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LUMINOUS EFFICIENCY OF AN ARTlFICIAL METEOR 

AT 11.9 KILOMETERS PER SECOND 

By Wendell G. Ayers 
Langley Research Center 

SUMMARY 

A brief description is given of the Trailblazer IIb artificial meteoroid 
experiment, which consisted of reentering a 2.2-gram stainless-steel pellet 
into the earth's atmosphere at a reentry velocity of 11.9 km/sec. The methods 
of obtaining optical data and the data reduction procedures are outlined. The 
efficiency with which the kinetic energy of the artificial meteoroid was con- 
verted into effective radiant energy in the spectral sensitivity range of a 
panchromatic photographic emulsion was calculated from the observational data 
to be 1.2 x This value for the panchromatic luminous efficiency factor 
was found to be in good agreement with values from a shilar experiment. The 
effects of differences in the spectral sensitivity of different detectors on 
measurements of the luminous efficiency factor are discussed, and methods of 
correlating results from different detectors are presented. 

INTRODUCTION 

The efficiency with which kinetic energy of a meteoroid entering the 
earth's atmosphere is converted into radiant energy is one of the major 
unresolved problems of meteor physics. The efficiency of this energy conver- 
sion process in the visible portion of the spectrum is known as the luminous 
efficiency factor of a meteor. This is an important parameter in meteor 
theory; it is often used in the calculation of meteoroid masses from data 
acquired by optical observation of meteors. 
luminous efficiency by different investigators have varied as much as two orders 
of magnitude f r o m  2 x 10-2 to 2 x 10-4. 

Until recently estimates of the 

(See ref. 1.1 

The Trailblazer IIb flight test described herein was the second experiment 
of a type specifically designed to measure the luminous efficiency factor of 
an artificial meteor. A multistage solid-fuel rocket vehicle was used to 
reenter a small pellet of known mass and composition into the earth's atmos- 
phere within the altitude and velocity ranges of a natural meteor. 
meteors appear in the altitude range of 60 to 130 kilometers and at velocities 
between 8 and 72 km/sec. 
vide the data necessary to compute the luminous efficiency factor. 

Natural 

Photographs were made of the luminous reentry to pro- 



The purpose of t h i s  paper i s  t o  give a b r i e f  description of the  experiment, 
an analysis of the op t i ca l  data used t o  obtain a value f o r  the luminous e f f i -  
ciency factor,  and a comparison of the  results with previous experimental values 
and theore t ica l  estimates f o r  the luminous eff ic iency of natural  meteors. 

SYMBOLS 

C 

D 

d 

H 

M 

MO 

m 

P 

S 

t 

v 

Pm 

7 

70 

G 

color index 

op t i ca l  density 

distance, Ism 

irradiance, ergs/cm2-sec 

absolute meteor magnitude 

luminosity f ac to r  

mass, Q 

radiant  power, ergs/sec 

radiant  power of a zero-magnitude meteor, 

r e l a t ive  spec t ra l  s ens i t i v i ty  function 

time, sec 

velocity,  cm/sec 

meteoroid density, g/cm3 

luminous eff ic iency fac tor  

luminosity coeff ic ient ,  sec/cm 

luminosity coeff ic ient ,  seck/g-cm3 

Subscripts : 

b photographic, blue sensi t ive 

P photographic, panchromatic 

S dependent on charac te r i s t ics  of detector 

ergs / s  ec 
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h wave length 

THEORETICAL CONSIDERATIONS 

Basic meteor theory (ref. 2 )  defines a dimensionless luminous effi- 
ciency factor T for a meteor by assuming that the instantaneous value of the 
radiant power P produced by the meteor is proportional to the rate of loss of 
kinetic energy from the meteoroid by ablation: 

P = - 1 T ( - z ) v  d m 2  
2 

Equation (1) is a general statement about the radiation from a meteor over the 
whole spectrum, but practical devices for detecting and measuring this radia- 
tion are limited in their response to a relatively narrow spectral band of 
radiation. 

Detector Effects 

Equation (1) may be modified to take into account such effects as 
atmospheric absorption and the response of the detector. If this is done, the 
relationship between the "effective" -radiant power and the rate of loss of 
kinetic energy by ablation can be written as 

p, = - 1 T s ( - = ) V  d m 2  
2 

The subscript s in equation (2) is a general term indicating that Ps and 
consequently T~ are detector dependent. The three detection systems con- 
sidered in this report will be the eye, a blue sensitive photographic system, 
and a photographic system using panchromatic emulsions. Typical relative sen- 
sitivity curves for these detectors are shown in figure 1. Figure l(b), from 
reference 3, represents the response of the dark adapted eye. The two photo- 
graphic curves (fig. l(a), from ref. 4, and fig. l(c), from ref. 5) include the 
general absorption effects of a system containing refractive optical components. 
The general term s in equation ( 2 )  will be replaced by the subscripts v, b, 
or p in the subsequent discussion, depending on the type of detector under 
consideration. Since the radiation from meteors is predominately bright-line 
radiation (ref. l), considerable variation between values for 
tors with different spectral response characteristics might be expected even 
if the bandwidths of the detectors are nearly the same. 

Ps from detec- 
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3 4 5 6 7 x 103 
Wavelength, angstroms 

( a )  Blue sensitive photographic emulsion with refractor  optics. 

3 4 5 6 7 x Id 
Wavelength, angstroms 

(b) Dark adapted human eye. 

3 4 5 6 7 x Id 
Wavelength, angstroms 

( c )  Panchrmt ic  photographic emulsion with refractor  optics. 

Figure 1.- Typical spectral  sens i t iv i ty  curves f o r  three detectors 
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Effects of Velocity on -rS 

&ik, as early as 1933 (see ref. 6), considered the problem of visible 
radiation from meteors. 
most meteors is atomic emission from the vaporized meteor atoms after collisions 
with air molecules at the velocity of the meteoroid. 
ment and classical physical reasoning he was able to estimate the amount of 
visible radiation produced by such collisions. 
sively used by meteor astronomers who applied his values for the luminous effi- 
ciency factor to photographic meteor data and were able to estimate the mass of 
meteoroids producing a given amount of light at a particular velocity. 
curve representation of 6ik's 1933 data for bright meteors is shown by curve I 
in figure 2( a). 

He concluded that the primary source of radiation from 

Using laboratory experi- 

&ik's estimates were exten- 

A smooth 

0 

i 
i 

7 
i 
I 

3 

i 

i 

3: 

.. 
I. Opik's 1933 estimates for  the impact radiative 

efficiency for bright meteors; from reference 6. 

11. Plot of 'cV = 8.5 x lo-'' V; a f t e r  Whipple, 
reference 2. 

Variation of % with velocity fo r  slow meteors; 
after Jacchia, reference 7. 

111. 

60 105 10 20 30 40 50 

Velocity, cm/sec 

(a) Based on & i k t s  1933 data. 

Figure 2.- Values for  the luminous efficiency factor.  
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Jacchia and Whipple (ref. 2)  noted t h a t  6pik's  data  could be represented 
by a r e l a t i o n  of t he  form 

T~ = T V f o r  V > 15 km/sec 0,v 

has a value of 8.5 x 1O-I' sec/cm. 0,v where the  luminosity coef f ic ien t  T 

Curve I1 i n  figure 2 (a )  is  a p l o t  of equation (3) with t h i s  value of T ~ , ~ .  

Jacchia, i n  1949 (see r e f .  7), w a s  able t o  ca lcu la te  the  var ia t ion of T~ 

with veloci ty  from photographic observations of 10 na tura l  meteors with veloc- 
i t i es  less than 45 km/sec. Assuming Whipple's value of T ~ , ~  (and consequently 
6pik 's  values of 
Jacchia calculated the r e l a t i v e  var ia t ion of 
i n  terms of t he  luminosity f ac to r  
coef f ic ien t  T 

Tv) t o  be correct  f o r  ve loc i t ies  grea te r  than 30 km/sec, 

rv with veloci ty  and reported it 
Mo, a quant i ty  r e l a t ed  t o  the  luminosity 

by the  equation 
0, v 

Equation (4 )  i s  derived i n  appendix A which contains a general  discussion 
of some of the  quant i t ies  r e l a t ed  t o  the  luminous e f f ic iency  f ac to r  which have 
appeared i n  the  l i t e r a t u r e .  Jacchia 's  values f o r  Mo a r e  converted herein t o  
values f o r  T~ and are represented by curve I11 i n  f igure  2 (a ) .  

In  1958 ( r e f .  3), 6pik published the  r e s u l t s  of fur ther  study of the  meteor 
problem. In  t h i s  work he discusses three sources of meteor rad ia t ion  and pro- 
vides tabulated da ta  and formulas t o  compute the  e f f ic iency  of each of these 
processes f o r  meteors of f l i f ferent  types. The v isua l  luminous eff ic iency fac-  
t o r  T~ i s  according t o  Opik the  swn of three factors :  (1) impact rad ia t ive  
efficiency, or t he  eff ic iency with which v i s ib l e  radiat ion i s  produced by 
impacts between meteor atoms and air  p a r t i c l e s  a t  t he  veloci ty  of the  meteor; 
(2 )  temperature rad ia t ive  efficiency, o r  the eff ic iency with which v i s ib l e  radi-  
a t ion  i s  produced by thermal impacts between pa r t i c l e s  i n  the  meteor wake; and 
(3) blackbody rad ia t ive  efficiency, o r  t he  e f f ic iency  with which v i s ib l e  radia- 
t i o n  i s  produced by continuous radiat ion from the  heated surface of t he  m e t e -  
oroid. O f  these factors ,  the  impact e f f ic iency  is  the  grea tes t  except f o r  the  
case of la rge  meteoroids at  low ve loc i t ies .  

Figure 2(b) i s  a p l o t  of t he  e f f ic iency  f ac to r s  f o r  a 2-gram compact i ron 
Curves I, 11, and I11 are  the  blackbody, meteoroid based on 8pik 's  1958 data.  

temperature, and impact rad ia t ive  e f f ic ienc ies ,  respectively,  and curve IV i s  
the  sum of the  three.  

The major difference between 6pik's  193.3 and 1958 estimates i s  the  depend- 
ence of rv on velocity.  According t o  the  1933 data, T~ increases l i n e a r l y  
with veloci ty  f o r  ve loc i t ies  grea te r  than 15 km/sec. 
show t h a t  
var ies  as some negative power of the  ve loc i ty  i n  the  intermediate range. 

However, the  1958 data  
T~ i s  almost independent of ve loc i ty  a t  the  higher ve loc i t ies  and 
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0 10 30 40 50 60 105 

Veloc i ty ,  cm/ sec 

(b) Calculated from h i k ' s  19% data for 2-gram compact iron meteoroid. 

Figure 2. - Continued. 
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Verniani (ref. 8) has recently published the results obtained from 400 
photographic (blue sensitive) meteors. 
could best be represented by an equation of the form 

He found that the observational data 

with 
data of 6pik than his 1938 data. 

n = 1.0 f 0.15. Verniani's results are more consistent .with the 1933 

Ef,fects of Materials on -rs 

The quantity and spectral distribution of the radiation produced by a 

The chemical composition of meteorites has been well documented 
meteor depend upon the chemical composition of the meteoroid as well as its 
velocity. 
(see ref. 9), but it is now believed that the great majority of meteors are 
produced by objects with origins different from those of meteorites (ref. 1, 
pp. 169-171). 
common meteoroid - the cometary meteoroid or "dust ball." 

Little is known about the chemical composition of the most 

hik, in reference 3, treats three types of meteoroids: compact iron, 
compact stone, and dust balls made up of an aggregate of stone "grains." Fig- 
ure 2(c) is a plot of the luminous efficiency factor for a 2-gram meteoroid of 
each of these classes and is based on data taken from reference 3 .  It is evi- 
dent from the figure that the visual luminous efficiency for compact stone is 
calculated to be greater than that of iron at the lower velocities. 
from low-velocity meteors show that most of the radiation detected by blue 
sensitive emulsions arises from iron line emission (ref. 10). 
tional evidence would lead one to suspect that stone would have a lower photo- 
graphic efficiency than iron since meteorite stone contains only about 15 per- 
cent iron compared with 90 percent iron for iron-nickle meteorites. 

Spectra 

The observa- 

Experimental Determination of -rS 

One method of experimentally determining values for T ~ ,  and the approach 

The 

Now, equation (2) can be written 

taken for this experiment, is to reenter particles of known mass and chemical 
composition into the earth's atmosphere at meteor heights and velocities. 
velocity and position of reentry and the radiation from the artificial meteor 
can be measured with ground-based detectors. 
in the following integral form: 

8 
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where the quantities on the right of the equation, with the exception of -rS, 
are measurable. Equation (6) can be solved f o r  T~ in terms of the measured 
quantities if some assumptions are made about the limits on the integral of 
the left and about the functional relationship between and the variable 
of integration. 

10 -I 

10- 

10- 

10- 

I. Total  r ad ia t ive  e f f ic iency ,  2-gram compact stone 

11. Tota l  r ad ia t ive  e f f ic iency ,  2-gram compact i r o n  

111. Total  r ad ia t ive  e f f ic iency ,  2-gram dust  b a l l  

' Je loc  i t y  , cm/sec 

(c) Calcu1ufxt? Ti.zim 6:>tk1s 1958 data for three types of meteoroids. 
7. r la,ure 2. - Concluded. 
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DESCRrPTION OF THE EXF'EKDENT 

The Trailblazer 123 experiment consisted of reentering a particle of known 
mass, chemical composition, and physical dimensions into the earth's atmosphere 
at meteor heights with a velocity comparable to that of a slow natural.meteor. 
The luminous reentry was photographed from several ground stations, and the 
photographs were analyzed- to obtain 

L-62-4432 
Figure 3 . -  Trai lb lazer  I D  vehicle 

i n  launch position. 

the altitude and range of the artificial 
meteor, the reentry velocity, end the 
photographic intensity of the radiation. 
Since the initial mass of the meteoroid 
was known, it was possible to compute 
the panchromatic luminous efficiency 
factor T~~ of the artificial meteor 
from the observed quantities. 

The test vehicle was a six-stage 
unguided solid-fuel system. A photo- 
graph of the vehicle on the launch pad 
is shown in figure 3. The first two 
stages of the Trailblazer IIb were used 
to obtain the desired apogee. The 
remaining stages, shown in figure 4, are 
called the velocity package. These 
stages faced in a rearward direction at 
launch and were fired in sequence, down- 
ward toward the earth, from a point near 
apogee. The four stages of the velocity 
package accelerated a small (2.2 grams) 
stainless-steel pellet to a reentry 
velocity of 11.9 km/sec. Figure 5 is a 
composite photograph made of a similar 
projectile before and after the ground 
firing of a shaped-charge accelerator. 
It was an accelerator of the same type 
that was used as the last stage of the 
Trailblazer In. The test vehicle was 
designed to produce a reentry near the 
launch site and within the data acqui- 
sition range of the ground-based equip- 
ment. A detailed description of the 
vehicle and its perfomnce can be found 
in reference 11. 

Ground-based radar near the launch 
site at the NASA Wallops Station tracked 
the vehicle through reentry of the fifth 
stage. Photographs of the reentry of 
the artificial meteor were obtained from 
all of the optical stations. 
shows the nominal trajectory, the radar 
track, and that portion of the 

Figure 6 
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t r a j ec to ry  recorded by the cameras. 
op t ica l  s ta t ions  and the  nominal f l i g h t  path of the vehicle. 

Figure 7 gives the geographic location of 

Figure 4.- The last four stages of the Trailblazer IIb. L-62-4040.1 

Photographs of the reentry were obtained from,'several cameras a t  each of 
the opt ica l  s ta t ions .  These cameras included Super-Schmidt meteor cameras 
operated by M I T  - Lincoln Laboratory and b a l l i s t i c  and modified aerial cameras 
operated by the NASA Langley Research Center. Several of the cameras were 
equipped with occulting shut ters  f o r  veloci ty  measurements; several  were 
equipped with spec t ra l  gratings; the r e s t  were operated with an uninterrupted 
time exposure t o  y ie ld  s t reak photographs. Most of the b a l l i s t i c  and a e r i a l  
cameras were equipped with films or pla tes  with panchromatic emulsions. The 
r e su l t s  reported herein a re  based on photometry from the undispersed panchro- 
matic records, since they were the only Langley records yielding data of su f f i -  
c ien t  quali ty.  A t yp ica l  panchromatic photograph of the meteor taken from the  
Coquina Beach, N.C., s i t e  i s  shown i n  f igure 8. The meteor i n  f igure 8 appears 
i n  the constel la t ion Cygnus near the 7 star of t h a t  group. The brightness of 
the meteor, as it appears i n  the photograph, i s  near t h a t  of a seventh magni- 
tude star. 
of the camera w a s  much greater  than t h a t  of the  stars. If the angular velocity 
of the meteor had been the  same as t h a t  of the stars, the meteor would have an 
apparent photographic brightness greater  than t h a t  of the 7 star. 

However, the angular veloci ty  of the meteor about the op t i ca l  center 

11 



(a) Projectile before ground firing of shaped-charge accelerator. - 
0 1.0 

cm 

(b) Projectile recovered from ground firing of shaped-charge accelerator. 

Figure 5.- Composite photograph of the type of projectile used in the 
Trailblazer IIb experiment. 

L-65-107 
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L- 65 - 108 
Figure 8.- Enlarged photograph of the Trailblazer I I b  artificial meteor 

taken from Coquina Beach, N.C. 

mmysrs OF THE OPTICAL DATA 

The b a l l i s t i c s  data reduction followed a procedure based on a program 
developed t o  determine precise o rb i t s  of na tura l  meteors as outlined i n  r e fe r -  
ence 12. The determination of meteor posi t ion from photographs taken a t  two 
s ta t ions  i s  based on the  difference i n  the posi t ion of the meteor against  the 
s t e l l a r  background as photographed from each s ta t ion .  

The velocity and deceleration of the meteor can be determined i f  a t  l e a s t  
one of the photographs i s  made with a camera equipped with an occulting shut te r .  

15 



A camera with such a shut te r  photographs the  meteor as a ser ies  of dashes ra ther  
than a continuous s t reak  - each dash corresponding t o  a known time increment. 
In the data reduction process, the observed distances d along the meteor 
trails a re  f i t t e d  by l e a s t  squares t o  an equation of the form 

( 7 )  k t  d = a + b t  + ce 

where a, b, c, and k a re  constants t o  be determined. The first d i f fe r -  
ent ia t ion of t h i s  equation gives the veloci ty  as a function of time. 
showing the velocity p lo t ted  against time fo r  the a r t i f i c i a l  meteor i s  given 
i n  figure 9. 

A curve 

11 

10 

.1 .2 .3 

'. 
\ 

\ 
\ 

\ 
\ 
\ 

.4 
Time, sec 

.5 .6 .? .a .9 

Figure 9.- Reentry ve loc i ty  of the  Tra i lb lazer  IT0 a r t i f i c i a l  meteoroid. 

A photograph from each of three s ta t ions  was selected fo r  photometry. 
Each of these photographs was paired with a Super-Schmidt photograph taken 
from Eastvi l le ,  Va., t o  obtain the necessary b a l l i s t i c s  data. The velocity 
data were obtained from the Eastvi l le  record. Trajectory data from each of 
the s ta t ions  a re  included i n  tab le  I. 
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TABU3 I. - BALLISTICS DATA FOR TRAILBLAZER IIb 

ARTIFICIAL METEOR 

Wallops 

Langley 

Coquina 

Stat ion ! 

Scattered Modified 
haze a e r i a l  K-24 

Haze; sky l i g h t  B a l l i s t i c  
from c i t y  

Excellent a l l i s t i c  

Wallops 
Eas t v i l l e  
Langley 
Coquina 

Beginning 
height, 
km 

73.7 
74.9 
73.9 
74.1 

Terminal 
height 
km 

67.5 
66.9 
66.6 
66.7 

Beginning 
range, 

Ism 
-~ 

211.0 
184.7 
198.8 
117.8 

TAELE 11.- PHCTCIMETRIC DATA FOR TRA-R IIb 

ARTIFICIAL =OR 

?-nuni 

~ 

2.5 

2.6 

2.6 

Terminal 

km 
range, 

206.7 

194 3 
113.8 

179 - 2 

Detector 
spec t ra l  

bandwidth, 
0 
A 

5600 t o  6400 

$00 t o  7000 

$00 t o  6400 

lcculting 
shut ter  

Y e s  

NO 

NO 

A time history of the panchromatic luminous power of the meteor was 
obtained from the three panchromatic records. 
graphic emulsions are given in table 11.) 
based on the methods of meteor photometry outlined in reference 7. A recording 
microphotometer was used to measure density profiles of the trail and nearby 
star images. A calibration curve was formed from the measured densities of the 
comparison stars and their visual magnitudes from the Henry Draper Catalog 
(ref. 1 3 ) .  
the photographic plate. It was found experimentally (see appendix B) that the 
panchromatic magnitudes of most stars are close approximations to their visual 
magnitudes. A value for the magnitude of points along the meteor trail was 
established by comparison of the density measurements of the trail with the 
calibration curve. The magnitude values that were obtained from each of the 
records were then converted to absolute meteor magnitudes as defined in appen- 
dix A. The conversion from the uncorrected magnitudes M' as determined by 
the calibration curve to an absolute meteor magnitude 
by the sum: 

(Data on the cameras and photo- 
The photometry of these records was 

The magnitudes were corrected according to the star positions on 

% may be represented 



I 

The quantity &Iv represents a correction for the difference in the 
trailing velocity of the meteor a g e  and the trailing velocity of the star 
image on the photographic plate. The quantity AMR represents a correction 
for the difference between the range of the meteor and 100 kilometers. The 
quantity LMz represents a correction for the zenith angle. This correction 
is zero if the comparison stars are chosen from the meteor photograph and suffi- 
ciently near the meteor. The correction bLt ,  represents a correction applied 
to photographs made with an occulting shutter. 
ference in the effective exposure time between the meteor and the stars. A 
correction for reciprocity failure aM, of the photographic emulsion has also 
been taken into account. According to information furnished by the film manu- 
facturer, this correction should be quite small for the emulsions used and con- 
sequently has been taken to be zero. The velocity correction AMv is the 
largest correction. This correction, in some instances, amounted to minus 
eight magnitudes. 

It is a correction for the dif- 

The light curve for the artificial meteor is shown in figure 10. The 
symbols indicate the results from the different records. The agreement between 
the results obtained from each of the stations is generally very good despite 
the differences in cameras, emulsions, and seeing conditions for each station. 
The shape of the Trailblazer I I b  light curve is similar to the light curve from 
a previous experiment which was designated the Trailblazer Ig. Results from 
the Trailblazer Ig experiment have been reported by McCrosky and Soberman in 
reference 10 and Jewel1 and Wineman in reference 14. 
noted that the dip in the Trailblazer Tg light curve is "compared to natural 
meteors . . . a most unusual event." The reoccurrence of this dip in the light 
curve is an indication that the two artificial meteoroids went through similar 
modes of ablation. 

McCrosky and Soberman 

McCrosky and Sobemn discuss the possible modes of ablation in some 
detail using the dip in the light curve as part of their analysis. 
to the conclusion that the first half of the mass is lost as liquid droplets by 
spraying and that the duration of the dip in the light curve corresponds to the 
time to liquefy the remaining mass which will then break up into small droplets 
on the order of 2 millimeters in diameter. Consequently, the terminal mass of 
the meteoroid is quite small. The microphotometer traces of the photographic 
records of the Trailblazer IIb experiment indicate a broadening of the image 
near the end of the trail and rapid termination of the visible streak. Since 
a spray of liquid droplets would produce such an event, this can be taken as 
supporting evidence that the terminal mass of the meteoroid is indeed small. 

They came 
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Figure 10.- Panchromatic light curve of the Trailblazer IIb artificial meteor. 

RESULTS FROM THE FLIGHT TEST 

The Trailblazer IT0 flight test yielded the data needed to compute values 
for the panchromatic luminosity coefficient and the panchromatic luminous effi- 
ciency factor for the artificial meteor. Equation (6) was used as the basis of 
these computations. 

Equation (6) may be written in terms of a panchromatic detector as 



The quantity Pp 
tude Mp by noting that 

can be expressed in terms of absolute panchromatic magni- 

from equation (Al) in appendix A. 

A quantity related to -rp 
that the panchromatic luminous efficiency factor is a linear function of veloc- 
ity over the velocity range of the meteor and can be represented by an equation 
of the form 

can be removed from the integral by assuming 

T =  P - k P V  

The luminosity coefficient 
tional data, may be computed by noting that 

T;,~, a quantity 

(11) 

closely related to the observa- 

f r o m  equation (A7) in appendix A. 

By substituting equations (lo), (ll), and (12) into equation (g),  the 
expression for the luminosity coefficient becomes 

The integral in the numerator of the right-hand side of equation (13)  was 
evaluated for the artificial meteor by a numerical integration of the observed 
quantities. In carrying out the integration, it was assumed that the light 
curve drops linearly toward +a, at each end as shown in figure 10. 
in the denominator was evaluated by assuming that the initial mass was 2.2 grams 
and the terminal mass of the meteoroid was negligibly small. The results of 
the computation give. 

The integral 

Substituting this value for and the value for Po,p of 

gives 

TO, P 
7.96 x 10 9 ergs/sec, from equation (A2c) of appendix A, into equation (12) 
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To,p = 1.0 x 10-8 sec/cm 

Equation (11) was then used to calculate the panchromatic luminous efficiency 
factor 

7 = 1.2 x P 

for the stainless-steel meteoroid at a velocity of 11.9 km/sec. 

Stainless steel was chosen for the experiment because of mechanical prop- 
erties which made the firing of a solid pellet by the shaped-charge-accelerator 
technique possible. A chemical composition of 70 percent iron, 19 percent 
chromium, and 9 percent nickle is not characteristic of meteoric iron nor the 
metallic content of stony meteorites. The experimental values presented herein 
must therefore be regarded as valid for one material within a narrow velocity 
range. 

DISCUSSION OF ERRORS 

It is a difficult task to assign an index of precision to the numerical 
results from an experiment of this nature. The problem of determining the 
luminous efficiency from ground-based observations cannot be solved without 
simplifying assumptions. Since the accuracy of the final results depends upon 
these assumptions, the precision of the measurements leading to the results is 
estimated as follows: 

(1) The mass of the artificial meteoroid was determined from static firings 
of shaped-charge accelerators of the type used in this experiment. This was 
done at the Air Force Cambridge Research Laboratory where this type of acceler- 
ator was developed. From 11 ground tests it was found that the firing of the 
shaped charge reduced the 5.8-gram cylindrical proJectile to a pellet with a 
mass of 2.2 grams 40.1 gram of approximately the same shape as the original 
disk. (See fig. 5.) 

(2) The agreement of the ballistics data from different optical records 
may be taken as an index of the precision of the data. Ranges and heights from 
the different records agreed within 0.10 kilometer or better and velocity meas- 
urement agreed within 0.20 km/sec . 

( 3 )  The determination of the intensity of the meteor was the least accurate 
measurement. The scatter in the points along the light curve (fig. 10) is a 
measure of the uncertainty in the light data. The photometric data from each 
of the three stations do not deviate more than 0.2 magnitude from the mean over 
most of the light curve. 

The estimated errors in the measured quantities as described in this sec- 
tion lead to a relative error of about 0.24 in the value for 
in the preceding section. 

T~ that is given 
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COMPARISON OF TEST RESULTS WITH OTHER DATA 

A comparison of the value for the luminous efficiency factor obtained from 
this experiment with previous values is not a straightforward process. 
difficulty lies in the many forms in which the data have been presented; Each 
author has presented his findings in a form that best suits the problem at hand 
and not necessarily in a form that can readily be compared with other results. 

The 

For the purpose of comparison, the values reported in the different refer- 
ences have, by the methods of appendix A, been converted to values f o r  the 
luminosity coefficient T ~ , ~ .  

The luminous efficiency factors ( T ~  = T ~ , ~ V )  from the Trailblazer I I b  and 
Ig experiments and from the natural meteor data are shown in figure 11. 

0,s 
symbols on the curves indicate the velocity at which the value of 
calculated from the observational data. 

The 
w&S T 

of 1.02 X 10-9 sec/cm for the 
Trailblazer Ig artificial meteoroid - a stainless-steel pellet identical in 
design to the Trailblazer IIb artificial meteoroid at a velocity of 9.8 km/sec. 
This value was based on panchromatic data, but was converted to a visual scale 
by using a color index of 1.65 (ref. 14). A value for T ~ , ~  of 7 x 10-9 sec/cm 
has been calculated from Jewell and Wineman's data by removing the color index 
conversion factor from their calculations. No estimate of error was made by 
Jewell and Wineman. 

0,v Jewell and Wineman report a value for T 

McCrosky and Soberman (ref. 10) report a value of T '  of 8 X 10e19 o,b 
zero magnitude, sec4/g-cm3 for the Trailblazer Ig artifricial meteoroid. 
tions (A7) and (A2b) of appendix A were used to calculate a value of T 

4 X 10-9 sec/cm from McCrosky and Soberman's data. 
made by McCrosky and Soberman. 

Equa- 
of o,b 

No estimate of error was 

Verniani, in reference 8, found a linear relationship between velocity 
and Tb/pm2 where pm is the density of the meteoroid. Of the 400 meteors 
used in his calculations there was only one f o r  which there was conclusive 
evidence that the meteoroid was similar to meteoritic stone. None of the 400 
were identified as meteoritic iron. By using a value of pm of 3.4 g/cm3 for 
the stone meteoroid, Verniani reports that log T '  

responds to a value of and a value of 

To,b 

= -19.09 2 0.08, which cor- o,b 
T&,b of 8.1 (~1.2) x 10-20 sec4/g-cm3 

of 4.0 (k0.6) x 10-10 sec/cm for stone. 

Figure 11 shows that the values for T from the two Trailblazer experi- 
ments agree within the limits of experimental error if the same error estimate 
is applied to both experiments. The values for Tb (curve 111) are about one- 
half the values for -rp (curve 11) from the same experiment. This difference 
can be attributed to the difference in the spectral sensitivity of the 

I? 
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I. 

11. 

Tp = (1 x 10-8)V f o r  s t a i n l e s s  s t e e l ,  f rom Trai lblazer  IIb 

T p  = (7 x 10-9). f o r  s t a i n l e s s  s t e e l ,  calculated from 

111. q, = (4 x f o r  s t a i n l e s s  s t e e l ,  calculated from 

exper b e n t  

Trai lblazer  I g  data  from reference l.4 

Trai lblazer  I g  data  from reference 10 
f o r  a stone meteoroid, calculated from 
observational data from reference 8 

-10) Iv. Tb = (4 x 10 v 
0 ind'icates veloci ty  where data  were taken 

indicates  e r r o r  estimate 

8 10 

Velocity , cm/se c 

12 13 x io' 

Figure Y.- Comparison of experimental results from two experiments for the luminous 
efficiency of a stainless-steel artificial meteoroid and observational values 
for a stone meteoroid. 
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detectors.  The values of Tb (curve N) f o r  stone are one-tenth the  corre- 
sponding values of Tb  

explained i f  most of the  rad ia t ion  comes from i ron  emission from each of the  
meteoroids. (See ref. 8.)  

(curve III) f o r  s t a i n l e s s  s tee l ;  t h i s  difference can be 

There i s  no d i r e c t  comparison between t h e  values f o r  T or -rb obtained P 
from the  experiments and 6pik's  theore t ica l  estimates of the  luminous e f f ic iency  
f ac to r  which a r e  i n  terms of 
observational data  and the  theo re t i ca l  h t a ,  a co lor  index m u s t  be brought i n t o  
the  calculat ions.  A color index i s  h i s t o r i c a l l y  defined as the difference 
between the  photographic (blue sens i t ive)  magnitude and the  v isua l  magnitude of 
an astronomical object .  The def in i t ion  can be extended t o  mean the  difference 
i n  magnitude determined by any two detectors .  
i n  appendix A s t a t e  t he  needed relat ionships  between values of 
from d i f f e ren t  detectors  i n  terms of the color index f o r  the  detectors.  Given 
a value of T~ from one detector,  a value of I-~ f o r  another detector can be 
computed i f  t he  color index and the  quant i ty  
Appropriate color  indexes were applied t o  the  a r t i f i c i a l  meteoroid data, and 
the  r e su l t s  a r e  shown i n  f igure  12. A smooth curve representation of T~ f o r  
a 2-gram iron meteoroid from 8-pik's 1958 theo re t i ca l  estimates has a l s o  been 
included fo r  comparison. 

-rV. In  order t o  make a comparison between the  

Equations ( A 8 a ) ,  (A8b), and (A8c) 
1-6,~ derived 

Po,s are adequately known. 

The value f o r  T '  from the Trai lblazer  Ig  experiment ( r e f .  10) w a s  con- 
verted t o  a value of 
values of Mb and Mp of 0 .1  and -0.1, respectively,  taken from the  published 
l i g h t  curves f o r  the  meteor. The values of Po,b and Po,p were taken from 
equations (A2b) and ( A ~ c ) ,  and the equation w a s  used t o  complete 
t h e  conversion. The derived value of 
excellent agreement with the  value of  

panchromatic data  from reference 14. 

O ? ?  

T ~ , ~  
by use of equation (A8c) of appendix A and average 

T~ = T ~ , ~ V  
of  7.3 x 10-3 a t  9.8 km/sec i s  i n  
of 6.8 x 10-3 calculated from the  

TP 

5? 

A v isua l  magnitude f o r  the a r t i f i c i a l  meteor w a s  not available f o r  e i t h e r  
t e s t ,  and so equations ( A g )  and ( A l O )  were employed t o  compute a color index. 
The value f o r  T~ computed from Tb (from r e f .  10) and a color index of  -1.27 
from equation (Ag)  w a s  an order of magnitude l a rge r  than the  value f o r  
computed from 
These results from the  Trai lblazer  Ig  experiment indicate  t h a t  the  color index 
equations based on na tura l  meteor observations are not applicable t o  a r t i f i c i a l  
meteors of the  mater ia l  t es ted .  Without an adequate value f o r  the color  index, 
an accurate comparison between the  experimental results and ex is t ing  theory 
cannot be made. 

T~ 

(from r e f .  1 4 )  and a color index of -3.7 from equation ( A l O ) .  
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.. 
I % fo r  a 2-gram i ron  meteoroid, calculated from Opik's 

1958 theory (ref. 6) 

8 

f o r  s t a i n l e s s  s t e e l  from Trai lblazer  1% experiment 

fo r  s t a i n l e s s  s tee l ,  calculated from value of T' 
from Trai lblazer  I g  data  ( re f .  l o )  
f o r  s t a i n l e s s  s tee l ,  calculated from value of T ~ , ~  

from,Trailblazer Ig  data  ( re f .  14) 

f o r  s t a in l e s s  s t ee l ,  calculated from value of 
T:,~ from Trai lblazer  Ig  data (ref. 10) 

fo r  s t a in l e s s  s t ee l ,  calculated from vtilue of 'Gb (symboln) 
using photographic color index 

f o r  s t a in l e s s  s t e e l ,  calculated from value of -cGP (symbol 0) 
using panchromatic color index 

o,b 

10 
5 14 16 18 x 10 

Velocity, cm/sec 

Figure 12.- Effects of spectral  response of detectors on measurements 
of the luminous efficiency factor.  
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CONCLUDING €EMARKS 

The Trailblazer IIb experiment was a successful attempt to reenter a 
2.2-gram stainless-steel pellet at meteor heights and at the velocity 
(11.9 km/sec) of a natural meteoroid. By using techniques developed for nat- 
ural meteors, the photographic data were analyzed and a panchromatic luminous 
efficiency factor of 1.2 X This 
value for the panchromatic luminous efficiency factor was in good agreement 
with values obtained from a similar experiment at a lower velocity (9.8 km/sec). 
An accurate comparison between the panchromatic luminous efficiency factor and 
theoretical estimates in terms of the visual luminous efficiency factor was not 
possible because no reliable value for a color index for the meteor was avail- 
able. It was demonstrated that values for the color index based on natural 
meteor data gave values for the visual luminous efficiency factor which differed 
by an order of magnitude. 

was computed for the artificial meteor. 

The comparison of photographic experimental results with the visual theo- 
retical results is somewhat academic since the most accurate data on meteors is 
now obtained by photography. Meteoroid masses computed from photographic data 
would be on the basis of a photographic luminous efficiency factor rather than 
a visual luminous efficiency factor. If experiment and theory are to be accu- 
rately compared, either the spectral sensitivity of the detectors should be 
adjusted to match that of the theoretical detector (the dark adapted eye) or, 
preferably, the theory should be reworked in terms of modern detectors. 

It should be noted at this point that the experimental evidence from arti- 
ficial meteors is yet too meager to deduce very much about the variation of 
luminous efficiency with velocity. Several experiments over a wide velocity 
range would be necessary to do this. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Rampton, Va., April 28, 1965. 
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APPENDIX A 

UNITS AND CONVERSION FORMULAS 

Much of the literature concerned with meteor physics contains physical 
quantities and units which may be unfamiliar to those not working in the field. 
The purpose of the following discussion is to present those quantities pertinent 
to the main body of this report and to develop some of the relationships between 
them. 

If the radiant flux and kinetic power in equation (2) are expressed in the 
T~ 

same units, that is, ergs/sec or watts, then the luminous efficiency factor 
is a dimensionless quantity. However, the radiant flux from a meteor is usually 
determined by comparison with reference stars which are on a magnitude scale. 
The primary measure of the radiant power of a meteor, then, is its apparent 
stellar magnitude. The absolute magnitude Ms of a meteor is defined as the 
apparent stellar magnitude of the meteor if the meteor were to appear at 
100 kilometers and at the zenith. The relationship between the effective radi- 
ant power of a meteor and its absolute meteor magnitude can be given by the 
equation 

-0. 4Ms Ps = P 10 
0,s 

The quantity Po,s 
a zero-magnitude meteor. 
magnitude meteor have been given by Opik in reference 3 for the visual scale, 
by Davis and H a l l  in reference 15 for the photographic scale, and in appendix C 
of this report for the panchromatic scale. These values are 

in equation (Al) is the effective radiant power produced by 
Values for..the effective radiant power of a zero- 

P ~ , ~  = 5.26 x lo9 ergs/sec (A24 

Po,., = 5 x 109 ergs/sec 

= 7.96 x 109 ergs/sec P 

Some investigators have chosen to present their results without resorting 
to conversion factors such as those in equations (Ma), (Eb), and (A2c). 
Jacchia in reference 7 presents his data in terms of a luminosity factor, 
McCrosky and Soberman in reference 10 report a value for a luminosity coeffi- 
cient, and Jewel1 and Wineman in reference 14 report a value for a luminosity 
coefficient and also a luminous efficiency factor. Each of these quantities is 
not only numerically different but is dimensionally different, including the 
two luminosity coefficients reported in references 10 and 14. The following 
will be an attempt to present the relationships between these quantities. 
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APPENDIX A 

Jacchia and Whipple in reference 2 noted that 6pik's 1933 data on the 
f o r  bright meteors (curve I in fig. 2(a)) visual luminous efficiency factor 

could be represented by an equation of the form 
T~ 

The multiplying factor was termed the luminosity coefficient and had a 

numerical value of 8.5 x sec/cm. According to reference 1, p. 175, the 
relationship given by equation (A3) ". . . is applicable to the brighter photo- 
graphic meteors only, and even in these cases its validity is now regarded 
skeptic ally. If 

T ~ , ~  

Jacchia in reference 7 writes the luminosity equation as 

Mv = MO - 2.5 log(- g) - 7.5 log V (A4) 

and designates Mo as the luminosity factor. An equation of the same form 
as equation (A4) may be obtained by substituting equations (Al) and (A3) into 
equation (2) and writing the resulting equation logarithmically to obtain 

I-0 s Ms = 2.5 log P - 2.5 log I - 2.5 log(-%) - 7.5 log V 0,s 2 

A comparison of equations (A5) and (A4) shows that the relationship between the 
luminosity factor and the luminosity coefficient is evidently 

Mo = -2.5 log I-0, s 
2p0, s 

McCrosky and Soberman in reference 10 use an equation of the same form as 
equation (2) but take Po,s 
luminosity coefficient from reference 10 is designated as and the lumi- 
nosity coefficient from reference 14 is designated as 
between the quantities is 

as the unit of power (i.e., Po,s = 1). If the 

T ~ , ~ ,  the relationship 

with I - ~ , ~  having the unit of sec/cm and I-b,s having the unit of sec4/g-cm3 
for the cgs system of units. 

Even if the quantities reported were dimensionally the same, a direct com- 
parison cannot be made between quantities from different sources unless they 
are based on similar detection systems. However, conversion formulas for 
quantities from the different detection systems may be developed. 
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The following relationships are derived from equation (A5):  

T O P  7 
log 2 = log * + 0.4(% - %) 

po,P 'o,b 

These equations can be used to calculate the visual luminosity coefficient 
if the terms within parentheses are adequately known. The term Mb - M, is 
known as the color index cb' Jacchia (ref. 16) has found a dependence of the 
color index on the brightness of meteors but no dependence on velocity. There 
is no distinction made between meteoroids of different composition. Jacchia's 
results may be summarized by the equations 

Ceplecha, as reported by Davis in reference 17, has found a similar rela- 
tionship for the panchromatic color index, which is 
may be summarized by the equations 

Cp = Mp - M,. His results 

Cp = -0.6% - 5.2 

c = -3.7 for -2.5 < Mp P 

It should be noted that the blue sensitive color index cb and the panchro- 
matic color index Cp vary with magnitude in a?2 opposite sense; that is, cb 
increases f o r  faint meteors whereas Cp increases for bright meteors. This 
would indicate that the predominate radiation from bright meteors is at longer 
wavelengths than radiation from fainter meteors. The large differences in 
panchromatic, blue sensftive, and visual meteor magnitudes as implied by equa- 
tions (Ag) and (AlO) are also of considerable interest, since these differences 
in magnitude would reflect in large differences in values of T ~ ,  depending on 
the detection system that is used. 



APPENDIX B 

CORRESPONDENCE BETWEEN PANCHROMATIC AND VISUAL MAGNITUDES 

The earliest photographic emulsions were sensitive only to the blue portion 
of the spectrum. 
to stellar magnitudes determined from blue sensitive plates. It has been found 
experimentally that stellar magnitudes determined from the panchromatic records 
are closer approximations to the visual magnitudes of the stars than to their 
photographic magnitudes. 

Consequently, the term photographic magnitude usually refers 

Figure l3(a) is a plot of the optical density of a number of star images 
measured from one panchromatic photographic plate against the photographic mag- 
nitudes from reference 13. Figure l3(b) is a plot of the same density readings 
against the visual magnitudes from reference 13. 
the stars by spectral class. 

The different symbols identify 
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Figure 13.- Photographic density from a panchromatic plate of the stellar images. 
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Figure 13. - Concluded. 

The spread i n  the  points  along the magnitude ax i s  i s  a measure of the 
difference between the  panchromatic magnitudes and the  photographic or visua l  
magnitudes. 
there  i s  a separation by spec t ra l  c l a s s .  The blue stars group at one edge and 
redder stars are found near t he  other s ide of the  d is t r ibu t ion .  When the  meas- 
ured dens i t ies  a re  p lo t ted  against  v i sua l  magnitude ( f i g .  l 3 (b ) ) ,  the  spread i s  
decreased t o  approximately 0.8 magnitude, and there  i s  no apparent separation 
by the  spec t ra l  c lass .  

In f igure  l3(a)  the  spread i s  approximately 2.0 magnitudes, and 

A n  attempt w a s  made t o  obtain quant i ta t ive information f o r  t he  data pre- 
sented i n  f igure  13. 
squares t o  the  v isua l  magnitudes 
and t h e i r  measured dens i t ies  D. This equation was then used as the  defining 
equation f o r  a panchromatic magnitude sca le  f o r  a l l  the  stars i n  the  set ;  t h a t  
is, Mp = a + bD f o r  a l l  stars of t he  s e t  with the constants a and b having 
the  values determined by least squares for t he  AO stars. The panchromatic mag- 
nitude % f o r  each star was determined. The average panchromatic color  index 

A curve of t h e  form M, = a + bD was f i t t e d  by least 
of the  A0 stars given i n  reference 13 Mv 
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for each spectral class of stars was then determined from the equation 

and is presented in table I11 along with the color index, 
is used in reference 13. 

cb = Mb - M,, that 

TABLE In.- COLOR INDEX FOR STARS 

Spectral 
class 

B3 
B5 
AO 

*5 
FO 
F5 
GO 
G5 
KO 
K5 
M, 

Number of 
stars used 

5 
6 
14 
4 
7 
10 
8 
10 
20 
8 
9 

Average 
panchromatic 
color index, 

CP 

-0.07 
.02 

. 00 

-07 
.04 
.14 
-19 . 00 

-05 
.16 
.a3 

Standard 
deviation 

Of CP 
0.20 

.06 
-09 
.10 
.14 
.21 
.12 
15 
.10 
.10 

13  

Blue sensitive 
color index 

f r o m  ref .  13, 
'b 

-0.17 
-.12 
. 00 
.14 
-23 
.42 
.56 
.78 

1.00 
1.18 
1- 35 

It should be noted that the standard deviation is generally greater than 
the average value of Cp. This indicates that the difference between visual 
magnitudes and panchromatic magnitudes within any one spectral class is as great 
as the magnitude difference between stars of different spectral classes when 
this method of photometry is used. 

Although the panchromatic emulslon gives stellar magnitudes close to vis- 
ual magnitudes, the results cannot be extrapolated to meteor magnitudes. 
Stellar radiation is essentially continuous whereas bright lines characterize 
meteor radiation. This difference in the quality of radiation may very well 
result in a large difference in the visual magnitude and panchromatic magnitude 
for meteors. 
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REXATIONSHIP BE'IVEEX TRE PANCHXOMATIC MAGNITUDE AND 

EFFECTrVE RADIANT POtSER OF A METEOR 

A comparison of the meteor trail with a set of reference stars gives a 
measure of the irradiance from the meteor at the point of observation. The 
relationship between irradiance and stellar magnitudes may be given as 

where the subscript ref indicates a reference source that sets the zero of 
the magnitude scale. 

The effective irradiance Hs is given by 

f m  

Hs ' J ,  dh 

where S A  is the spectral sensitivity function for the detector, Hh is the 
spectral irradiance due to the source, and A is the wavelength. 

The purpose of the following calculation is to relate the absolute panchro- 
matic magnitude of a meteor to the effective radiant power produced by the 
meteor. The effective radiant power Ps of a point source which will produce 
an irradiance Hs at 100 kilometers from the source is 

pS = (4rr x 1014) H, ergs/sec 

when Hs is expressed in ergs/cmZ-sec. The sun is a convenient astronomical 
object fo r  which values of HA are readily available. If values for HA from 
reference 18 are used and the spectral sensitivity function for a panchromatic 
detector represented by figure l(c) is used, the effective panchromatic irradi- 
ance of the sun will be 

The effective panchromatic radiant power of a point source which will produce 
an irradiance at 100 kilometers equal to the sun irradiance at one astronomical 
unit is simply 
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= 3.9 x lo2' ergs/sec pp, 100 

The stellar magnitude of a point source at 100 kilometers that matches the solar 
irradiance will have an apparent magnitude equal to that of the sun. By taking 
the solar panchromatic magnitude to be equal to the solar visual magnitude (see 
appendix B) and the value of the effective radiant power computed for a point 
source at 100 kilometers, an absolute meteor magnitude scale for panchromatic 
detectors may be given in terms of effective power as 

% + 26.72 = -2.5 log pP 
3.9 x 1020 

which reduces to 

The value -26.72 for the visual magnitude of the sun is taken from reference 3. 
From equation ( ~ 6 ) ~  a zero-magnitude meteor will produce 7.96 x lo9 ergs/sec of 
power capable of producing a response in a panchromatic detector, or 

Po,p = 7.96 x lo9 ergs/sec (c7) 
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