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PI-MAX4

Introducing the New PI-MAX®4

The PI-MAX® 4 is the culmination of years of research 
and development by Princeton Instruments to create an 

anticipates, users’ continually evolving requirements for 
sensitivity, speed, and control in time-resolved imaging and 
spectroscopy applications. The PI-MAX4 offers precision 
gating capabilities to <500 picoseconds, the ability to 
perform frequency domain measurements utilizing RF 
modulation, and unsurpassed control of all experiments via 
Princeton Instruments’ intelligent LightField® software.

Readout of the PI-MAX4 ranges from video rates to 
thousands of frames per second in order to capture 
dynamics, while a sustained gating repetition rate of  

up with the ever increasing repetition rates of pulsed and 
modulated lasers.

Before our engineers could begin designing the next 
generation of Princeton Instruments ICCD cameras, one 
deceptively simple question had to be answered: “How 
can we improve upon something already considered the 
industry’s gold standard?”

For guidance, we decided to turn to the people who stood 

performance. Thus, we solicited plenty of input from our 
customers. After all, researchers worldwide who strive to 
break new ground via cutting-edge, time-resolved, optical 
diagnostic techniques rely on Princeton Instruments PI-MAX 
ICCD cameras every day. Our instrumentation helps them

problems in life and physical sciences, enabling research 
that ranges from improving internal combustion engine 

If you are embarking on new research or trying to elevate 
your current research to the next level, we invite you to 
take a look at how the PI-MAX4 can help.
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The Ultimate in Precision and Intelligence 
PI-MAX4

PI-MAX4

~1978 1990 1997 1998 2000 2005 2007

First 

photodiode 
array

First  

gated ICCD 
camera for 
imaging and 
spectroscopy

I-PentaMAX
camera:
revolutionized
low-light-level,
single-molecule

applications

PI-MAX: the 

camera 
to have a 
built-in delay 
generator for 
precise timing

MCP gating: 
combined fast 
gating with 
the high QE of 
slow-gate  
Gen II 

ideal for PLIF 
imaging in 
combustion

PI-MAX2: 
readout speed 
5x faster than 
original PI-MAX, 
plus unique 
Double Image 

UNIGEN II: 
exclusive  
Gen III 

with UV-to-red 
sensitivity

2012 New ICCD cameras 
offer picosecond gating 
capabilities, RF modulation 
capabilities, and complete 
control via LightField software

2009

PI-MAX3: fully 
integrated 
ICCD camera 
provided 
the best 
combination 
of frame rate, 
gating, and 
low-noise 
capabilities 
available

An Impressive Lineage



Ultimate in Precision
Video and higher frame rates: 
Camera achieves near-video frame rates 

spectra per second can be acquired while in 

a gated image or spectrum for every pulse of a 
high-repetition-rate laser.

SuperHV:   
More powerful, built-in, high-voltage gating 
technology precisely turns on and off Gen II  

implementation capable of achieving sustained 

delivers picosecond gating capabilities with 
sustained 100 kHz repetition rate.

new PIPs technology allows image capture with 
precision gating to <500 psec.

Optional feature quickly transfers a full-
resolution image under the interline CCD 
array’s mask in the PI-MAX4:1024i, enabling 
the camera to take a second frame in as little 
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PI-MAX4

Key Features & Benefits

PRECISION



SuperSynchro: New timing-generator technology

and delays to be set for 10 psec resolution with <35 

camera with external trigger sources such as pulsed 
lasers.

SyncMaster: Allows the camera to output two

clutter by eliminating the need for an external timing 

LightField software: 64-bit data acquisition
software platform has been designed “from the ground 

complete control of PI-MAX4 cameras via easy-to-use 
tools that facilitate experimental setup, data acquisition, 
and post processing.

Ultimate in Intelligence

Next-generation
electronics ensure the best combination of CCD readout 
speed and the lowest possible noise levels in an ICCD 

resolution with 16-bit digitization.

High-bandwidth

operation from more than 50 meters away.

Photocathode cooling: Reduces equivalent

cooling the photocathode directly via a dry nitrogen 
source.

Mounting: Camera mounts easily to C-mount lenses,
F-mount lenses, and leading spectrographs such as the
Acton Series and IsoPlane from Princeton Instruments.
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The Ultimate in Precision and Intelligence 
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INTELLIGENCE



PINS
Princeton Instruments Noise Suppression 
technology for high-speed, low-noise 
CCD readout

SuperHV
Built-in high-voltage circuitry positioned close to 

highest repetition 

throughput

PIPs 
Princeton Instruments Picosecond gating 
technology available for Gen II and Gen 

Easily mounts to C-mount 
lenses, F-mount lenses, and 
leading spectrographs 
such as the advanced 
Acton Series from  
Princeton Instruments

Double Image Feature allows capture of two full-resolution 

particle imaging velocimetry

Gate Monitor

precise timing

63

4

52

1
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PI-MAX4
Anatomy of the PI-MAX4 ICCD Camera



SuperSynchro
Built-in timing generator for fully programmable gate 

Further reduction of CCD dark current

SyncMaster
Continuously running, variable pulse trains 
to trigger lasers for the lowest jitter

9

7

8

10

11

TTL outputs with adjustable delays   
Synchronize lasers and other instrumentation  
in the experiment

GigE

camera more than 50 m away from the host computer

7

Ultimate in Precision, Ultimate in Intelligence

Powered by LightField®
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PI-MAX4

1024i 1024x256
CCD type
CCD format 1024x1024 1024x253
CCD pixel size 12.8 µm x 12.8 µm 26 µm x 26 µm
Imaging area 18 mm x 6.6 mm or 25 mm x 6.6 mm

18 mm 18 mm or 25 mm

Phosphor type* P43, P46, or P47 P43, P46, or P47
Double Image Feature (DIF) Yes No

*Contact Princeton Instruments

availability.

The PI-MAX4 is currently offered with two CCD sensors...

Spectroscopy  Spectroscopy  Imaging

Q
ua

nt
um

 E
ff

ic
ie

nc
y 

 (%
)

Wavelength (nm)

0

5

10

15

20

25

30

100            200              300 400 500 600 700 800              900            1000

35 Gen II Intensif iers

RB Fast Gate

SB Slow Gate

SB Fast Gate

UV

SR

Q
ua

nt
um

 E
ff

ic
ie

nc
y 

 (%
)

Wavelength (nm)

0

5

10

15

20

25

30

35

40

45

50

10 0        200         300          400         500          600         700          800         900         1000

55

60 Gen III Intensif  iers

HBf

HQf

HRf



9

The Ultimate in Precision and Intelligence 
PI-MAX4

What’s in the box?

ICCD camera performance 
tailor-made to suit your 
toughest requirements!

Your PI-MAX4 is ready to tackle demanding gated imaging and spectroscopy applications – as soon as

through the most rigorous testing protocols available to ensure the highest performance possible.

INCLUDED:

Gigabit Ethernet  

DB26-to-BNC splitter  
cable to access timing signals

Power supply  

and cable

Gigabit Ethernet  
adapter card

OPTIONS:
Princeton Instruments LightField software

® SDK
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Ultimate in Precision  | SuperHV

1 MHz Repetition Rate

resolved measurements is their gating ability, that is, their 
ability to open and close at the precise time necessary 
to capture a phenomenon of interest. They can freeze 

measurements, the camera is synchronized by gating the 
ICCD at incremental delays after the excitation source, 
allowing the lifetime of the species to be measured from  
the 

The SuperHV high-voltage gating employed in the  
PI-MAX4 is a real breakthrough in ICCD gating technology. 
It offers a 1 MHz repetition rate, which represents a full 
2x increase from previous-generation ICCD cameras. 
Researchers can now make use of every excitation light 
pulse from high-repetition-rate lasers up to 1 MHz. To 
improve signal-to-noise ratio, multiple gate pulses can be 
accumulated on the CCD before readout. Photodegradation 
of samples is reduced by minimizing total experiment time.

Although competitive ICCD cameras may claim faster 
repetition rates, they employ drastically reduced gate 
voltages to increase their rates. The PI-MAX4, on the 
other hand, takes no such shortcuts. It uses the full gate 
voltage to produce crisp images.

Photoelectrons generated at the photocathode are 
accelerated towards the MCP input by applying a 

gate voltage
voltage is not used, the photoelectrons will either diffuse 
or not reach the MCP at all, resulting in loss of spatial 

root of the gate voltage between the photocathode and 
the MCP.

PI-MAX3 / 4

Repetition Rate, kHz (Continuous)

900100 200 300 400 500 600 700 8000 1000

PI-MAX / PI-MAX2

Competition

...the spatial 
resolution of 
the intensifier 
is proportional 
to the square 
root of the 
gate voltage 
between the 
photocathode  
and the MCP

Electrical Connection Rings

Intensified Image 

Phosphor Screen

Photocathode 

Incident Light 

-200 V 

0 V 
600 V

8 kV 

Microchannel Plate 

PRECISION
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The Ultimate in Precision and Intelligence 
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Ultimate in Precision  | PIPs Option

New “Princeton Instruments Picosecond” 
Gating Technology

technology, Princeton Instruments is revolutionizing time-

coupled ICCD camera to offer this type of advanced 
technology, the new PI-MAX4 is able to deliver the highest 
precision and sensitivity available.

PIPs technology is utilized to gate standard fast-gate 

implementing innovative, high-performance electronics, 
similar to our renowned MCP gating technology in which 
the microchannel plate’s high voltage is gated quickly to 
deliver high QE with traditionally slow-gate tubes. Princeton 
Instruments does not restrict our new technology to one or 

Gen II and Gen III tubes at the picosecond timescale.

As shown in the screen captures above, users are 

picosecond gating is purchased for the PI-MAX4 and 
then selected within Princeton Instruments LightField 
software. 

The options presented via LightField are based on 

deliver precise gate widths. These discrete picosecond 

in a particular system and are programmed in the 
detector so that the intelligent LightField software knows 
exactly which gate widths can be delivered.

PRECISION
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Ultimate in Precision  | 

Raising the Bar… Even in the UV
7:1. In the UV region, however, energetic photons can penetrate the photocathode and 

4:1. To alleviate this problem, Princeton Instruments pioneered 
Pulsing

so there is no compromise in signal quality. As a result, there is no pre-pulse or head-start pulse required for MCP Bracket Pulsing 

Video and Higher Frame Rates

cycle frequency, frame rate refers to the CCD pixel 
readout rate. Once the image is captured on the CCD, 
it is important to read the frame quickly and start the 
next acquisition cycle. 

The PI-MAX4 is capable of reading out a full  
1k x 1k resolution image in as little as 38 msec  

slow-frame-rate ICCD cameras can take more than a 

PI-MAX3 / 4

Frame Rate (fps) @ Full 1k x 1k Resolution

5 10 15 200 25

PI-MAX2

Competition

30

Ultimate in Precision  | Frame Rate
full second to read out a frame at the same resolution. The 
new camera can offer even higher frame rates with reduced 

applications, the PI-MAX4 can produce thousands of spectra 
per second when employing a rectangular CCD. 

operate at very high repetition rates, from 10 Hz to more 
than 1 kHz. With the PI-MAX4, it is possible to produce a 
frame for every pulse from such laser systems.

PRECISION
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The Ultimate in Precision and Intelligence 
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Ultimate in Precision  | MCP Gating
Quick… but with High QE
The ability to gate the MCP on and off gives rise to an additional technique, known as MCP gating, which addresses the need to 
have the same QE as that of slow-gate tubes, but with shorter gate widths.

PRECISION
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Ultimate in Precision  | Linearity

by the user to set this gain so that neither the CCD nor the 

When it comes to camera precision, Princeton Instruments has 
never compromised. To provide the highest possible sensitivity, 
we have designed the PI-MAX4 without any window in front 

if desired by the user. The new camera’s optical design 
has also been improved so as to reduce losses between 

allows us to utilize lower voltage across the MCP to improve 

low noise and the best linearity available.

By carefully selecting every single component and 
painstakingly packaging each of them in a camera that 
does not require any external electronics boxes except a 
power supply, Princeton Instruments has ensured that the new 

design are readily apparent in the new camera system’s 
superb linearity.

PRECISION
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PI-MAX4

GigE Camera Link FireWire  

Bandwidth† up to  over  up to 50 – 100 

Cable length >50 m 5-10 m 5 m

Frame grabber 
required

no yes no

GigE data interface advantages:

image transmission

Remote operation from more than 50 m away

Scalable to future 10GigE standard

†

Ultimate in Precision | GigE
Operate Remotely and Easily

without the need for custom frame grabbers. This ubiquitous data interface is designed to be rugged enough to handle industrial 

from more than 50 m away, which is not possible when custom frame grabbers are utilized. Remote operation is important for 
applications such as combustion or plasma studies in which the camera must be kept at a safe distance from host computers.

 
 

Brief comparison of major data interface technologies...

PRECISION
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SuperSynchro
Built into the PI-MAX4 camera, the 
SuperSynchro timing generator makes 
setting up complex time-resolved 
imaging experiments easy. For example, 
SuperSynchro can store a sequence of 
gate delays and widths and execute 
them quickly to generate time vs. intensity 
data with just a few clicks of a mouse. 
It features several innovations, such as 
SyncMaster pulse output.

SuperSynchro advantages include:

of gate width and delay sequences

gate sequences and execute without
delay

rms jitter

accommodate a wide variety of
trigger types

trains to trigger pulsed lasers without
interruption, or to trigger Q-switched

lasers separately

Intensifier Gate Pulses

1 µsec (or 1 MHz)

PI-MAX3 / 4 (1 MHz continuous gating)

Laser pulses running at 1 MHz

Intensifier Gate Pulses

20 µsec between gates
(or 50 kHz rep rate)

Intensifier Gate Pulses

Previous ICCD cameras capture only 1 in 20 pulses

La
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r
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Ultimate in Intelligence |  Timing

INTELLIGENCE
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Laser Head

External Delay Generator 
(master trigger source)

Laser Power 
Supply/Controller

ICCD Camera

Camera TTL I/O 
Controller

Ultimate in Intelligence  |  Space
SyncMaster Keeps It Simple
Running out of space? Many research labs that conduct time-resolved measurements have an overabundance 
of delay generators and trigger sources to synchronize lasers and cameras. SyncMaster, a novel feature of the 
PI-MAX4, will help reduce this clutter by allowing the camera to output two continuously running pulse trains 

Time-resolved experiment setup 
without SyncMaster

Laser Head

External Delay Generator 
(master trigger source)

Laser Power 
Supply/Controller

PI-MAX4
Supply/Controller

Camera TTL I/O 
Controller

Time-resolved experiment setup 
with SyncMaster

INTELLIGENCE
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New LightField® Software
Princeton Instruments LightField is a new 64-bit 
data acquisition software platform that runs under 
Microsoft® Windows® 7 and has been designed for 

comprehensive control of PI-MAX4 cameras via easy-to-
use tools that help streamline experimental setup, data 
acquisition, and post processing.

Drag and Drop Devices
Yes, simply drag and drop to create your 

control the light path by directly clicking the 
mirrors!

The Best Bar
View the status of hardware and 
acquisition settings at a glance! 

A Virtual Oscilloscope
A special dashboard appears whenever a 
compatible PI-MAX4 ICCD camera is connected. 
Take complete control of gate delays, widths, and 

Gray Is Great
LightField’s muted gray background minimizes 
interference with light-sensitive experiments. If 
complete darkness is required, LightField can 
simply turn off monitors during acquisition.

Ultimate in Intelligence  |  Control

Salient features:

for data acquisition settings

Visit our website for a 45-day trial.

LightField is an excellent solution for multi-user facilities. The 
platform remembers each user’s hardware and software 

all relevant tools via an intuitive graphical user interface.

™ for accurate 

INTELLIGENCE
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More about EBI 

2 or, more 

reduce the CCD temperature. An internal fan dissipates the 
heat load for reliable operation, while the addition of an 
external liquid circulator allows the user to further reduce 
dark current for improved signal-to-noise ratio.

Air only:  The most
convenient cooling – just 
connect the camera and 
go! The built-in, low-noise 
fan does all the work.

 Air+Liquid:  When
your application requires 
maximum cooling and 
the lowest dark noise, the 
addition of an external 
liquid circulator used with 
the built-in fan results in 
even better cooling and 
reduced dark current. 

Photocathode cooling:  While CCD
dark current may be negligible in short gating 
experiments, additional background noise exists 

events from the photocathode that can impose 
limitations on ultra-low-light or photon-counting 
applications. The only way to reduce EBI is to cool 
the photocathode directly and uniformly. Every  
PI-MAX4 has this capability – simply connect a 
dry nitrogen source to the camera and 
begin cooling. 

Most gated, time-resolved experiments involve 
nanoseconds-to-microseconds exposure times. At 
these exposure levels, the signal-to-noise ratio of 

involving extremely low light at single-photon 
levels or when accumulating multiple gate pulses 
in order to improve signal-to-noise ratio, EBI can 
be a serious hindrance. A cooled photocathode 
has EBI levels as much as 20x lower than a room-
temperature photocathode.

-20 to -25ºC

-30 to -35ºC

Ultimate in Intelligence  |  Cooling

INTELLIGENCE
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See the Light
 Choose from a variety of Gen II or Gen III

UV to the NIR. All PI-MAX4 cameras use a windowless 
design for maximum light throughput.

Fiber coupling: At the heart of every PI-MAX4 is a

coupling, which offers greater than 6x the throughput 

being operated at a much lower MCP gain.

The engineers at
Princeton Instruments have designed the PI-MAX4 with 
next-generation electronics, ensuring that it offers the best 
combination of CCD readout speed and the lowest possible 
noise levels in an ICCD camera. Near-video frame rates are
provided at full 1k x 1k resolution with 16-bit digitization.

All 
PI-MAX4 
cameras 

use a 
windowless 

design...

Ultimate in Intelligence  |  Sensitivity

INTELLIGENCE

Incident Photons
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Ultimate in Intelligence  
|  Flexibility

Gigabit Ethernet: 
ICCD camera is being offered with a Gigabit Ethernet 

requirement when the camera needs to be positioned in 
a remote or hazardous environment. For applications that 

  Need to
integrate your PI-MAX4 into a larger experiment? Use 

camera’s many powerful features.

Free SDK:  Occasionally, researchers need to modify
acquisition software to meet the demands of a particular 
application. Princeton Instruments includes a free software 

examples, to allow you to make any necessary edits right 
away so that you can get started on your research.

Ultimate in Intelligence  
|  Mounting

Stay Focused
Change C-mounts, F-mounts, and spectroscopy mounts on 
your PI-MAX4 quickly and easily and still stay focused. 
Our factory-calibrated mounts* are designed for precision 
camera focusing, no matter what the gated application. 
Furthermore, the PI-MAX4 is easier than ever to mount on 

* Each PI-MAX4 camera system includes a single C-mount, F-mount, or
spectroscopy mount. Additional mounts may be purchased from Princeton
Instruments.

INTELLIGENCE
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Maintenance-Free Operation
How do years of worry-free operation sound? The PI-MAX4 has fully integrated electronics and expertly sealed 
chambers, making your new camera virtually maintenance-free for years to come.

Unsurpassed Quality
Every Princeton Instruments product is designed, engineered, and 
manufactured with more than 50 solid years of scientific imaging 
and spectroscopy expertise to back it up. For five decades, 
researchers worldwide have depended on our instrumentation to 
provide the quality, reliability, and consistency their applications 
require.

Worldwide Support
As a widely recognized and respected name in the scientific 
community, Princeton Instruments employs an extensive global 
network of representatives. These seasoned professionals gladly 
offer their application expertise and knowledge of low-light, 
gated ICCD camera technology to assist you in choosing the right 
solution for your most demanding research.

Online ICCD Resources
Need to learn the basics about how intensifiers work? Want to know how to select the right ICCD camera for your application? 
Perhaps you’d like clarification concerning the differences between fiber and lens coupling. Or maybe you’re looking for 
reference papers published by researchers from leading labs.

Princeton Instruments has amassed a compendium of technical and application notes relating to ICCD cameras and time-
resolved imaging and spectroscopy applications. Visit our website for the most current information. 

www.PI-MAX4.com
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Spectrometer Interface
wavelength range: 120 nm – 1100 nm

For the ultimate in detection down 
to ~120 nm, the camera must 
be sealed properly against a 
vacuum spectrograph. To meet this 
experimental requirement, Princeton 
Instruments offers a special vacuum-UV 
spec mount.

PI-MAX4:1024x256 and PI-MAX4:1024i 
cameras are supplied with a standard spec 
mount that can interface with Princeton 
Instruments IsoPlane™ and Acton Series 
spectrometers, popular high-precision 
instruments designed to facilitate detection 
from 350 nm to 1100 nm.

When research demands detection 
below 350 nm but above 180 nm, a 
spec mount with a specially designed 
adapter capable of sealing the 
camera against Acton VM Series 
spectrometers is needed. Note that 
these advanced spectrometers are 
filled with dry nitrogen to eliminate the 
absorption of wavelengths between 
180 nm and ~350 nm.
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PI-MAX4:1024i-RF Camera
Widefield FLIM Measurements
In addition to the PI-MAX4:1024i and PI-MAX4:1024x256, 
which both offer exclusive PIPs technology for gating to 
<500 psec, Princeton Instruments is pleased to introduce the 
PI-MAX4:1024i-RF, a next-generation camera that allows 
researchers to acquire frequency domain measurements 

equipment.

The new camera features two independent built-in direct 
digital synthesizers. One generates the RF to modulate the 

signal that can be employed to modulate the illumination 
so as to perform RF phase-sensitive detection. Minimal 

additional equipment will vary depending on the 
preferred light source. Typically, such equipment includes 

built into the camera.

An intelligent LightField GUI lets researchers select 
frequency, control phase sweep range and granularity, 
and set user RF output p-p voltage levels. The system’s 

gain parameters, ensuring highly precise measurements. 
An integrated frequency generator means there is no 
need for an additional, expensive external frequency 
generator. Furthermore, the built-in SuperHV high-

for an external high-voltage supply.

The PI-MAX4:1024i-RF can also be utilized for work 
that involves time domain gating, as this system retains 
the impressive ICCD performance provided by our 
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The PI-MAX4:1024i-RF is one 
of the most advanced ICCD 
cameras in the world!

Modulation frequency 1 MHz – 200 MHz 

Phase modulation static phase: 0° – 359° 

User RF output voltage 0.1 – 1.6 Vp-p 

Outputs
User RF OUT 
programmable continuous frequency output to synchronize 
external devices with PI-MAX4

MON RF OUT 
an approximate indicator of the RF applied to the 
photocathode
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PINS
Princeton Instruments Noise Suppression 
technology for high-speed, low-noise 
CCD readout

SuperHV
Built-in high-voltage circuitry positioned close to 

highest repetition 

to CCDs for the highest light throughput

RF Modulation 

Easily mounts to C-mount 
lenses, F-mount lenses, and 
leading spectrographs 
such as the advanced 
Acton Series from  
Princeton Instruments

Double Image Feature allows capture of two full-resolution 

particle imaging velocimetry

Gate Monitor

precise timing

63

4

52

1

PI-MAX4 “RF”
Anatomy of the PI-MAX4:1024i-RF Camera 
for frequency domain imaging applications
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SuperSynchro
Built-in timing generator for fully programmable gate 

Further reduction of CCD dark current

SyncMaster
Continuously running, variable pulse trains 
to trigger lasers for the lowest jitter

9

7

8

10

11

TTL outputs with adjustable delays   
Synchronize lasers and other instrumentation  
in the experiment

GigE

camera more than 50 m away from the host computer

Ultimate in Precision, Ultimate in Intelligence

Powered by LightField®



Ray, you’ve been with Princeton Instruments for a long time. 
When did you join?

RS: I started in the very beginning, when we were a small 
operation. I designed the original IRY and the ST-100 controller, 

[Ed. note: The “R” found in the product name “IRY” honors Ray’s 
invaluable contribution to the project.]

Princeton Instruments has had a long history of building 

a few of the milestones?

RS:
spectroscopy [the IRY system]. It had 14-bit dynamic range and 

available, the company’s focus shifted in that direction. Our 
early ICCD cameras were based on Thomson and EEV [now 
e2v] CCDs. Soon there were a myriad of combinations, some 
general purpose and some with more specialized capabilities. 
EEV introduced some large-area CCDs, which we coupled 

cameras. These cameras were good performers even by modern 
standards, but had some limitations and user inconveniences, 
such as large controller size and the need for multiple boxes 
[controller, gate generator, head]. Also, the original gate 
generator had all-analog controls. It was replaced by the PG-
200, which had similar performance, but with digital control 
– which helped improve user convenience and allowed more
automated experiment control.

An Interview with Ray 
Simpson: The Man behind 
PI-MAX®4

spectroscopy?

RS: The original ICCD cameras were effective, but required dry 
gas purge to avoid condensation on the cooled CCD. Competitors 

work, cooling is really needed. The PI-MAX was developed to 
provide improved performance and ease of use. The nose was 
sealed, so no gas purge was needed. Newer, more compact, 
high-voltage supplies were used and the pulse repetition rate 
was increased to 50 kHz sustained. It was a very popular 
combination and has been in production for 15 years.

Can you summarize the PI-MAX4 camera?

RS: The PI-MAX4 is a new design, internally and externally, and 
it extends the capabilities of the PI-MAX family. No separate 
controller is needed, but it’s smaller than its predecessor. It can 
sustain a 1 MHz gating repetition rate and is designed to allow 
us to add more functionality. The sealed chamber includes the 

light is reduced. Readout rate is greatly increased for time-
resolved studies. Trigger response time is much quicker because 
there aren’t any external cables between timing and gating 
circuits. The host interface is Gigabit Ethernet, so it allows wide 
data bandwidth and remote operation from a long distance.

What are some of the target applications for the  
PI-MAX4?

RS: This new camera’s key features are engineered to support 
all of today’s most challenging time-resolved applications, from 
combustion to nanotechnology. As I stated previously, the PI-
MAX4 is a ground-up design that takes advantage of the latest 

This new camera’s key features are 
engineered to support all of today’s most 
challenging time-resolved applications, 
from combustion to nanotechnology.

28
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many improvements in performance… close to 26 full frames 
per second at full 1 megapixel resolution, a 1 MHz sustained 
gating repetition rate, and a SuperSynchro timing generator 
with low propagating delays. Not only does it have better all-
around performance, a lot of the innovations really enhance 
the usefulness of the camera. A case in point is the SyncMaster 
output that lets the camera act as a true master to optimize 
synchronization.

How does the PI-MAX4 achieve a 2x faster gating repetition 
rate over previous/competing models?

RS: The higher repetition rate is a combination of using the 
newest component technology and smart thermal management 
with custom heat sinks designed in-house. The economically 
achievable power density in switch-mode power supply designs 
has advanced remarkably in the past dozen years, allowing 

backplane board. The gate generator driver stages use RF 

didn’t exist back when the original PI-MAX was developed. This 
lets us provide full 200 V gating pulses up to a 1 MHz repetition 
rate, allowing full resolution and gain.

Can you elaborate on SyncMaster?

RS: SyncMaster is a great convenience to researchers using 
pulsed lasers that are more stable when kept pulsing at a 
steady rate. SyncMaster derives its output from the same 
master oscillator that operates the timing generator, so jitter is 
minimized. SyncMaster remains active even when the camera is 
not capturing data, so the laser operation is never disturbed.

improve on/off ratio in the UV range. Is it available in the 
PI-MAX4?

RS: Yes, it’s available on PI-MAX4 models that use Gen II 

time has been improved from the old version and the 
propagation delay in bracket mode is kept to a minimum.

What are the challenges you had to overcome while designing 
picosecond gating and MCP gating in the compact PI-MAX4 

RS: The challenges associated with these two types of gating are 
quite different. In the case of 500 psec gating, it is a question of 

have become available, mostly as a spin-off of the advances in 

cellular radio and radar technology, so it is possible to generate 
the required short pulses. The use of controlled impedance 

of 800 to 900 V, with pulse width <10 nsec… and again getting 

to high peak power dissipation in the gate driver, and therefore 
the repetition rate in this mode is limited. Furthermore, there is 
a tendency for the capacitance to interact with the transmission 
line and cause overshoot and other gate pulse aberrations. We 
adjust the damping on each camera for optimum operation.

Pulsing and true MCP gating?

RS: MCP Bracket Pulsing was pioneered by Princeton Instruments 

the UV portion of the spectrum. The MCP bracket gate has to 
have a fast opening to ensure the bracket is fully open when 
the main photocathode gate occurs, but a fast closing time is 

main photocathode gate generator, so it needs to be compact. 
True MCP gating was also pioneered by Princeton Instruments. 

nsec gate width. The slow photocathode increases the insertion 
delay, but otherwise gating acts very similarly to a fast-gate 
tube [within the minimum gate-width limitation].

the future role of ICCD cameras for low-light imaging and 
spectroscopy?

RS: EMCCDs are a great innovation… Princeton Instruments 
offers the best of this technology, too. However, only ICCD 
cameras provide gating over the picoseconds-to-microseconds 
range. ICCD cameras can also be operated with RF modulation 

is available in the PI-MAX4:1024i-RF camera.]

What’s next for the PI-MAX4?

RS: Obviously, I can’t reveal all of our new product plans, 
but if one looks at PI-MAX evolution thus far as a guide, one 
would predict more CCD choices and other enhancements from 
Princeton Instruments.
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comprises a photocathode input, which is a coating of
multi-alkali or semiconductor layers on the inside of the

phosphor coating on the inside of the output window. Also

A portion of the incident photons striking the photocathode 
causes electrons to be released via the photoelectric effect. 
These electrons are then accelerated and multiplied to the 
phosphor screen, where they strike the output phosphor 
coating and cause it to release light. This released light 
consists of many photons for every incident light photon 
striking the photocathode surface.

motivated by use in the military for night vision. Various 
types of imagers have been optimized for use in the 

discussed in the appendix.

that possess high sensitivity in ultra-low-light conditions and
allow temporal resolution, as high as 500 psec, to capture 

extremely short phenomena. These ICCD systems are 
widely used for such state-of-the-art applications as 

Introduction to Image Intensifiers  
for Scientific Imaging
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Components of an Image Intensifier
Photocathode

of the incident light photons into electrons. Photons that are 

photons converted to electronic charge, is very important  

compounds with fair photoconversion performance in the 

limited response at NIR wavelengths. These coatings were 
generally analogs of sodium, potassium, antimony, cesium, 

conductor, low-bandgap coating with high QE in the VIS and 

development of photocathode coatings for ICCD use with 

 
high-performance ICCD camera systems, offers Gen II  
red-blue balanced response, super-blue, super-red, and UV 

photocathodes and required the use of ion barriers to 
prevent ion feedback and to prolong lifetime.
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EBI

thermally generated electrons from the photocathode and 

electrons are indistinguishable from those generated by 
light photons and therefore contaminate the image signal. 
In advanced ICCD cameras, EBI can be reduced by cooling 

applications.

MCP
The MCP is the second and most sophisticated component 

channels 10-12 µm in diameter, arranged in a hexagonal 
pattern with 12-15 µm, center-to-center spacing. More 
recent MCPs have been developed with 6 µm channels, 
leading to enhanced image spatial resolution  

Electrons generated by the photocathode are driven through 

applied to the MCP. A portion of the electrons passing 
through strikes the walls, causing the formation of more 
electrons. Multiple collisions continue, with a single entering 

the channels, the MCP input web surface is generally coated 
with nichrome, which also has a low secondary electron 

electrons missing the channels and striking the input surface 

electrons, some of which are then pulled into nearby channels 
by electrostatic forces. This allows recovery of some of the 
electronic charge that would otherwise be lost by electrons 
missing channel openings. In essence, each MCP channel acts 
analogously to a standard photomultiplier device.

Phosphor Screen

phosphor screen. Electrons exiting the MCP are accelerated 

they are converted back into light photons for detection 
by the CCD. Phosphor screens usually emit green light and 

nanoseconds to a few milliseconds. Figure 5 shows some 
typical phosphor emission spectra at various wavelengths. 

phosphors commonly used in ICCDs. When applications 

Otherwise, for most applications P43 is a suitable phosphor 
as it provides the highest emission and closely matches the 
peak sensitivity of the CCD.

2O2 3Al5O12

2O2 2 5

2O2
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in a sealed, maintenance-free package. For more 
information, see the Princeton Instruments technical note 
“Comparison of Lens-Coupled and Fiberoptic-Coupled  
ICCD Cameras”.

Image Intensifier Gating
Temporal resolution in an ICCD is made possible by 

the photocathode is biased more positively than the MCP, 

off. If the photocathode is negatively biased, electrons will 

 
 

 
FWHM is 50-200 nsec.

To overcome the high resistance of the photocathode 

photocathode to lower this resistance and enable fast 
gating. However, the Ni layer can produce effective QE 

neither a Ni layer nor its effects on QE.

performance to Gen II, yet the highest QE.

of the quality of gating, with a high ratio being necessary 
to eliminate background and accurately reproduce the 

on to the output when the 
off. In the VIS region of the spectrum, gating 

ratios of 107

UV region, ratios of only 104:1 were traditionally the best 
that could be attained due to energetic UV photons striking 
the MCP input surface and releasing secondary electrons. 
However, ratios as high as 107:1 in UV wavelengths can 
now be achieved with advanced gating technologies such 
as Princeton Instruments MCP Bracket Pulsing. Other novel 
gating techniques include MCP gating, where gating is 
carried out across the MCP instead of the photocathode. 
With MCP gating, it is possible to achieve gate widths of  

technology improves fast-gate rates to <500 psec. For more 
information, see the Princeton Instruments technical note on 
“ICCD Gating”.

Coupling of Image Intensifiers to CCDs

can be removed and the camera used as a standard CCD 

to an existing CCD camera. Disadvantages of lens coupling 

tubes due to higher gain operation, and increased stray light 
in the camera system.

capable of sensitivities approaching single-photoelectron 

than lens-coupled devices. Disadvantages are that  

must be operated in a dry, non-vacuum, inert environment. 
Advanced ICCD cameras, such as those produced by 
Princeton Instruments, incorporate such operating conditions

ICCD cameras.

Phosphor Decay
P20 60 msec
P43 3 msec
P46 2 µsec
P47 0.4 µsec
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Conclusions

arenas. With careful selection and proprietary photocathode 

Princeton Instruments can tailor performance to meet the 
needs of the research community for high sensitivity and 
gate speed. 

Princeton Instruments offers the state-of-the-art PI-MAX®4 
 

advanced features such as a built-in SuperSynchro timing 

available for time-resolved studies.

APPENDIX

Gen I Intensifiers

electrostatic focusing and electron acceleration to achieve

Problems included image distortion, short-lived components, 

obsolete.

Gen II and Super-Gen II Intensifiers

ICCD cameras. Introduced in the late 1960s and early 

accelerating electrons as well as by multiplying electrons 

the lack of multiplying effects of those electrons passing 
through channels without striking interior walls. The Gen II 
devices have high resolution, are small, and produce no 

employ novel photocathodes with extended spectral range 
or high QE in a particular wavelength range. For the military, 
this generally involves response curves shifted in the red 

sometimes being an additional advantage.

Gen III and Gen III Filmless Intensifiers

added as the photocathode coating. GaAs is extremely 
photosensitive in the NIR region above 800 nm, but is 

devices can detect images under ambient light intensity as 

under a heavily overcast sky at night with the moon and 

devices have been further improved with the introduction of 

barrier and use GaAsP and GaAs photocathodes. These 
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Introduction

technology coupled with advancements in CCD technology 
have allowed ICCD cameras to be used in spectroscopy 
and imaging applications involving transient phenomena at 
ultra-low-light levels. Detection and time resolution of low 
light are two unique strengths of ICCDs. Low-light detection 

Principle of Operation

microchannel plate, and a phosphor screen. A fraction 

on the photocathode is converted into electrons. Single 
photoelectrons are converted into clouds of electrons by 

electron multiplier. The electrons released from the MCP 

emit far more light than was incident on the photocathode. 

photocathode and the input of the MCP is used to switch 

biased more positively than the MCP, electrons will not enter 

is negatively biased, electrons will be accelerated toward 

tube.

Gating Speed
Photocathode material is deposited on the inside face of 

represented as a resistor-capacitor network. Due to its high 

a nickel underlayer is deposited on the front window, which 
lowers the resistance and allows fast gating. With the Ni 

Ni layer and thus have no QE loss. They can, however, have 
minimum gate widths up to 50 nsec or more.

available in the NIR.

provided in Table 1.

ICCD Gating

Photocathode 
Material

Minimum Gate Width  
Optical FWHM

Gating Voltage Notes

Gen II - Slow Gate Bi- and multi-alkali 50-200 nsec 200 V MCP gating allows faster gating

Gen II - Fast Gate Bi- and multi-alkali <500 psec - 2 nsec 200 V Select fast-gate tubes can offer  
   <500 psec

   UV to NIR
 GaAsP, GaAs <500 psec - 2 nsec 200 V Select tubes can offer <500 psec

 
   ~360 nm to >900 nm

Electrical Connection Rings

Intensified Image 

Phosphor Screen

Photocathode 

Incident Light 

-200 V 

0 V 
600 V

8 kV 

Microchannel Plate 
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Gating performance of an ICCD is measured in terms of 

PI-MAX®4, optical full width at half maximum is measured by 
sweeping a very short pulsed laser across the gate opening 

and to faithfully reproduce the transient phenomenon. In 
7:1 is typically 

4

7

MCP Bracket Pulsing
As explained earlier, only a fraction of incident photons is 
absorbed by the photocathode. The rest then pass through 
it and strike the input side of the MCP. This leakage is not 
damaging in the visible region because photons do not 

the MCP. At UV wavelengths though, photons are energetic 
enough to occasionally release a photoelectron from the 
MCP. Once into the MCP, undesired photoelectrons are 
multiplied into charge clouds, which in turn generate photons 

4:1.

To alleviate this problem, Princeton Instruments pioneered 
 

by turning the MCP on and off along with the usual  
photocathode gating. MCP Bracket Pulsing in the PI-MAX4 

synchronously with the photocathode, so there is no  
compromise in signal quality. As a result, there is no pre-pulse 
or head-start pulse required for MCP Bracket Pulsing in  

MCP Gating
The ability to gate the MCP on and off gives rise to an 
additional technique, known as MCP gating, which addresses 
the need to have the same QE as that of slow-gate tubes, but 
with shorter gate widths. The lower resistance of the two sides 
of the MCP allows the MCP to be gated more quickly than a 

but provides the higher QE of Gen II slow-gate tubes. This is 

 
<9 nsec gate speed.

Time (nsec)

In
te

ns
ity

FWHM

off

on
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Introduction

in the relative merits and demerits of lens-coupled and 

compares a variety of features of these high-performance 
cameras, concentrating primarily on camera sensitivity and 

Sensitivity and SNR 
performance are often 
confused in discussions of 
ICCD cameras, especially in 
advertising literature. This is 
unfortunate and sometimes 

misleading to potential users. The reason for the confusion 
is that over most of their dynamic range, the SNRs of both 

primarily by photon statistics. This fact makes it tempting for 
vendors with only lens-coupled ICCDs to claim that there is 

use a lens system with low throughput. However, sensitivity is 

At very low light levels, sensitivity is more closely related to 
gain. Basically, it is the ability to determine whether or not 
a photon has been emitted from the photocathode within a 
pixel in a frame. To consider sensitivity, we must therefore 
consider the probability of detection and the probability 

whenever the CCD readout noise exceeds the false-alarm 
decision threshold. Random emission from the photocathode 

false-alarm source from the user’s perspective. However, EBI 

is not considered a false alarm in the optical sense because 
an EBI primary electron is still an electron that should be 

is normally negligible in gated applications. CCD cameras 
generally have between 250,000 and 1,000,000 pixels. 
Thus, to have a tolerably low probability of false alarm 
in an entire frame, the probability of a false alarm per 
pixel must be extremely small. Assuming the readout noise 
to be Gaussian, the false-alarm decision threshold must be 
many times the standard deviation of the readout noise. On 
the other hand, the pulse height distribution of the image 

which means that some of the photoelectrons give rise to a 
relatively small light pulse.

Figure 3 shows the probability of detection for two values 

a 512x512-pixel CCD camera in a system with the effective 

false-alarm rate and probability of detection depends 
heavily on the experimental conditions, performance that 

probability of false alarm per frame is hard to justify as 
true detection. Figure 3 clearly demonstrates that to attain 
this level of performance, an average gain of about 50 

minimum-decay-time phosphors composed of rare-earth 
materials are often necessary to obtain excellent linearity. 
Unfortunately, these phosphors are four to ten times less 

sensitivity, the lens-coupled ICCD is further strained under 
such circumstances. 

Comparison of Lens-Coupled and 
Fiberoptic-Coupled ICCD Cameras

© 2012 Princeton Instruments, Inc. All rights reserved.
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channel number.

Lens-Coupled ICCD  
Advantages and Disadvantages
One of the most notable conveniences of lens-coupled ICCDs 
is the ability to use the camera as both an ICCD and a CCD 

removed, the underlying CCD camera is a full-performance 
CCD detector. The lens-coupled ICCD also represents a cost-
effective way to add gating capability to an existing CCD 
camera if ultimate sensitivity is not required.

Potential ICCD camera users should be wary of statements 
by manufacturers that a single photoelectron will produce 
100,000 photons from the phosphor. This value, which is 

too high by almost one order of magnitude even for the 

exaggerated even for fast phosphors. 

In addition, the lower light throughput of lens coupling 

by some manufacturers to be an advantage at medium 

per photoelectron. This is said to make the camera able to 
withstand more photons per pixel before saturating. Since 
the SNR is presumably photon-noise-limited at medium 
light levels, it is claimed that higher SNRs can therefore 

be achieved. While there is some truth to this argument, 

Instruments cameras provide better alternatives.

Operation at lower gain provides better linearity and far 

the required output charge per photoelectron from the 
MCP is reduced, which in turn prevents any gain reduction 
due to local discharge of the MCP. It has been incorrectly 
argued that operating at higher gain increases the MCP 
standing current and therefore the linearity. The fallacy here 
is that the gain and the output charge requirement increase 
exponentially with the MCP voltage, but the standing current 
only increases linearly.

Lens coupling increases the stray light of the camera system, 
reducing the intrinsic dynamic range. This is especially 
important in systems that must detect small features in the 
presence of large backgrounds, such as emission from high-

combustion analysis. Operation of lens-coupled ICCDs at 

life span.
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Fiberoptic-Coupled ICCDs 

performance ICCD available. Fiberoptic coupling provides 

photoelectron detection is possible with this ICCD. When 

be reduced to allow higher dynamic range and greatly 

noise associated with the electron-multiplication process in 
the MCP is increased at higher voltages. The integrated 

voltages even when set to 50-100 counts per photoelectron, 
so this ICCD provides better output SNR for a given signal 
than a lens-coupled ICCD.

Princeton Instruments is the leader in the manufacture of 
high-performance CCD and ICCD cameras. The integrated 

produce as it requires optimum performance from various 

include clean driving signals to the CCD, low-level signals 

insulation requirements. 

cannot be under vacuum. Therefore, these detectors must 
have a dry, inert environment to prevent condensation. In 
the case of PI-MAX®4 cameras, the head is sealed with dry 
nitrogen for maintenance-free operation. Whenever the 
CCD is cooled, water or air is used to dissipate the heat 
generated by the thermoelectric cooler.

While CCD dark current may be negligible in short 
gating experiments, additional background noise exists 

photocathode directly and uniformly. Every PI-MAX4 has  
 

source to the camera and begin cooling. A cooled 
photocathode has EBI levels as much as 20x lower than a 
room-temperature photocathode.

Conclusions
It is important to understand the differences between 

an existing CCD camera, the superior performance of 

ICCDs is their ability to deliver the highest sensitivity at low 
light levels while still offering a long life span for expensive 

with the best QE in the wavelength of interest, the 
highest practicable sensitivity is ensured. Integrated high-
voltage pulser design and the industry’s most advanced 

seamless operation and superior gating performance. 

ICCD cameras is being widely used throughout the world 
in imaging and spectroscopy applications such as LIF, 
combustion research, laser-induced breakdown spectroscopy 



© 2012 Princeton Instruments, Inc. All rights reserved.

42

PI-MAX4Technical Notes

This technical note is intended to help researchers select the 

light, time-resolved imaging and spectroscopy applications. 

resolution, and frame rate. For more detailed information on

 
and “Comparison of Lens-Coupled and Fiberoptic-Coupled  
ICCD Cameras”.

Introduction
A typical high-performance ICCD camera consists of an 

as low-noise CCD readout circuitry.

Though primarily used for military night vision applications, 

as ultra-low-light sensitivity and picosecond shuttering 

imaging and spectroscopy applications. With continuous 

are helping researchers gain better insight into physical, 
chemical, and biological processes.

Intensifier: Performance Parameters
In order to match ICCD system performance to the 
requirements of the experiment, one should pay careful 

primarily based upon:

This is an important parameter as it ultimately determines 
the sensitivity of the entire detection system. Based upon 

shown in Figure 2.

Selecting the Right ICCD Camera 
The latest advances in intensified CCD camera technology
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clear that:

offer the best sensitivity. Notice the tradeoff between the

described later, it is possible to minimize this compromise
with intelligent gating schemes.

sensitivity.

Gate speed is the time required to optically turn on and off 

Gen II Intensifiers

can also be selected to give the highest sensitivity over a

2 input window offers the best

offer the highest QE available for the NIR region.

50 nsec to 200 nsec gate speeds. In contrast, fast-gate 

drawback of these tubes is the reduced QE caused by 
the metal underlayer. In order to reduce the compromise 
between gating speed and QE, Princeton Instruments has 

combustion (OH-PLIF), where high sensitivity in the  
UV-to-blue region and fast gate speeds are important.”

Photocathode Bi- or multi-alkali GaAsP GaAsP
Peak QE    
Ideal wavelength range UV to NIR Blue to visible Visible to NIR
Gating voltage    ~200 V ~200 V ~200 V
Gate speeds*    ~2 nsec ~2 nsec ~2 nsec
Cost + +++ +++

*picosecond gate speeds are possible
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Gen III Filmless Intensifiers

In addition to offering the highest possible sensitivity in  
 

 
 

them the ideal choice for many time-resolved applications 
that operate in the visible region of the spectrum.

>50% QE, offering the best combination of sensitivity in
the visible region (<780 nm) and gate speed.”

Gating
[For more detailed information, see the Princeton Instruments 
technical note “ICCD Gating”.]

luminescence immediately following the excitation of a 
sample. Gating is also used to effectively eliminate ambient 
light. Typically, gating is performed by switching the voltage 
between the photocathode and the MCP. High-performance 
ICCD cameras such as the PI-MAX®4 use optimum gating 
voltages in order to achieve effective gating and high 
spatial resolution. 

capable of picosecond gate speeds, whereas slow-gate 

applications such as OH-PLIF that require high sensitivity in 

Advanced ICCD cameras such as the PI-MAX4 are capable 
of a sustained 1 MHz repetition rate while using full gating 
voltage. It is important to note that a lower gating voltage 

of spatial resolution.

important to consider P46 and P47 phosphors with faster 

msec decay times. A P46 or P47 phosphor is especially 
important for applications requiring DIF mode operation. 
In this mode, two full frames can be captured with µsec 
resolution. Advanced ICCD cameras such as the PI-MAX4 
offer DIF capabilities coupled with powerful gating for  
ultra-high-frame-rate gated applications.

CCD Performance

important role in overall ICCD camera system performance, 
the choice of an appropriate CCD cannot be overlooked. 

In time-resolved applications, it is often important to minimize 
the effects of photobleaching of the samples under study. 
This requires that data be captured using a minimal number 
of excitation pulses. For example, typical pulsed Nd:YAG 
lasers operate at around 10 Hz, so it is often necessary for 
an ICCD camera to capture a frame every 100 msec. This 
requirement is met by the availability of higher readout 

Newer interline CCDs, such as those utilized in PI-MAX4:1024i 
cameras, offer a unique capability that allows the capture 
of two distinct frames in as little as 450 nsec or less – ideal 

P47 phosphor must be selected to avoid cross-talk between 
images.
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Furthermore, the dynamic range and linearity of an ICCD 
camera is often determined by a combination of MCP 
saturation and CCD full well. Empirical data show that it 
is possible to achieve >15 bits of true dynamic range in 
transient as well as CW applications.

Ease of Use

grade ICCD cameras should be easy to use. For example,  
PI-MAX4 cameras from Princeton Instruments are offered  

Summary

allow researchers to design new time-resolved experiments 
with greater performance and ease.

Intensifier Gate Pulses

1 µsec (or 1 MHz)

PI-MAX3 / 4 (1 MHz continuous gating)

Laser pulses running at 1 MHz

Intensifier Gate Pulses

20 µsec between gates
(or 50 kHz rep rate)

Intensifier Gate Pulses

Previous ICCD cameras capture only 1 in 20 pulses
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The following application notes provide a glimpse 
into the usage of Princeton Instruments ICCD 
cameras for applications ranging from combustion 
studies to nano-research. These applications 
involve various time-resolved imaging and 
spectroscopy diagnostic techniques.

and Kaustubh R. Rau, Pedro A. Quinto-Su, Amy 

Microbeam and Medical Program, Beckman Laser

 vol. 91, July 2006, 317-329.
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Carbon nanotubes are hollow, cylindrical tubes formed by 
single layers of carbon atoms. They can be one atom layer 

SWNTs are formed by laser vaporization, dc-arc 
vaporization, chemical vapor deposition, or gas 
disproportionation in the presence of metal catalyst 
nanoparticles in background gases. Recently, SWNTs were 

are another allotrope of solid carbon, joining the family of 
graphite, diamond, and solid fullerenes. They are the latest 

in the 1980s with the discovery of “Buckyballs”, symmetrical 

resemble soccer balls. Like other carbon allotropes, the 
distinct characteristics of SWNTs are conveyed by the 
propensity of carbon atoms to bond to one another and 
form the ubiquitous planar hexagonal rings, as in graphite or 
the benzene molecule.

Potential Applications for Nanotubes
SWNTs have extremely high length-to-diameter ratios. Their 
diameters are approximately 1-2 nm, with known lengths 

a human hair, SWNTs have been estimated to be 10 times 
lighter and 1000 times stronger than a steel rod of the same 
size. They can also have metallic characteristics with unique 
electrical properties. 

SWNTs can associate into linear bundles or ropes, which 
suggests that they might serve some revolutionary structural 
and electronic uses, including:

nanogenerators and machines

oxidation

as a fuel

products

materials

in space or between earth and space

Investigation of Nanotube Formation
For nanotubes to be fabricated into useful products, their 
formation will have to be clearly understood and the 

However, understanding of nanotube synthesis is in its 
infancy and controlled nanotube production has yet to be 

Alexander Puretzky and their colleagues at Oak Ridge 

scattering measurements, to study the dynamics of nanotube 

Intensified CCD Imaging and Spectroscopy 
Unravel the Mysteries of Carbon 
Nanotube Formation



48

formation. In their experiments, a small amount of material 
16 carbon atoms plus ~1014 metal catalyst atoms [Ni 

a portion of the vaporized material self-assembles to 
form SWNTs. Experimental conditions are varied, and the 
resulting images and spectroscopic measurements have 
provided some of the most detailed data ever on the 
formation dynamics of SWNTs. The ORNL investigators use a 
Princeton Instruments PI-MAX®

system for imaging and spectroscopy. The high sensitivity and 

experiments, as does the dual imaging and spectroscopy 
capability of the PI-MAX camera.

Dynamics of SWNT Formation
In the ORNL experiments, nanotubes were synthesized 

target positions, and numbers of shots on the target. 

the transport dynamics observed during the run by either 
time-resolved imaging or spectroscopy. Figure 3 shows 

operated at 0.016 Hz. To investigate nanotube growth, the 

vaporization ranging from 20 nsec to 3 sec.

 
 

Figure 4 shows ICCD images of the nascent plasma emission 
from the plume at times up to 200 µs both at 1000°C and 
room temperature. The images demonstrate oscillations and 
self-focusing effects during the early plume dynamics at 
each of the temperatures.

Laser-induced incandescence images also recorded plume 
dynamics during SWNT synthesis at times after ablation 

propagates with velocities ranging from 103

stops moving upstream and the plane of the vortex ring tilts 
toward the tube axis. 

and residual material deposit on the cool collector surface 
by thermophoresis. At room temperature, the plume 
propagates slower in the axial direction and the motion of 
material in the plume is extremely turbulent.

Rayleigh-scattering images were used to estimate the onset 
of plume condensation into nanoparticles after KrF-laser
ablation at room temperature. These measurements yielded 
an estimate of 150 µs for the onset time. The images also 
revealed that despite the turbulent expansion of the plume, 

volume within thin sheets of multiple vortices. 
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and room temperature. Figure 6 shows summary spectra from room-temperature 
experiments. These data indicated that at early times in the plume expansion 
close to the target while the plasma is very hot, the plume species are primarily 
electronically excited. This emission from excited states dominates any laser-induced 
luminescence from the ground states. As the plasma expands, cools, and recombines, 
the ground states become populated, and LIL-emission emerges and competes 
with the nascent plasma emission. Finally, the nascent plasma emission completely 
disappears, leaving only LIL from ground states. Disappearance of plasma emission 
presumably signals the onset of nanoparticle formation.

was imaged at 1000°C to observe the groundstate atomic Co in the plume.  
Figure 7 shows results of these experiments. The data were consistent with sequential 
condensation of carbon and cobalt into clusters. This clustering presumably initiates 

of mixed nanoparticles during seconds of time.

To check this conclusion and estimate SWNT growth rate, experiments were 

The plume motion seen in Figure 8 is similar to that observed previously, though 
at times >100 msec the plume propagation changed such that the plane of the 
ring vortex tilted relative to the tube axis. The ring also elongated along this axis 

the furnace in this orientation to deposit on the upper surface of the tube. The inset 
in Figure 8 is a TEM image of this deposit showing a collection of aggregated 
carbon and metal catalyst nanoparticles and thin SWNT bundles only ~100 nm in 

ORNL scientists estimated that the average SWNT growth rate at 1000°C was  

Conclusions
The elegant work of Drs. Geohegan and Puretzky and their associates has yielded 
the following important information about the dynamics of SWNT formation:

with a single laser shot, at repetition rates as low as 0.016 Hz.

evidence of hot, molten particulates.

Figure 4. ICCD 

 
various times after 
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in a ~1 cm3 volume during seconds after laser ablation.

carbon clusters and nanoparticles by the metal catalyst
nanoparticles.

ex situ annealing 
experiments in which deposits were collected from the laser- 
oven after limiting the nanotube-oven with in situ diagnostics.

Technology Update

application note is the predecessor of the PI-MAX4. The  
PI-MAX4 ICCD camera offers readout ranging from video 
rates to thousands of frames per second for capturing 
dynamics, while a sustained gating repetition rate of  

keep up with the ever increasing repetition rates of lasers. 
This state-of-the-art ICCD camera is also equipped with 
SuperSynchro and SuperHV technologies, which provide 

Picosecond gating capabilities, RF modulation capabilities, 
and complete experimental control via Princeton Instruments 
LightField® software are offered as well. The PI-MAX4 sets 

diagnostics, and more. 
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The successful development and optimization of fusion power 
sources will depend largely upon learning more about 
plasma turbulence and its relation to transport. Gaining a 
greater knowledge of plasma-edge turbulence is key, as 
the transport of particles near the plasma’s edge has a 

region that the boundary values for plasma temperature 
and density are established, values from which internal 
gradients are subsequently determined. Unfortunately, 
theories often fail to predict transport under turbulent 
conditions. Researchers have now begun to utilize high-

studies designed to evaluate the potential of using planar 

technique, for the experimental visualization of plasma-
edge turbulence. It is hoped that data acquired via PLIF 
imaging will lead to improved turbulence-transport models. 
This note discusses the recent work of Fred M. Levinton 

Tokamak and PLIF Basics

fusion concepts today, the tokamak is a toroidally shaped 

electromagnets. As a rule, tokamak experiments use 
deuterium and tritium isotopes of hydrogen since this 
combination requires the lowest possible fusion temperatures. 

the plasma, which is heated in short pulses by high-energy 
particle beams or radio-frequency waves to maintain 
temperatures in excess of one hundred million degrees 
centigrade. Ohmic heating and magnetic compression also 
help achieve the temperatures necessary for fusion.

Large temperature and density gradients near the edge 
of the plasma contribute to transport greater than that 
predicted by standard, non-turbulent theories. As Levinton 
and Trintchouk note in their January 2001 paper entitled 
“Visualization of plasma turbulence with laser-induced 

 vol. 72, #1, 

diagnostic techniques address turbulence-driven transport,
the picture is still far from complete. The relation between
turbulence and transport needs to be understood more

ultimately better the performance of fusion devices.

Levinton and Trintchouk have chosen to evaluate the 

investigate plasma-edge turbulence. PLIF is a technique in 
which a laser source is tuned to the absorption line of an 
atomic or molecular species present in a given plasma. The 
tunable laser source is then utilized to create a sheet of light 

energy-level-transition process. A series of two-dimensional 
images is acquired by an ICCD camera. Unlike other 
diagnostic techniques used to examine plasma turbulence, 
PLIF provides high-resolution images of the phenomena 
occurring throughout an entire plane of interest.

Experiment Setup

plasma physics research managed by Princeton University 
for the U.S. Department of Energy. As described in their 
paper, Levinton and Trintchouk are using the lab’s magnetic 

 
1.5-3.5 kG, the MNX can run steady-state in a working  
gas of argon, krypton, or xenon.

Using Planar Laser-Induced
Fluorescence To Study Plasma Turbulence 
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The setup also utilizes a Boswell-type double saddle antenna 

0.125” copper tubing, which is wrapped on the outside 
of a Pyrex tube. The antenna and tube are air-cooled to 

operated at 0.3-1.0 kW at a frequency of 27 MHz, while a 
matching circuit comprising capacitors in series and parallel 
with the antenna is encased in an rf-shielded box next to 

17 to 1x1020 m-3. 
Electron temperature is ~5 eV and ion temperature  
is ~0.5 eV.

Since turbulence is usually far longer in scale parallel to the 

is used. This enables imaging perpendicular to the magnetic 

loss. As Figure 1 shows, the laser propagation direction is 

direction. A reentrant mirror situated in the vacuum vessel 

Instruments PI-MAX®,  providing an axial view of the plasma.

Ion Selection
Many factors must be considered when selecting an 
appropriate ion for PLIF measurements, including the laser’s 
ability to attain the pump wavelength, the power needed 

Performing the PLIF at saturation is important, as doing so 

spatial variations from the laser power intensity for density 
variations in the plasma is practically eliminated. Through 
both numerical and experimental means, Levinton and 

 
Ar II, Kr II, and Xe II that provide the desired transitions 

To test these ions, a tunable Alexandrite laser capable 
of providing the ~104 W required for saturation is used. 
The pulse width of the laser is approximately 80 nsec 
with a repetition rate of 10 Hz. The Alexandrite laser is 

tunable from 700-800 nm at its fundamental wavelength 
and from 350-400 nm with second harmonic generation. 
The intermediate range from 400-700 nm is covered by 

the precision tuning procedure.

After testing several ion schemes using an avalanche 

deemed the most advantageous for the experiment. While

aforementioned Ar II scheme yielded a signal about 10x as 
great as the background.
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is, of course, a critical component of the PLIF experiment. 
The Princeton Instruments PI-MAX camera utilized by 
Levinton and Trintchouk is a high-performance instrument 

to a thermoelectrically cooled CCD. Light is collected by a 

 
512x512-pixel front-illuminated detector.

Levinton and Trintchouk cite a number of reasons for using 
the PI-MAX camera in their work. First and foremost, the low-
noise detection system can be gated. A gating ratio of 107:1 
as well as a gate width of about 100 nsec for a laser pulse 
width of 80 nsec allow the PI-MAX to effectively minimize 
the leakage of plasma background light onto the CCD. The 
high gating ratio is needed because the CCD’s readout time

the CCD from detecting too much background signal.

Levinton and Trintchouk observe that the detection system 
provides linear response through virtually the entire CCD 

 

In addition, the spatial resolution provided by the PI-MAX 
camera is also important to the PLIF experiment. Taking into 

 
the plasma, which translates to 0.8 mm when using 5x5 
pixel-binning.

Figure 4 shows the results of imaging the PLIF emission. 
Each view represents an average of 20 frames of the same 
data. Large-scale structures are studied by subtracting 
individual frames from the 20-frame average to identify 

is investigated by calculating standard deviations and 
performing two-dimensional Fourier transforms using data 
from sub-regions of similar pairs of images.
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According to Levinton and Trintchouk, PLIF imaging holds 
substantial promise in this area of research. Their work 
demonstrates that the technique can successfully measure 
structures and turbulence in a plasma with unprecedented 
temporal and spatial resolution. Future efforts will include 
testing the method on other devices using argon seeding to
provide the ions required for PLIF. It is suggested that 
since passive edge measurements of visible emissions have 
already been utilized to observe plasma structures, an 
argon gas puff could eventually be used to seed the edge 
region of a fusion plasma.

Technology Update

application note is the predecessor of the PI-MAX4. The  
PI-MAX4 ICCD camera offers readout ranging from video 
rates to thousands of frames per second for capturing 
dynamics, while a sustained gating repetition rate of  

camera to keep up with the ever increasing repetition 
rates of lasers. This state-of-the-art ICCD camera is also 
equipped with SuperSynchro and SuperHV technologies, 
which provide ultimate gating control in an easy-to-

modulation capabilities, and complete experimental control 
via Princeton Instruments LightField® software are offered 
as well. The PI-MAX4 sets performance benchmarks for 

spectroscopy, nanotechnology, plasma diagnostics, and 
more. 
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The utility of future hypersonic air-breathing propulsion 

combustion processes in the high-speed combustion chamber. 
For scramjet engines, for example, these processes have to 

combustion research to date has focused on speeds much 
lower than this. Due to the large enthalpies associated with 

providing the required total temperature and hypervelocity 
to adequately replicate the combustor environment. 

impulse environments where hypervelocity testing can be 
conducted. Expansion tubes have the advantage of less 
dissociated chemical species being formed, as well as more 
accurate simulation of combustion chemistry, including ignition 
delay and reaction times. However, the test times possible in 

 
shock tunnels.

Stanford Expansion Tube Facility
The hypervelocity combustion studies of Drs. Adela  

facility of the High Temperature Gasdynamics Laboratory 

wide range of total-enthalpy conditions, including 4 to 6 

expansion tube is 12 m in length with an inner diameter 
of 89 mm. It consists of three sections: driver, driven, and 

helium gas and is separated by a double diaphragm 

the test gas. A run is initiated by bursting the diaphragms 
to form a shock wave that propagates into the test gas, 
producing intermediate velocity with increased pressure and 
temperatures. The shocked test gas is then accelerated by 
an area expansion process into the expansion section, with 
both a higher stagnation enthalpy and a higher effective 

originated. A schematic of this setup is shown in Figure 1.

The experiments performed by Ben-Yakar in the expansion 
tube used simultaneous Schlieren imaging and planar laser-

auto-ignition of a hydrogen jet, to obtain information on the 
location of the shock waves and the region of combustion 
during hypervelocity. Application of these two nonintrusive 
techniques permits unique and crucial visualization of the 

Planar Laser-Induced Fluorescence

Hypervelocity Combustion with an
Intensified CCD System 
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mole fraction. At the combustion pressures obtained in this 

where XOH is the OH mole fraction and ƒJ” is the Boltzmann 
fraction of OH molecules in the absorbing state.

of the A2 +  X2  
 

small part in signal interpretation for regions containing OH. 
Fluorescence intensity, meanwhile, can be used as a direct 
indicator of OH mole fraction.

Experiment Setup
The Stanford HTGL investigators employ a Princeton 
Instruments PI-MAX®

for the OH-PLIF experiment. This system is ideally suited 
for the application because of its high QE in the lower-

7

images to be distinguished from the strong background of 

The frequency-doubled output of a dye laser pumped by 
a pulsed Nd:YAG laser creates the required laser sheet. 
For OH-PLIF transitions near 283 nm, Rhodamine 590 dye 
is used with pulse energies of about 8 mJ. At the viewing 
section, the laser sheet is approximately 0.5 mm thick and 

same exit window as that of the Schlieren system. A 5 cm 
diameter dichroic mirror is mounted at 45 degrees to the 
optical axis perpendicular to the exit window to separate 

and collected by the PI-MAX camera.

Experiment Results
Figure 2 shows simultaneous side-view OH-PLIF and 
Schlieren images of hydrogen injection into a supersonic 

the regions containing OH molecules. The evolution of the 
reaction zone is in good agreement with the jet position seen 

the outer edge of the plume attached to the recirculation-
zone ignition region follows. Further downstream, a decrease 

mixture temperature or poor mixing of air with the hydrogen 
of the jet.
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of the plume has no OH formation. The results are consistent with those 
seen in Figure 2, showing that the OH concentration at the outer edge 
of the jet decreases as the jet moves downstream.

OH-PLIF imaging experiments at Mach 13 conditions show similar 
combustion characteristics as those at Mach 10. The pulsating nature 
of the upstream recirculation region can also be seen in Mach 13 

Conclusions
The Stanford HTGL scientists have been able to successfully generate 

with an ICCD camera system, permit visualization of combustion that 

jet and along the outer edge of the jet plume. These results and the 
techniques used to acquire them will contribute greatly to the successful 
development of future hypersonic air-breathing propulsion systems.

Technology Update

is the predecessor of the PI-MAX4. The PI-MAX4 ICCD camera offers 
readout ranging from video rates to thousands of frames per second 
for capturing dynamics, while a sustained gating repetition rate of  

increasing repetition rates of lasers. This state-of-the-art ICCD camera 
is also equipped with SuperSynchro and SuperHV technologies, 

Picosecond gating capabilities, RF modulation capabilities, and 
complete experimental control via Princeton Instruments LightField® 
software are offered as well. The PI-MAX4 sets performance 

spectroscopy, nanotechnology, plasma diagnostics, and more. 

are the same as in Figure 

 
 

Princeton Instruments Global Sales & Support 
 www.princetoninstruments.com  |  info@princetoninstruments.com
Tel: +1.609.587.9797

References:
1. A. Ben-Yakar and R.K. Hanson. Hypervelocity combustion studies using
simultaneous OH-PLIF and Schlieren imaging in an expansion tube. AIAA
Paper 99-2453, 35th AIAA Joint Propulsion Conference, Los Angeles, CA,
June 1999.

2. A. Ben-Yakar. Experimental investigation of mixing and ignition of

Mechanical Eng., Stanford University, December 2000.



58

PI-MAX4



59

The Ultimate in Precision and Intelligence 
PI-MAX4



Rev A1

Ethernet is a registered trademark of Xerox Corporation.
FireWire is a trademark of Apple Computer, Inc., registered in the U.S. and other countries.

LabVIEW is a trademark of National Instruments Corp.
Microsoft and Windows are registered trademarks of Microsoft Corporation in the United States and other countries. 

LightField and PI-MAX are registered trademarks of Princeton Instruments, Inc.

Other brand and product names are the trademarks or registered trademarks of their respective owners and manufacturers.

© 2012 Princeton Instruments, Inc. All rights reserved.

Contact Princeton Instruments for additional application information  
about high-performance ICCD, EMCCD, and CCD cameras!

IMAGING GROUP 
INDUSTRIAL GROUP 

SPECTROSCOPY GROUP 
X-RAY GROUP

ACTON OPTICS & COATINGS  

SPECTROSCOPY GROUP


