P700 Light Curve window with display of Y(I) and ETR(I) 

 A P700 Light Curve is recorded following the automated routine 
defined under Edit and triggered via the Start button on the Light 
Curve window. First a Pm determination is carried out and then the 
sample is illuminated stepwise at increasing light intensities. A 
Saturation Pulse is applied at the end of each light step for 
determination of P700 parameters. For the sake of simplicity in the 
example of Fig.  4.16 only Y(I) and ETR(I) are selected for display. 
The obtained data may be compared with the corresponding 
fluorescence data in Fig.  4.10. While it is apparent that similar 
information is obtained by fluorescence and P700, there are also 
differences, which can be assessed most reliably when the two 
signals are measured simultaneously with identical samples under 
identical conditions (see chapter 4.4). 
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Fig.  4.17 SP-Analysis window with display of Y(I), Y(ND) and Y(NA) 

changes during course of Light Curve (same recording as in 
Fig.  4.16) 

 The Light Curve data can be also displayed in a time plot on the 
SP-Analysis window (Fig.  4.17). The time plot emphasizes the low 
intensity range of a LC, whereas in the PAR-plot (see Fig.  4.16) the 
high intensity range is emphasized. The example of Fig.  4.17 shows 
the complementary PS I quantum yields, Y(I), Y(ND) and Y(NA) in a 
time plot. While during the first light steps Y(I) is clearly acceptor-
side limited, as Y(D) is close to zero and Y(NA) reaches 35 %, with 
increasing intensity the limitation moves to the donor-side. At 
maximal intensity Y(ND) reaches 75 %, while the remaining 25 % 
are shared in about equal parts by Y(I) and Y(ND). In the given 
example only 10 steps of 60 s were "invested" for a "Rapid Light 
Curve". Longer illumination times are required to approach the 
conditions of classic Light Response Curves (P-I curves). The latter, 
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however, not only require longer illumination times, but also a 
controlled CO2 supply. 

4.4 Simultaneous measurements of Fluo and P700 
 The Dual-PAM-100 is optimized for simultaneous measurements 
of fluorescence and P700 signals, both of which are detected with the 
same photodiode and measured with minimal mutual disturbance. In 
order to change from the Single Channel Mode to the Dual Channel 

Mode, the user just 
needs to click the 
Fluo+P700 radio 
button under 

Mode/Measuring 
Mode. In this case, all 
instrument settings of 

the previously used Single Channel P700 mode (and/or Single 
Channel Fluo mode) are maintained. 

 With increasing experience the user may prefer to apply 
somewhat different settings for different Measuring Modes (and for 
different Acquisition Modes as well). For example, for Single 
Channel P700 measurements the SP can be considerably shorter than 
for Single Channel Fluo measurements; and for Dual Channel 
Fluo+P700 measurements an intermediate SP Width makes sense. 
The DualPAM program features the function of Save User 

Settings/Open User Settings. The User Settings offer 
the unique possibility to save all settings at which a 
particular experiment was carried out, so that this 
experiment can be reproduced under identical settings 
at any later time after opening this particular file of 
User Settings. 
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 With all settings being readily reproduced and the actual Light 
Curve recording being preprogrammed, the simultaneous 
measurement of Fluo and P700 Light Curves is rather simple. The 
user just needs to press the Start button in the Light Curve window. 
The recording is fully automated. First an Fo, Fm determination is 
carried out, which is followed by a Pm determination before the 
first illumination step is started. During the course of the Light 
Curve, the parameters of which are defined in the Edit window (see 
4.2.5), the obtained data can be viewed on 6 different windows (Slow 
Kinetics, SP Kinetics, Light Curve, SP-Analysis, Yield Plot, Report). 
This corresponds to an enormous amount of information, all of which 
in principle may be saved. However, in view of the relatively large 
data volume, the user may also decide that the Slow and Fast Kinetics 
information is not worth saving. 
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Fig.  4.18 Simultaneous Light Curve recording of Fluo and P700 signals 

 Fig.  4.18 shows the Light Curve window with the 
simultaneously recorded quantum yields Y(I) and Y(II) as well as 
the derived apparent electron transport rates ETR(I) and 
ETR(II). In the low PAR range Y(II) exceeds Y(I), while at higher 
PAR Y(I) is consistently higher than Y(II). In this context, it should 
be mentioned that Y(II) is systematically underestimated by the 
Saturation Pulse method unless the contribution of PS I 
fluorescence to the overall signal is accounted for. In the given 
example it was assumed that PS I fluorescence amounts to 30 % of 
Fo. 
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Fig.  4.19 Selection of Y(I), Y(ND), Y(II) and Y(NPQ) on SP-Analysis 

window 

 Fig.  4.19 shows a time plot of the original LC recording of Fig.  
4.18 in the SP-Analysis window. From 13 available parameters only 
Y(I), Y(ND),Y(II) and Y(NPQ) are selected for display. This example 
illustrates the equivalence of the nonphotochemical quantum yields 
Y(ND) and Y(NPQ) parameters, which limit the photochemical 
quantum yields Y(I) and Y(II), respectively. This is expression of a 
well regulated system for dissipation of excess light energy into heat. 
The same transthylakoid ΔpH, which limits the P700 donor side 
("photosynthetic control" at Cytb/f complex), leads to down-
regulation of PS II (in the antenna system as well as at the level of 
PS II reaction centers). 
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Fig.  4.20 Plot of Y(I) versus Y(II) on Yield Plot window.  

 Fig.  4.20 shows a plot of Y(I) versus Y(II) on the Yield Plot 
window. Except for the first measurement (Pm determination), all 
data points are close to a 1:1 line. In the given example, deviations 
from this line are restricted to the low PAR range, where Y(I) and 
Y(II) are not yet limited by the nonphotochemical heat dissipation 
that at higher PAR is reflected by Y(ND) and Y(NPQ), respectively 
(compare Fig.  4.19). 

 These examples illustrate the wealth of information that can be 
obtained by relatively simple experiments which can be readily 
carried out even by non-specialists. It is a great advantage of this 
kind of experiments that they are fully automated and, hence, can be 
reliably reproduced at any time with varying samples under a variety 
of physiological conditions. 
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5 Definition of PAM fluorescence parameters 

5.1 Current fluorescence yield, Fluo 
 The current fluorescence yield, Fluo, is continuously monitored, 
when the Measuring Light (F ML) is switched on. The current Fluo 
signal is saved in conjunction with a Recording (in SP-Analysis or 
Fast Acquisition Mode) or with a Measurement involving a 
Saturation Pulse (SP). In the latter case the current Fluo signal is 
stored in form of Fo,F, Fm or Fm' values, depending on whether an 
SP is applied in conjunction with an Fo, Fm determination or not.  

 Kinetic changes of Fluo can be recorded on the Slow Kinetics or 
Fast Kinetics (SP Kinetics) windows. 

5.2 Dark fluorescence yield, Fo 
 The dark fluorescence yield, Fo, can be assessed after dark 
adaptation using the Fo, Fm-key. After dark adaptation normally all 
PS II reaction centers are open and maximal photochemical 
quenching is observed. This does not necessarily mean that Fo is the 
minimal fluorescence yield. Fluorescence yield can drop below the 
Fo-level by strong nonphotochemical quenching induced during 
illumination. When an Fo measurement is triggered, the current Fluo 
signal is averaged for 1 s and the averaged value is denoted Fo. Fo 
determination is essential for correct calculation of the quenching 
coefficients qP and qN. 

 The true Fo value, which describes the fluorescence yield of open 
PS II in the dark adapted state, is lower than the measured Fo due to 
the fact that some of the measured fluorescence originates from PS I. 
The PS I fraction of the measured Fo may be defined by the user (see 
below) and then the PS I fluorescence yield, F(I), is automatically 
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subtracted from the measured Fo as well as of all other measured 
Fluo signal values.  

5.3 PS I fluorescence yield, F(I) 
 The PS I fluorescence yield, F(I), can be defined as a fraction of 

the measured Fo using the 
"PS I Fluo. % of Fo" 
function. After this 

definition is made, the F(I) is subtracted from all consecutively 
measured Fluo signal values. It is also possible to correct previously 
measured data saved in a Report file using the Recalculate function. 
For this purpose, a particular Record (e.g. Induction Curve, Light 
Curve or Manual Curve) has to be selected (via Select Record 
button). PS I fluorescence yield, in contrast to PS II fluorescence 
yield, is constant; i.e. it does neither depend on the redox state of the 
PS I acceptor side nor on changes in the quantum yield of 
nonphotochemical dissipation of excitation energy into heat.  

 The PS I contribution to Fo differs between different 
photosynthetic organisms. It is particularly high in cyanobacteria and 
C4 plants. It can be estimated from measurements of 
nonphotochemical quenching of Fo, based on the assumption that the 
PS I fraction of Fo is not quenched (see F1 Help-texts relating to PS I 
Fluo.% of Fo and Fo'). 

 The F(I) parameter was specifically introduced for work with the 
Dual-PAM-100, as with this instrument a direct comparison of PS I 
and PS II activity is possible. While it has been known for some time 
that the commonly measured fluorescence does not originate 
exclusively from PS I, so far no attempt was made to correct for this 
contribution. For comparison of PS I and PS II quantum yields, 
however, such correction is essential, as any contribution of non-
PS II fluorescence to the Fluo signal leads to systematic 
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underestimation of Fv/Fm and of the effective PS II quantum yield, 
Y(II). 

5.4 Fluorescence yield, F 
 The fluorescence yield, F, is assessed, like all fluorescence 
parameters (except for Fluo), in conjunction with the application of a 
Saturation Pulse. When a Saturation Pulse is triggered, the pretrigger 
Fluo signal (in SP Kinetics) is averaged for 0.2 s and the averaged 
value is denoted F.  

5.5 Maximal fluorescence yield, Fm 
 Maximal fluorescence yield, Fm, can be assessed after dark 
adaptation using the Fo, Fm-key. The Fm-value is assessed at the 
plateau level reached during application of a Saturation Pulse. During 
the Saturation Pulse the Measuring Light frequency automatically is 
switched to the maximal setting, so that the SP-induced fluorescence 
change can be assessed with high time resolution. 

 After dark adaptation normally the extent of energy-dependent 
nonphotochemical quenching is minimal. Fo, Fm-determination is 
essential for correct calculation of the quenching parameters qP, qN 
and NPQ. 

5.6 Maximum fluorescence yield, Fm' 
 In illuminated samples, the maximum fluorescence yield, Fm', is 
observed, which normally is lowered with respect to Fm by non-
photochemical quenching. Its value is assessed at the plateau level 
reached during application of a Saturation Pulse. During the 
Saturation Pulse the Measuring Light frequency automatically is 
switched to the maximal setting. 
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 A given sample can show an infinity of different Fm' values, 
depending on the state of illumination at the very moment when the 
Saturation Pulse is applied. On the other hand, the same sample is 
characterized by unique Fo- and Fm-values, which are determined 
with a dark adapted sample. 

5.7 Maximal PS II quantum yield, Fv/Fm 
 Maximal PS II quantum yield, Fv/Fm, is determined after dark-
adaptation. It is calculated according to the equation: 

Fv/Fm = (Fm - Fo)/Fm 

After dark adaptation normally all PS II reaction centers are open (F 
= Fo) and non-photochemical energy dissipation is minimal (qN = 
NPQ = 0) and maximal fluorescence yield, Fm, is reached during a 
Saturation Pulse. In this state the fluorescence increase induced by a 
Saturation Pulse (variable fluorescence, Fv) as well as the PS II 
quantum yield (ΔF/Fm = Fv/Fm) are maximal. Fv/Fm is measured in 
conjunction with an Fo, Fm-determination. It remains unchanged 
until the next Fo, Fm-determination. In this respect, Fv/Fm differs 
from Y(II) which changes with every Saturation Pulse (see below). 

5.8 Effective PS II quantum yield, Y(II) 
 The effective PS II quantum yield is calculated according to 
Genty et al. (1989) by the formula: 

Y(II) = (Fm'-F)/Fm' 

 A given sample can show an infinity of different Y(II)-values, 
depending on the state of illumination at the very moment when the 
Saturation Pulse is applied. A unique state is given after dark 
adaptation when the effective PS II quantum yield is maximal. 
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 In principle, a quantum yield may vary between 0 and 1 (or 0 and 
100%). If, for example Y(II) = 0.5, this means that one half of the 
absorbed quanta are converted into chemically fixed energy by the 
photochemical charge separation at PS II reaction centers. The other 
half of the quanta is dissipated into heat and fluorescence. The sum of 
all quantum yields always amounts to 1. Based on the work of 
Kramer et al. (2004; Photosynthesis Research 79: 209-218) two other 
types of PS II quantum yield can be defined, Y(NPQ) and Y(NO), 
which represent the nonregulated and regulated energy dissipation at 
PS II centers, respectively, adding up to unity with the photochemical 
quantum yield: 

Y(II) + Y(NPQ) + Y(NO) = 1 

5.9 Quantum yield of regulated energy dissipation, Y(NPQ) 
 The quantum yield of regulated energy dissipation in PS II, 
Y(NPQ) can be calculated according to Kramer et al. (2004) by the 
equation: 

Y(NPQ) = 1 - Y(II) - 1/(NPQ+1+qL(Fm/Fo-1)) 

For the validity of this equation it is essential that the PS II pigments 
of the investigated sample are organized according to the "lake 
model" (Stern-Volmer approach), which may be assumed for most 
higher plant leaves. The NPQ parameter is a measure of 
nonphotochemical fluorescence quenching, reflecting down-
regulation of PS II as a protective mechanism against excess light 
intensity. The qL parameter is a measure of the fraction of open PS II 
centers in the "lake model". 

 A high Y(NPQ) value on one hand indicates that the photon flux 
density is excessive and on the other hand shows that the sample has 
retained the physiological means to protect itself by regulation, i.e. 
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the dissipation of excessive excitation energy into harmless heat. 
Without such dissipation there would be formation of singlet oxygen  

5.10 Quantum yield of nonregulated energy dissipation, Y(NO) 
 The quantum yield of nonregulated energy dissipation in PS II, 
Y(NO) can be calculated according to Kramer et al. (2004) by the 
equation: 

Y(NO) = 1/(NPQ+1+qL(Fm/Fo-1)) 

For the validity of this equation it is essential that the PS II pigments 
of the investigated sample are organized according to the "lake 
model" (Stern-Volmer approach), which may be assumed for most 
higher plant leaves. The NPQ parameter is a measure of 
nonphotochemical fluorescence quenching, reflecting down-
regulation of PS II as a protective mechanism against excess light 
intensity. The qL parameter is a measure of the fraction of open PS II 
centers in the "lake model". 

 A high Y(NO) value indicates that both photochemical energy 
conversion and protective regulatory mechanisms are inefficient. 
Therefore it is indicative of the plant having serious problems to cope 
with the incident radiation. Either it is already damaged or it will be 
photodamaged upon further irradiation. Extremely high values of 
Y(NO) e.g. can be induced by PS II herbicides, which not only block 
PS II reaction centers, but also prevent the build up of a 
transthylakoidal proton gradient. The latter is an important 
prerequisite for energy-dependent non-photochemical quenching. 

5.11 Coefficient of nonphotochemical quenching, qN 
 The coefficient of nonphotochemical quenching, qN, is defined 
by the equation: 
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qN = (Fm-Fm')/(Fm-Fo') 

qN can vary between 0 (defined for dark adapted state) to 1 (all 
variable fluorescence quenched). The above definition takes into 
account that not only variable fluorescence (induced upon reaction 
center closure), but also the dark-level fluorescence (all centers open) 
can be quenched nonphotochemically, primarily by increased heat 
dissipation induced during illumination. For correct determination of 
Fo', it would be necessary to switch off the actinic light and to 
quickly reoxidize the PS II acceptor side with the help of far-red 
light, before nonphotochemical quenching can relax. While the Dual-
PAM-100 provides a routine for such "active Fo'-determination", this 
approach is not always feasible. Therefore, unless the Fo' routine is 
activated, instead of being actively measured, Fo' by default is 
estimated using the approximation of Oxborough and Baker (1997): 

Fo' = Fo/ (Fv/Fm + Fo/Fm') 

 This approximation relies on the assumption that the same 
mechanism that causes quenching of Fm' with respect to Fm is also 
responsible for Fo-quenching.  

 The quenching coefficient qN is quite sensitive to changes in the 
energy status of the chloroplasts (energy-dependent quenching). Such 
changes are readily induced by various environmental stress factors 
causing stomatal closure, switching from CO2-dependent to O2-
dependent electron flow and down-regulation of the rate of energy 
conversion in PS II. Hence, qN is an indicator of stress induced 
limitations and, actually, has proven to be the most sensitive 
parameter for early detection of such limitations by fluorescence 
measurements. 

 Assessment of qN requires previous Fo-Fm determination with 
the same sample after dark adaptation, i.e. when qN = 0 per 
definition. 
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5.12 Coefficient of photochemical quenching, qP 
 The coefficient of photochemical quenching, qP, is a measure of 
the overall "openness”. qP can vary between 1 (defined for dark 
adapted state) to 0 (all PS II centers closed). Calculation of qP 
requires knowledge of the fluorescence parameter Fo' (minimal 
fluorescence yield of illuminated sample, which is lowered with 
respect to Fo by non-photochemical quenching): 

qP = (Fm'-F)/(Fm'-Fo') 

 For correct determination of Fo', it would be necessary to switch 
off the actinic light and to quickly reoxidize the PS II acceptor side 
with the help of far-red light. While the Dual-PAM-100 provides a 
routine for such "active Fo'-determination", this approach is not 
always feasible. Therefore, unless the Fo' routine is activated, instead 
of being actively measured, Fo' by default is estimated using the 
approximation of Oxborough and Baker (1997): 

Fo' = Fo/ (Fv/Fm + Fo/Fm') 

 Assessment of qP requires previous Fo-Fm determination with 
the same sample after dark adaptation, i.e. when qP = 1 per 
definition. 

 While the definition of qP is based on the "puddle model" of 
PS II, the antenna pigment organization in leaves is more realistically 
described by the "lake model". This means that the antenna of 
individual PS II reaction centers are connected, so that the excitation 
energy can be transferred with high probability from closed reaction 
centers to neighboring open centers. Therefore, the fraction of open 
PS II centers is overestimated by qP. The fraction of open PS II 
centers estimated on the basis of the "lake model" is described by the 
quenching coefficient qL (see 5.13). 
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5.13 Coefficient of photochemical quenching, qL 
 The coefficient of photochemical quenching, qL, is a measure of 
the fraction of open PS II reaction centers, which can vary between 0 
and 1. Its definition is based on the "lake model" of PS II antenna 
pigment organization. Calculation of qL requires previous 
determination of the fluorescence parameter Fo' (minimal 
fluorescence yield of illuminated sample, which is lowered with 
respect to Fo by nonphotochemical quenching): 

qL = (Fm'-F)/(Fm'-Fo') x Fo'/F = qP x Fo'/F 

 For correct determination of Fo', it would be necessary to switch 
off the actinic light and to quickly reoxidize the PS II acceptor side 
with the help of far-red light, before nonphotochemical quenching 
can relax. While the Dual-PAM-100 provides a routine for such 
"active Fo'-determination", this approach is not always feasible. 
Therefore, unless the Fo' routine is activated, instead of being 
actively measured, Fo' by default is estimated using the 
approximation of Oxborough and Baker (1997): 

Fo' = Fo/ (Fv/Fm + Fo/Fm') 

 Assessment of qL requires previous Fo-Fm determination with 
the same sample after dark adaptation, i.e. when qL = 1 per 
definition. 

 When during illumination nonphotochemical quenching is 
generated, generally Fo' < F and, therefore, also qL < qP. The 
difference between these two coefficients of photochemical 
quenching increases with the connectivity between PS II reaction 
centers. Based on this rationale, an estimate of connectivity may be 
derived from comparison of qL and qP. 
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6 Definition of P700 parameters 

6.1 Current P700 signal, P700  
 The current P700 signal, P700, is continuously monitored, when 
the Measuring Light (P ML) is switched on. The current P700 signal 
is saved in conjunction with a Recording (in SP-Analysis or Fast 
Acquisition Mode) or with a Measurement involving a Saturation 
Pulse (P700SP). 

 The P700 signal represents the difference of the 875 nm and 830 
nm transmittance signals. A positive change of the P700 signal 
reflects P700 oxidation. A P700 signal change by default is scaled in 
Volt units, unless a Calibration is carried out (on Slow Kinetics 
window). After Calibration kinetic changes of the P700 signal are 
scaled in delta I/Ix10-3 units. 

 Kinetic changes of P700 can be recorded on the Slow Kinetics or 
Fast Kinetics (SP Kinetics) windows. 

6.2 Maximal P700 change, Pm 
 The P700 parameter Pm is defined in analogy to the Fluo 
parameter Fm. It represents the maximal change of the P700 signal 
upon quantitative transformation of P700 from the fully reduced to 
the fully oxidized state. For its determination a special routine is 
provided (Pm determination) which involves Far-Red preillumination 
and application of a Saturation Pulse (for details see F1 Help-text for 
Pm button). Previous determination of Pm is prerequisite for 
calculation of the complementary PS I quantum yields Y(I), Y(ND) 
and Y(NA).  
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 The amplitude of Pm depends on the P700 content and the optical 
properties (mean pathlength of Measuring Light) of the sample. Its 
value is given in Volt units. In leaves the pathlength is strongly 
increased by scattering.  

6.3 Maximal P700 change, Pm' 
 The P700 parameter Pm' is defined in analogy to the Fluo 
parameter Fm'. It represents the maximal change of the P700 signal 
in a given light state upon application of a Saturation Pulse. Its value 
is given in Volt units. In contrast to Pm determination no Far-Red is 
applied for Pm' determination and, consequently, full P700 oxidation 
is not assured. Therefore, Pm' normally is lowered with respect to Pm 
by acceptor side limitation. 

 The relative lowering of Pm' with respect to Pm is a measure of 
PS I acceptor side limitation, on which the definition of Y(ND) and 
the complementary PS I quantum yields Y(I) and Y(ND) are based. 

6.4 Reduced P700, P700 red. 
 P700 red. represents the fraction of overall P700 that is reduced 
in a given state. Its value can vary between 0 (P700 fully oxidized) 
and 1 (P700 fully reduced, normal dark state). It is determined in a 
given state with the help of a Saturation Pulse, which enables 
assessment of the baseline (P700 fully reduced after SP). It can be 
calculated only, if Pm is known.  

 Only PS I reaction centers with reduced P700 can contribute to 
the photochemical quantum yield of PS I, Y(I). Conversely, however, 
not all centers with reduced P700 do contribute to Y(I), because not 
only the donor side but also the acceptor side may be limiting. 
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6.5 Photochemical quantum yield of PS I, Y(I) 
 The photochemical quantum yield of PS I, Y(I), is defined by the 
fraction of overall P700 that in a given state is reduced and not 
limited by acceptor side. It is determined on the basis of a previous 
Pm determination with the help of a Saturation Pulse that is applied 
for Pm' determination in a given state.  

 Y(I) is calculated from the complementary PS I quantum yields  
of nonphotochemical energy dissipation Y(ND) and Y(NA): 

Y(I) = 1 - Y(ND) - Y(NA) 

Y(ND) and Y(NA) can be directly determined by the Saturation Pulse 
method. Y(ND) corresponds to the fraction of the overall P700 that is 
oxidized in a given state and Y(NA) corresponds to the fraction of the 
overall P700 that in this state cannot be oxidized by a Saturation 
Pulse (see below). 

6.6 Nonphotochemical quantum yield of PS I, Y(ND) 
 The nonphotochemical quantum yield of PS I, Y(ND), represents 

the fraction of overall P700 that is oxidized in a given state. Centers 
with oxidized P700 transform absorbed excitation energy 
quantitatively into heat. Y(ND) is calculated from the P700 red. 
parameter: 

Y(ND) = 1 - P700 red. 

As determination of P700 red. by the Saturation Pulse method 
requires previous Pm determination, the same also holds for Y(ND) 
determination. 

 Y(ND) is a measure of donor side limitation, which is enhanced 
by a transthylakoid proton gradient (photosynthetic control at cytb/f 
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complex as well as down-regulation of PS II) and damage at the level 
of PS II. 

6.7 Nonphotochemical quantum yield of PS I, Y(NA) 
 The nonphotochemical quantum yield of PS I, Y(NA), represents 

the fraction of overall P700 that cannot be oxidized by a Saturation 
Pulse in a given state due to a lack of acceptors. Acceptor side limited 
centers transform absorbed excitation energy quantitatively into heat. 
Y(NA) calculation is based on Pm' determination and requires 
previous Pm determination : 

Y(NA) = (Pm-Pm')/Pm 

 Y(NA) is a measure of acceptor side limitation, which is 
enhanced by dark adaptation (deactivation of key enzymes of Calvin-
Benson cycle) and damage at the level of CO2 fixation.
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7 Technical Specifications 

7.1 DUAL-C Power-and-Control-Unit 
Microcontroller: 2x AVR-RISC (8 MHz) + 4 MB SRAM; 256000 
data points with 12 bit resolution can be stored 
PC interface: USB 1.1 and USB 2.0 compatible 
User interface: Pentium PC with DualPAM Software 
Power supply: Rechargeable sealed lead-acid battery 12 V/2 Ah; 
Battery Charger MINI-PAM/L (100 to 240 V AC) 
Power consumption: Basic operation 160 mA 
Dimensions: 31 cm x 16 cm x 33.5 cm (W x H x D), with carrying 
handle 
Weight: 4.5 kg 

7.2 DualPAM Windows-Software 
PC Requirement: 1 free USB socket; 128 MB RAM (minimum); 
Windows XP 

7.3 DUAL-E Measuring Head with P700 NIR Emitter 
P700-Dual-Wavelength-Emitter: 830 and 875 nm 
Far-Red LED lamp: 720 nm 
Chip-On-Board LED Array: 635 nm for continuous actinic 
illumination, max. 2000 µmol m-2 s-1 PAR; saturating Single 
Turnover flashes, max. 200000 µmol m-2 s-1 PAR, adjustable between 
5 and 50 µs; Multiple Turnover flashes, max. 
20000 µmol m-2 s-1 PAR, adjustable between 1 and 1000 ms 
Dimensions: 10.5 cm x 5.5 cm x 7 cm (L x W x H) Weight: 400 g 
(incl. cables, 1 m long) 
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7.4 DUAL-DB (blue) or DUAL-DR (red) Measuring Head with 
Detector 

Fluorescence emitter: 460 nm (DUAL-DB); or 620 nm (DUAL-DR) 
Blue LED lamp: 460 nm for blue actinic illumination, max. 
700 µmol m-2 s-1 PAR 
Chip-On-Board LED Array: identical to that of DUAL-E 
Measuring Head 
Signal detection: PIN photodiode with special Pulse Preamplifier for 
measuring P700 and fluorescence changes with max. time resolution 
of 10 µs 
Dimensions: 15 cm x 5.5 cm x 7 cm (L x W x H) Weight: 500 g 
(incl. cables, 1 m long) 

7.5 ED-101S/MD Optical Unit for suspensions (optional) 
Design: Black-anodized aluminum body with central 10 x 10 mm 
standard glass cuvette; for attachment of Measuring Heads 
DUAL-DB (or DUAL-DR) and DUAL-E and Miniature Magnetic 
Stirrer US-MS; additional ports for attachment of two additional 
Measuring Heads (e.g. Acridine Yellow, and NADPH fluorescence or 
P515 absorbance) 

Mounting: On Stand with Base Plate ST-101 

Weight: 750 g 

7.6 ED-101US/T Temperature Control Block for Optical Unit 
ED-101US/MD (optional) 

Design: Sectioned block with central 10 x 10 mm opening to be mounted on 
top of Optical Unit; to be connected to external flow-through water bath 
(not included) 
Weight: 250 g 
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7.7 US-MS Miniature Magnetic Stirrer (optional) 
Design: Based on device manufactured by h+p (type Variomag-Mini); 
featuring adapter to be mounted in bottom port of Optical Unit 
ED-101US/MD; mains supply (115 or 230 V AC) 

7.8 US-SQS/WB Spherical Micro Quantum Sensor (optional) 
Design: 3.7 mm ∅ diffusing sphere coupled to integrated PAR-sensor via 
2 mm fiber; compact amplifier unit and special holder for mounting on 
Optical Unit ED-101US/MD; to be connected to the Power-and-Control-
Unit DUAL-C 
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8 Warranty conditions 

All products supplied by the Heinz Walz GmbH, Germany, are 
warranted by Heinz Walz GmbH, Germany to be free from defects in 
material and workmanship for one (1) year from the shipping date 
(date on invoice). 

The warranty is subject to the following conditions: 

1. This warranty applies if the defects are called to the attention of 
Heinz Walz GmbH, Germany, in writing within one year (1) of 
the shipping date of the product. 

2. This warranty shall not apply to any defects or damage directly 
or indirectly caused by or resulting from the use of unauthorized 
replacement parts and/or service performed by unauthorized 
personnel. 

3. This warranty shall not apply to any product supplied by the 
Heinz Walz GmbH, Germany which has been subjected to 
misuse, abuse, abnormal use, negligence, alteration or accident. 

4. This warranty does not apply to damage caused from improper 
packaging during shipment or any natural acts of God. 

5. This warranty does not apply to underwater cables, batteries, 
fiberoptic cables, lamps, gas filters, thermocouples, fuses or 
calibrations. 

To obtain warranty service, please follow the instructions below: 

1. The Warranty Registration form must be completed and returned 
to Heinz Walz GmbH, Germany. 

2. The product must be returned to Heinz Walz GmbH, Germany, 
within 30 days after Heinz Walz GmbH, Germany has received 
written notice of the defect. Postage, insurance, custom duties, 
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and/or shipping costs incurred in returning equipment for 
warranty service are at customer expense. 

3. All products being returned for warranty service must be 
carefully packed and sent freight prepaid. 

4. Heinz Walz GmbH, Germany is not responsible or liable, for 
missing components or damage to the unit caused by handling 
during shipping. All claims or damage should be directed to the 
shipping carrier. 
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