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Anything that you can measure, you have a
better chance of controlling. Things that you do

not measure become the cause of mysterious
problems

- Larry Goldberg, Beta Industries

Not everything that counts can be counted, and
not everything that can be counted counts.

- Albert Einstein
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UV Measurement Needs

End-Users

Is the process running
consistently?

Is the process running
within the spec?

Troubleshooting
Record keeping/Traceability

Tend to be relative
measurements.

Formulators/Suppliers

e Establish a specification

e Determine a process
window

* Optimize a process

e Help customers
troubleshoot

e Tend to be absolute
measurements.



UV Measurement Needs

End-Users Formulators/Suppliers

Is the process running e Establish a specification

consistently? otermine a process

Is the process r
within the sped Communication ize a process

Record keeping/Traceability troubleshoot

Tend to be relative e Tend to be absolute
measurements. measurements.



Metal Temperature (°F)

Powder Cure Requirements

400
390
380
370
360
350
340
330
320
310
300
290
280

Manufacturer’s Recommended Specifications

Unacceptable for appearance, intercoat adhesion.
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Unacceptable for humidity, chemical resistance, gasoline resistance.
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Principles of UV Measurement
What to measure

How to measure

Role of UV Sources
Specification details
Instrument/User error
Instrument selection
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Wavelength

‘ Peak Irradiance

Energy Density



Terms / Units

Wavelength = Nanometers
(“light”)

Peak Irradiance =  Watts / cm?
(“intensity”) (“watts”)
Energy Density =  Joules/ cm?

(“dose”) (“joules”)
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Lira-violel Visible light Infra-red
(100 - 400 nmj (400 - 700 nmj (700 - 1000 nmj
Ultra=vioket radiation: Wisible light radiation: Infra-red radiation:

2 - 10% 60 - 65%

0.5-1.0 kW 6 - 6.5 kW




A = Wavelength
For UV Curing ~ 200 nm through ~ 400 nm

100-200nm __ 200-280nm _ 280-315nm _ 315400 nm

LONG
WAVE UV

n

1013 107 10° ' 10° 103 107 10



ULTRAVIOLET SPECTRUM

Ultraviolet Visible Infrared
i | ——- | —p-
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UVB UVA

280 300 320 340 360
Wavelength -- Nanometers

UVA: 320-390nm Long-wave, black light, UV Inks,

UVB: 280-320nm Middle-wave, erythemal response, medical
applications — helps provide durability.

UVC: 200-280nm Short-wave, germicidal (254 nm), absorbed by
DNA, clear coats, surface cure, tack, chemical or scratch resistance
UVV: 395-445nm Ultra Long-wave, wood products, opaques/whites,
thick coats, adhesion, depth of cure

VUV (Vacuum UV): 100-200 nm, Ozone < 200 nm
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Absorbance
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Film Thickness

A

UV Relative Penetration

UvC UVB UVA Uvv

Ink, coating, adhesive thickness

Substrate Surface
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UV Lamp “Power” Desighations

Describing a lamp is not the same as
describing it’s output.

A 600 watt/inch lamp does not produce 600
watts/inch it consumes it.

This is a measure of power applied to the
“bulb” (the actual power consumption may
be much higher stilll)
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Light intensity decreases
With the square of the
Distance.

distance
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Energy Density € Irradiance

* Irradiance does not change with time.

« However both time and irradiance affect
energy density

 Time can be the length of time a fixed object
is exposed to a part, the time exposure of a
moving part (e.g. a conveyorized part), or a
moving lamp.



Metal Temperature (°F)

Powder Cure Requirements

400
390
380
370
360
350
340
330
320
310
300
290
280

Manufacturer’s Recommended Specifications

Unacceptable for appearance, intercoat adhesion.
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Target ﬂfnin. at

350°F T

Unacceptable for humidity, chemical resistance, gasoline resistance.
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Poor Specifications

Nordson Gallium Lamp

“5 Seconds unc
“5 Seconds unc

“5 Seconds unc

er Mercury Lamp”
er a 600W/inch lamp”
er a Fusion H lamp”

“Expose to Mercury Lamp at 10 fpm”



Not much better

e Mercury Lamp — 5 Joules
e Fusion D lamp — 3 Watts
e American Ultraviolet Hg Lamp — 3”



Getting Better

e FusionV Lamp—- 1200 mW/cm2 /2100
mJ/cm?2



Good Specification

 Nordson Iron Additive Lamp, UVA =1100
mw/cm?2, 2100 mJ/cm2



Proper Specification

e Fusion V lamp, 600W/in @ 100%

Band Irradiance Energy Density
(mw/cm2) (mJ/cm2)

UVA 1100 2100
UVB 1500 2600
uvcC 360 450

e Measured with EIT PowerPuck Il @ 2.5” from
lamp face.



A Reasonable UV Cure Specification:

1.The peak irradiance at relevant wavelengths

2.The energy density requirement at the same wavelengths
3.The instrument to be used for this measurement

4.The type of lamp (e.g. mercury, iron additive)

Relevant ?

1.Line speed

2.Distance from the lamp
3.Lamp manufacturer
4.Reflector type
5.Temperature
6.Material thickness




Sample Specification

e Coating thickness 1.0 to 1.5 mils
e Cured with a mercury lamp
° UV Readlngs EIT PowerPuck Il

Irradiance Energy Density
UVA 2259 mw/cm® 2908 mlJ/cm?
UVB 506 mw/cm? 696 mJ/cm?
uVvC 57 mw/cm? 75 mJ/cm?
uvv 969 mw/cm? 1275 mJ/cm?
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Metal Temperature (°F)

Powder Cure Requirements

400
390
380
370
360
350
340
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320
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Manufacturer’s Recommended Specifications

Unacceptable for appearance, intercoat adhesion.

e I
Target ﬂfnin. at

350°F T

Unacceptable for humidity, chemical resistance, gasoline resistance.
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Optimization

 Minimum irradiance

e Lower lamp power

Wasted UV

* Increase distance

e Minimum energy density

* Less time
e Faster line speed

* Find point of failure?
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Energy Density

There is a non-linear benefit to
increased peak irradiance on overall
curing for many UV chemistries.

Irradiance



High Peak Irradiance
Automotive Lighting Comparison

Low Peak Irradiance High Peak Irradiance
e 10 x 600 W/in lamps e 1 robot 600W lamp
e 6-8 total Joules UV e 2.5 total Joules UV

Coating: Red Spot UVT-200




Sources of Measurement Error
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Single Broadband Instrument
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UV Power Puck



Optics Designs

uv

- <« Optical Window/Filter

Diffuser(s)

Aperture opening(s)

Optical Filter

Silicon Photodiode or other
type detector
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Note the location of the sensor versus
the location of the part.

ﬂ
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Multiple Band Instrument
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UVA-Spectral Bandwidth Comparisons

280 IL UVA
‘ ‘ 250-415 nm

EIT / l
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UV Bandwidths-UVA, UVB, UVC, UVV

Normalized %T

UVA, UVB, UVC, UVV Transmission scan
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UV Lamp QOutput Data

2.00E
Q_S 1.50E
= 1/2 Power Paint
=S O .20 . |
S 1.00E
E
5.00E 12 Powet Poirt
0.00E prourp e : :

250 300 350 400 450
Wavelength



UV Bandwidths - UVA2

Normalized %T
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E,= E x Cos6

Cosine Error in Measurement



E,= E x Cos6

45° = .7 Watt 90° = 1.0 Watt

Cosine Error in Measurement



-180.0 -90.0 0.0 +90.0 + 180.0



Spatial Response of Instruments Goal: Cosine Response

Cos Response Curve of Palm Probe

=g |eal CoS Response
= k— Palm Probe-Old Optics

= =B= = PalmProbe-New Optics |

Normalized Response

Angle (deg.)




Optics Designs

uv

- <« Optical Window/Filter

Diffuser(s)

Aperture opening(s)

Optical Filter

Silicon Photodiode or other
type detector
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Solarization of Optics affects absolute
measurement and requires maintenance



Radiometer Variations-Temperature

Unknowingly introduce variations to readings
based on the internal temperature of the unit

As detector temperature raises, readings may
drop

Try to maintain consistent conditions and avoid
rapid, repeated, long duration high intensity runs

Typical detector variation: -0.2% per °C
If it’s too hot to touch — it’s too hot to measure

Internal temperature alarms (65 ° C)
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When is a Joule not a Joule?

 Bandwidths are not defined and vary from
manufacturer to manufacturer

— EIT UVA 320-390 nm, CWL 365 nm (narrow)
— 1L UVA 250-415 nm, CWL 365 nm (broad)
ANYthing that affects IRRADIANCE affects energy density.

Filters, cosine angle, solarization, etc.

But there are some factors that do not affect irradiance and
do affect energy density.



Irradiance

energy density — Id irradiance
/dt

Time



Irradiance

Equal Joules # Equal Cure

Time




Low Sampling Rate = Less accurate for
both Peak and Energy Density

Irradiance

Time
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Time



What works well at one line speed...

A
-
e,




May not work well at another.




The sampling rate must be appropriate

for the process. Typical rates can vary
From 25 to 30,000 samples/second

#




Pulsed Xenon Source

400,000
1200 Wall-Seconds Total
Single Pulse
g millisecond Pulse Widgth
o
g
= 1200 Watl-Secands Total
E Multiple Pulse Train, 100 Walt-SecondsPulse
= 12 Pulses
E 1 millisecond Pulse Width
_x I
100,000
i
o
1 E-EH:'.I Waltl-Seconds Total
adiation
UV Light from Continuous MEFCUW Lamps
10 T

R ) RO Sl I R |
0 15 30 48 60 T5 QD 1|3IE 1EG 135

TIME (Seconds)



Pulsed Lamp Source - 4 Pulses

d X-AXis
Milli
second
S
0 20 40

- Sequence of Four Flash Tube Output Pulses




UV Power Puck” FLASH

Modified electronics for pulsed
sources

Power Puck Flash-four UV . - .
0

Bandwidths

Electronics designed for pulses = ..
. === UV POWER Puck’ FMSH
between 100-120 times/second

Provides energy density values

sm (11200 |

| IZiI:lTE"I= GHE TER MSE vifen REd LIS
User selectable parameters Brmen \|
User changeable batteries @




Irradiance

energy density — Id irradiance /dt

Time




Radiometer Variations-Threshold

UV W/cm?2
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Radiometer Variations-Threshold

Start threshold: Irradiance level which

causes the unit to start measuring UV
— Counts all UV past that point
— Varies due to scale, electronic response, optics, design

Data threshold: Software allows user to discard
all readings below a set range

Challenge: Long slow runs of low irradiance
— Potential for wide variation in energy density-Joules



Some Practical Examples
of UV Measurement Related
Issues



Radiometer Variations - Sample Rate

1.000 -

0.900 -

0.500 -

0.700 -

0.600-

0.500 -

0.400 -

0.300-

0.200 -

0.100 -

0.000

| 1
2.853.00

| 1 | I
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Cursor Diff
® (svncrots ) bEs |

Speed: 33 fpm/10 mpm

Total Time under UV reflector:
0.83 seconds

Time under Peak irradiance: 0.30
seconds

Inst. Sample

Rate (#/sec) Samples
25 20
40 33
128 106
256 212

1024 850
2048 1700




Radiometer Variations - Sample Rate

Speed: 240 fpom/74 mpm

Total Time under UV reflector:
0.18 seconds

Time under Peak irradiance: 0.08
seconds

- Inst.Sample

o Rate (#/sec)  Samples
0.250- 25 4
0.300- 40 7
0.280- 128 23
0.200- 256 46
- ’ 1024 184
2048 368
TEE N A Er Cursor Diff

|| EREREN L) M@”@l@m" ® (gvwcrots) re |




Dwell Time or Belt/Line Speed
» Affects the amount of energy reaching the substrate

e Actual speeds may vary widely from settings on the speed
controller and may not be linear (x25%)

* |ndependently test and confirm dwell time or belt/line speed

0900 -
Radiant Energy Density changes as a
0.200- function of the process speed

0.700 - At 4 fpm: 2096 mJ/cm?
0,600 - At 10 fpm: 860 mJ/cm?

0.500-  143% difference in Radiant
0.400 — Energy Density between
the two speeds

Peak Irradiance remairs the

same-Slight 2.9% diffefrence

0.200 -

0200 -

0.100 - /
—

0.000 —— - -

3.52 .00 £.00 10.00 12.00 14.00 16.00
Effects of varying the process speed from 4 fpm (blue) to 10 (black) fpm ‘\.




CLEAN NEW EULE

@zu\.

DIRTY OLD BULB

(A0 =48] cc L = TE A

0.200 -

0.250 -

0200 -

0.150 -

0100 -

0050 -

D000 -

0050 - 1 1 1 1 1 1 1 1 1 1 1
'1'19?' 1205 42140 4245 1220 1225 1220 1235 1240 1245 1250

I:l .4l:||:| ] W
0250 -

I 1
12.58




Across the bulb-middle to end comparison
(Inadequate Cooling/Air flow)

0.450-

0.400-

0.250-

0.200-
0.250-
0.200- Middle
0.150-
0.100-

0.050-

0.000 - -

-0.050 -, | | | | | | I | | |
Fr2800 2480 Q.00 .40 1000 10450 44100 44150 41200 0 12450

Sagging-15 % difference in irradiance levels middle to end y

Data collected with EIT PowerMAP ‘\.
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Focused lamp

0.200-

oo -

0600 -

0500 -

[ [ | | |
.00 2.00 .00 G.00 =.00 10.00 12.00
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14.00

I
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0.250—

0200 —

0.250—

0.200 —

0.150 —

0.100 —

0050 —

0.000 —

-0.050 —
132

Parabolic Reflector

Elliptical Reflector
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parabolic reflector
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Parabolic Lamp

|
12.80

| | | | |
12.85 12.90 12.95 13.00 13.05

Not always bad-
gloss control on
wood for example

|
13.10 13

Time in seconds
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e Readings on a two lamp system

— Energy Density: 953 mJ/cm? (UVA EIT
320-390)

— Irradiance: 313 mW/cm? (UVA EIT
320-390)

e After: Readings on the same system

— Energy Density: 1203 mJ/cm? (UVA
EIT 320-390) + 26%

— Irradiance: 449 mW/cm? (UVA EIT
320-390) + 43%

 Only one thing done Reflectors were
cleaned

One little thing can have a big impact in the
amount of UV reaching the cure surface



With 600 hours of run time would you change this bulb?

Fle w|  wiew w|  Too:  w|  Hep  w
Sample Reference 0.500-
0.600 -
* 0.500 - OLD NEW
OFF OFF .
"_ﬁ’
0.400 - l
1
OFF OFF 0.300-
'ﬂ_ﬂ’
0.200-
1
OFF OFF B0
_ﬁ’
0.000 -
1
OFF OFF
et -0.100 - [ [ [ I I I I
537 &.00 7.00 a.00 Q.00 10.00 11.00 1225

UVA Energy Density: 537 to 487 mJ/cm?
UVA Irradiance: 309 to 290 mW/cm?




Change Now?

Fle w| view w|  Tods w|  Hep  wl
Sample Reference 0.200-
0.600-
OFF ] OFF ] 0.500 - OLD

0.400 -
OFF j OFF J 0300 -
’ ) 0.200-
0.000 -

_ OFF j _ OFF J 01004 | |

.19 .00 7.00

NEW

[
9.00

I [ [ [
10.00 11.00 1200 1279

UVV Energy Density: 737 to 1331 mJ/cm?
UVV Irradiance: 397 to 734 mW/cm?




Radiometer Variations & Limitations

e Users expect the same accuracy as other instruments -
current radiometer technology + 10%

e Why can’t radiometers do better than + 10%?
* Optics

— Filter and detector specifications
— Spatial response
— Design
— Balance between optical stability (minimal solarization) and repeatable
electronic signal level

e Electronics
— Temperature sensitivity
— Sample rates/Data Collection Speeds
— Improvements in electronics since early EIT instruments

e Calibration Methodology

User Induced Errors and Comparisons (Real vs. Perceived)

— Comparison to other products within EIT family and from other
manufacturers



Radiometer Variations-Optics/Filters

* Normal to expect small
variations between filters

e Tradeoffis S vs. performance

e EIT is careful to test each
filter to avoid wide variations

e Select & test the optics for
better performance and unit
to unit comparisons




Why Calibrate?

« Balance the amount of IR, Visible and UV the optics and detector “see” with
the output signal from the detector

« Compensate for changes in the optics over time
— Solarization
* Instruments used in harsh production & manufacturing environments
— Irradiance levels:
« Sunlight: +/- 20 mW/cm?2
* Production UV levels: 100’s to 1000’'s mW/cm?
— Physical damage to instrument
» Drop, crush instrument, scratch optics
— Optics/instrument coated with ?
» Electronics checkup
— Physical and/or heat related damage




Instrument Selection

e Right Instrument/Product
— Continuous, storage or mapping,
* Right Dynamic Range
— Exposure vs. curing
— But | get readings.....
* Right Application
— Size, Flat or 3D, etc.
* Right Source
— Traditional

— Flash
— LED

* Right Expectations



Radiometer Types

Logging
Profiling

Multiple sensors - e.g. 3D Cure
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Process Sensors

Examples of Compact
Sensors used with either
spotcure light guides
(left) or quartz pick-up
rod (below)




Modern Logging Radiometer

UV PowER Puck® 11

)

SIN 997

 Ea

DESIGNED & MANUFACTURED BY
EIT, INC. STERLING, VA 20184 USA

VM2 W2
UVA 5863 3355
REF 2903 3433




High Speed Loggers for Xenon Lamps

Modified electronics for pulsed
sources

Electronics designed for pulses
between 100-120 times/second

Provides energy density values

Uv POWER PucK’ AZASH
User adjustable parameters sn(71200)

User changeable batteries
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Fle w| view w|  Toos w|  Hep  wl
Sample Reference 0.800 -
0600 -
OFF OFF 0.500 =
0.400 -
- -
OFF OFF 0,200 -
1_5’ ‘5_9’
0.200 -
e e —
0.000 -
[ [
OFF OFF i
R R = [ [ [ [ [ [ [ [ [
5.14 .00 7.00 £.00 9.00 10.00 11.00 1200 1279




il Graph View

Fle w| view w|  Tolz  w|  Hep  w
Sample Reference 0.797 - UM, e ™
OFF e
0. 700-
OFF
PR
0.600 - JIr h! LA e
: ! oo™
OFF j OFF j 0,500 - i , OFF
~ - . 1 REFA | ™ =
0.400 - .llll J"--LL‘\. ! OFF o 7.
L
OFF J OFF J N . OFF Lo
* - 0,300 - '} L
,f: 1 REFW |-
0.200- - 1 OFF |"~--
‘1" i‘
0.100 - el {  savE )
P
) OFF J ) OFF J 003 I,- | | | | | | : | | | | DEFALLT
0.25 040 0450 060 070 080 080 400 440 120 130 140
- i =8+l [ Jooon Jooon JmE | Cursor Diff [3
el | [REFA Jond oo J O] (snicpors) poo |
Sample: DAPowerYiewiData-UYSE testiswvse Reference: DAPowerYiew\Data-U¥SE testswvse
Collection Unit: Power hiap, Rew 1.0241.00, =/n #19931004 Callection Unit: Power hiap, Few 1.024.00, =/ #19921004 I
Optics Unit: Power higp, Rev 1.00, s #19981015 A/BICAS Optic= Unit: Power hap, Rew 1.00, =i #1992 1015 ABCH
Oata Config:2048 HZ, AB/CHS Oata Config: 2048 HZ, AB/CHS
Start: 17JAN 00 19:20:54, 330, 2.6 Start: 17JAH 00 12:06:35, 26C, 2.7
icallet, marcury, 80 fpm, 307 WP PP LA 13 mj, 528 mw, UWB 118 mj, 577 NWSE HG, 82 FPh, 307 WPL, PP AW 124 mj, 555 mw, UWE 109 mj, 496 mw,
w, WG 14 mj, 66 mw, W65 mj, 301 mw UG 14 mj, 68 mw, LA, 68 mj, 124 mw




EE Data Yiew _ 3] =]

PowerYiew Data Yiew I

File ‘!’l Wiy ‘rl Tools ‘Fl Help T’l

Total Energy Peak Power
Density (cm2) Sample  Reference Diff. % Diff. Density (em2) Sample Reference Diff. % Dift.
ova  m w| fs27s | faezs | fasoo | fEs | v mwow| Fezds | Bass| Boasms | Fe |
o mdow| hesm | hossa | heves | hssa | || we  mw w]| B4z | Emzs | Estae | fos |
e m w| h343s | fhzasr | noas | fe | e mw w| FEo7os | sess | o7 | B4 |
ey miow| Bses7 | psras | Baesz | e | ey mw w| Weo7 | Weos | pow | bo |
Average Temp Peak Temp
TEMP C vl ;34 | 23 | 3 | TEMP C "'"I B4 | a3 | B |
REF EEEG:] SMFLI:SEC:] Threshald l:mllﬂll:l
- ( CURSORS OFF ] Sooo0 | Hpooo | [ THRESHOLD OFF ] Som |

Sample:  pPowerViewiData U¥SE testswivse

Collection Unit: Power hiap, Rew 1.024.00, =/in #19931004
Optic= Unit: Pawer higp, Rew 1.00, =i #19981015, AB/CA
Data Config:204% HE, ABICAS

Start: 1TJAM OO 19:20:64, 330, 2.6W

nicollet, merzcury, 20 fpm, 307 WP PP UM 12T mj, 528 mw, UNE 112 mj, 577
muw, UWC 14 mj, 66 mw, W65 mj, 301 mw

Reference: D:\PowerYiewlData-UYSE testswvse

Collection Unit: Power hap, Rew 1.024 .00, s/n #19931004
Optics Unit: Power hap, Rew 1.00, s/ #19921015 ABSCAS
Data Config: 2043 HE, ABICHS

Start: 17LAMN OO 12:06:35, 260, 2.7%

IS E HIG, 82 FPR, 307 WP, PP UM 124 mj, 555 mw, UNE 109 mj, 296 mo,
NG 14 my, 68 o, LAY 68 mj, 124 muw




3 DCU RETM A Multi-Dimensional

Measurement System For UV Curing Applications




3DCure System Examples




Sensor on

end

497




3DCure Data Screen (Cure3D)

B! Cure_3d.vi

EIT

Instrument
Markets

-

=101 ]

3DCure Multi-Dimensional
Radiameter Measurement System
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Path Tuning for Uniform Peak Intensity
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Summary

A good specification contains information about lamp
type, irradiance and energy density (dose)
measurements on a specified and appropriate
iInstrument.

Wavelength is affected by optics, and band-pass
filtering

Irradiance is affected by source intensity, distance

(inverse square), temperature and reflector optics (e.g.
solarization)

Energy Density is affected by irradiance as well as
sampling rate, and threshold.



Summary

 Edge effects, sagging, poor cooling, reflector
design and condition, focus, etc. effect results.

e Calibrate! Instrument variation of +/- 10% is a
practical, and unavoidable condition but time
and solarization affect accuracy.

e Instrument selection depends on dynamic
range, sampling rate, sensitivity, cost, size, etc.
as well as many practical issues — the lab should
replicate what happens in the field. A common
Instrument eases comparison.
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