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Standard Practice for
Angle Resolved Optical Scatter Measurements on Specular
or Diffuse Surfaces *

This standard is issued under the fixed designation E 1392; 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.

This standard has been approved for use by agencies of the Department of Defense.

1. Scope obtaining appropriate sources, detectors, and low scatter optics

1.1 This practice explains a procedure for the determinatio§omplicate its practical application at wavelengths less than
of the amount and angular distribution of optical scatter from@Pout 0.25 um. Diffraction effects that start to become impor-
an opaque surface. In particular it focuses on measurement §int for wavelengths greater than 15 um complicate its practical
the bidirectional reflectance distribution function (BRDF). @pplication at longer wavelengths. Diffraction effects can be
BRDF is a convenient and well accepted means of expressingfOPerly dealt with in scatter measureme(8y but they are
optical scatter levels for many purpog@s?).2 Additional data  Not discussed in this practice. . . _
presentation formats described in Appendix X1 have advan- 1.6 Any experimental parameter is a possible variable.
tages for certain applications. Surface parameters can Hearameters that remain constant during a measurement se-
calculated from optical scatter data when assumptions ar@uence are reported as header information for the tabular data
made about model relationships. Some of these extrapolaté&i!:- Appendix X3 gives a recommended reporting format that is
parameters are described in Appendix X2. adaptable to varying any of the sample or system parameters.

1.2 Optical scatter from an opaque surface results from 1.7 This practice applies to flat or curved samples of
surface topography, surface contamination, and subsurfagbitrary shape. However, only a flat, circular sample is
effects. Itis the user’s responsibility to be certain that measure@ddressed in the discussion and examples. It is the user's
scatter levels are ascribed to the correct mechanism. Scatté&Sponsibility to define an appropriate sample coordinate
from small amounts of contamination can easily dominate th&yStem to specify the measurement location on the sample
scatter from a smooth surface. Likewise, subsurface effeci@urface for samples that are not flat. _
may play a more important scatter role than typically realized 1.8 The apparatus and measurement procedure are generic,
when surfaces are superpolished. so that speC|f|c instruments are neither excluded nor implied in

1.3 This practice does not provide a method to extrapolatée use of this practice.
data for one wavelength from data for any other wavelength, 1.9 This standard does not purport to address the safety
Data taken at particular incident and scatter directions are n&oncerns, if any, associated with its use. It is the responsibility
extrapolated to other directions. In other words, no wavelengtRf the user of this standard to establish appropriate safety and
or angle scaling is to be inferred from this practice. Normallyhealth practices and determine the applicability of regulatory

the user must make measurements at the wavelengths aigitations prior to use.

angles of interest.
1.4 This practice applies only to BRDF measurements onZ' Referenced Docume.nts
opague samples. It does not apply to scatter from translucent or 2-1 ASTM Standards: _
transparent materials. There are subtle complications which E 167 Practice for Goniophotometry of Objects and Mate-

affect measurement of translucent or transparent materials that rial

are best addressed in separate standards (see Practice E 167 179 Guide for Selection of Geometric Conditions for
and Guide E 179). Measurement of Reflection and Transmission Properties of

1.5 The wavelengths for which this practice applies include Materials

the ultraviolet, visible, and infrared regions. Difficulty in E 284 Terminology Relating to Appeararice
F 1048 Test Method for Measuring the Effective Surface
Roughness of Optical Components by Total Integrated
1 This practice is under the jurisdiction of ASTM Committee FO1 on Electronics Scatteringj
and is the direct responsibility of Subcommittee F01.06 on Silicon Materials and
Process Control.
Current edition approved Dec. 10, 1996. Published December 1997. Originally
published as E 1392 - 90. Last previous edition E 1392 — 90. —
2 The boldface numbers in parentheses refer to a list of references at the end of * Annual Book of ASTM Standardgyl 06.01.
the text. 4 Annual Book of ASTM Standardggl 10.05.
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2.2 ANSI Standard: 3.2.7 incident azimuth anglep,—the fixed 180° angle from
ANSI/ASME B46.1, Surface Texture (Surface Roughnessthe XB axis to the projection of the incident direction onto the
Waviness, and Lay) XB-YBplane.

3.2.7.1 Discussior—It is convenient to use a beam coordi-
nate system (refer to Fig. A1.2) in whiek = 180°, since this
3.1 Definitions: makesp, the correct angle to use directly in the familiar form
3.1.1 Definitions of terms not included here will be found in of the grating equation_ Conversion to a Samp|e coordinate

Terminology E 284 or ANSI Standard B46.1. Additional system is straight forward, provided the sample location and
graphic information will be found in Figs. A1.1-A1.3 in Annex rotation are known.

Al. L . ) 3.2.8 incident directior—the central ray of the incident flux
3.2 Definitions of Terms Specific to This Standard: specified by, and &, in the beam coordinate system.

3.2.1 angle (.)f i_ncidenceei—polar ang_le between the cen- 3 5 g jncident power, P—the radiant flux incident on the
tral ray of the incident flux and th&B axis. sample '

3'2'.2 beam coordnjate SVSt.efT‘* XB YBZB cartesian 3.2.9.1 Discussior—For relative BRDF measurements, the
coordinate system with the origin on the central ray of the

incident flux at the sample surface, tK8 axis in the plane of incident power is not measured directly. For absolute BRDF

incidence (PLIN) and th&B axis normal to the surface as measurements it '? |mrp]>ortant|.to vgrn‘y fthﬁ I|3ear|ty, and if
shown in Fig. A1.1. necessary correct for the nonlinearity, of the detector system

3.2.2.1 Discussior—The angle of incidence, scatter angle, over the range from the incident power level down to the

o . ' ! scatter level which may be as many as 13 to 15 orders of
and incident and scatter azimuth angles are defined wit : )
. magnitude lower. If the same detector is used to measure the
respect to the beam coordinate system.

3.2.3 bidirectional reflectance distribution function, incident power and the scattered flux, then it is not necessary to

BRDF—the sample radiance divided by the sample irradiance?Orrect for the detector responsivity; otherW|se, th? §|gnal from
@ach detector must be normalized by its responsivity.

The procedures given in this practice are correct only if the 32101 . h level d
field of view (FOV) determined by the receiver field stop is _~-*- Lnstrurr]nent_ 5|gnature-tl e mean scatter leve e-d
sufficiently large to include the entire illuminated area for all A5 GrEPINENEy's no sample scatter present expressed as

3. Terminology

angles of incidence of interest. BRDF. ] ] ) ) ]
L. (P./0ACOSO.) 4 3.2.10.1Discussior—Since BRDF is defined only for a
- e s COoSs \ s 1 . . . .
BRDE = E- A = P cosh. [sr 4 (1) surface, the instrument signature provides an equivalent BRDF

for the no-sample situation. The limitation on instrument
3.2.3.1 Discussior—BRDF is a differential function depen-  signature is normally stray scatter from instrument components
dent on the wavelength, incident direction, scatter directionand out-of-plane aperture position errors for receiver positions
and polarization states of the incident and scattered fluxes. Ifear the specular direction. For high grade electronic detection
practice, it is calculated from the average radiance divided bgystems, at large scatter angles, the limitation on instrument
the average irradiance. The BRDF of a lambertian surface isignature is normally Rayleigh scatter from molecules within
independent of scatter direction. If a surface scatters nonunghe volume of the incident light beam that is sampled by the
formly from one position to another then a series of measurereceiver field of view. A$, approaches 90°, the accuracy ff
ments over the sample surface must be averaged to obtajizcomes important because of the I/égserm in BRDF. The
suitable statistical uncertainty. Nonuniformity may be Cause%ignature can be measured by scanning a very low scatter
by irregularity of the surface microughness or film, optical reference sample in which case the signature is adjusted by

property nonhomogeneity, or subsurface defects. ~dividing by the reference sample reflectance. The signature is
3.2.4 cosine-corrected BRDFthe BRDF times the cosine commonly measured by moving the receiver near the optical
of the scatter polar angle. axis of the source and making an angle scan with no sample in

3.2.4.1 Discussion—The cosf, in the BRDF definition is a  the sample holder. It is necessary to furnish the instrument
result of the radiometric definition of BRDF. It is sometimes signature when reporting BRDF data so that the user can
useful to express the scattered field as normalized scatt@lecide at what scatter direction the sample BRDF is lost in the
intensity [(watts scattered/solid angle)/incident power] as &ignature.. Preferably the signature is several decades below
function of scatter direction. This is accomplished by multi-the sample data and can be ignored.
plying the BRDF by cod,. 3.2.11 noise equivalent BRDF, NEBRBRhe root mean

3.2.5 delta beta AB—the projection ofAB onto theXB-YB  square (r/min) of the noise fluctuation expressed as equivalent
plane, that is, the delta theta angle measured in direction CosifgRpDE.
space}. ';Of slcatterfm thg PLING = smﬂsh— S'n?i' TOF SCAler 3.2.11.1 Discussior—Measurement precision is limited by
out of the plan o 'nlc,' ence (PLIN), the calculation A8 o 4cceptable signal to noise ratio with respect to these
becomes rlnor(ra] comp |car:ed (S‘Te AppendlxhX1.2). \ar direc. luctuations. It should be noted that although the detector noise
_ 3.2.6ddehtat etaA%_—t e angle between the specular direC-ig jnqependent o, the NEBRDF will increase at large values
tion and the scatter direction. of 6, because of the 1/cdk factor. Measurement precision can

also be limited by other experimental parameters as discussed

S Available from American National Standards Institute, 1430 Broadway, NY, N Secthn 10. The NEBRDF can be measured by blocking the

NY 10018. source light.
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3.2.12 plane of incidence, PLIN-the plane containing the reveal surface characteristics. For example, the total scatter
sample normal and central ray of the incident flux. found by integrating the BRDF over the hemisphere can be

3.2.13 receiver—a system that generally contains aperturesyelated to surface roughness. The amount of scatter at a given
filters and focussing optics that gathers the scatter signal ovacatter angle can be associated with a specific surface spatial
a known solid angle and transmits it to the scatter detectoirequency.

element. 4.3 The microroughness and contamination due to particu-
3.2.14 receiver solid angle{)— the solid angle subtended lates and films on silicon wafers are interrogated with varying
by the receiver aperture stop from the sample origin. forms of light scattering techniques. The angular distribution of

3.2.15sample coordinate systera coordinate system light scattered by semiconductor surfaces is a generalized basis
fixed to the sample and used to specify position on the sampl@r most scanning surface inspection systems and as such may
surface for the measurement. be used to cross-correlate various tools.

3.2.15.1 Discussior—The sample coordinate system is ap-
plication and sample specific. The cartesian coordinate systeg Apparatus
shown in Fig. A1.1 is recommended for flat samples. The

RN . . 5.1 General—Non-specular reflectometers or instruments
origin is at the geometric center of the sample face withzhe cf P

4) used to measure scattered light utilizes some form of the
ive components described in this section. These components
are described in a general manner so as to not exclude any
particular type of scatter instrument. To achiebg ¢;; 0, dJ
positioning the instrument design must incorporate four df
between the source, sample holder, and receiver assemblies.
5.2 Source Assemblhy containing the source and associated
lated from the incident poweR);, divided by the illuminated optics to produce irradianck,, on the s_ample over a specified
areaA. The incident flux should arrive from a single direction; splot qreaA. I; a broadhbalrgjd bsource '.?. udse% the \(/jv_avelengtrr]\
however, the acceptable degree of collimation or amount oﬁe eé:tlc_)(?htecqure shou h € specrllled. epending gln the
divergence is application specific and should be reported. a?flgctV\;L; Vfgvefeenefﬁon te(;_ nlqulefs,tl e detector a.ssemdy.may
3.2.17 sample radiance, k—a differential quantity that is : 9 se'n5|t|V|ty. a laser source.ls used, it IS
the reflected radiant flux per unit projected receiver solid angléIsually s_ufﬁment to, specify the center Wav_e_length, howeve_r , 1t
per unit sample area. IS sometimes necessary to be more specific such as providing
the particular line in a CQlaser.

3.2.17.1Discussior—In practice,L, is an average calcu- 51 A 2 q for f ) )
lated from the scattered powdt,, collected by the projected  2-2-1 A source monitor is used to correct for fluctutions in
the source intensity. If it is located at the source output it only

receiver solid angle) cosfy, from the illuminated ared. The it in th di " itive t
receiver aperature and distance from the sample deterrfiines M€asures variations in theé source power and 1S not sensitive 1o
variations due to angular drift or downstream transmission.

and the angular resolution of the instrument. h ) hould itor incid I
3.2.18 scatter—the radiant flux that has been redirected | "€ Source momtors_ Ol monltqr_ln(_:l_ent BOWEHES PSe to
the sample as possible while minimizing additional system

over a range of angles by interaction with the sample. : . .
3.2.19 scatter azimuth angleh—angle from thexB axis to scatter. Attention should be paid to possible laser mode

the projection of the scatter direction onto tkB-YBplane. h_opping and consequent wa_nder of the begm on spatial filter
3.2.20 scatter direction—the central ray of the collection Pinholes and to fluctuations in source polarization.

axis normal to the sample. A fiducial mark must be shown a
the periphery of the sample; it is most conveniently place
along either theX or Y axes. For silicon wafers, the fiducial
mark is commonly placed on theaxis.

3.2.16 sample irradiance, E—the radiant flux incident on
the sample surface per unit area.

3.2.16.1Discussior—In practice, E, is an average calcu-

solid angle of the scattered flux specified fyand . in the 5.2.2 Collimated or slightly .converging source light can be
beam coordinate system. used to measur8RDF. I\/I_ost instruments use a converging

3.2.21 scatter plane—the plane containing the central rays beam focus_ed at the receiver. If the convergence ang!e is small,
of the incident flux and the scatter direction. the uncertainty introduced by a non-unique angle of incidence

3.2.22 scatter polar angle,6—polar angle between the is usually negligible. Thg same considerations_gpply if a curved
central ray of the scattered flux and tHB axis. sample is mgasured. Itis the user’s rgsp0n5|blllty to assure that

3.2.23 specular direction-the central ray of the reflected @nY Spread inb; does not compromise the results. Normal
flux that lies in the PLIN withd, = 6; and b, = O. practlce_llmlts convergence to /20 or greater with a focus at

the receiver to increase the angular resolution of measurements

4. Significance and Use near the specular beam or diffraction peaks.

4.1 The angular distribution of scatter is a property of 5.2.3 Typically the source assembly is fixed in position and
surfaces that may have direct consequences. Scatter frovariations in 0; are made with the sample holder. Good
mirrors and other components in an optical system can be theeduction of the instrument signature requires baffling around
limiting factor in resolution or optical signal to noise level. the source assembly and use of a spatial filter to limit off-axis
Scatter can be an important design parameter for telescopdight. The final mirror (or lens) which directs light to the
Scatter measurements are crucial to correct operation of ringample should have low scatter, since it contributes directly to
laser gyros. Scatter from a painted surface such as on automgmall angle scatter in the instrument signature.
biles can influence sales appeal. 5.2.4 A means should be provided for controlling the

4.2 The angular distribution of scatter from optically polarization state of the incident flux as this can impact the
smooth surfaces can be used to calculate surface parametersneeasured BRDF. Orthogonal source polarization components
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(parallel, orp, and perpendicular, @) are defined relative to 5.5.4 Since depolarization can occur in scattering, complete
the plane defined by the source direction and the sampleharacterization of scatter requires measurements with a polar-
surface normal. ization analyzer at the receiver. The scatter reflux can be

5.2.5 Absorbing samples may be heated by the incident fluRroken into perpendicular and parallel components that are
and may change their scatter characteristics, mechanicalfgspectively perpendicular and parallel to the scatter plane (see

distort or burn. Special care must be taken with IR laser!9- Al.2).

sources on absorbing samples. 6. Calibration and Normalization

5.3 Sample Holder- The sample holder should provide & g 1 General—Instrument calibration is often confused with
secure mount for the sample that does not introduce any Warfeasyrement d#,. Calibration of a BRDF instrument involves
The rotation axes of the stages that achieve @el{, 05 &9  gystematic standardization and verification of its quantitative
positioning must be relative to the sample front surface; thigegyits. Incident power must be measured for correct normal-
can be accomplished by orienting the sample holder or th§;ation of the scattered power. Absolute measurement of powers
source, or both, and receiver assemblies. Some sample MouRts, ot required as long as theP, ratio is correctly measured.
incorporate positioning stages for a raster scan of the sampleyternatively, a reference sample can be used as a normaliza-
surface at fixed incident and scatter angles. The sample moughn, reference.
must be kept unobtrusive so that it does not contribute stray 62 cCalibration— A leading cause of inaccuracy in BRDF
flux to the signature or block large; scatter. measurement is a lack of instrument calibration. An error

5.4 Beam Dumsg-lt is important to trap any specular analysis of the four quantities defining the BRI, P, (, 6,)
reflection from the sample so that it cannot contribute to thecan help to accomplish a calibratio¢b). Each of these four
scatter signal through lab/instrument reflections. Examples dhdependent variables is a function of system parameters. For
beam dumps are black paper, a razor blade stack, absorbiegample, Edepends on receiver linearity, electrical noise and
glass plates, or a tapered blackened glass tube. system alignment parameters. The total error is also a function

5.5 Receiver Assemblylf the system design includes df at Of incidence angle and scatter angle. It is reasonable to expect
the receiver for achieving the scatter direction, then theerrors in the 3 to 10 % range for measurements taken a few
receiver assembly should normally have provisions for rotatinglegrees from specular to aboit= 85°. System nonlinearity is
about an axis on the front face of the sample in order to vary2 major contributor to error in this central region. At either
0. If out of the PLIN measurements are required, the receivefnd of this central region errors rise dramatically. Near
assembly may also rotate out of the PLIN. This capability mayPecular this is caused by out of plane receiver position error,
also be provided by pitch, yaw, and roll of the sample, but itand near t_he grazing angle_ the increase is due to uncertainty in
becomes more difficult to dump the specularly reflected bearfis Erfor is also a function of the type of sample being

5.5.1 The acceptance aperture for the receiver must be Weqpea;ured. For example, Iar_ger errors are expected in the
defined, since the solid angl€), subtended by the receiver relatively steep BRDF associated with specular samples than

aperture stop from the sample, is used in the BRDF calculatioﬁortstgelﬂ_?ﬁer response ofda difuse sl_l]:l_rface. 2B librated
and defines the angular resolution. The field of view of the ~* £ Tegelven anda pEaimpyiiesumust S HE - Salifale

detector must include the entire irradiated afed,here can be t%?i%trg?irogvcel;r:/zeghl:)‘;‘ﬁfnuI ?eﬁg{i?/téng :;icr;?eb;rvr;? \]:'ggluf\s;g::;:
an exception to these requirements if a relative BRDF of 9 P P 9

relative total reflectance normalization is used. In that case it igor each preamplifier gain setting. Operating regimes are

the user’s responsibility to ensure that the system paramete? I_ected fof ?aCh gain setting to avpld saturating the det(_actor
; while remaining on a low gain setting. The source monitor
remain constant between measurements.

_ must also be calibrated in the same way.

5.5.2 _If the accep_tancg aperture is too small and a coherentg 5 5 There are several ways to vary the optical power and
source is useql to |rrad|§1tg the. sample, speck|? may CaUsfake this calibration curve. Optical filters with a known
strong, unpredictable variations in the scatter. This is & coMagenyation can be used, but multiple reflections and coherent
mon problem when measuring diffuse (that is, rough) samplegsrects (interference between the two filter faces) can change
It is sometimes desirable to spin a diffuse sample about itgye attenuation. An excellent method of changing the optical
normal to average the effects of speckle while making gyower at the receiver is by moving away from a diffuse source
measurement. It is the user's responsibility to ensure thapy 12 attenuation. Other methods include crossed polarizers
BRDF features are not due to speckle. The user may wish tgy changing the duty cycle of a chopper. The user must select
employ a variable aperture stop to trade sensitivity for angulagn attenuation method with suitable reproducibility to perform
resolution when measuring specular surfaces, since best angWe calibration.
lar resolution is needed near specular where BRDF has a steepg 2.3 The receiver and preamplifier each have a maximum
slope. Best sensitivity is needed at larger angles where BRDEytput voltage to avoid saturation, but there is also a minimum
might approach the NEBRDF. electronic noise level which should be kept in mind to avoid

5.5.3 It may be necessary to use an optical bandpass filter aeporting noise as BRDF. When electronic noise is expressed
the detector to minimize acceptance of background light. Thigss NEBRDF, note that although the noise may be constant,
can also be accomplished by modulating the amplitude (with NEBRDF depends on the receiver solid andde the incident
mechanical chopper) of the source light, and using a synchrgower,P;, and cosh.. This means NEBRDF can be lowered by
nized, phase sensitive (lock-in) amplifier with the detector. changing these system parameters.


https://standards.iteh.ai/catalog/standards/sist/c090b165-2aae-4387-acd3-585d4586d47a/astm-e1392-962002

NOTICE: This standard has either been superceded and replaced by a new version or discontinued.
Contact ASTM International (www.astm.org) for the latest information.

A8y E 1392 - 96 (2002)

6.2.4 A full system calibration is not required on a daily It is not necessary to knowR, for the sample BRDF
basis, but the system should be checked daily. This check caralculation if it remains constant. The source monitor voltage,
be accomplished by measuring the instrument signature and\§4 must also be recorded at this time.
stable reference sample that provides data over several de-6.3.4 Relative Total ReflectaneeThe fourth method in-
cades. Changes from past results are an indication of calibraolves integration of relative BRDF over the hemisphere and
tion problems and the cause of the change must be determinestijustment of constants to match the directional hemispherical
It is good operating practice to maintain a reference sample atflectancep (also referred to as total hemispherical reflec-
the scatter facility for this calibration check. Recalibrationtance). Normalization can only be accomplished after sufficient
must be accomplished when components are changed, repairechtter data are accumulated to define the integjhig. method
or realigned. Include a data file number for the most recentlepends on a separately measured directional hemispherical
reference sample measurement with every set of BRDF data &sflectance and knowing relative scatter over the entire hemi-
a record of instrument response in case the data set iphere.lt is best suited to isotropic, diffuse samples.
questioned at a later time. 6.3.4.1 When sufficient scatter data has been accumulated

6.3 Normalizatior—There are four acceptable methods for the following integral is performed.
normalizing the scattered power to the incident power. Each 2wl
method is dependent on different measured parameters. Pealc = fo fo BRDF cos 6 sin 6 s do, dds ®)

6.3.1 Absolute—An absolute normalization is made by  BRpPF s obtained with constantd,R\/P,, removed from the
moving the receiver assembly onto the optical axis of th‘?ntegral. These constants are adjusted to makegual to the

source with no sample in the sample hold&his method  gytemally measurep. The constants are then returned to Eq 7
depends on extending receiver calibration to high power levelsy calculation of absolute BRDFE.

The entire incident beam must enter the receiver assembly and

. 6.3.4.2 A perfectly reflectingp(= 1) and diffuse sample has
;’;;v&lg&v%ft,;/}\,/cl)slt)rgcorded. If the unsaturated detector reSPONSE€.onstant BRDF and integration of the above equation shows

that it is equal to Ht. A diffuse sample will depolarize incident
Pi=ViR\ (?)  plane polarized light, therefore care must be exercised so that
It is not necessary to know ,Rfor the sample BRDF the polarization state of the light is taken into account for both
calculation if it remains constant. The source monitor voltageth® scatter and directional hemispherical reflectance measure-
V, must also be recorded at this time. AT

6.3.2 Relative BRDF-A relative normalization is made by
measuring a reference sample that has a known BRDF lev
This method depends on knowing the reference sample BRDF.7.1 Sample cleanliness can be a significant factor in the
This reference sample is usually a high reflectance, diffusscatter level. The user should adopt a procedure for cleaning
surface. They are readily available for visible wavelengths andamples prior to measurement and this cleaning procedure
the BRDF is the same for a large rangehpénd 6. Ideally the  should be reported with the BRDF results.
reference sample has a known BRDF that is similar to the 7.2 Correct alignment of the source, sample, and receiver
unknown sample to be tested in both magnitude and incidengre essential for accurate BRDF measurements. A typical
scatter directions, but this is rarely true. The reference samplexample of a subtle error that can be introduced by misalign-
should be spatially uniform and isotropic to alleviate align- ment occurs when the receiver does not rotateiabout the
ment concerns. sample face. The receiver field-of-view will “walk off” the

6.3.2.1 The reference sample is inserted in the sampléluminated area, A, and the measured BRDF is then lower
holder and a detector voltagé, corresponding to the scattered than actual BRDF a$, increases. Although it is not necessary
light for the known BRDF is recorded. The following can now to perform a total system alignment every day, alignment must
be calculated: be verified on a daily basis for movable components.

P, = VR\ /[BRDF () cosé, ©) 7.3 After cleaning the sample and verification of alignment,
) the sample is inserted in the sample holder. The detector

It is not necessary to knod? or 6 for the sample BRDF 5tage /., and the source monitor voltage,, are recorded
calculation if they remain constant. The source monitor Volt¢,. a5ch parameter set of interest. For example, BRDF
age,V, must also be recorded at this time. measured in the plane-of-incidence requires changinghile

6.3.3 Relative Specular ReflectareeAn alternative rela-  holding other parameters constant. The measurement results
tive normalization can be made with a specular referenceonsist of three columns of data fég, V,, V., The constant
sample having a known specular reflectarReThis method  parametersp, and ¢, are retained in the header information
depends on knowing R for the same collection solid angle afor this data set. Post processing is used to calculate BRDF
used in the Pmeasurement. and express the results in the desired tabular or graphical

6.3.3.1 Insert the specular reference sample in the sampfermat, but we can calculate Rt this time. In this calculation,
holder and measure the voltagé, for the entire specular the ratio of source monitor voltages is included to correct for
beam into the receiver assembly. The following can now bevariation of source intensity.
calculated:

e?.' Procedure

P;=VRA/R (4) Ps = VIRAVndVem (6)
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7.4 BRDF can exhibit strong sensitivity to azimuthal orien- 9.4 BRDF data can span many decades so it is usually
tation, spot size and position changes on the sample face. Goedpressed in base ten exponential form or plotted on a
operating practice dictates checking for sensitivity to these antbgarithmic scale.

other system parameters. 9.5 Appendix X3 provides a reporting format recommended
for use. This format is general in nature and allows for
8. Calculation variation of any sample or system parameters.

8.1 The BRDF of an unknown sample is calculated at eachg. precision and Bias
incident and scattered direction from the following relation-

ship: 10.1 Precision—The precision of this practice is inconclu-

sive based on the results of an interlaboratory round robin
BRDF = P4P, Q) cosb, = (V/V)[V.R\ /P, Q cosbJsr* (7)  conducted in 198&6). This round robin was conducted at a

The value ofP, is determined by the normalization method Single wavelength (0.6328 pm), angle of incidence (10°),

used. The correct angular variables may also be calculated Rplarization stateg(incident) and with four specific sample
post processing with BRDF. In all cases and 6, are surfaces. It was found that precision depends on the BRDF
. S

referenced to the sample normal. level and scatter angle as discussed in R®&f Additional

8.2 Many facilities prefer to store only raw data and information on precision was accumulated in a 10.6-um round
calculate BRDF and display variables as required to produce %Pin conducted in 198¢8). _ ~
graph or data table. If data are sent to another facility, it is 10-1-1 A white diffuse sample with mean BRDF =07/

essential to convert to BRDF and the angular variables define@@Ve @ fractional deviation (standard deviation of the 18
in this practice. A recommended reporting format is given inTeéasurement sets divided by the mean BRDF) close to 17 % at

Appendix X3. scatter angles from 15 to 70°. A black diffuse sample with
mean BRDF = 0.0kt gave fractional deviations from 24 to
9. Report 39 % depending on scatter angle. Specular mirrors gave

) ) ) fractional deviations from 31 to 134 % depending on scatter
9.1 BRDF data s expressed in tabular or graphical format agngle. Variations were larger at large scatter angles where

a function of the variable parameter. It is necessary to state th§atector noise levels of some instruments and errofs frad

accuracy of angular measurements and the size of the receivgjarge effect. These variations are much larger then expected
solid angle ). These latter parameters are important for smalk.om 3 typical error analysis.

angle scatter. It is usually meaningless to measure within 1° of 10 2 Bias—_There is no bias inherent in this practice. BRDF

specular or to measure very narrow” diffraction spikes” whenjs  number derived from the ratio of physical parameters that

() spans several degrees. _ _ ~ can be specified in absolute units. However, individual labo-
9.2 Itis necessary to furnish the instrument signature withatories may have measurement errors that lead to systematic

the sample BRDF data so that the user can make an informegisets, such as an inaccurately measured solid angle. Other

decision about the angle where the sample’s scatter becomggssible mechanisms are discussed in Rflt is not possible

lost in the signature. Correct comparison of the signature witlt this time to separate these systematic errors from bias;

BRDF data requires multiplying the signature by the sample’owever, intralaboratory measurements on the same instrument
specular reflectance for that portion of the signature due tgypijcally repeat within 5 % Re(5).

instrument scattered stray light (usually the case6fonear

specular). The portion of the signature due to electronic noisdl. Keywords

is not reduced by the sample reflectance. 11.1 bidirectional reflectance distribution function (BRDF);
9.3 Itis necessary to furnish the normalization method withdiffuse; irradiance; power spectrum; radiance; reflectance;

BRDF data. If a relative normalization is used the source of theeflectance factor; roughness; scatter; specular; total integrated

reference sample BRDF must be stated. scatter

ANNEX
(Mandatory Information)

Al. GEOMETRY

Al.1 — Relationship Between the Sample (X, Y, Z) andmark, the intended value must be indicated on the sample.
Beam (XB, YB, ZB) Coordinate SystersiEhe Z andZB axes
are always the local normal to the sample face. Locations on Al1.2 Angle Conventions for the Incident and Scattered
the sample face are measured in the sample coordinate systelnight in the Beam Coordinate SysteAThe projection of the
The incident and scatter directions are measured in the beaimcident direction onto the sample face is theXB axis.
coordinate system. If the sample fiducial mark is noXaaxis =~ Azimuth angles are measured from tkB axis. The incident
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