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PHOTOGRAPHIC PHOTOMETRY OF ARTIFICIAL METEORS

By Wendell G. Ayers
Langley Research Center

SUMMARY

Two methods of photographic photometry of artificial meteors are presented.
These methods relate the amount of radiation that is produced by an artificial meteor in
the photographic region of the spectrum to the amount of radiation produced by stars
appearing close to the meteor. The relationship is expressed in terms of absolute
meteor magnitude. The first method is general and is used when an appreciable differ-
ence exists between the structure of the streak image formed by the meteor and of those
formed by the stars. The second method is restricted and is used when little difference
exists between the structure of the meteor and star images.

INTRODUCTION

Most of the detailed knowledge of the physical processes associated with meteors
has been based upon photographic observations of meteors. Using specially designed
cameras and high-speed photographic emulsions, meteor astronomers have photographed
meteors as dim as fifth-magnitude stars. Photographs of a meteor contain a wealth of
quantitative information about the meteor and its origin. The position, velocity, and
deceleration of the meteor as well as the amount of light that it produces can be deter-
mined photographically. From these basic observable quantities, meteor physicists can
deduce a great deal about the physical structure and origin of the object creating the
meteor.

A basic interest in the physics of meteors has led to a joint effort between NASA
Langley Research Center and the Smithsonian Astrophysical Observatory to conduct a
series of artificial-meteor experiments. These meteors were produced by the reen-
trance of particles of known mass and chemical composition into the earth's atmosphere
at altitudes and velocities associated with natural meteors. The purpose of this paper is
to describe the data-reduction methods currently employed at the Langley Research
Center to determine the amount of radiation produced by these artificial meteors in the
photographic region of the spectrum. These methods are an adaptation and extension of
methods previously developed for natural-meteor photography.



Two methods of data reduction currently being used for meteor photometry are
described. The first method is applied when an appreciable difference exists between
the structure of the streak image formed by a meteor and the structure of the streak
images formed by the stars on the same photographic plate. The second method is
applied when little difference exists between the structure of the meteor and the star
images. The second method is an abbreviated form of the first and requires consider-
ably less time and effort for data reduction.

SYMBOLS
A camera-aperture area, millimeters?
Al optical-image area, millimeters?2
a,b general constants
D optical density
d distance along meteor trail in object space, kilometers
E exposure, joules/meter2
Eg exposure for a zero-magnitude star
e(xl,y) shape function for the trailed images
i focal length of camera, millimeters
GHAy Greenwich hour angle of Aries, hours-minutes-seconds
H effective irradiance, watts/meter2
Hg effective irradiance of a zero-magnitude star, watts/meter2
H' effective irradiance in image space, watts/meter2
HO) spectral irradiance, watts/meter2-micrometer
M absolute meteor magnitude



Mo

o))

apparent stellar magnitude

initial meteor magnitude (before correction); also, corrected catalog magni-
tudes of comparison stars

point on the film plane

slant range from the camera to the meteor, kilometers

ratio of the shutter open time to the total period of operation of the shutter
transmittance

spectral transmittance of atmosphere

time, seconds

total effective energy per unit path length, joules/meter

total effective energy per unit path length producing a measurable response
in the photographic emulsion, joules/meter

velocity in object space, kilometers/second

velocity in image space, millimeters/second

trail width, millimeters

Cartesian coordinates fixed in the image plane, millimeters
Cartesian coordinates fixed with respect to the image, millimeters
zenith angle, degrees

right ascension, degrees

declination, degrees

spectral transmittance of lens system



®(2)

¢

Subscripts:

cat

ci

pC

rel

longitude of optical station, degrees

wavelength, micrometers

direction cosines

camera field angle, degrees

optical-thickness coefficient

relative spectral response of photographic emulsion

latitude of optical station, degrees

camera shutter
catalog

color index

points along meteor trail
meteor

maximum value

plate center

slant range

relative values
reciprocity-law failure
star

meteor trail



TC meteor trail center

v velocity

z | zenith angle

g camera field angle
1/2 half-exposure point

DEFINITION OF THE PROBLEM

The methods herein of determining meteor magnitudes are based on a comparison
of the trailed image of a meteor with the trailed images of stars appearing close to the
meteor trail in a photograph. Photographs of artificial meteors are obtained by fixed
ground-based cameras whose shutters are opened before the meteor event and closed
after the event. The time during which the shutters are open is usually on the order of
2 or 3 minutes. During this time the star images advance across the photographic plate
because of diurnal motion, and produce short streak images. The meteor image also
moves across the plate but at a far greater velocity than that of the stars. Consequently,
the meteor produces a streak image that is usually longer than the stellar images.

Enlarged portions of two photographs of a typical artificial meteor are shown in
figure 1. These photographs were taken from two optical stations, A and B, which were
separated by approximately 100 kilometers. The meteor appeared near the center of the
photograph taken from station A, and both the meteor and stars appeared in good focus.
The meteor appeared near the edge of the photograph taken from station B, and the focus
of the meteor was not as good as that of the nearby stars. This difference was probably
due to optical abberations in the lens system or the atmosphere. Figure 2 gives the
energy distribution across the images of the meteor trails shown in figure 1 at the point
of maximum light. The energy distribution across a typical-star image from each photo-
graph is presented for comparison.

Development of a mathematical expression relating the apparent magnitude of a
point on the meteor trail to quantities associated with the trailed image of the meteor and
with the trailed image of a nearby comparison star of known magnitude is now presented.

An apparent stellar-magnitude scale is defined by the relationship, which can be
obtained from page 57 of reference 1

M, = -2.5 log H/Hj (1)
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Figure 1.- Enlarged portions of two photographs of a typical artifical meteor. L-68-875

The quantity H/Ho in equation (1) is the ratio of the effective irradiance at the front
aperture of the detection system to the effective irradiance of a zero-magnitude source.
The term "effective irradiance' is used to describe radiation that is incident upon the
front aperture of a detection system and has the potential of producing a measurable

response in the detector.

The effective irradiance from a star or meteor for a photographic system may be
described mathematically in the following manner:

Let the spectral irradiance ﬁ()\) be the radiant power per unit area in the wave-
length interval X to (A + dX) that would be incident upon the front aperture of the camera
if the intervening media between the aperture and the radiating source were perfectly
transparent. Let T()) be the transmittance of the intervening media; ©()), the trans-
mittance of the optical system; and &()), the relative response of the photographic
emulsion in the wavelength interval X to (A + dX\). The irradiance at the front aperture
of the camera potentially effective in producing a photographic response is given by the

expression



H = ymfrm O()S()E(M)dr @)
0

Whether or not H will produce a measurable photographic response depends upon many
factors including the intensity of the source and the overall sensitivity of the photographic
system.
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Figure 2.- Energy distribution across the images of the meteor trails shown in figure 1 and across typical star-image trails
from the respective photographs.



Consider the phenomenon of radiant energy, emitted by a distant source such as a
meteor or star, incident upon the front aperture of a camera, and brought to focus on a
photographic emulsion. Let the camera-aperture area be A and the image area be A'.
From the principle of conservation of energy

( maa=( wan 3)
A A’

where H' is the effective irradiance due to the source in the image plane. The size
and shape of the image and the distribution of the radiant flux within the image depend
upon the spatial extent of the source and the imaging properties of the complete optical

system,

¥ H is constant over A, then
H' dA’ 4)

If the source moves relative to
the camera, the image of the source
will move with some velocity V', in
the film plane. Let the direction of
v motion of the image be along the x-axis
of a coordinate system fixed in the film
plane and consider an elemental area,
dx dy, at the point Q(xl,yl) on the
film plane and in the path of the moving
image. (See fig. 3.) The photographic
exposure at Q due to the moving
image is

y “ y! “

E(xl,yl) = §H’(x1,y1,t)dt (5)

with the limits of the integral set by
the length of time that it takes the
image to traverse the elemental area

Figure 3.- Schematic representation of optical image
moving along x-axis. dx dy.



Assume that H' and V' are constant with respect to time in the time interval
that it takes the image to traverse dx dy, and take a coordinate system fixed with
respect to the image so that

Xt=x-V1
(6)
y'=y
The exposure at Q then becomes
1 gx'l
E(x =— H'(x4,yq,x"}dx’ i
(x1.71) i (x1¥1 ) (M

According to equation (7), the exposure at the point Q is proportional to the integral of
the radiant flux contained in the area (x'l - x_"z)dy. The complete evaluation of the inte-
gral in equation (4) is obtained by the operation

U(xq) = XE(xl,y>dy (8)

with the integration taken over the lateral extent of the image. Equation (8) is an expres-
sion for the total effective energy per unit path length at the point x4 along the image
trail.

From equations (1), (4), and (8), the apparent magnitude of a meteor becomes

Ma’m = Ma,s - 2.5 logmn— 9
VsUg

The subscript m refers to the meteor and the subscript s refers to the comparison
star. Equation (9) relates the apparent magnitude of the meteor to properties of the
meteor and of comparison-star images which can be determined by appropriate data-
reduction techniques.

TWO METHODS OF PHOTOMETRY

For the purpose of this analysis, a photographic negative containing a meteor trail
is assumed to contain trailed comparison-star images and a photometric gray scale
relating exposure to photographic transmittance. It is further assumed that the photo-
graphic negatives are measured with a microphotometer and that the geometric



parameters of the meteor and comparison stars have been determined by data reduction
such as that described in reference 2.

The following list gives the auxiliary information needed in the photometric data-
reduction process:

(1) Data from comparison stars should include catalog magnitude, color class,
right ascension, declination, color index, trailing velocity, effective exposure time, zenith
angle at the time of exposure, and angular distance from the plate center.

(2) Data from the meteor trail should include trailing velocity, effective exposure
time, zenith angle at the time of exposure, angular distance from the plate center, and
slant range of the meteor from the camera.

Flow charts outlining the data-reduction cycles for both the general and the
restricted methods of photometry are shown in figures 4 and 5, respectively. Micro-
photometer traces of the meteor and star images are the primary inputs into the cycles.
Auxiliary information from several sgurces is used to transform these traces into values
of irradiance from points along the meteor trail. The end product of the cycle is a light
curve for the meteor that is expressed in terms of absolute meteor magnitude as a func-
tion of time.

The absolute magnitude of a point on a meteor trail is defined as the apparent stel-
lar magnitude of the point if the meteor is at a range of 100 kilometers from the observer
and at the zenith. In this definition the stellar-magnitude scale to which the meteor is
referred is assumed to be based upon the same detection system as the system used to

detect the meteor.

GENERAL METHOD

Selection of Comparison Stars

The first step in the data-reduction procedure is the selection of enough compari-
son stars from the photographic plate to form a calibration curve. The selected stars
are identified on star charts such as those of reference 3, and approximate values of
right ascension @ and declination 6 are determined for each star. The approximate
values of o and & are used to identify the stars in Boss' general catalog of stars
(ref. 4), which lists values of @ and & for the year 1950, as well as spectral type and
visual magnitudes for stars up to a 7.5 magnitude.

The following rules are used as a guide in the selection of the comparison stars:

(1) Choose enough stars to establish a smooth calibration curve over the dynamic
range of the photographic emulsion. Twenty to thirty stars are usually needed to provide

this curve.
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Selection Measurement
of comparison —®— of star trails,
stars T(y)

Measurement Measurement First calibration
of meteor Y of step wedge, curve,
trail, T(y) T, B T(y), E(y)

First calibration Correction Transform
curve of stellar T(y) —= E(y),
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meteor Uy My trail, Mg magnitudes, M

Figure 4.- Flow diagram for general method of data reduction.
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Selection

(2) Select as the first choice for a star of a particular magnitude the star closest
to the center of the meteor trail and closest to spectral type Ag.

. Measurement Measurement
of comparison i — of star trails, of step wedge,
stars T T, B

max ?
Correction
————————  Oof stellar ——————
magnitudes
Measurement Calibration Init.ial
of meteor curve, aﬁignrlrfg?;;r
trail, Tmax Tmax; MO trail, MO

Figure 5.- Flow diagram for restricted method of data reduction.
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magnitudes, M
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(3) Reject double stars, variable stars, and stars of unlisted spectral type.

(4) Reject stars of spectral types outside of the interval Bg through Fs.

(5) Reject those stars that have magnitudes listed to only one decimal place.

The second step in the data-reduction procedure is to construct a calibration curve

First Calibration Curve

for the response of the photographic emulsion to known increments of exposure.

12




data are obtained from a sensitometric '""step wedge' printed on the photographic emul-
sion prior to development. The calibration curve defines the nonlinearity of the emul-
sion with respect to exposure (input) and transmittance (output), and is used to remove
the nonlinearity of the microphotometer traces of the calibration stars and the meteor
trail. A point-to-point transformation of the microphotometer traces from values of
transmittance to values of exposure removes this nonlinearity. An illustration of this
transformation is shown in figure 6. -

Transformed trace
E(y)

|
Y

Exposure, arbitrary units

Y

YY
\
/

Transmittance

L—/"“’/

Microphotometer trace across the image

Figure 6.~ Schematic representation of the transformation of transmittance values to exposure values.
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Second Calibration Curve

The third step in the data-reduction process is to integrate the transformed micro-
photometer traces and to form a second calibration curve relating the values obtained
from the integrations to stellar magnitudes. In order to obtain this curve a number of
corrections must be applied to the catalog values of stellar magnitudes to minimize the
differences in apparent magnitude due to the position of the stars on the photographic
plate. A convenient approach is to transpose all the comparison stars to the center of
the meteor trail. The advantage to this method is that for stars near the meteor trail
the corrections are small and no zenith correction need be applied to the trail in the final
determination of absolute meteor magnitude.

The correction equation for the comparison stars can be written as

Mrc = Mugt + AMg + AMv,s + AMg + Mgj (10)

where M 5t is the catalog magnitude of the star; AM, is a correction for the differ-
ence in zenith angle -between the star and the trail center; AMv,s is a correction for
the difference between the trailing velocity of the star and the trailing velocity of a star
at the center of the meteor trail; AMg is a correction for the difference between the
angular distance of the star from the plate center and the distance of the center of the
trail from the plate center; AM;; is a color-index correction to transform the visual
magnitudes listed in the Boss Catalog (ref. 4) to photographic magnitudes.

These corrections are obtained in the following manner:

(1) The zenith-angle correction AMgz is based on a plane-parallel model of the
atmosphere as described in reference 1, page 93. For zenith angles less than 759, AM,
is calculated from the equation

AMy = 'r(sec Z - secC ZTC) (1D

where 2z is the zenith angle of the star, and zp is the zenith angle of the meteor
trail center. The optical-thickness coefficient 7 depends upon the spectral transmit-
tance of the atmosphere. A plotof 7 as a function of wavelength is shown in figure 7.
Data for this plot were taken from table 3-2 of reference 1. A value of

7=0.30 (12)
is used for blue-sensitive photographic emulsions, and a value of
7=0.18 (13)

14
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Figure 7.- Optical-thickness coefficient for the earth's atmosphere plotted against wavelength.

is used for panchromatic emulsions in the artificial-meteor photometry. Stars at zenith
angles greater than 75° are generally not used in the meteor photometry described in

this report. Use of such stars would necessitate a correction factor based on empirical
methods which would depend upon available data.

The zenith angle of the comparison stars and the trail center may be calculated

from the following formula taken from page 242 of reference 5:
hav z = havl<,i> - OI +cos 6 cos ¢ havt - (14)

where
= 6 + o+ GHA, (15)

The quantities 6 and ¢ are assumed to be known. The GHA, at the time of the
meteor can be obtained from the Air Almanac (ref. 6).

The quantities o and § may be taken from reference 3 or computed from the

following relations:

sin d = v (16)

15



tan @ = p/x 17

where A, U, and v are direction cosines in an astronomical equatorial coordinate
system computed from the ballistics program described in detail in reference 2.

(2) For the correction AMy, the trailing velocity of a star on a stationary plate in
mm/sec is obtained from the formula in reference 7, which (in the notation of the pres-
ent report) is

V= 0.000 072 92 £ £08 0 (18)
cos O

It follows that the correction in magnitude due to differences in velocity AMy is given
by

cos O
AMy = 2.5 log €280 _ 2.5 10g TC (19)
COS O COosS O'TC

The angular quantities in equation (19) may be computed from geometric data (as given in
ref. 2) by the relationships

cos6=>\2+u2=1-u2 (20)

Cos 0 = Mpc + LUpC + WpC (21)

(3) The correction AMg for the difference between the angular distance of the
star from the plate center and distance of the center of the trail from the plate center is
a function of the optical characteristics of each camera and should be determined exper-~
imentally. A representative curve for the off-axis light losses in terms of magnitude
for one camera used in the artificial-meteor program is presented in figure 8. The cor-

rection is given by
AMg = Mg s =~ Mg, TC (22)

(4) The color-index correction AM,g; is independent of the position of the stars on
the photographic plate but is a function of the spectral response of the photographic emul-
sion and the spectral characteristics of the stars. The color-index correction converts
photometric (visual) magnitudes as listed in reference 4 to photographic magnitudes.
Figure 9 is a graphical representation of the color index for a blue-sensitive and a pan-
chromatic emulsion. The data for these curves were taken from reference 8.

16
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Figure 8.- Off-axis light-loss calibration curve for a typical camera used in the artificial meteor program.

These correction factors are generally small if the comparison stars are chosen
close to the meteor trail. The calculation of these correction factors can be time con-
suming if the procedure is not automated or if graphical methods are not employed.
Experience has shown that the correction factors can be ignored if the sum of the cor-
rections for the most extreme cases (usually the comparison stars farthest from the
meteor trail) is less than 0.1 magnitude,

Finally, a smooth calibration curve is formed by plotting the stellar-image energy
per unit path length that is effective in producing a measurable response in the photo-
graphic emulsion against the corrected catalog magnitudes of the stars. A typical cali-
bration curve of this type is shown in figure 10. This curve, in general, will be linear
over several stellar magnitudes when plotted in the form presented in figure 10. How-
ever, the slope of the straight-line portion of the calibration curve may differ from the
slope of the curve given by equation (1) because the calibration points do not include the
effective energy below the limits of detectivity of the photographic emulsion.

Determination of Initial Meteor Magnitudes

The fourth step in the data-reduction process is the transformation of the micro-
photometer traces of the meteor trail to a magnitude scale. This transformation is
made by transposing the microphotometer traces of the meteor trail to exposure values,

17
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integrating under the resulting curves, and comparing these values to the calibration
curve to obtain values of initial magnitude at points along the meteor trail. The magni-
tudes obtained in this manner require several corrections to convert them to absolute
meteor magnitudes.

Determination of Absolute Meteor Magnitudes

The fifth step in the data~reduction process is conversion of the values of initial
magnitude obtained in step four at points along the meteor trail to values of absolute
meteor magnitude. The correction formula used to convert these values of initial mag-
nitudes to values of absolute meteor magnitudes is

M = Mg + AMy m + AMy + AMR + AM¢ + AMT (23)

19



where Mg is the initial magnitude of a point on the meteor trail obtained from the cal-
ibration curve; AMy m is a correction for the difference in trailing velocity of the
image of the meteor and the image of a star at the center of the trail; AMr is a correc-
tion for reciprocity failure of the photographic emulsion; AMpR is a correction for the
difference in the range of the meteor and 100 kilometers; AM¢ is a correction for the

" differential dimming of the meteor trail and the calibration-star images when a camera
with a repeating shutter is used; AMT is a correction for points along the meteor trail
to the center of the trail and includes a zenith correction and an off-axis correction.
These corrections are obtained in the following manner:

(1) The velocity correction. AMv,m is needed to compensate for the difference in
effective exposure between the meteor trail and the comparison-star images due to the
differences in their trailing velocities on the photographic plate. The correction is given
by

1

Vm
AMv,m = -2.5 log (24)

1

Vs,TC

where V.  is the trailing velocity of the meteor, and V'S TC is the trailing velocity of
J

a star at the center of the meteor trail. If the photographic record is from a camera with
a repeating shutter such that the meteor trail is broken into several segments of lengths
Ax;, then the average trailing velocity of the meteor at the ith point on the trail is given
by
— Axj
i = AT (25)

where At is the open time of the shutter.

If the photographic record is from a camera for which the shutter was open during
the entire time of the meteor event, then

A (26)
1 Adl 1

where Adj is a distance along the meteor trail in object space corresponding to the dis-
tance along the trail Ax; in image space, and V;j is the velocity of the meteor in object
space. The quantities in the right-hand members of equations (25) and (26) are obtained
from the geometric data.

The velocity of a star at the center of the meteor trail is given by equation (18);
however, the focal length of the camera must be known in order to use this equation. If

20



unknown, the focal length can be computed from the plate constants ay and by in
equation (11) of reference 2. In the notation of the reference, the focal length of the
camera is given by
1/2
1= (2 bg) (27)
The velocity correction is usually a large correction since the trailing velocity of the
meteor is approximately 1000 times the trailing velocity of a calibration star.

(2) Because of the large differences in the effective exposure times of the meteor
trail and the star images, failure of the reciprocity law (see p. 132 of ref. 9) for photo-
graphic emulsions may play an important role in the determination of meteor magnitudes.

The effects of reciprocity-law failure as it applies to meteor photometry can be
determined experimentally or estimated from manufacturer's data. Figure 11 is a plot
of the reciprocity-law failure for one of the panchromatic emulsions used in the artificial
meteor experiments. The smooth curve was derived from manufacturer's data and
represents the average of several measurements. These measurements were obtained
from extended stationary sources exposed for definite time intervals. The data points
are values obtained from measurements of moving-point sources. The values for the
velocity of the moving images have been converted to a time scale by the relationship

(=12 (28)

V'
where W1/2 is the width of the image at the half-exposure point. The half-exposure
point is defined as the point on the image where the exposure is one~half its maximum
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Figure 11.- Calibration curve for the reciprocity-law failure of a high-speed panchromatic emulsion.
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value., In this case the image half-width was 50 microns. The reciprocity correction to
the meteor data is obtained from a curve of the type shown in figure 11 by

AMy = My s - Mr m (29)

(3) The range correction AMpR is a correction based on the inverse-square law of
radiation. This correction is used to normalize all meteors to a common range (100 km)

for comparison purposes. The correction is given by
AMR =10 - 5log R (30)

where the range R of the meteor from the optical observation station is given in kilo-
meters. Values of R from points along the meteor trail are obtained from the geo-

metric reduction.

(4) The shutter correction AM; is needed only for those photographs made with
a camera which uses a repeating shutter. This correction is given by

AMc = -2.5 log S (31)

where S is the ratio of time that the shutter is open during one period of operation to

the total time of the period.

(5) The correction AMg for points along the meteor trail relative to the center of

the trail is given by
AMT = AM, + AMy, (32)

where AM, is calculated from equation (22), and AMgz is calculated from

equation (11).
RESTRICTED METHOD

If the microphotometer traces (see fig. 2) show little difference between the photo-
graphic image of the meteor and those of the comparison stars, as in the case of the pho-
tograph from station A, then the complete method of photometry can be modified to
shorten the data-reduction cycle significantly and to give results that are as accurate as
the complete method of photometry.

22



The integral in equation (8) can be written in the form

SE dy = EmaxS‘e(xl’Y)dY (33)

where e(xl,y) is the relative shape function for the trailed image. If the relative shape
functions are equal for the meteor and the comparison stars, then equation (9) reduces to

VI E
Ma,m = -2.5 log _m_m,max (34)

V'sEO,max

The utility of equation (34) lies in the fact that only maximum values of the microphotom-
eter traces are needed to determine the ratio of irradiance. The lengthy process of
transposing the microphotometer traces to exposure values and integrating each trans-
posed curve is eliminated from the data-reduction cycle. (See figs. 4 and 5.) Only one
calibration curve between the magnitude of the stars and their values of transmittance at
maximum exposure is needed. The number of comparison stars needed to form the cal-
ibration curve is also reduced by approximately a factor of three compared to the num-
ber of stars needed in the general method of reduction.

Selection of Comparison Stars

The first step in the data-reduction process is the selection of the comparison
stars. The selection of comparison stars for the restricted method of photometry gen-
erally follows the same procedure as that outlined for the general method of photometry.
However, there are two important exceptions:

(1) Only stars whose transmittances at peak exposure lie on the straight-line por-
tion of the calibration curve need be selected.

(2) Approximately 10 stars are all that need to be selected.

Construction of the Calibration Curve

The second step in the data-reduction process is the construction of a calibration
curve relating the transmittance at maximum exposure of the stars to their corrected
catalog magnitudes. The shape of the calibration curve is determined from measure-
ments of the sensitometric step wedge. A plot of log T against -2.5 log Eye], where
Ere1 1is the value for relative exposure of the step wedge, produces a response curve for
the photographic emulsion that is linear over a certain range of exposure. By defining

D=-logT (35)
Mg = -2.5 log Eei
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the equation for the straight-line portion of the relative-response curve can be written as
Mg =a - bD (36)

where a and b are constants to be determined.

The relative-response curve can be translated to a stellar-magnitude scale deter-
mined by the comparison stars by redetermining the constant a. The equation for the
straight-line portion of the curve in the new coordinate system becomes

Mg = ag + bDp 5% (37

where Mg is the corrected catalog magnitude of the comparison stars, and Dy 5% is
the value of D for the calibration stars at the point of maximum exposure. The best
value for the constant ag is taken to be the arithmetic mean of the values computed by
using each comparison star. The resulting calibration curve is a response curve for the
photographic emulsion relating the transmittance at the point of maximum exposure to
values of stellar maghitude. A typical calibration curve is shown in figure 12. This cal-
ibration curve serves the same purpose as the second calibration curve described in the
complete method of photometry.

102 —
N o Comparison
L stars
_ A
T 10t |— Linear portion
max — of curve
100 1 I 1 | I
0 2 4 6 8 10

Mg, magnitudes

Figure 12.- Typical calibration curve relating the transmittance at maximum exposure to the corrected catalog magnitudes
of the comparison stars.
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Determination of Initial Meteor Magnitudes

The third step is the transformation of the microphotometer traces of the meteor
trail to a magnitude scale. The transformation is made by comparing values of trans-
mittance at the point of maximum exposure of the cross-sectional microphotometer
traces of the meteor trail to the calibration curve to obtain corresponding values of
magnitude.

Determination of Absolute Meteor Magnitude

The fourth step in the data-reduction process is the conversion of the values of
magnitude obtained from the calibration curve for points along the meteor trail to values
of absolute meteor magnitude. The conversion is made in exactly the same manner as
described in the section dealing with the complete photometry method.

ACCURACY OF THE METHODS

The accuracy of the final light curve depends to a large extent upon the photographic
quality of the meteor photograph as well as the accuracy of the measurements and the
correction factors that are part of the data-reduction procedures. A complete error
analysis of the methods has not been attempted; however, in practice the light curves
obtained from well-exposed photographs of a meteor will generally differ by less than
0.2 magnitude over most of the meteor trail, and the agreement in results from photo-
graphs taken from different optical stations is of the same order as that obtained from
photographs taken from the same optical station.

Light curves for the meteor that is shown in figure 1 are presented in figure 13.
The data from station A were reduced by the restricted method of photometry; the data
from station B were reduced by the general method.

A question may arise as to which method should be used for a particular reduction.
The relative shape function (eq. (33)) of a point on the meteor trail is seldom identical to
the relative shape function of a comparison-star image, and the relative shape functions
of the comparison-star images are seldom identical to each other. If the distribution of
the energy in the meteor image is generally the same as the distribution of the energy in
the comparison-star images and if the integral of the relative-shape function of the
meteor does not differ by more than 10 percent from that of a typical comparison star,
then the restricted method will yield results with the same order of accuracy as the
general method.
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Figure 13.- Light curves for the meteor shown in figure 1. The data from station A were reduced by the
restricted method of photometry; the data from station B were reduced by the general method.

CONCLUDING REMARKS

A method of meteor photometry has been presented which takes into account differ-
ences between the image structure of a meteor and the image structure of trailed com-
parison stars. An abbreviated form of this method has also been presented for those
cases when little difference in image structure exists. Both methods have been devel-
oped in such a manner that many of the factors affecting the photographic effects of the
meteor and stars can be isolated and taken into account one by one. This formulation
has the advantage that possible sources of error in the determination of the irradiance
produced by the meteor can be isolated and identified.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., February 19, 1968,
709-06-00-01-23.
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