
Paper presented at IEEE, Nuclear Science Symposium TRI{PP{96{64Anaheim, November 2{4 Oct 1996A More Physical Approach to Model the Surface Treatment ofScintillation Counters and its Implementation into DETECTA. Levin, and C. MoisanTRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., CANADA V6T 2A3AbstractDETECT is a Monte Carlo simulation capable of realis-tically modeling the optics of scintillation detectors. Alimitation of this widely used program is its lack of real-ism and exibility in dealing with the surface �nish andreector coating of photon counters. To address these lim-itations, we initiated the implementation into DETECT ofa more physical model to treat the interactions of scintil-lation photons with dielectric surfaces. Inspired from theinitial work of Nayar et al., this approach has the partic-ular advantage of unifying, into a single parameterization,models that usually apply over a very limited range of sur-face roughness values. This exibility is ensured by usingthe standard deviation of the surface slope as a model pa-rameter that can be extracted from simple measurements.I. IntroductionThe design of scintillation counters assisted by MonteCarlo simulation can be a time and cost e�ective approachprovided the simulation model allows for a detailed treat-ment of the counter's geometry as well as of the propaga-tion, absorption, loss or detection of scintillation photonsthrough that geometry. The program DETECT [1] is aMonte Carlo simulation capable of realistically modelingthe optics of scintillation detectors. The program isotrop-ically generates a number of scintillation photons in a vol-ume element of the detector and individually tracks theirsurface interactions and passage within the componentsof the detector. Optical tracking of a scintillation photonis pursued until it is either absorbed, reaches a detectionelement, or escapes from the detector volume. The geom-etry of the detector can be described with a very generalsyntax. However, an actual limitation of DETECT is itslack of realism and exibility in modeling the surface �n-ish and reector coating of photon counters. These limita-tions become particularly important when addressing theimpact of the average roughness, or reective coating of thecounter's surface on the position and energy resolution.We present here work in progress to implement into ourlocal version of DETECT a more physical model, calledthe UNIFIED model, to treat the interactions of scintil-

lation photons with dielectric surfaces. We �rst motivatethis work by exposing the options available in DETECTto treat scintillator surfaces and by outlining their lim-itations. We then outline the UNIFIED surface model,inspired from the work of Nayar et al. [2], and discuss howit can be implemented to address these limitations. Wethen provide a prescription to constrain the model's freeparameters with a simple set of characterization data.II. Surface Models in DETECTThe public domain version of DETECT [1] o�ers four op-tions: METAL, PAINT, POLISH or GROUND to specifythe optical properties of individual surfaces in a scintilla-tion counter. Each of these options relates to a di�erente�ective model to treat the reection and transmission oflight at surface boundaries, with a reection coe�cient asthe only free parameter.In the METAL model, the surface is assumed to besmooth and covered with a metallized coating representinga specular reector of Reection Coe�cient, RC. A randomcheck against the value of RC determines whether the pho-ton is absorbed at the surface or undergoes reection at anangle equal to the angle of incidence. The PAINT modelsimulates a surface painted with a di�use reecting mate-rial characterized by reection coe�cient RC. If randomsampling shows that reection occurs, it is assumed to beLambertian. In these two models, transmission is not con-sidered and so a jump in the index of refraction at thesurface interface is of no relevance. For this reason theirapplication is somewhat limited.The POLISH and GROUND models represent surfacesthat may or may not be in optical contact with anothercomponent. In these models, one may consider a surfaceto be made up of micro-facets with normal vectors thatfollow a given distribution. Figure 1 shows the coordinatesystem used in these models along with the de�nition ofthe following geometrical parameters:� ~di - the direction vector of the incident photon,� ~dr - the direction vector of the reected photon,� ~dt - the direction vector of the refracted photon,
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tFigure 1: Coordinate system used in DETECT surfacemodels along with the de�nition of geometrical parame-ters.� n1 - the index of refraction of the incident medium,� n2 - the index of refraction of the transmissionmedium,� ~n - the average normal of the surface,� �i - the angle of incidence relative to the average nor-mal,� �r - the angle of reection with respect to the averagenormal,� �t - the angle of refraction with respect to the averagenormal,� �r - the angle between the projection of the reectedor refracted photon onto the average surface and theplane of incidence,� ~n0 - the normal of a particular micro-facet,� � - the angle between a given micro-facet and themean surface,� �norm - the angle between the projection of the micro{facet normal onto the average surface and the planeof incidence,� �0i - the angle of incidence relative to the micro{facetnormal,� �0r - the angle of reection with respect to the micro{facet normal,� �0t - the angle of refraction with respect to the micro{facet normal.

Note that when �r = 0 or 180 degrees, the reected orrefracted photon is in the plane of incidence. Also notethat the yz plane forms the plane of incidence, and thatall vectors are of unit length. Variables that are primedare values with respect to the micro{facet normal.The POLISH model is meant to account for a perfectlypolished surface that may or may not be in optical con-tact with another component. If no other component isspeci�ed, the surface is assumed to interface with vacuum.Photons incident on the surface are assumed to have ran-dom polarization, and are �rst tested for the possibility ofFresnel reection if a change in refractive index occurs atthe surface. This probability is given by [3]:R = 12 � sin2(�0i � �0t)sin2(�0i + �0t) + tan2(�0i � �0t)tan2(�0i + �0t)� ; (1)where �0i and �0t are respectively the angles of incidenceand refraction with respect to a local micro-facet's normalwhich is always taken to be parallel to the average surfacenormal, �=0, to treat a perfectly polished surface inter-face. Note that R can be conveniently re{expressed as afunction of n1, n2, and any of �0i, �0r , or �0t, using the lawsof reection and refraction. If reection is selected, theangle of reection is set equal to the angle of incidence. Ifreection does not occur, the photon is transmitted withthe complementary probability of:T = 1� R; (2)and assumed to follow Snell's law of refraction. Dependingon the refractive index change and the angle of incidence,this may result in total internal reection of the photonback into the incident component. A reection coe�cient,RC, may be speci�ed to simulate an external di�use re-ector for those photons that pass through the surface in-terface. If a coat of di�use reector has been speci�edthe transmitted photon may be reected back across thesurface. The value of the reection coe�cient gives theprobability of a transmitted photon to be returned to theoriginal medium by Lambertian reection. The photon isagain refracted as it crosses the surface back into the orig-inal medium. When the reected photon fails to cross thesurface on its �rst attempt, additional reection angles arerandomly selected until the reected photon successfullyre-enters the original component.Finally, the GROUND option is available to simulatea roughened or ground optical surface. It is treated inthe same way as the polished surface described above, ex-cept that the angle, �, between a given micro-facet andthe mean surface used to de�ne �0i and �0t in equation (1)follows a Lambertian distribution. To prevent unrealisticcases in which a photon travelling at an oblique angle couldarrive on the wrong side of one of the micro-facets, a test ismade of the dot product of the reected photon directionwith the local surface normal. For those cases in whichthe result is negative, a new local normal is randomly se-lected until this dot product is positive. As in the case ofPage 2



the POLISH model, a reection coe�cient, RC, may bespeci�ed to simulate an external di�use reector for thosephotons that pass through the rough surface.The radiant intensity can be used to mathematically ex-press the distribution of light created by the POLISH orGROUND surface models. The radiant intensity J is de-�ned as the photon ux, d�, passing through the solidangle d!, J=d�/d!. A perfectly di�use or Lambertiansurface which appears equally bright from all directions ischaracterized by the radiant intensity: JL = cos(�r). Sim-ilarly, the radiant intensity for the POLISH and GROUNDsurface models, JP and JG, may be respectively expressedas follows:JP (�i; �r; �r) = [R(�i; n1; n2)�(�i � �r)+ T (�i; n1; n2)�(�t � �s)]�(�r) (3)JG(�i; �r; �r) = cos(�r)R(�0r ; n1; n2)+ cos(�t)T (�0t; n1; n2); (4)with �s = sin�1(n1n2 sin �i). Note that JP and JG are bothfunctions of �i, �r , and �r only, since �r, �t, �0r , and �0t mayall be expressed in terms of these three variables alone.A polar plot of the radiant intensity of the GROUNDand POLISH surface models is shown in Figure 2.
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Figure 2: Polar plot of the radiant intensity of the POLISH(left) and GROUND (right) models.III. Unified Model for RoughSurfacesTwo limitations a�ect the realism of the GROUND andPOLISH models in describing the surface �nish of scin-tillation counters. Firstly, the distribution of micro-facetslopes is �xed in these models, which restrict their useover a limited range of surface roughness values. Secondly,a vacuum is always assumed to be between the dielectricand a di�use reective coat. A more physical surface modelwould allow the user to specify the average roughness ofthe surface being modelled as well as allow to change theindex of refraction of its reective coat depending on itsspeci�c nature.

Detailed models of optical reections on rough dielectricsurfaces have been long available for pattern recognition inrobotic vision. These are generally derived from the laws ofgeometrical optics or classical electrodynamics and will beappropriate depending on the relative ratio of the opticalwavelength and the surface's average roughness. Recently,Nayar et al. showed in [2] that geometrical and physicalmodels of surface reectivities can conveniently be uni-�ed. There it was recognized that the physical approachof Beckmann{Spizzichino; which derives the radiant inten-sity of random surfaces from the laws of classical electro-dynamics; and that of Torrance{Sparrows; which relies ongeometrical optics and the assumption that a rough sur-face is a collection of micro{facets, converge to identicalforms for the non-specular contributions to the radiant in-tensity of rough surfaces. From this convergence, a uni�edmodel of the reection of light on dielectric surfaces wasprescribed by the authors to allow a parameterization overa wide range of wavelength and roughness. The UNIFIEDmodel introduced here is inspired from Nayar et al.'s ini-tial prescription but extends the formalism to consistentlyinclude light transmission at surface interfaces.A. Model OutlineIn the UNIFIED model, the angle between a micro{facetnormal and the average surface normal, �, is assumed tofollow a gaussian distribution of standard deviation of ��.In contrast to the POLISH or GROUND models of DE-TECT, the UNIFIED model therefore allows, through ��,the simulation of a wide range of surface roughness values.Like the other surface models in DETECT, the UNIFIEDmodel also allows a reection coe�cient, RC, to be spec-i�ed to simulate an external di�use reector. The UNI-FIED model treats this reection coe�cient in the samemanner as POLISH or GROUND, with the addition thatan index of refraction, n2 = Nrc, can be speci�ed for thereective coat.In addition to �� and Nrc, the UNIFIED model allowsfor the use of the following four constants to control theradiant intensity of the surface:� Csl, the specular lobe constant, controls the probabil-ity of specular reection about the normal of a micro-facet;� Css, the specular spike constant, controls the proba-bility of specular reections about the average normalof the surface;� and �nally, Cbs, the backscatter spike constant, con-trols the probability of backward reection. This oc-curs when a photon hits a micro-facet at a normalangle, after several reections within a deep groove,and is reected back along its original path. This pro-cess is enhanced on very rough surfaces [4].� Cdl, the di�use lobe constant, controls the probabilityof internal Lambertian reection; Page 3



Note that the sum of the four constants is constrained tounity to preserve the relative probabilities of reection ortransmission at the surface interface.To a good approximation, the radiant intensity for theUNIFIED surface model may be expressed as:JU (�i; �r ; �r) � R(�0r; n1; n2)[Csl g(�r; 0; ��)+ Css�(�i � �r)�(�r) +Cbs�(�i + �r)�(�r)+ Cdlcos(�r )]+ T (�0t; n1; n2)g(�t; 0; ��); (5)where g(�; 0; ��) is a gaussian with a mean of 0o anda standard deviation of ��, for �� [0; 90o], and is equalto 0 otherwise. A polar plot of the radiant intensity ofthe reected and transmitted components of the UNIFIEDmodel along with the terms that control their probabilityis shown in Figure 3.
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rFigure 3: Polar plot of the radiant intensity in the UNI-FIED model.The previous expression of the radiant intensity, JU ,stresses well the uni�cation of several surface models intoa single parameterization. For instance, when n1 = n2in equation (5), the transmission coe�cient T is equal to1 and the UNIFIED model reverts to DETECT's PAINToption. Similarly, setting Csl = 1 and �� = 0 leads tothe radiant intensity of the POLISH model. In treating arough interface between two dielectric surfaces, the modelwill be used in its most physical representation by settingCsl = 1 and constraining �� to surface roughness data, aswill be further discussed in the last section.

B. Model Implementation in DETECTThe implementation of the UNIFIED model into our lo-cal version of DETECT builds on the design of the stan-dard POLISH and GROUND options. The incidence of aphoton upon a surface speci�ed as UNIFIED �rst requireschoosing the angle, �, between the micro{facet normal andthat of the average surface, as well as the azimuthal angle�norm. The UNIFIED model assumes that the probabil-ity of micro{facet normals to populate the annulus of solidangle sin(�)d�d�norm will be proportional to a gaussian ofstandard deviation ��. Accordingly, �norm is chosen froma uniform probability distribution between 0 and 2�, whilevalues of � are randomly sampled from the probability dis-tribution sin(�)g(�; 0; ��).Given the chosen values of � and �norm, a check is madeto make sure that ~di � ~n0 > 0. If this is not true, then newvalues �, and �norm are chosen until the test is satis�edto ensure that the incident photon aims toward the localmicro{facet. A case where this condition is not satis�ed isshown schematically in Figure 4(a).
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Figure 4: Special cases handled by the UNIFIED model:(a) when the incident photon does not aim toward the localmicro{facet; or when the transmitted (b) or reected (c)photon heads in the wrong direction with respect to theaverage surface normal.In this �rst implementation of UNIFIED photons are as-sumed to have random polarization, and are then tested forthe possibility of reection if a change in refractive indexoccurs at the surface. The angle, �0i, between the directionof incident photon and the local micro{facet normal ~n0 isconsidered to calculate the Fresnel's reection coe�cientR(�0i; n1; n2). When a reective coat has been speci�ed,R is calculated using n2=Nrc. Based on the value of R,Page 4



reection or refraction is randomly chosen. If refractionis chosen the photon is transmitted and its direction withrespect to the local normal ~n0 is computed using Snell'slaw and the values of n1 and n2. If reection occurs then achoice is made between the four di�erent types of reectionaccording to the values of Csl, Css, Cbs and Cdl. When thespecular lobe is chosen, the photon is reected specularlywith respect to the local normal. If the specular spike ischosen, then the photon reects specularly with respect tothe average normal. If the backscatter spike is chosen, thephoton returns on its original path. Finally, if the di�uselobe is chosen then the photon is distributed according toa Lambertian distribution.Two special cases may happen when after reection orrefraction a photon still aims at the surface again. Thesetwo cases will happen when ~dt �~n > 0 or ~dr � ~n < 0 respec-tively, and are shown schematically in Figure 4(b) and (c).In the occurrence of any of these two cases, a new localmicro{facet normal ~n0 is chosen and the incident photon isforced to interact again with the surface.As with POLISH and GROUND a reection coe�cient,RC, may be speci�ed to simulate an external di�use re-ector for those photons that are transmitted through thesurface interface. If a coat of di�use reector has beenspeci�ed the transmitted photon may be reected accord-ing to a Lambertian distribution. When the reected pho-ton fails to cross the surface on its �rst attempt, additionalreection angles are selected until the photon successfullyre-enters the original component. The photon is �nally re-fracted with respect to the local micro{facet normal as itcrosses the surface back into the original medium.C. A Prescription to Constrain the ModelThe implementation of the UNIFIED model through equa-tion (5) requires the speci�cation of seven free parameters:n1, ��, Csl, Css, Cbs, Cdl, n2, and RC. A simple prescrip-tion can be followed to constrain these parameters for agiven surface. For instance, one may consider the model-ing of a plastic or inorganic scintillator, with a refractionindex n1 that is known from the fabricant, and which iscoated by a white reector and coupled to a photomulti-plier tube to serve as a simple scintillation counter.An input value for �� can be directly obtained by tak-ing a pro�le of the crystal surface using a stylus probe asdiscussed in Ref. [5]. The top panel of Figure 5 shows sucha surface stylus pro�le measured for a very rough BGOcrystal. The data provides the surface height variation as afunction of the stylus position. Projection of the data ontothe Y-axis directly leads to the height distribution shownin the middle panel of Figure 5. A gaussian �t to that dis-tribution shows a standard deviation of �h=45 k�A withrespect to the average surface. Similarly, the surface pro�ledata can be di�erentiated in steps of � 2�m to obtain thedistribution of micro{facet slopes, �, shown in the bottompanel of the �gure. The distribution is found to be in goodagreement with a gaussian with standard deviation �� of

11:8o.

Figure 5: Surface pro�le (top), height distribution (middle),and micro{facet slope distribution (bottom) measured for avery rough BGO crystal.Values of Csl, Css, Cbs and Cdl are constrained by therelative values of the scintillation light wavelength, � andthe standard deviation of the surface height distribution,�h [2]. For instance, when �h=� � 0:025 the crystalmay be considered as highly polished and can be mod-eled by using �� = 0 along with Css or Csl =1.0. As�h become increasingly signi�cant in comparison with thescintillation wavelength, photons incident at the surfaceinterface will start to interact with respect to local micro{facet. According to [2], as soon as �h=� > 1:5, the specularspike vanishes and the radiant intensity is dominated bythe specular lobe. In that regime the scintillator surfacewill be accounted for with the UNIFIED model by settingCsl=1 and using a measured value for ��.The index of refraction of the reective coat, n2 or Nrc,is also determined quite easily. If the coat does not boundto the surface, as with a teon tape wrap, an air layer ispresent between the scintillator and the reector and Nrcmust be set to 1. If the coat chemically reacts with, orPage 5



wets, the surface; its index of refraction is that of the sol-vent binding to the scintillator. This will be the case iftitanium or magnesium oxide powders are mixed with anoptical epoxy to act as reective coat. Finally, the reec-tion coe�cient of the coat, RC, can be constrained by con-sidering the absolute number of photoelectrons producedby the scintillation counter.IV. Discussion and ConclusionIn this paper we presented a �rst report of the implemen-tation, in the widely used program DETECT, of a morephysical model to treat the interactions of scintillation pho-tons with dielectric surfaces. Motivation for this work wasfound in the practical limitations of the e�ective surfacemodels o�ered by the public domain version of DETECT.Inspired from the initial work of Nayar et al., the UNIFIEDsurface model was designed to merge, into a single param-eterization, models that usually apply over a very limitedrange of surface treatments. This exibility was ensuredby using the standard deviation of the surface slope as amodel parameter that can be extracted from simple mea-surements.A thorough test of this new model can be achieved byconfronting its predictions of the absolute number of pho-toelectrons obtained from pencil{like scintillation crystalsunder di�erent surface conditions. Such a validation of themodel is currently under progress and will be reported infuture work.V. AcknowledgmentsOne of us, C. M., is thankful to the province of Qu�ebec's\Fonds pour la Formation des Chercheurs et l'Assistance�a la Recherche" for its support through a postdoctoral fel-lowship. VI. References[1] G. F. Knoll, T. F. Knoll and T. M. Henderson, \LightCollection Scintillation Detector Composites for NeutronDetection", IEEE Trans. Nucl. Sci., Vol. 35, p. 872, 1988.[2] S. K. Nayar, K. Ikeuchi, and T. Kanade, \Surface Re-ection: Physical and Geometrical Perspectives", IEEETrans. on Pattern Analysis and Machine Intelligence,Vol. 13, p. 611, 1991.[3] E. Hecht and A. Zajac, 11Optics", Addison-Wesley Pub-lishing Co., pp. 70-80 and pp. 244-246.[4] C. Makaskill, \Geometric Optics and Enhanced Backscat-ter from Very Rough Surfaces", J. Opt. Soc. Am. A, Vol. 8,No. 1, p. 88, 1991.[5] E. Marx and T. V. Vorburger, \Direct and Inverse Prob-lems for Light Scattered by Rough Surfaces", Applied Op-tics, Vol. 29, No. 25, p. 3613, 1990. Page 6


