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A wide variety of radiometric instruments are now available for measuring the radiant char-

acteristics of industrial and laboratory UV lamps. Relating these characteristics to the performance of a UV-cured product depends on

how well the selected parameters match the critical factors of the cure process. Further, the distinction between process design and

process monitoring is significant, especially in the UV exposure characteristics to be measured.

The differences in instruments and the reasons for these differences are followed by suggestions of how to avoid some common

errors and how to report data more completely. Optical terminology, specifications, methods, and how radiometric measures are used

in system design and in production monitoring are presented. 

INTRODUCTION

The most important principle of effec-
tive radiometry is that the measure-
ments must be relevant to the process
or, in other words, must be related to
the development of the physical prop-
erties of the final product. By thorough-
ly understanding the lamp-chemistry-
application interactions, more precise
and useful specifications can be deter-
mined for what to measure in the de-
sign of a process and for the establish-
ment of meaningful limits that can be
applied to process monitoring. In addi-
tion, data from radiometers need to be
communicated in a consistent and uni-
form way. This facilitates the duplica-
tion of the UV exposure conditions that
produce the desired curing result, and
is also important in the event that prob-
lem-solving communication with sup-
pliers is necessary.

This discussion of radiometry in UV
will touch on the use of radiometry for
process design; the use of radiometry
for process control or monitoring; key
exposure factors to measure; types of
radiometers; some sources of error in
radiometric measurement; and recom-
mended methods of reporting data.

PROCESS DESIGN VS.
PROCESS CONTROL

PROCESS DESIGN is the optimization
of the UV exposure conditions based on
the performance requirements of an
ink, coating, or adhesive. A typical lab-
oratory method is to vary formulation
ingredients and/or UV exposure, and

evaluate the resulting cured material.
Generally, the material’s spectral ab-
sorption and “optical thickness,”1 as
well as photoinitiator types and concen-
tration, determine what exposure is
most effective. Attaining a specific set of
physical properties in the cured film on
an end-product is ultimately what is
important, and design information is
critical to achieving an efficient process
with an adequate operating range, or
“window.”1

The process design phase deter-
mines exposure requirements such as
peak and focus, irradiance profile, spec-
tral distribution, power level, peak-to-
energy ratio, temperature, and time.
Radiometric measurements are useful
in quantifying the successful exposure
parameters, so the process can be reli-
ably duplicated. The function of ra-
diometry is to provide quantitative
information about the critical require-
ments of the process and to establish
the limits within which the process is
successful.

PROCESS CONTROL maintains the
process within the “window”1 of oper-
ating limits. The primary purpose of
process monitoring is to know when
something has changed before it threat-
ens the process. If the radiometric data
collected does not relate to the process
“window,” it does not mean much. For
example, if the chemistry requires UV
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Process Monitoring

Objectives:
Verify that the key optical conditions re-
main within specified limits (“process
window”)

Interpret changes in the exposure con-
ditions to maintain control

Process Design

Objectives:
Optimize the cured properties of the
end product.

Quantify the key exposure conditions:
· Effective irradiance or Profile
· Spectral Distribution
· Time or speed (determines energy)
· Infrared or temperature

Transfer the process to production
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The exposure profile is characteristic
of any lamp design. The peak of the ex-
posure profile is the peak irradiance;
the area under the exposure curve is
proportional to total energy. The rela-
tionship of the peak to energy/time is
important to cure efficiency. It is not
possible to increase the peak-to-ener-
gy/time ratio of a lamp—this is deter-
mined by its physical design—it is a
characteristic of the irradiance profile of
the lamp. In use, the profile of a lamp
can deteriorate if the bulb sags out of
the focused position, or if the reflector
has been deformed.

A measurement of total UV energy
(“dose”) is a composite of irradiance
profile and velocity, but information
about neither irradiance nor time can be
extracted from it. Consequently, data on
energy alone is less important to design,
but more useful in monitoring or con-
trol.

Radiometric Instruments 
and Devices

In selecting radiometric instruments,
the desire is to find one instrument that
“does it all” and provides universally
understood information. Unfortunately,
no one method gets a perfect score. 

RADIOMETERS measure irradiance
(usually watts/cm≈) at a point, but over
a uniquely defined wavelength band.
Differences in detectors, filters, con-
struction, and principles of operation
result in the fact that different narrow-
band radiometers give different results
when measuring broad-band sources
(see Figure 2). A radiometer from one
manufacturer can report UV data sig-
nificantly different from another instru-
ment from a different manufacturer.
This is because instruments have differ-
ent responsivity, or wavelength sensi-
tivity.

Further, instruments differ in their
spatial sensitivity (angle of view), al-
though most have diffusers to give

wavelengths in the 250 nm region,
measurement in the 365 nm region
would not be relevant. Also, if lamp de-
sign characteristics such as irradiance
profile or spectral radiance have been
determined in the design of the system,
it is not necessary to repeatedly meas-
ure these for process control—unless
they are expected to change. Proper
measurements in production can be
valuable to determine when replace-
ment or maintenance is required as
lamps age or become dirty.

Irradiance, Spectral 
Distribution, and Energy

There are four key factors (outside of
the formulation itself) which affect the
curing and the consequent performance
of the UV curable material. These fac-
tors are the UV exposure conditions,
which are a consequence of the optical
characteristics of the curing system.
Simply stated, these are the exposure
parameters that are sufficient to define
the process:

· irradiance—either peak or profile,
measured in W/cm≈ or mW/cm≈; 

· spectral distribution—emitted ra-
diant power versus wavelength in
nanometers (nm);

· time (or “speed”)—energy is the
time-integral of irradiance meas-
ured in J/cm≈ or mJ/cm≈; and

· infrared (IR) or heat—usually ob-
served by the temperature rise of
the substrate. 

Irradiance data must always include
identification of the wavelength range
to which it applies. This is one of the
most common omissions in radiometry.
When irradiance is measured in any
specific range of wavelengths, it is
called effective irradiance.2 When this
wavelength range is clearly under-
stood, the term “irradiance” is suffi-
cient. (“Intensity” is not a technically
defined term but is commonly, al-
though improperly, used to mean irra-
diance). Peak irradiance has a distinct

effect and benefit on speed and
depth of cu.3

UV Effective Energy Density is
the UV energy to which a sur-
face is exposed as it travels
past a lamp or a sequence of
lamps. It is sometimes loosely
(but incorrectly) referred to as
“dose.” For an exposure in
which irradiance is not con-
stant, such as rising then
falling, energy is the time-inte-
gral of irradiance. Effective en-
ergy density incorporates irra-
diance profile over the

wavelength range of interest
(l1/l2) and time, t, of exposure:

(1)

As with irradiance, when the wave-
length range is clearly stated, and it is
clear that the meaning is per unit area,
this term can be simply abbreviated as
“energy.”

Infrared (IR) radiation is emitted pri-
marily by the quartz envelope of the
UV source. Because commercial UV ra-
diometers do not measure IR irradi-
ance, measurement of surface tempera-
ture is the usual method of determining
the heating effect of IR. The heat may be
a benefit or a nuisance, but is an insep-
arable factor in the curing process. A
noncontacting optical pyrometer4 is rec-
ommended for surface temperature
measurement.

Information about the peak of irradi-
ance, or of the entire exposure profile is
important to the design. Figure 1 illus-
trates several irradiance profiles, all of
which exhibit approximately the same
energy content, but distinctly different
profiles—duration and peak. The fact
that these exposures produce different
physical properties in most UV-curable
materials is the reason that profile infor-
mation is needed in the process design
stage.
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Figure 1—Irradiance profiles.

Figure 2—Selected examples of responsivity and mercury lamp
UV emission.
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nology, having no designations of its
own, adopted these. In UV processing,
UVA, UVB, and UVC are only loosely
defined, having been modified slightly
to represent dominant emission ranges
in the emission of mercury (Hg) vapor
plasmas.

Similar designations are used in var-
ious technologies involving UV.8

Typically, the generally accepted range
designations are:

VUV—100-200 nm;
UVC—200-280 nm;
UVB—280-315 nm; and 
UVA—315-400 nm.

The vacuum UV range (VUV) does
not transmit through air, so it is gener-
ally not of practical value in industrial
UV curing.

Some Limitations

Few commercial radiometers accu-
rately respond in the 200-240 nm range.
This is primarily due to limitations in
filter materials used with photodetec-
tors, and to internal scattering effects in

them a cosine response. (Cosine re-
sponse weighs the incoming radiation
by the cosine of its angle of incidence
from normal to the surface). The cosine
response is preferred for two reasons:
(1) it is assumed that inks and coatings
respond to incident radiation according
to a cosine function of the angle of inci-
dence of incoming radiation, and (2) it
is easy to specify as a quasi-standard.

As a practical matter, many users
prefer to compare data from instru-
ments only of the same type.

DOSIMETERS measure accumulated
energy at a surface (watt-seconds/cm≈

or joules/cm≈), also over some unique-
ly defined wavelength band. There are
electronic and chemical types. Because
this is the only measurement that incor-
porates time of exposure, it tends to be
commonly used. Many radiometers
will electronically calculate energy.

SPECTRORADIOMETERS are very nar-
row-band instruments, essentially re-
sponding to spectral irradiance, and are
highly wavelength-specific, some with
resolution as fine as one-half nanome-
ter. These instruments—actually minia-
ture monochromators—can be valuable
when there is a need to evaluate irradi-
ance in a selected wavelength band of
interest, but they do not measure time-
integrated energy. Recent develop-
ments in these instruments include the
ability to select a specific wavelength
band for easier evaluation of the spec-
tral distribution of a lamp output or
spectral irradiance.5

RADIACHROMIC DOSIMETERS are tabs
or films that attach to a test surface and
respond to total time-integrated energy
by changing color or by changing opti-
cal density. Depending on the chemistry
of the detector, it can change perma-
nently or only temporarily. These pho-
tochromic detectors typically respond
to a wide range of UV wavelengths.

Responsivity

The amplitude of response of a de-
tector to different wavelengths is re-
ferred to as responsivity. The design of
the instrument, cell type, and filter re-
sults in a singular response curve. The
net response curve, in percent of maxi-
mum response, is called its relative
spectral responsivity. Examples of re-
sponse of selected wavelength bands of
two commercial instruments are shown
in Figure 2.

Spectral responsivity is the charac-
teristic that differentiates wide-band ra-
diometers from narrow-band radiome-
ters. It can be easily seen from Figure 2
that any of these yield very different

measurements when exposed to the
same lamp! 

The manufacturer’s designations for
the band of the examples illustrated are:
EIT, Inc.—EIT UVC6, 240-260 nm (50%);
International Light—IL 390C7, 250-400
nm (10%); and EIT, Inc.—EIT UVA6,
320-390 nm (50%).

All instrument manufacturers pro-
vide the responsivity data for their in-
struments. Note that the wavelength re-
sponse band of an instrument may be
specified at the 10% response wave-
lengths, or at the 50% response wave-
lengths (compare Figure 2).

A NOTE ABOUT WAVELENGTH

DESIGNATION, UVA, UVB, UVC: It is in-
teresting that the language of UV wave-
length designations has no equivalent
terms such as “red,” “yellow,” “green,”
or “blue.” Historically, the technology
was forced to adopt terms from the field
of physiology, where “UVA,” “UVB,”
and “UVC” are generally accepted des-
ignations for distinct UV ranges, differ-
entiated by effects on biological tissue,
primarily by sunlight. UV curing tech-

Figure 3—Typical sampling radiometer.

Figure 4—Over-range error.
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spectroradiometers. Radiachromic de-
tectors are very responsive to short-
wavelength UV, but are rarely calibrat-
ed for responsivity in any wavelength
band—they typically require correla-
tion to a radiometer.

Sources of Error

Of the many types of instruments
available, all have some characteristic
element which can result in errors in
their readings. The purpose here is not
to evaluate these sources of error in any
specific instruments, but to illustrate
them so that the user can be aware of
them, and know what information is
available from instrument manufactur-
ers. 

Figure 3 illustrates the typical action
of a sampling radiometer as it passes
the irradiance profile of a lamp.

OVER-RANGE ERROR: The dynamic
range of the instrument must be ade-
quate for the irradiance to which it is
exposed. Radiometers may have a limit
to the intensity that they can tolerate, or
yield accurate measurement. All ra-
diometer manufacturers provide dy-
namic range information on their in-
struments, and electronic instruments
should have an over-range indicator.
The peak irradiance of a high-power,
finely focused lamp can exceed 10-15
watts/cm2.

The effect of over-ranging is illus-
trated in Figure 4. The irradiance infor-
mation that is missed causes an obvious
error in its peak reading and if the in-
strument sums these samples to calcu-
late energy, that will contain a hidden
error also. Averaging several measure-
ments does not correct this error.

SAMPLE RATE ERROR: Radiometers
that display irradiance or calculate ef-
fective energy density (dose) do so by
accumulating a sequence of samples,
under control of an internal clock,
which determines the sampling fre-
quency. For example, a radiometer with
a sampling rate of 25 samples/sec9

would take a sample at one-inch inter-
vals when traveling at a speed of 25
in./sec (48 m/min). This could result in
serious error if the irradiance pattern
has a peak width of one-half inch (13
mm). In this example, illustrated in
Figure 5, the test speed is too fast for the
lamp/radiometer combination.

Because sampling error causes errat-
ic measurements, there is an inclination
to take several measurements and aver-
age them. When sampling error occurs,
taking multiple measurements does not
eliminate the error—it simply incorpo-
rates it in the average. This problem can
be avoided by making measurements at

a lower speed, and calculating energy
for higher speeds.

Avoiding Speed or Sampling
Rate Errors

It is not necessary to repeatedly run
a laboratory radiometer under a lamp at
different speeds to evaluate exposure
conditions. First, the irradiance peak
and profile do not change with speed.
Secondly, energy varies strictly and in-
versely with speed and can be accurate-
ly and quickly calculated, but errors can
be introduced at higher speed, depend-
ing on the instrument.

The energy-speed relationship is
simply an inverse relationship for any
given configuration and
power of lamp. In other
words, the energy at
any speed can be calcu-
lated from the energy at
any other speed. This is
a useful point, because
it allows radiometric
measurements to be
made in speed ranges
where measurement
error is a minimum. The
recommended method
for energy measure-
ment is to select a
speed, vo, at which
speed errors are a mini-
mum; record several measurements, Eo,
and speed—then calculate energy, Ex ,
for any other speed, vx.

Since Exvx = Eovo , then Ex = Eo ˘ vo/vx.

To calculate energy at any speed,
simply multiply an error-free energy
measurement by its speed and divide
by the desired speed.

A recommended test for determin-
ing when a sampling error occurs in
measurements under any given lamp
relies on the fact that energy is strictly
an inverse relationship to speed. By
making test measurements at high
speeds and comparing them to the cal-
culated value, the speed at which these
begin to deviate is evident. This can
also be observed in the peak reading.

FAST SAMPLING ERROR: To overcome
the problem of low-sampling-rate er-
rors, some sampling radiometers are
designed for extremely fast rates—
1000-2000 samples per sec. In this case,
a different kind of error can occur. All
lamps exhibit fast fluctuations, caused
by the fact that they are powered by 50
or 60 Hz AC voltage or by pulsating DC
voltage. The plasma within the UV bulb
responds instantly to these fluctuations,
and a fast-response instrument faithful-
ly records instantaneous peaks that

occur throughout the exposure profile,
rather than an average. This results in a
higher-than-average peak irradiance
reading. It does not cause an error in
time-integrated energy. 

Figure 6 shows the irradiance profile
of a typical mercury arc lamp, sampled
at the rate of 2048 samples per sec.10

Here, the difference between the ab-
solute peak (1.4 W/cm2) and the aver-
age peak (~.7 W/cm2) is clear. The dif-
ference in peak reading can cause
confusion. 

Unless there is a reason to evaluate
the instantaneous radiance of the lamp,
a sample rate of approximately 128
samples per sec is adequately fast to
record the peak of any lamp and avoid
sampling errors, and slow enough to in-

tegrate the radiant fluctuations of the
plasma. The slower rate has the benefit
of reducing the electronic file size re-
quired to store the data. If a fast sam-
pling rate is used, then electronic
“smoothing”10 should be applied to the
data before reporting the peak.

Practical Issues of Measurement

By the way they are applied, UV cur-
ing radiometers might be divided
roughly into two groups: static and dy-
namic.

Dynamic measurements are made by
devices, which move or are moved with
respect to the lamps. The object is to
emulate the surface to be cured, and the
devices record the conditions of expo-
sure they observe. They may be at-
tached directly to the surface or, as in
the laboratory, be passed under a lamp
or lamps at controlled speeds to dupli-
cate the exposure conditions.

Static measurements are made with
the instrument positioned at a single lo-
cation. Typically, the purpose of static
measurement is to provide long-term
information about the condition of a
lamp—any changes that may occur in
the overall radiant power output, focus
conditions, or changes in bulb or reflec-
tor. If the radiant energy detected is al-

What You Should Know about Your Radiometer

· Responsivity (Wavelength Range, l2-l1)

· Dynamic Range (Saturation, W/cm≈)

· Sampling Rate (Samples per Second)

· Spatial Response (Cosine or other)

· Orientation Preferred (Radial Symmetry)

· Threshold Response (mW/cm≈)

· Instantaneous or Average Peak

· Temperature Tolerance
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tered, then, by inference, it is altered at
the work surface. Static measurement
methods also include instruments with
hand-held probes, which are inserted
into the field of exposure. Static meas-
urements can record irradiance at a lo-
cation, and spectral distribution, but
not energy, because there is no relation-
ship to an exposure time interval. 

MAPPING RADIOMETERS: Some of the
most dramatic adaptations of radiome-
ters for UV processing are sampling ra-
diometers with on-board memory.
After a test exposure, the instrument is
connected to an external device, either
a computer or a dedicated processor, to
display the entire exposure profile.
These instruments can also calculate
peak irradiance and energy. Single-
band and multiple-band instruments
are available.11 Since these record the
history of a pass under lamps, they can
provide data on the irradiance profile
of each lamp in rows of lamps.
Relating the time scale to distance re-
quires only the knowledge of the pre-
cise speed of the measurement. A pro-
file of a two-row lamp system is
illustrated in Figure 7. 

RADIACHROMIC FILMS: Radiachromic
dosimeters are found in the form of tabs
or strips that attach to a test surface, re-
spond to total time-integrated energy
(dose) by changing color12 or by chang-
ing optical density.13,14 They can be very
handy, especially for 3D objects, as a
number of them can be placed about the
object to measure and compare the en-
ergy delivered to any part of the sur-
face. Tabs and strips have the obvious
advantage that they can be attached to a
flat web or sheet and passed through
the UV curing system. They can survive
transit through nips, rollers, and the
like, without damage. They are inex-
pensive and easy to apply.

A drawback to radiachromic films is
that they generally respond to and
record accumulated energy only. In a
multiple lamp system, they cannot dis-
tinguish the individual exposures of
successive lamps. Commercial radi-
achromic films are not wavelength-spe-
cific. In fact, very little spectral respon-
sivity data is available. Radiachromic
chemistries tend to respond to short UV
wavelengths, typically from 200 up to
300 or 350 nm. 

Some preparation has to be done to
correlate the results of these films with
either radiometer measurements,15 or
physical properties, or both. Figure 8 il-
lustrates the correlation of tabs whose
optical density (at 510 nm) has been cor-
related specifically to an EIT
PowerPuck® radiometer. This type of
correlation must be done for each spe-

Figure 5—Slow sample rate error.

Figure 6—Interpretation of peak for fast sampling.

Figure 7—Irradiance profile, two lamps in sequence.



74 Journal of Coatings Technology

R.W. Stowe

cific exposure—type of bulb and spec-
tral distribution. Once done, the corre-
lation can make quick work of multiple
measurements.

This suggests that these can be very
effective for use in process monitoring
or in the evaluation of configurations in
process design. Radiachromic films can
be helpful in the design of a system in
the specific task of physical arrange-
ment of lamps in, for example, surface
curing of 3D objects.

With more development in the area
of spectral calibration, radiachromic
coatings and films could become a sig-
nificant process control tool.

ON-LINE MONITORS: On-line moni-
toring of the production process can use
relatively simple detectors or more so-
phisticated instruments that record a
number of key variables and compare
them to preset limits. Situated in a fixed
location, on-line monitors view the
lamp and possibly the reflector, record-
ing any change that may occur. The
purpose for these fixed detectors may
range from a simple comparison over
time (used to determine, for example,
when to change a bulb) to multiple-
wavelength detectors and even spectro-

radiometers, located carefully to detect
changes in reflectors or bulbs.

The disadvantage of on-line moni-
tors is that they are not at the substrate,
and therefore do not actually measure
the process. Because they monitor a
lamp system at discreet points, system
monitoring may require a large number
of locations to be inspected and, as a re-
sult, a large number of instruments or
elaborate methods of repositioning de-
tectors.

The advantage of on-line monitoring
is that it is simple and automatic. It is
not necessary to include a large number
of parameters—in fact, one or two are
usually adequate. This type of monitor-
ing is best used to detect serious
changes in key exposure parameters,
and to indicate the need for mainte-
nance before the process is affected.
Periodic correlation with a calibrated
radiometer is recommended.

Recommended Practice for
Reporting Data

A recommended practice is to ac-
company any reported measurement
with either an indication of the wave-

length range for that measurement or,
at least, the identification of the instru-
ment used. All radiometer manufactur-
ers provide information on the wave-
length band response of their
instruments, and instrument-to-instru-
ment agreement within the same model
is generally good. It is essential that this
information be included in the descrip-
tive text, if not on the axis labels of
charts and graphs. When this informa-
tion is not reported, the data cannot be
duplicated, verified, or transferred to
production specifications.

A suggested form of the reported nu-
merical data might be, for example, to
include an indication of the instrument
or wavelength band. These examples
show different ways of communicating
the radiometer information: (a) by man-
ufacturer’s designated band, (b) by
wavelength-defined band, or (c) by
identifying the specific instrument used
(see Figure 9). Whatever form or format
is used to report radiometer data, it
must include adequate information
about the method in order for it to be re-
peated or to be used as a basis for
process monitoring.

When energy data is recorded or re-
ported, a precise indication of the speed
at which the measurement is made is
essential. Further, this permits the cor-
relation of energy to other speeds.

CONCLUSION

Radiometry is a powerful analytical
tool for UV curing process design and
invaluable as a QC tool for process
monitoring. It is important to identify
the key exposure parameters that have
the most significant effect on the per-
formance of the end product.

For process design, it may be neces-
sary to evaluate a significant number of
parameters and variables to optimize a
process and assure a wide operating
process window. Process optimization
means matching the lamp system and
the required exposure variable to the
ink, coating, adhesive, and its applica-
tion, and matching the UV curable
chemistry to the job to be done. To eval-

Figure 8—Correlation of O.D. of film with radiometer expo-
sure to “D” bulb followed by “H” bulb.

(a) ______ mW/cm≈|EIT UVA—Identify response range by the manufacturer’s designation, or

(b) ______ mW/cm≈|320-390—Identify the wavelength range (note: 10% or 50%)

and for energy, the same designations above, plus speed or time

(c) ______ mJ/cm≈|IL390B@___ft/min—Identify response by manufacturer’s designations and speed

Figure 9—Examples of different ways to communicate radiometer information.
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uate the effects on the physical proper-
ties of the final cured product, correla-
tion with exposure variables is essen-
tial. These variables can be expressed in
terms of irradiance profile, spectral dis-
tribution, total energy, and infrared en-
ergy (or temperature). Multiband ra-
diometers, mapping radiometers (to
evaluate profile), and spectrophotome-
ters can record information on a signifi-
cant number of these parameters. In ad-
dition to facilitating the optimization
process, these measurements are used
to determine the operating limits for
production process control.

Once designed and optimized,
monitoring the process in production
may be limited to surveillance on only
a few key parameters—those which,
when out of predetermined limits, af-
fect the result. From process design,
these critical parameters were identi-
fied. Relatively inexpensive, simple,
and rugged tools and methods can be
used in production monitoring. These
may be on-line monitors, dosimeter
tabs, single band radiometers, and the

like. Ultimately, these measurements
must be related to target properties to
be achieved and must be correlated
with measurements of the optimized
process from the process design pa-
rameters.

Selecting a method of measurement
or a particular radiometer should be
based on the specific process and the
identification of the key variables that
have the greatest effect on the process.
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