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Abstract By analyzing the flash lamp structure, better

illumination distributions in the lamp’s field of view can

be obtained. Instead of geometrical optical approaches,

the Monte Carlo photon tracing method was used here to

trace the photon tracks in a three-dimensional space. The

models of elemental structures in a camera flash lamp,

such as the flash tube, reflector and focus lens, were set

up by introducing the cosinusoidal random number and

other mathematical methods. Initially, the single photon

was traced in the flash lamp by using the Monte Carlo

method to simulate various photon tracks. A large sum of

photons was then generated to simulate the real situation

in the flash lamp. Finally, a group of structural para-

meters was applied to verify the simulative computer pro-

gram. The output light intensity distributions at different

angles of view in the orthogonal directions meet the ISO

standards and are very close to the measured ones. Hence,

the Monte Carlo photon tracing method in the design of

flash lamps has been proven to be applicable and useful.

Keywords luminescence, photon tracing, Monte Carlo

method, flash lamp, model

1 Introduction

Multifocal flash lamps are generally used in middle- and

high-end cameras. The multifocal characteristic is realized

by moving the focus lens in the flash lamp to change the

distance between the flash tube and the lamp. As a result,

different illuminating angles, and hence different illumi-

nating areas in the object plane, can be achieved to satisfy

different photographic requirements. According to the

ISO 2827/1230 standards, the effective illuminating angles

of a flash lamp are defined as the half angles between the

center line and the margin lines, the luminous intensities

of which are half of the central one. The angles are meas-

ured in orthogonal directions. Effective illuminating

angles should be larger than the angles from the view of

the camera lens. Generally, there are four illuminating

angles—Tele, Std, Wide1, and Wide2—which correspond

to four focuses: 85, 50, 35, and 28 mm [1].

The radiated output energy is determined by the circuit

system of the flash lamp, and the spatial distribution of

the energy is defined by the optical system. Currently,

hardly any research reports about designing flash lamps

are available. The authors’ laboratory, however, has

studied this issue for a long time with great effort. We

proposed the dimension reduction method, which studies

the luminous intensities in the two orthogonal two-dimen-

sional spaces, instead of the real three-dimensional space,

to simplify the analysis. Results obtained by this method

fit with actual situations well [1–3]. But there exists some

limitations in that method, which would affect the results.

Reference [1] used the dimensionality reduction method,

simulated the projected rays, and calculated the effective

illuminating angles in two orthogonal two-dimensional

planes. However, it cannot be applied to complex and

unsymmetrical structures. Reference [2] used the ray trac-

ing method in the real three-dimensional space, but the

light source model was incorrect. The radiated energy dis-

tribution of the light source was also different from the

distribution of a real flash tube, and the attenuation of

rays when they pass through the flash tube was not con-

sidered.

As the rays emitted from the flash lamp are incoherent,

the Monte Carlo simulation method, which has been used

in various areas [4,5], can be applied in the analysis of the

flash lamp structure. This method treats the rays as

photons. By tracing the tracks of the photons, the method

can calculate the radiated energy distribution without the

limitations in the above references, and the results are very

close to the real situation. It has been used in the simu-

lation and design of the LEDs [6–10], the lasers [11–13],

the structure of new materials [14–16], and so on.
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2 Analysis of flash lamp structure

The schematics of a typical camera flash lamp structure

are shown in Fig. 1. To comprehend the geometrical

structure of the reflectors, two orthogonal sectional views,

which are defined in the x-z (horizontal) and y-z (vertical)

planes, are plotted in Figs. 1(b) and 1(c). The width of the

exit plane of the reflector is D1 in the x-z plane and D2 in

the y-z plane. The width of the bottom of the reflector is

D3, the height of the reflector is h2, and the inclined angle

of the two side planes is a. The length of the flash tube isL,

the diameter of this tube is r1, and the distance between the

central axis of the tube and the bottom of the reflector is

h1. The distance between the Fresnel lens and the reflector

is D.

The flash tube in the bottom of the flash lamp is gen-

erally a straight long xenon pipe injected with xenon. The

pressure in the tube is lower than standard atmospheric

pressure. That xenon flash tube can produce a high inten-

sity light of very short duration. When the electrodes of

the flash tube are added with voltage higher than the

breakdown voltage, the xenon atoms will be ionized,

and then discharged with light [17]. Every xenon atom

can be regarded as a point light source; hence the flash

tube can be treated as a cylindrical combination of point

light sources. From the above assumption, it can be shown

that

y2z z{h1ð Þ2~r1
2 xj jfL=2ð Þ: ð1Þ

The conical surface of the reflector is a paraboloid mir-

ror in most real situations. The two inclined surfaces are

plane silver-gilt aluminous mirrors with a reflection factor

r larger than 90%.

From Figs. 1(b) and 1(c), the analytical expression of

the conical surface can be written as

y2~2pz 0fzfh2, z tan a{ x{ D3=2ð Þð Þw0,ð
z tan az xz D3=2ð Þð Þw0Þ: ð2Þ

The analytical expressions of the two inclined surfaces

can be written as

z tan az xz D3=2ð Þð Þ~0 0fzfh2, y
2v2pz

� �
, ð3Þ

z tan a{ x{ D3=2ð Þð Þ~0 0fzfh2, y
2v2pz

� �
: ð4Þ

The above three formulas can be used to determine

whether a given photon has hit one of the three surfaces.

A focus lens is a kind of circular symmetrical Fresnel

lens, which is shown in Fig. 2. One surface of the Fresnel

lens, which is serrated, consists of concentric spherical

rings, while the opposite surface is plane. The weight

and volume of this lens are both reduced by keeping the

curvature of the planoconvex lens but wiping off the

unwanted intermediary materials.

Theoretically, the focal length of the Fresnel lens can be

changed to an arbitrary value along the axial direction.

But considering the processing techniques, the Fresnel

lens is usually designed to have two or three regions, each

with a specified focal length. The focal length of the pla-

noconvex lens f is related to the radius r2 and the refractive

index n of the spherical surface:

f~r2=(n{1): ð5Þ
Thus, for a desired focal length, the radius of the spher-

ical arcs in the sawtooth in one region of the Fresnel lens

can be determined by the above formula.

If the thickness of the Fresnel lens is negligible, the

Fresnel lens plane can be expressed as

z~h2zD jxjfD1=2 , yfD2 =2ð Þ: ð6Þ
Meanwhile, the exit plane of the reflector can be written

similarly as

z~h2 jxjfD1=2, yfD2=2ð Þ: ð7Þ

The shell of the flash lamp is generally black engineer-

ing plastic. The photons will be totally absorbed in that

area, hence one can regard it as the black area of photons.

Those photons penetrate the exit plane of the reflector but

do not pass through the Fresnel lens plane.

Fig. 1 Schematics of a typical flash lamp structure. (a) Perspective; (b) x-z sectional view; (c) y-z sectional view
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3 Implementation of Monte Carlo photon
tracing method

The basic step in the Monte Carlo photon tracing method

is to trace the tracks of a single photon. The states and

tracks of a single photon should be determined by random

numbers when it hits the boundary surfaces. Secondly, a

large sum of photons will be generated to simulate the real

situation. Generally speaking, the more photons used in

the simulation, the more reliable the results obtained. But

when the photon number is already large enough, increas-

ing the photons will not affect the reliability of the results.

Hence, there is no need to pursue an infinite number of

photons, and the results in this paper are simulated by

16 106 photons.

First, let’s introduce the photon state parameter Ilive:

when it is 1, the photon lives; and when it is 0, the photon

dies. The initial state is defined as Ilive5 1.

When the photon is generated in the flash tube at the

bottom of the flash lamp, the possible position can be

determined by Figs. 1(b) and 1(c). When the electrodes

of the flash tube are added with voltage higher than the

breakdown voltage, all of the xenon atoms will be ionized

gradually within a very short time period (t). After that

time, the ionized xenon atoms, i.e., the point light, will fill

the flash lamp uniformly. Although the distribution of the

ionized xenon atoms at a special moment in that time (t)
cannot be determined, they are of no concern because the

radiated energy distribution of the flash lamp, which is

our focus, is the integrated results in the flash duration.

t is negligible as it is much shorter than the flash duration.

Thus, the flash tube can be considered as a cylindrical

light source in the simulation [1,3], and it is a uniform line

light source in the x-z plane and a circular light source in

the y-z plane. The photons are always generated on the

cylindrical tube surface, and the initial points of the

photons are simulated by the uniform random number.

The initial positional vector and directional vector in

the Cartesian coordinate can be written as

R0~xx0zyy0zzz0, ð8Þ

V~x sin h cos wzy sin h sin wzz cos h: ð9Þ
x, y and z are unit directional vectors, x0, y0 and z0 are

scalar values of initial position, h is the angle related to the

azimuth, and w is the angle related to the elevation. If the

angle h in the x-z plane is projected, it will produce a

projected angle hx. Correspondingly, the projection will

produce a projected angle hy in the y-z plane. As the line

light source can be regarded as a cosinusoidal radiator, hx
obeys the cosinusoidal distribution in the interval [2p/2,
p/2], and hy is the sum of a cosinusoidal random angle and

the angle of the normal line vector [18].

After determining the state parameter Ilive, the posi-

tional vector R0 and directional vector V of a generated

photon, the tracks of the photon can be traced in the flash

lamp. Any new position in the tracks of the photon can be

expressed as

R~VtzR0 to0ð Þ: ð10Þ
R5 (rx,ry,rz) is the new position of the photon, and

R05 (rx0,ry0,rz0) is the start position. V5 (vx,vy,vz) is the

directional vector, ||V||5 1, and t is a time parameter

which is always positive. When the photon hits the bound-

ary surfaces, such as the flash tube, the reflector, the

Fresnel lens, and the dark area, it will be reflected,

refracted or absorbed. For each hit, the state of the

photon should be determined first: if Ilive5 0, the photon

dies. On the contrary, the new start positional vector and

new directional vector should be calculated by Eq. (10),

and the photon starts its new journey until it dies or emits

the flash lamp.

There are two situations that should be considered to

determine the parameter of Ilive. If the photon penetrates

the flash tube in the nth track at the length of travel ln, the

attenuation (An5 exp(2anln)) should be calculated, and a

uniform distributed random number at interval [0, 1] will

be generated and compared with the An. If the photon hits

the reflector with the reflective index of which, r is in the

nth track, a random number should be generated by the

same method to compare with r. The results will deter-

mine the photon state parameter Ilive:

Ilive~

1 If Rrandf An,r½ �, photon aliveð Þ,

0 If Rrandw An,r½ �, photon absorbedð Þ:

8><
>:

ð11Þ

For simplicity, the above two formulas combine two

different conditions, and the brackets are indicated by

taking one condition at a time. If the photon penetrates

the light tube, the attenuation An is taken; if the photon

reflects in the boundary surface, the reflective index r is

taken. By using Eqs. (2)–(4) in Sect. 2, one can determine

Fig. 2 Structure of a Fresnel lens
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which surface is hit by the photon and calculate the new

positional vector R if the photon is not absorbed.

Meanwhile, based on Eq. (10), the catadioptric model
can be derived, and hence the new directional vector can

be determined:

A0~AzpN ,

p~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n02{n2z(N :A)2

q
{N :A,

ð12Þ

A00~A{2N(N :A): ð13Þ
A, A9 and A0 represent the incident directional vector with
length n, the refractive directional vector with length n9
and the reflective directional vector with length n0,
respectively; N is the unit vector along the normal line

direction from the incident medium to the refractive medi-

um. If the photon is reflected at the boundary surface, the

new directional vector will be determined by Eq. (12). If

the photon is refracted at the boundary surface, the new

directional vector will be determined by Eq. (13).

The flow chart of Monte Carlo simulation is illustrated

in Fig. 3. The first step in a real simulation should be

determining whether the photon penetrates the flash tube

or not. If yes, then the state parameter Ilive is calculated. If

Ilive5 0, the photon dies, the loop is ended, and a new

photon will be generated. If Ilive5 1, the new positional

vector and directional vector should be calculated. If the

photon does not penetrate the flash tube or still lives after
the penetration, one should determine whether the photon

hit the Fresnel lens or not. If yes, then the directional

vector of the emitted photon is calculated after two refrac-

tions in the Fresnel lens, the illuminating angles in the two

orthogonal planes can be calculated, the loop is ended and

a new photon will be generated. If the photon does not hit

the Fresnel lens, we should consider the next set of condi-

tions, which includes the photon hitting the black area and

the reflector. If the photon hits the above surfaces, then

the state parameter Ilive is calculated. If Ilive5 1, the new

start positional vector and directional vector should be

calculated, and the loop should continue until the photon

dies or emits the flash lamp. If Ilive5 0, the photon is

absorbed, the loop is ended, and a new photon should

be generated.

The authors’ lab has designed a flash lamp for a

Singaporean company, whose initial parameters are

D15 36.5 mm, D25 23.0 mm, L5 26 mm, a5 20u,
r5 0.95, DTele5 21 mm, DStd5 14 mm, DWide15 8 mm,

DWide25 4 mm. The Fresnel lens has three regions, and

each has a different focal length as listed below

f~

70 mm (Df20 mm),

90 mm (20 mmvDf24 mm),

110 mm (Dw24 mm):

8><
>:

The above data is input in the simulation, and the pro-

jected angle distributions of the emitted directional vec-

tors of the photons in the two orthogonal planes, the x-z

and y-z planes, at the level of Wide2 will be obtained. The

standard at that level requires the illuminating half angles

arriving at 32u at the horizontal plane and at 23u at the
vertical plane. The distributions in the orthogonal direc-

tions, which are shown in Fig. 4, agree with the design

requirements as well as the measured data very well.

4 Conclusions

The Monte Carlo simulation method is a versatile tool

applied in many scientific and technological areas. It is

able to trace the photon tracks in the flash lamp with

higher accuracy and is more quantitive than other meth-

ods. By introducing a cosinusoidal random number, the

flash tube model is set up. The analysis of the two surfaces

Fig. 3 Flow chart of Monte Carlo simulation for a single photon
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of the Fresnel lens and the model of the photon penetrat-

ing through the Fresnel lens with two refractions are also

set up. The final computer program traces the tracks of a

large sum of photons in the flash lamp and derives the

distribution of the projected illuminating angles in ortho-

gonal directions. The simulation above can be used to

design the flash lamp reflector by varying structural para-
meters to obtain various distributions of illuminating half

angles.

References

1. Feng H J. A design of condenser lens of zoom flash. Optical
Instruments, 1996, 18(5): 12–18 (in Chinese)

2. Ye T F, Feng H J, Xu Z H. A design for flash on ray-tracing.
Optical Instruments, 2005, 27(3): 60–64 (in Chinese)

3. Zhu Z C. The design research of auto-winding/auto-rewinding
system and zoom flashlight. Dissertation for the Master
Degree. Hangzhou: Zhejiang University, 1989, 88–109 (in
Chinese)

4. Wang J G, Wang G Y, Xu Z Z. Monte-Carlo simulations for
light propagation in striated scattering medium. Acta Optica
Sinica, 2000, 20(3): 346–350 (in Chinese)

5. Chen X D, Yu D Y, Xie H B, et al. Reconstruction of tissue
autofluorescence spectra by Monte-Carlo modeling. Acta
Optica Sinica, 2003, 23(5): 612–615 (in Chinese)

6. Lee S J. Design rules for high-brightness light-emitting diodes
grown on GaAs substrate. Japanese Journal of Applied
Physics, 1998, 37(2): 509–516

7. Lee S J. Analysis of InGaN high-brightness light-emitting
diodes. Japanese Journal of Applied Physics, 1998, 37(11):
5990–5993

8. Lee S J. Light-emitting diode lamp design by Monte Carlo
photon simulation. In: Proceedings of SPIE, 2001, 4278: 99–108

9. Lee S J. Analysis of light-emitting diodes by Monte Carlo
photon simulation. Applied Optics, 2001, 40(9): 1427–1437

10. Yu Y, Yan J. Monte Carlo simulation and experimental ana-
lysis on optical encapsulated structure of light emitting diode.
Chinese Journal of Semiconductors, 2004, 25(12): 1685–1689
(in Chinese)

11. Gao X, Botez D, Knezevic I. X-valley leakage in GaAs/
AlGaAs quantum cascade lasers. Applied Physics Letters,
2006, 89(19): 191119

12. Gao X, Botez D, Knezevic I. X-valley leakage in GaAs-based
midinfrared quantum cascade lasers: a Monte Carlo study.
Journal of Applied Physics, 2007, 101(6): 063101

13. GaoX, D’SouzaM, Botez D, et al. Design and optimization of
a GaAs-based sub-7-mm quantum cascade laser based on mul-
tivalley Monte Carlo simulation. In: Proceedings of
Conference on NUSOD’07, 2007: 17–18

14. Li R Y, Qin J Y, Gu T K, et al. Structure of liquid Al80Mn20
alloy by reverse Monte Carlo simulation. Journal of Non-
Cystalline Solids, 2008, 354(15): 1736–1739

15. Patra C. Structure of polymer solutions at interfaces: a Monte
Carlo simulation study. Molecular Physics, 2007, 105(17):
2419–2422

16. Gereben O, Jovari P, Temleitner L, et al. A new version of the
RMC ++ Reverse Monte Carlo programme, aimed at investi-
gating the structure of covalent glasses. Journal of
Optoelectronics and Advanced Materials, 2007, 9(10): 3021–
3027

17. Yan Z Z. Linear pulsed xenon lamps and its development.
Vacuum Electronics, 1997, 2: 36–41 (in Chinese)

18. Wu J Z, Ye G R. Measurement of Optical Radiation. Beijing:
China Machine Press, 1989, 56 (in Chinese)

Fig. 4 Illuminant angles in orthogonal planes at standard of
Wide2

Flash lamp structure using Monte Carlo photon tracing method 209



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


