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INTERNATIONAL

Standard Guide for
Use of Lighting in Laboratory Testing

This standard is issued under the fixed designation E 1733; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope the test and the environmental compartment to which it is

1.1 The use of artificial lighting is often required to study fargeted. Using appropriate conditions is most important for
the responses of living organisms to contaminants in a cor@ny €xperiment, and it is desirable to standardize these condi-
trolled manner. Even if the test organism does not require lightions among laboratories. In extreme cases, tests using unusual
the investigator will generally need light to manipulate thelighting conditions might render a data set incomparable to
samples, and the test might be conducted under the ambie@ther tests. = L _ _ _
light of the laboratory. One will need to consider not only 1.4 The lighting conditions described herein are applicable
whether the particular test organism requires light for growth 0 tests with most organisms and using most chemicals. With
but also whether the environmental compartment relevant t8PPropriate modifications, these light sources can be used
the test is exposed to light and, if so, what the attributes of light!nder most laboratory conditions with many types of labora-
are in that compartment. The light could affect growth of thetory vessels. _ _ .
organism or toxicity of a contaminant, or both. For instance, it 1.5 The attributes of the light source used in a given study
has been shown that the toxicity of some organic pollutants i§hould list the types of lamps used, any screening materials, the
enhanced dramatically by the ultraviolet (UV) radiation presentight level as an enefgy_flluence rate (in Winor photon
in sunlight(1, 2)2 Furthermore, the level of ambient lighting in fluence rate (in umol ii¥ s™), and the transmission properties
the laboratory (which might affect the test) is not standardized®f the vessels used to hold the test organism(s). If it is relevant
nor is it comparable to natural environments. It is thust© the outcome of a test, the spectral q_uallty of the light source
important to consider lighting in all forms of environmental Should be measured with a spectroradiometer and the emission
testing. When light is used in the test, one should determingP&ctrum provided graphically for reference.
whether the spectral distribution of the radiation source mimics 1.6 The sections of this guide are arranged as follows:

sunlight adequately to be considered environmentally relevant. Title Section
Also, the container or vessel for the experiment must bé?;ﬁﬁEE‘;‘;Dmumems 2
transparent, at the point of light entry, to all of the spectralsummary of Guide 4
regions in the light source needed for the test. Significance and Use 5
. - . . . Safety Precautions 6
1.2 It is possible to simulate sunlight with respect to the 7o 7
visible:UV ratio with relatively inexpensive equipment. This Artificial Lighting 7.1
guide contains information on the types of artificial light C“G{“ St(?UfCEfSA icial Licht S et Mimic Sunliah 7{32
sources that are commonly used in the laboratory, composi=gy e * AHers! HIn sourees st imie Surg 82
tions of light sources that mimic the biologically relevant visible Light 8.2
spectral range of sunlight, quantification of irradiance levels of Visible Light Plus UV-B Radiation 83
the light sources, determination of spectral outputs of the light, >'muiated Solar Radiation o4
g & . p . p g ﬁ'ransmission Properties of Lamp Coverings and Laboratory Vessels 9
sources, transmittance properties of materials used for labora-Lamp coverings 9.2
tory containers, calculation of biologically effective radiation, LaboratothVefSEe';t ?63
. o . - . easurement of Lig
and considerations that should go into designing a relevan'\ﬁLight Components 101
light source for a given test. Measurement of Light Quantity 10.2
1.3 Special needs or circumstances will dictate how a given Spectroradiometry 103
logically Effective Radiation 11

. . .. . Bj
Ilght source is constructed. This is based on the requ"ements %t)nsiderations for Designing Light Sources for Environmental Testing 12

1.7 The values stated in Sl units are to be regarded as the

1 This guide is under the jurisdiction of ASTM Committee E-47 on Biological . . . .
Effects and Environmental Fateand is the direct responsibility of Subcommittees’tandard' The values given in parentheses are for information

E47.11on Plant Toxicity. only.
Current edition approved Sept. 10, 1995. Published November 1995. 1.8 This standard does not purport to address all of the

2 The boldface numbers in parentheses refer to the list of references at the endghfety concerns. if any associated with its use. It is the
this guide. ! ! '

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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responsibility of the user of this standard to establish appro- 3.2.2.1 Discussior—This illustrates an inherent problem of
priate safety and health practices and determine the applicaconverting between light units: the energy is wavelength (
bility of regulatory limitations prior to useSpecific precau- dependent, so conversion between energy and quantum units
tionary statements are given in Section 6. requires knowledge of the spectral distribution of the light
source (see 10.2.4 for conversion guidelines).

2. Referenced Documents 3.2.3 fluorescence-emission of light by an excited atom or

2.1 ASTM Standards: molecule.

E 943 Terminology Relating to Biological Effects and En- 3 2 4 foot-candle—lumen per fi(see 3.2.8).
vironmental Faté ) ) o 3.2.5 frequency, ¥)—description of radiation as the number

E 1218 Guide for Conducting Static 96-h Toxicity Tests of wave peaks passing a point in space per unit time. Units are
with Microalgaé _ . o ~ normally cycles " or Hz.

E 1415 Guide for Conducting Static Toxicity Tests with 3 2 6 |R—infrared radiation (wavelength range, 760 nm to
Lemna gibba G3 2000 nm).

E 1598 Practice for Conducting Early Seedling Growth 3 2 7 jrradiance—quantity of radiant energy received by a
Tests . unit area per unit time. This is the same as the energy fluence

IEEE/ASTM SI 10 Standard for Use of the International yate.

System of Units (SI): The Modern Metric Systém 3.2.8 lumen—light emitted by a point source of 1 cd. Itis a

3. Terminology unit of luminosity or brightness used in photography and stage

lighting and is irradiance based on sensitivity of the human eye
(maximum sensitivity at 550 nm). It has the same dimensions
as watts because it is equivalent to irradiance by definition.

owever, the lumen as a measurement is wavelength depen-
d

lighting, unless the purpose of a test requires a different design ent(1Im at 560 nm s 1.5 mW, and 1 Im at430 nm is 127
“g g burp . °q ; ng) (see 10.2.3), so extreme care should be used with this
Must” is only used in connection with factors that directly

. o - " » 5 unit. If possible, light levels based on lumens should be
relate to the acceptability of specific conditions. “Should” is . ; ; . .
i o converted to an appropriate light unit for environmental studies
used to state that a specified condition is recommended ant L

=2 =2 1
ought to be met if possible. Although violation of one “should” ' exa?mp'e'. W. M- or umol m= s7) (see 10.2.4 for
. ) T : conversion guidelines).
is rarely a serious matter, violation of several will often render
»3.2.9 lux—lumen per ri(see 3.2.8).

the results of a test questionable. Terms such as “is desirable, 3.2.10 photor—one quanta (or single indivisible packet) of

“is often desirable,” and “might be desirable” are used in, . . .

. ! . N - light or radiant energy. A mole of photons (an Einstein) equals
connection with less important factors. “May” is used to mean . )
. > TR ; Avogadro’s number (6.02% 10°°). The energy of a photon is
is (are) allowed to, “can” is used to mean is (are) able to, and

“might” is used to mean could possibly. Thus the classicre'ated to its frequency or wavelength and is given by
distgi]nction between may and canpis pre)s/.erved and might ig: fw = heiA, yvhereh: planks constant (6.8 10 J ),
' 8=speed of light (3x 10° m s™), v =frequency, and\

never used as a synonym for either "may” or “can.” = wavelength (ifc is used in m ', then\ must also be in m)
3.2 Descriptions of Terms Specific to This Standard (see 9 | distribut d . £ a liah '
also Terminology E 943): 3.2.11 spe_ctra _|str| utior—a description of a light source
3.2.1 fluence—amount 'of light per unit area. exoressed ases the quantity of light at each wavelength. An energy spectral
ene.r ) (J 1) or photons (gmolprﬁz) This is’ soFr)netimes distribution is the energy of a light source given as a function
e ua%gd to light doge ' of wavelength. A photon spectral distribution is the number of
q 9 . photons in a light source as a function of wavelength.

3.2.2 fluence rate—flow rate of light, flux of light, or the 3.2.12 UV-A—ultraviolet A radiation (wavelength range
amount of light per unit area per unit time. It is sometimes320' t6 400 nm) '
referred to as light intensity, although this is not a desirable 3213 UV—B—'uItravioIet B radiation (wavelength range
term because intensity refers to the amount of radiation in 390' t6 320 nm) '

unit angle. The energy fluence rate (also irradiance, energy 3.2.14 UV-C—ultraviolet C radiation (wavelength range
flow rate, or power) is usually given in units of Jfs * or W 200 to 290 am) :

-2 <1 _
mua(rlltu\]msba_sii)\?gﬁ;—uh;ll phic\)/tgrr]l iﬂliﬁgcl?n;[atfngl%ylrez?hgn & 3.2.15visible light—the spectral region visible to humans
q . ! v 1 : Hm ) ., (wavelength range, 400 to 700 nm). This is the photosyntheti-
is equivalent to pEinstein T s™*. An Einstein is Avogadro’s . .
number (a mole) of photons and was used for uanturr(fally active region of the spectrum as well.
P d 3.2.16 wavelength X)—the description of radiation (or

measurements but is no longer an Sl — supported unit (Ser%diant energy) as the distance between two consecutive peaks
IEEE/ASTM SI 10).) The conversion between energy fluence gy . . ) P

. } in an electromagnetic wave. Units are normally in nm. The
rate and photon fluence rate is as follows:

energy of a photon is inversely proportional to its wavelength.

3.1 Definitions: The words “must,” “should,” “may,” “can,”
and “might” have very specific meanings in this guide. “Must”
is used to express an absolute requirement, that is, to state t
the conditions ought to be designed to satisfy appropriate,

pmol m 2s™t =W m 2 X A(nm) X 8.36x 1073 Also, frequencyx wavelength = speed of light.
1) .
4. Summary of Guide
3 Annual Book of ASTM Standardéol 11.05. 4.1 This guide provides information on several types of
4 Annual Book of ASTM Standardgol 14.02. laboratory light sources and the need for standardized lighting.
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The varieties of commercially available light sources and theéng stems from two needsl) the requirement for inexpensive
spectral quality of their outputs are presented first. The ways icommercial and public lighting an@) specialized lighting for
which different lamps can be assembled to mimic sunlight areesearch and technology (see Table 1 for a listing of some of
then summarized. There is a discussion of the methods fdhe light sources available). There are essentially two ways that
measuring the amounts and spectral quality of light, and théght can be generated for toxicity testingd) electric discharge
need for accurate standardized methods. Finally, a discussidamps, those that are based on photon emission from an

on biologically effective radiation is included. electronically excited gas (for example, fluorescent and short-
o arc lamps); and2) thermal lamps, those that are based on
5. Significance and Use photon emission from a heated filament (for example, incan-

5.1 The information in this guide is designed to allow descent lampsj12, 13) Laser sources are not practical for
investigators conducting research or tests of environmentahost toxicology studies and are not discussed in this guide.
relevance to select appropriate light sources. 7.2 Light Sources

5.2 Investigators will be able to make reasonable selections 7.2.1 Fluorescent Lamps-Fluorescent lamps are based on
of light sources based on cost, the requirements of the tesixcitation of low-pressure Hg gas by an electric current. When
organisms, and the properties of the test chemicals. the Hg atoms relax back to ground state, they emit photons at

5.3 These methods have major significance for the compar254 nm (that is, in the UV-C). The 254-nm photons are
son of results between laboratories. Investigators at differerdbsorbed by a phosphor coating on the inside of the tube, and
sites will be able to select similar light sources. This will the phosphor emits (fluoresces) at longer wavelengths (280 to
provide standardization of a factor that can have major impact50 nm). The spectral output of the lamp (Figs. 1 and 2) will
on the effects of hazardous chemicals. thus depend on the composition of the phosphor coating. The

, most common phosphors are halophosphates, for instance,
6. Safety Precautions barium titanium phosphate, manganese-activated magnesium

6.1 Many materials can affect humans adversely if precaugallate, and calcium halophosphate, which emit mostly in the
tions are inadequate. Therefore, eye and skin contact withisible region of the spectrum. Many different types of fluo-
radiation (especially UV) from all light sources should be rescent lamps are commercially available (Table 1). The major
minimized by such means as wearing appropriate protectivBenefits of fluorescent lamps are the availability of inexpensive
eyeware, protective gloves (especially when washing equipfixtures and bulbs, low heat (IR) output, long life, and stable
ment or putting hands in test chambers or solutions), laboratorgpectral quality. However, the irradiance levels of fluorescent
coats, and aprons. Special precautions, such as enclosing teghps are relatively low; it is difficult to build a fluorescent
chambers and their light sources, and ventilating the area

surrounding the chambers, should be taken when conducting TABLE 1 Light Sources

tests. Information on toxicity to humarg8-5), recommended Lamp Spectral Fluence _ Approximate Cost®  panufac-
handling procedure-8), and chemical and physical proper- Regions  Rate®  |amp  Fixure® turers®
ties of the test material and light source should be studieGyorescent visible 20-400  5-20 10-30 EFG
before a test has begun. Special procedures might be necessary UV-A 1—28 18—38 18—38 :::.J
with UV light sources, radio-labeled test materials, and mate- e o e e "

rials that are, or are suspected of being, carcinog€hitl). visible + UV-A 20-400  20-50 10-30 K

6.2 Ozone—Many UV light sources (those emitting UV-C) Short-arc

. a 2 _ _ - LMN
produce ozone. For instance, xenon (Xe) arc lamps produce UV'B, UVA, - 500-2000 150-1000 2000-6000

L o visible
significant amounts of ozone. Adequate ventilation should be xe UV-B, UV-A,  500-2000 150-1000 2000-6000 LMNO
provided to remove the ozone. Metal halid U\\/Iizible ibl 300-1000 100 1000 K

. . . . . etal halide -A, Visible —

6.3 UltraV|oIet_ Radiation—Any light source produ_cmg Sodium visible 300-1000 100 1000 K
UV-B or UV-C is harmful to eyes and skin. In particular,  vapor
contact with eyes is to be avoided, even for very short perioddficrowave UV-_B_'b |UV-A’ 500-2000 2000 10000 ne

. . . . visible

of time. Eyes can be shielded with appropriate eyeware (safety . jescent visible 100-1000 5-100  10-1000  EFG

glasses or goggles that absorb UV radiation) available from pymp————
most scientific supply companies. The spectral quality of the &, u.s. dollars (in 1994).
eyeware should be checked periodica”y with a UV/vis spec- € These are representative manufacturers but are by no means the only

ool 0 anufacturers. This listing should in no way be considered an endorsement.
trophotometer. Transmission should be less than 0.1 % for aﬂ‘DPower supply and lamp holder.

wavelengths below 330 nm. Contact with skin is also to be =gGeneral Electric; this company markets through local electrical suppliers.

prevented. In general, all |ight sources that generate UV-B will ZPhiIips: this company markets through local electrical suppliers.
Westinghouse; this company markets through local electrical suppliers.
generate some UV_.C as well. i " Southern New England Ultraviolet Co., Brantford, CT, 203-483-5810.
6.4 Heat—Many light sources, especially short-arc lamps, 'Local theatrical lighting suppliers.
create a high fluence rate of IR radiation. Skin, clothing, and ’National Biological Corp., Twinsberg, OH, 216-425-3535.

. . o K Dura-Test Corp., Fairfield, NJ, 800-289-3876.
other materials exposed to high levels of IR radiation are . g corp.. stratford, CT, 203-377-8282.

subject to severe burns or may ignite. M Ealing Electro-Optics Inc., South Natick, MA, 617-651-8100.
N Photon Technology Inc., South Brunswick, NJ, 908-329-0910.
7. Lamps © Heraeus DSET Laboratories, Inc, Phoenix, AZ, 602-465-7356.

. i i . . P Fusion Lighting, Rockville, MD, 301-251-0300.
7.1 Artificial Lighting—The development of artificial light- @ Hutchins International Ltd, Mississauga, Ont., 416-823-8557.
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lighting system with more than approximately 400 pmoPm
s 1 (only approximately 20 % of full sunlight). 7.2.2.1 Mercury Short Arc Lamps-High-pressure Hg-arc

7.2.1.1 Visible Light Fluorescent LampsThe most com- lamps have five major emission bands: at 365, 405, 436, 546,
mon is the cool-white fluorescent type, with a blue lightand 578 nm (Fig. 3). In addition, they have a lower-level
(450-nm) to red light (600-nm) ratio of 1 to 2 on a photon basisemission that is a continuum from 280 to 800 nm. These lamps
(Fig. 1). Two other common types of fluorescent lamps aréhave very high outputs in the five main emission bands,
warm-white, with a higher relative level of red light, and without a great deal of IR. They can thus be very useful for
daylight, with a higher relative level of blue light (Fig. 1). Also, specific applications in which high fluence rates are required.
lamps with more balanced spectral distributions in the visible 7.2.2.2 Xenon Short Arc Lamp-Xenon-arc lamps emit with
region are available (Table 1 and Fig. 1). a great deal more lines than an Hg lamp. As such, this source

7.2.1.2 Ultraviolet Fluorescent LampsUV fluorescent provides a continuum of radiation from approximately 260 nm
lamps have phosphors that emit at approximately 300 nnjUV-C) to 1100 nm (IR) (Fig. 3). In fact, Xe-arc lamps have a
(tanning lamp) and 350 nm (black light) (Fig. 2). Low-pressurevery close spectral match to sunlight. This, combined with a
Hg lamps without a phosphor are also available (germicidaVery high output and an ability to light relatively large areas,
lamps). They emit a sharp line at 254 nm and are used imakes this source highly attractive for environmental studies.
laminar flow hoods and clean rooms to sterilize surfaces prioHowever, the amount of IR in the source can be problematic.
to use. All of these UV fluorescent lamps are quite commonNell-cooled chambers and appropriate IR filters might be thus
and are available from numerous manufacturers (Table 1). required.

7.2.2 Metal Vapor Arc Lamps-The basis of short-arc lamps ~ 7.2.2.3 Metal Halide Lamps-These are Hg arc lamps
is similar to fluorescent lamps, except that a phosphor is nadoped with the halide salt of another metal. lodine is the most
required. The gas in the lamp is excited by a high electricommon halide, and common metals are sodium, scandium,
potential. The gas then completes a direct current (dc) circuidysprosium, and thallium. The presence of the mixed metal
between a cathode and an anode by forming an arc. As theapors greatly increases the number of spectral emission lines
gaseous atoms in the arc relax to ground state, they emielative to Hg alone (Fig. 4). These lamps have high outputs
radiation. The two most common gases used are mercury (H@nd very good spectral distributions in the visible region,
and Xenon (Xe). These lamps have very high outputs, witlgiving them an excellent “color” quality. The lamps also have
photon fluence rates in the visible spectral region exceedingelatively high outputs and low IR. They are commonly used in
2000 pmol m? st. However, the lamps, lamp holders, and stadium and arena lighting for these reasons. They are a good
stable high-voltage dc power supplies are generally expensivalternative to Xe arc lamps for laboratory purposes. Also, the
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power supply for these lamps is an alternating current (acjor these lamps is very long, approximately 10 000 h. Bulbs
ballast, which is much less expensive than the dc powecontaining powders of different composition that emit in the
supplies required for Hg and Xe short arc lamps. UV-B or UV-A have also been developed. The only disadvan-
7.2.3 Sodium Vapor LampsLow-pressure sodium (Na) tage at present with microwave lamps is cost, due partly to the
vapor lamps emit a sharp band at 589 nm (orange light) (Figexpense of new technology; however, development is under
4). High-pressure Na vapor lamps also emit around at 589 nmway to bring down the cost.
but with a much wider emission band (approximately 100 nm) 7.2.5 Incandescent LampsThese lamps contain a solid
(Fig. 5). Although these sources have limitations due to theibody (filament) that is heated by an electric current. The heated
monochromatic nature, they are relatively inexpensive, thefilament emits in a continuum with a spectral quality described
can reach high fluence rates, and the light quality is near thky the temperature of the filament. The higher the temperature
peak wavelength for human vision. They are thus an excelleraf the filament, the shorter the wavelengths that are emitted by
light source for street lighting. Although not necessarily thethe lamp (Fig. 7). The most common filament is tungsten; this
best source for biological testing, especially when plant growthmetal is strong, and has a high melting temperature and low
is involved, they are nonetheless used to achieve high fluenc&por pressure at high temperature. This gives the filament a
rates without heat problems. This is because orange light cdnng life. To minimize evaporation of the metal, the bulb is
be used reasonably efficiently for photosynthg4is). generally filled with inert and stable gases (such as 90 % argon,
7.2.4 Microwave-Powered Light SourcesAn emerging 10 % nitrogen). A small amount of a halogen gas (at approxi-
technology is the microwave-powered lamp, which work bymately 1 %) is often used as well (thus the name tungsten-
microwave excitation of an elemental sulphur powder inside dalogen lamps); this causes evaporated tungsten to redeposit on
small spherical bulb. The microwave-excited sulphur emitghe filament, further increasing the life of the lamp (up to 2000
visible photons. These lamps have very high fluence rates ih). The lamps have excellent light quality in the visible region
the visible spectral region from 400 to 700 nm, and they mimicof the spectrum and have high outputs, but they also emit a
sunlight accurately in this spectral region (Fig. 6). They aregreat deal of IR, which can create a heat problem.
also a focusable point source. Therefore, they are an excellent ) o o
choice for many applications, especially plant growth. Micro-8- Constructlon of Artificial Light Sources that Mimic
wave lamps coincidentally have little IR, preventing most heat  Sunlight
creation problems associated with high irradiance lighting. 8.1 Sunlight—Radiation from the sun with wavelengths
Also, they have little UV, and the addition of these wavelengthgyreater than 290 nm can reach the surface of the €agh
to a test is thus at the choice of the investigator. The bulb lifeRadiation below 290 nm is absorbed by the various gases in the
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atmosphere and is not of environmental concern. At the surface

of the earth, the molar ratio of visible:UV-A:UV-B is approxi- with season, exhibiting maximal levels around the summer
mately 100:10:1; however, the content of UV-B is highly solstice and minima around the winter solst{d$-19) One
variable. For example, on a clear day in late summer, thehould take these factors into consideration when designing a
UV-B.visible ratio at latitudes corresponding to southernlaboratory light source that will mimic sunlight.

Canada and the northern United States is approximately 0.5 % 8.2 Visible Light—Any of the light sources described above
of visible on a photon basis (Fig. 8(A)), while the UV-B level can be used if only visible light is required for a test. The best
is much higher closer to the equator or at higher elevations; ashoice is fluorescent lighting if low fluence rates are required.
high as 1.5 % of visibl€¢16, 17) Also, the amount of UV-B is  The investigator will have to balance the pros and cons of other
increasing due to depletion of the stratospheric ozone layeypes of lamps for higher irradiance lighting. For example,
(18). The amount of UV-B varies with time of day, peaking at sodium vapor lamps could be used if the full visible spectrum
solar noon, and the fraction of UV-B in solar radiation changess not required. For the entire visible region, incandescent
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lamps can be used to supplement fluorescent lamps as long @9. One such SSR source contains two cool-white fluorescent
the refrigeration or cooling system has enough capacity téamps, one 350-nm fluorescent lamp, and one 300-nm fluores-
handle the excess heat. A microwave lamp would be ideal if theent lamp. The 300-nm lamp is filtered through cheese cloth to
budgetary resources are available. bring the UV-B level down to 1 % of visible. The light is also
8.3 Visible Light Plus UV-B Radiatior-A light source with  filtered through cellulose acetate or polystyrene to remove all
UV-B at approximately 1 % of visible light on a photon basis of the incident UV-C (200 to 290 nm). While the spectral
can be built inexpensively (Fig. 8(B)). This visible plus UV-B output shown in Fig. 8(C) does not replicate sunlight precisely,
source contains cool-white fluorescent lamps (visible light) andhe visible:UV-A:UV-B ratio corresponds approximately to
a UV-B fluorescent lamp(20). The radiation from the UV-B that of terrestrial sunlight in the 290 to 700-nm wavelength
lamp is filtered through cellulose diacetate (0.08 mm) torange from mid-spring to mid-fall in temperate latitudes
remove extraneous UV-C (<290 nn{2l); the Hg gas in corresponding to southern Canada and the northern United
fluorescent tubes emits at 254 nm, and this UV-C radiation iStates(15, 19) B. napus(canola), Spirodela oligorrhiza(a
not quantitatively removed by the glass and phosphor in UV-Bduckweed), antlemna gibbda duckweed) have been found to
lamps. UV-C is much more damaging to biological moleculesgrow well under this source, exhibiting no overt signs of UV-B
than UV-B and must be quantitatively removed unless thestress. The UV-B content of the source can be raised to
investigator is interested specifically in the effects of UV-C.simulate ozone depletion by removing successive layers of the
The UV-B lamp also can be screened with cheese cloth tcheese cloth.
achieve the desired visible:UV-B fluence ratio. To mimic loss 8.4.2 Simulated Solar Radiation with Fluorescent and In-
of the ozone layer, the UV-B level can be raised by removingcandescent LampsOne can build a light source, as in 8.3, but
successive layers of cheese cloth from the UV-B lamp oibtain a better spectral balance in the blue and red regions by
adding extra UV-B lamps. It has been found that many plantaidding incandescent lamps. This can also increase the total
(for example B. napus(canola), rye, soybean, amdgibba(a  fluence rate of the source. The other adjustment that should be
duckweed)) can be grown under a visible/UV-B source similaimade is to raise the UV levels, so that the UV-B and UV-A will
to that described abov, 20, 22-25) However, this type of  still be at 1 % and 10 % of visible, respectively. One might also
lamp arrangement will have relatively low fluence rates (<40theed to control the heat reaching the sample with refrigeration

umol m 2 st of visible light). Some plants (for example, peas) systems or IR filters.

do not grow well in the presence of UV-B if the visible light g 4 3 Simulated Solar Radiation with a Xenon Arc

level is low (26). Therefore, a preliminary assessment of| amp—A Xe arc lamp can be used alone to mimic solar

satisfactory growth of the test organism under a given visiblefagiation. One simply uses a cut-off filter (such as Schott

UV-B light source should be performed. WG300; >90 % transmittance above 310 nm, 50 % transmit-
8.4 Simulated Solar RadiatierThe visible plus UV-B  tance at 300 nm, and no transmittance below 290 nm) to

light source described in 8.3 provides only UV-B and visibleremove all radiation below a given wavelength. It is also

light. In many cases, it is desirable to have UV-A present asmportant to use an IR filter (such as a water filter or IR

well to better replicate the solar spectrum. For instance, it i$ef|ect0r) to remove heat. This source provides high fluence

likely that the level of blue light and UV-Arelative to UV-B is (ates over relatively large areas 200 cm in diameter).

important, as these spectral regions activate deoxyribonucleic

acid (DNA) repair via photolyas€27, 28) Also, the UV-A/ 9. Transmission Properties of Lamp Coverings and

blue light level is important in plants for synthesis of protective | ahoratory Vessels

pigments like carotenoids. Thus, full spectrum artificial light-

ing, even at relatively low fluence rates, might compensate for 9.'1 Various C'eaf .med|a can be used to cover lamps to alter
their spectral qualities. There are also many types of clear

the need for high fluence rate visible light, as mentioned in 8.3 . -

The visible:UV-A:UV-B ratio should be approximately Iab(_)ratory containers. One can thqs remove speC|f|(_: spectral

100:10:1 in a simulated solar radiation (SSR) soyfice 19) regions or generate light from a single spectral region. One

Unlike UV-B, the level of UV-A is relatively constant in the caution that should be taken with coverings and laboratory
' vessels is that transmittance properties vary with thickness

environment, not varying greatly with latitude, altitude, or ; ; X .
season. Also, UV-A will not increase as the ozone layer jgaccording to Beer's Law. Therefore, if a 1-mm thickness of a

depleted. In general, the IR can be left out of the light sourcégiven material has 50 % transmission at a certain wavelength,
since it does not activate many biological processes and Fpen a 2-mm thickness of the material will transmit only 25 %

creates excess heat that is problematic to remove from envit that wavelength_.

ronmental growth chambers, exposure chambers, and incuba-9-2 Lamp Coverings

tors. 9.2.1 Removal of Ultraviolet-UV radiation can be re-
8.4.1 Simulated Solar Radiation with Fluorescent Lamps Mmoved with a variety of plastics or window glass. Cellulose

One can construct a light source that mimics sunlight withacetate film and polystyrene have cutoffs at 290 nm, therefore

respect to the relative amounts of visible and UV (a visible:Uv-absorbing all of the UV-C. To prevent damage to the test

A:UV-B ratio of 100:10:1; Fig. 8(C)) using fluorescent lamps organism, the UV-C usually needs to be quantitatively removed

from UV emitting lamps. Polyester based clear plastic and

°FS-20, available from National Biological, Twinsburg, OH, or RPR-3000, most types of window glass have cutoffs between 330 and 380

available from Southern New England Ultraviolet Co., have been found suitable fof!M and therefore can be used to remove UV-B and UV-C from

this purpose. a light source. Plastic filters will degrade over time in UV, and
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they should therefore be checked periodically with a spectro10. Measurement of Light
photometer to be certain that they have maintained satisfactory

spectral quality (usually less than 10 % change in any Spec'[r%easuring light: quantity and quality12, 13) Both are

region) (21) ) ) o important aspects of a light source. When light is a concern, the
9.2.2 Isolation of Spectral RegiorsExcept for specialized  gyantity of light must be measured each time a laboratory test
tests, monochrom_atic or partially monochromatic Iight iS notjg performed. It is analogous to checking the pH of a solution.
necessary for environmental work. Broad band regions of th&ijnce the spectral distribution of a lamp is often available from
visible spectrum can be isolated with colored theatrical gradegne manufacturer, the spectral quality does not require routine
celluloids (spectral band widths approximately 50 to 100 nm)measurement. However, if different types of lamps are com-
If narrower bandwidths are needed, interference filters can bgjned into a single light source, the spectral output of the

used (5 to 20-nm bandwidths); however, interference filtergssembled radiation source should be measured with a spec-
will greatly limit the total fluence reaching the test organism.ygradiometer (see 10.3).

For more information on isolating specific spectral regions, see 10.2 Measurement of Light QuantityLight quantity can be
Refs (12, 13) measured in three ways: radiometric, quantum, and photomet-
9.3 Laboratory Vessels ric methods(12). In essence, each method uses the same type
9.3.1 Borosilicate Glass-Borosilicate glass is the most of instrumentation, a light-sensitive detector (thermopile or
common form of glassware. It is used to hold organisms duringhotodiode) that converts an absorbed photon into a voltage or
toxicity tests. In particular, it is used for algae abdgibba  a current and an amplifier to detect the voltage or current
growth because it is transparent to the visible light needed foghange (for other light measurement techniques see ®2fs
photosynthesis. It is appropriate for many needs at thicknessegd(13)). The amount of radiant energy should be reported as

found in common flasks and petri plates (wavelength cutoff ak fluence rate, although total fluence is appropriate under
275 nm and 50 % transmission at 295 nm). It therefore can beertain circumstances.

used for any test in which UV-B is required. Of course, if 102 1 Radiometric Methods-This is a measure of light
wavelengths around 295 nm are needed, the investigator neegsantity in units of energy (joules) or power (watts). Therefore,
to be sure that the amount of incident 295-nm radiation is highy fiuence rate by this method will be J#s™2 or W m™2 The
enough to account for absorbance by the borosilicate glasgstrument used is called a radiometer. The detector in a
Also, very thick glass and low-grade borosilicate glass will agiometer is a thermopile, which converts radiant energy to
absorb UV-B. The transmittance properties of the material teat and in turn generates an electromotive force. This results
be used should therefore be checked with a spectrophotometgy.5 voltage change that is proportional to the amount of energy
9.3.2 Polystyrene-Polystyrene is the plastic generally used absorbed. The voltage change is converted by an amplifier to a
in petri dishes, culture bottles, and multi-well dishes. It hascalibrated output in J ¥ s* or W m 2. One can purchase
very good transmission properties (common thicknesses haveradiometers with filters over the sensor that allow only certain
cutoff at 288 nm and 50 % transmission at 300 nm). It isspectral regions to pass. For instance, radiometers with filters
therefore useful with almost any environmentally relevant lightthat transmit only visible light are used by plant physiologists
source. It also offers the advantage of absorbing all of th@ecause this is the photosynthetically active region (PAR) of
incident UV-C. The only precaution that needs to be taken ishe spectrum; thus the name PAR meters. Also, one can buy
that all light measurements should be made with polystyrengadiometers that have filter bundles that are specific for UV-A
over the light sensor to account for any radiation absorbed byr UV-B. These are used by meteorologists to make daily
the plastic because this varies with the thickness of the plasti¢jv-B readings that are now commonplace in weather reports.
Also, UV-C and UV-B degrade the plastic after long exposuresOne can also buy very accurate and sensitive radiometers that
(approximately two weeks), so the plastic should be checkedetect over a very broad range (for example, from 200 to 2000
periodically during testing and it should be discarded after eachm) and calibrate the radiometer for its sensitivity at each
test is complete. wavelength. The calibration is crucial because the sensitivity of
9.3.3 Acrylic—Acrylic is used for many applications in all detectors is wavelength dependent. With appropriate filters,
environmental testing. It is especially useful for building largerthe irradiance at a chosen wavelength can then be made.
vessels for applications such as microcosm containment. Its 10.2.2 Quantum Methods-This is a measure of light as the
absorbance cutoff is around 385 nm, but this of course variesumber of photons present. Therefore, the result will be a
with the thickness of the plastic. For instance, 1-cm thiCkphoton fluence rate with units generally given as umfﬁ git.
acrylic has 50 % transmittance at 386 nm and 10 % transmittNote that this is equivalent to pEinstein fis ; see 3.2.2.)
tance at 379 nm. Therefore, if UV is needed in the test, the torhe instrument used is called a quantum sensor. The sensor is
of the container needs to be made with a different materiala light-sensitive diode (or photovoltaic cell), which converts
such as cellulose acetate, which transmits UV. absorbed photons to an electric current that is proportional to
9.3.4 Other Materials—Other types of containers can be the number of photons absorbed. The amplifier then converts
used, but they must be transparent to the spectral regioribis information to a reading in pmol Ths™. However, the
important to the test. The transmission properties of thesensitivity of the sensor is wavelength dependent, so a filter
material can be checked reliably with a spectrophotometer. Thieundle is placed above the diode to quantum correct the
spectral quality of the light source can then be adjusted toeading. The most common type of quantum sensor is balanced
compensate for absorbance by the vessel. for visible light and, like the PAR meter, is commonly used by

10.1 Light Components-There are two components to



Ay E 1733

plant physiologists to obtain an accurate reading of photosyrregion, and it is often generated with fluorescent lighting. In
thetically active radiation. Specialized quantum sensors arthese instances, the spectral output of the light source will
also available (for example, for UV-B and UV-A). Again, care usually be centered at approximately 550 nm (see Fig. 1), and
should be used to ensure that the meter is appropriate arbis wavelength can be used as the “average wavelength” for
accurate for the spectral region of interest. conversions of the total fluence rate of a light source (Table 2).
10.2.3 Photometric Methods-This is another measure of Some of the conversion factors given in Table 2 assume an
the amount of light energy present. It therefore has similaritiegverage wavelength of 550 nm. If a large amount of the
to radiometry. However, it is a method of measuring light thatradiation is from spectral regions other than the visible and the
is specific for human vision and is used mostly by photograspectral output of the source is not centered at 550 nm, the
phers and lighting engineed2, 13) The basic unit is the spectral distribution is required for reliable conversions. In
lumen (which is the amount of light emitted by a point sourceparticular, to convert lux to radiometric or quantum units, care
of 1 cd). The amount of light is usually given as lux (ImM#n  should be used because lux as defined varies greatly with
or foot-candles (Im ft?). The thermopile is protected by a filter wavelength relative to W or pmol of photons. The wavelength
bundle that limits the region of the spectrum to an approximatelependence for the ratio of Ix to Whis provided in Fig. 9.
gaussian distribution of light centered at 550 nm, with limits of Also, it should be clear from Fig. 9 that lux cannot be used as
detection at 400 and 700 nm (Fig. 9). These instrumenta measurement for UV radiation. Note that if SSR is used, only
therefore detect only visible light, but they are highly wave-approximately 10 % of the radiation comes from the UV, and
length dependent even within that spectral region. Photometrtherefore conversions for total radiation present in the source
is quite good for photography because that industry hasan still be based on an average wavelength of 550 nm, and the
standardized on measuring light in this way. However, thignitial measurement can be made in lux as long as the
method is generally not appropriate for measuring lightingvisible:UV fluence rate ratio is known.
used in toxicity testing. If this is the only option that an 10.3 Spectroradiometr-A spectroradiometer is used to
investigator has for measuring light, the data should bemeasure the spectral distribution of light. This expands greatly
converted to an appropriate radiometric or quantum unit (seen broad band irradiance measurements by determining the
10.2.4). In addition, many photometric light meters are of lowfluence rate at each wavelength. The data are plotted as3V m
grade since they are designed for amateur photographers. Great* or pmol ni2s™* nm 2. In fact, the data shown in Figs. 1-7
care should thus be used when the data are collected byaae spectroradiometric measurements of various light sources.
photometric instrument. The need for such instrumentation in plant biology and
10.2.4 Conversion of Light Measurement UnisThe  environmental photobiology is immense since light is often a
amount of light energy present is dependent on the spectrgrimary “reagent.” Some spectroradiometers are very accurate,
distribution of the photons that make up that light source. Thisusing a double monochrometer design to achieve highly
is because the energy of a photon is inversely proportional tmmonochromatic light (<1 nm optical resolution without stray
its wavelength. Therefore, to convert between units of lightight, and spurious spectral lines or higher order wavelengths
guantity, one must know something about the spectral output dfor example, integral multiples af)). Also, the detector is
the light source (see 10.3). However, many of the light sourcegery sensitive over a broad waveband. These instruments are
used in an environmental toxicology study will be in the visible quite expensive (>$50 000), and their accuracy is beyond the
needs of most users. In the case of less expensive instruments
($15 000 to $25 000), they are nonetheless accurate enough for
most needs. They often have detectors with a limited wave-
600 | length range (for example, only 300 to 850 nm) and have only
one monochrometer. This will be adequate for some applica-
tions. Another approach is a diode array detector-based spec-

o : . ) X
= troradiometer (available for $25 000). An efficient holographic
~ 4001 grating (spectrometer) spreads the light as a function of
i wavelength along a 512- or 1024-diode array (1-nm resolution

=
; 200 TABLE 2 Conversion Factors for Light Measurements
-l Convert to Multiply by*
pmol m™2 s7* W m™2 119.6/(\ nm)
W m—2 umol m2 7% 8.36 X 107 X (A nm)
0 Ix (at 550 nm) W m2 1.47 x 1078
: : Ix (at 550 nm) pmol m™2 s7* 6.91 x 1073
400 500 600 700 fc Ix 10.75
Wavelength, nm A For conversion between pmol m™2 s™ and W m™2, any wavelength can be

used. Since many common laboratory light sources for visible light (for example,
NoTe 1—To convert Ix to W mZ2 at a given wavelength, divide Ix by cool-white fluorescent lamps) have an average wavelength of 550 nm, this

the number on the y axis at the wavelength of interest; that is, if a light'a/elength can be used for many conversions. For conversions from Ix to jimol
m~s~tand W m~4, an average wavelength of 550 nm is assumed. However, if the

source had its Fir'mary_ qu_tput as red light centered at 600 nm, Ix I%ght source has a spectral quality that is not centered at 550 nm, the assumed
converted to W ¥ by dividing by 420. wavelength for conversion of Ix to another unit will have to be altered. See Fig. 9
FIG. 9 Ratio of Ix to W m ~2 as a Function of Wavelength for the wavelength dependence for conversion of Ix to W m™2,
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from 250 to 1100 nm). With a diode array, the whole spectruns™). These data are sometimes converted to a daily dose.
is thus collected simultaneously. Modern holographic gratings

generally have minimal interference from higher order wave-12. Considerations for Designing Light Sources for
lengths. These instruments are thus also sufficiently accurate Environmental Testing

for most needs. 12.1 Plants and PhytoplankterNaturally, visible light is

11. Biologically Effective Radiation required for .ph_otosynthesis. Howgver, in general, one .should
L . . _ . also try to mimic the spectral quality of natural sunlight in the

(11.1 Description of Biologically Effective RadiatierThe oy ironmental compartment relevant to the test. Thus, if one is

b|olqg|cally effectlve dose often ngeds.to be con3|dereq WheEonducting a test on plants or algae (see Guides E 1218 and
One IS assessing the fluen_ce rate in a I'ght so(&26e31) Th_|s E 1415, and Practice E 1598), the light source should really
is a weighting of the total irradiance applied to an organism Qi jate sunlight. Not only should the growth of the plants

account for the biologically active content for a particular ,,qar spectrally accurate lighting be considered, but many

response. It is thus a weighting of a spectrum based on thg,niaminants are photoactive as well. Furthermore, many
wavelengths that are absorbed and the efficiency of each nis require UV-A for optimal growth.

wavelength at initiating a specific biological response. Fo 12.2 Terrestrial Animals—SSR will be relevant to terrestrial

instance, if a response is caused exclusively by blue light (40Q - : . :
to 500 nm), it makes no difference how much red light (600 tognlmals (wildlife and domesticated animals) that live above the

700 nm) is present in the light source. Biologicall effectivesurface of the ground. In general, one should attempt to mimic
radiation is Ealculated as thg cross-se;:tionalgover?/a betwe the spectral quality of sunlight, especially if there is a toxicant

) . . P der study that is potentially photoactive. The wavelengths
an action spectrum for a biological response and the spectr

output of the light source. That is, this manipulation of spectraéa:grbed by the chemical should be in the light source in that

indi h f th l'inci iation in th . . L .
data indicates the amount of the total incident radiation in the 12.3 Aquatic Organisms-Transmission of light through the

light source that can actually be used to promote a specific t | hould b idered f {ic toxicol Th
response. It is commonly used for UV-B effects because yy-ghater column should be considered for aguatic toxicology. 1he

is highly damaging and the amount of damage increaseamount of UV-B relative to visible light drop; as the depth
dramatically as the wavelength decreases. Typical action Spetgcr_eases{lS). Therefore, an SSR spectrum W'”. be a f“’FCt'O”
tra used for biologically effective UV-B are the general pIantOfd'Stance. fror_n th_e surface. Also, the I|ghtquallty_reach|ng the
damage spectruni29), inhibition of photosynthesis spectra test organism is highly dependent on water quahty..Thus, the
(32, 33) in vitro and in vivo DNA damage spect(a4, 31) and spectrum of light relevant to a test will be highly variable. An
the erythema spectru@5). Other in vivo plant action spectra abscd)rb?nce ;bp:ectrum of'g rfle&/an.t watlgrhstample should be
that can be used include flavonoid synthg8§6, 37) degra- used, | po§S| €, as 6_‘ gul e_ 0 eS|gn_a Ight source. .
dation of the D1 photosystem Il reaction center proidiA), 12.4 Sediment Te_stmgSedlment testing only needs a I|ght_
and curvature of seedling®8). For instance, if biologically component for sediments from shallow clear waters. In this
effective radiation for plant acclimation to UV-B is needed, €S, the relevant spectrum would be based on the spectral
flavonoid synthesis can be used since it is associated witiu@lity of sunlight that reaches the sediment in a natural
protection of plants from UV-B. If biologically effective setting. In general, however, the same rules apply as for aquatic
radiation for plant damage is required, the inhibition of testing. Also, one should consider whether particulate matter
photosynthesis action spectrum might be used. If biologically’o™m the sediment is exchanging into the water column and
effective radiation for photosynthetic activity is needed, anWhether the particles will be exposed to significant amounts of
action spectrum for photosynthesis may be uet). sunlight. If this is the case, any contaminants adsorbed onto the
11.2 Determination of Biologically Effective RadiatieTo ~ S€diment could be modified photochemically. Such photomodi-
determine the content of biologically effective UV radiation, anfication reactions can have a profound effect on toxi¢ity
action spectrum is normalized to unity at a given wavelength q
(for instance, 300 nm). The spectral output of the light source-s: <eywords
is multiplied by the normalized action spectrum at each 13.1 action spectrum; artificial lighting; simulated solar
wavelength. This weighted spectrum is integrated to yield aadiation; spectral distribution; sunlight; ultraviolet radiation;
biologically effective fluence rate (in Jhs * or pmol m?  visible light

10
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