
loss mechanism. However, the total 
effect on the thin (106 atom/cm2) 
radon atmosphere proposed here, over 
its 3.8-day half-period, is the loss of at 
most only a few percent of the atmos- 
phere by direct or charge-exchange 
collisions. 

Some qualitative remarks may be 
made concerning the alpha spectra 
which might be observed from the lunar 
surface. The predicted alpha intensity 
is sufficient to produce clear spectra 
in a practical low- or medium-back- 
ground alpha-ray spectrometer which 
could, for example, be orbited about 
the moon. Although the Tn activity 
is much less than the Rn activity, it 
has been shown that a large contribu- 
tion should be observed by decay of 
Tn in trajectory. This will appear as 
a "thin-source" line, sharply peaked. 
The spectra produced by decay of Rn 
and Rn-daughter products may not be 
truly "thin-source" spectra (9) since im- 
pacting and surface roughness may 
produce low-energy tails on "thin- 
source" peaks when observed with an 
uncollimated spectrometer. 

We have tacitly assumed in all of 
the preceding discussion that the lunar 
surface is electrostatically neutral. As 
the recoil ion following alpha decay 
is charged, the details of deposition in 
a vacuum are affected by lunar surface 
or space charges. No estimate has been 
made of the consequences of this 
effect. 

The surface activities attributable to 
released Rn and Tn contain gamma 
and beta activities comparable to the 
alpha activities discussed. 

The effects of sintering of lunar sur- 
face materials by energetic solar protons 
has been discussed by Smoluchowski 
(10). The predicted alpha fluxes at the 
surface cause sintering effects compara- 
ble to those predicted for energetic 
solar protons. 

An astronaut on the moon will ac- 
quire a surface alpha activity in two 
ways. The decay series of Rn includes 
RaA (Po218) and RaC (Bi214), with rela- 
tively short half-periods, and 19.4-year 
RaD (Pb210), the long-lived parent 
of RaF (Po210). The short-lived daugh- 
ters RaA and RaC will reach equilib- 
rium concentrations by direct recoil 
deposition on his exposed suit area. 
Long-lived activity will be acquired by 
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tivity of about 1 /,c. Thus, possible 
contamination of the interior of a 
spacecraft or of returned samples 
should be considered. 
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A comet, not quite bright enough to 
be seen with the unaided eye, was dis- 
covered by W. Tempel at Marseilles, 
France, on 19 December 1865. It 
was found independently by H. P. 
Tuttle at Washington, D.C., some 2 
weeks later. The comet, which was 
under observation only until 9 Febru- 

ary 1866, was named after its discov- 
erers and received also the designa- 
tion 1866 I. The orbit of the object 
was found to be an ellipse with an 
orbital period of approximately 33 

years (1). Since the comet was under 
observation for only a short time, the 

period was uncertain by perhaps 2 

years. The comet was not seen again 
at its subsequent returns to the vicinity 
of the earth and sun in 1899 and 
1932. However, it was recognized that 
the comet shared a common orbit with 
the Leonid meteor stream which pro- 
duces the November meteors. It had 
turned out that the Leonid meteors 
also had a period of 33 years, and 
the maxima were found to coincide 
with times when the comet was close 
to the sun. It was also pointed out 
by Hind (2) that the comet seen in 
1366 by Chinese astronomers may 
have been an earlier appearance of 
the 1866 comet. Observations of the 
1366 comet have been described in a 
recent translation (3) and permit the 
determination of an approximate or- 
bit (4). The proposed identity is fa- 
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vored by this orbit and also by the 
fact that a strong shower of meteors 
was reported at almost the same time 

(5). Although the identity offered a pos- 
sibility for correcting the uncertain or- 
bital period in 1866, no successful use 
of this could be made in former times 
on account of the enormous amount 
of computation needed. 

Nowadays the numerical integration 
of the system of differential equations, 
which contains the attractive forces of 
the major bodies in the solar system, 
can be done on an electronic com- 

puter. So it is possible to compute the 
motion of a small body over a long 
time interval. Brian Marsden (6) made 
use of this; his predictions of the re- 
turns of seven long-lost comets have 

already led to two successful recoveries. 
B. G. Marsden drew my attention 

to the 1965 return of Comet Tempel- 
Tuttle and to the opportunity for using 
the supposed identity for a reliable 

prediction. The problem consisted in 
selecting from the permissible values 
of the orbital period for 1866 the cor- 
rect one, which represents not only 
the observations of that year, but also 
the Chinese observations of 1366. Sev- 
eral values had to be adopted for the 

period, and for each of them a back- 
ward computation by numerical inte- 
gration was necessary over the interval 
of five centuries. A special computer 
program had already been provided by 
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P. Stumpff and me at the Astrono- 
misches Rechen-Institut, Heidelberg. 
This program is independent of tables 
for the planetary coordinates. A de- 
scription of this program, which led 
to the successful recovery of the 
comet, is now presented. 

In a program for the n-body prob- 
lem only the starting values of the 
rectangular coordinates and velocities 
of the planets must be known for 
some moment. Corresponding values 
are also needed for the one or sev- 
eral small bodies being considered. The 
coordinates of the large and small bod- 
ies, the sun being one of the former, 
can then be evaluated by numerical in- 
tegration over any given interval of 
time. The basic equations used are dif- 
ferential equations of the second order, 
and they do not contain the time and 
the velocities explicitly. They have a 
common form for both the large and 
small bodies, as only Newton's law 
of gravitation is considered. No use is 
made of the approximately elliptic mo- 
tion of bodies in the solar system. 
The problem of predicting the motion 
of n bodies in a case like this over 
any length of time is called the n-body 
problem. There is no general solution 
known for n >2, whereas for n = 2 
Kepler's laws hold. The mass values 
of the small bodies will be taken as 
equal to zero in our case. All the bod- 
ies are treated as mass points in an 
n-body problem. 

The integration method used to ob- 
tain the solution of the problem nu- 
merically consists in stepping forward 
by small time intervals in the positive 
or negative direction of time. Thou- 
sands of steps are necessary to inte- 
grate over a century. The powerful 
Adams-St6rmer extrapolation method 
for second-order differential equations 
(7) can be used here according to the 
special form of the basic equations. 
A method for numerical integration 
like this makes use of a given number, 
m, of preceding steps, for which the 
coordinates and attractions already 
have become known, to obtain these 
values for the next step. Formulas of 
this type have been used in astronomi- 
cal problems for many years. A spe- 
cial method had to be developed to 
obtain the m first steps of the integra- 
tion, in order that the main calcula- 
tion could be started. A twofold inte- 
gration of a Lagrange-type interpola- 
tion formula and an iterative process 
were used for this. A disadvantage of 
the method is the use of a constant 
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step length in the time. But a great 
advantage is that the attractions are 
computed from the differential equa- 
tions only once per step. 

The numbers m and n and the step 
length h are optional in the program. 
Values of h such as 1, 2, 5, 10, or 40 
days were used in applications gen- 
erally, with m equal to 11 or 12. If 
h is chosen sufficiently small, a high 
accuracy will be obtained, and there is 
no danger of instability of the method 
(see Rutishauser, 8). Effects of insta- 
bility will only show up after a great 
many steps, but they grow exponential- 
ly. A step of integration is connected 
with a smaller error if m is increased 
while h is kept at a small value. But 
m must not be too large, as other- 
wise the method will become unstable 
for reasonable values of h. 

A detailed explanation of the meth- 
od and of the program has been made 
(9), together with starting values of the 

major planets for an epoch in the mid- 
dle of this century. One set of starting 
values was derived for the five outer 
planets, beginning with Jupiter, as these 
were treated earlier as an n-body prob- 
lem (10). The sum of the masses of 
the sun and the inner planets is as- 
sumed to be concentrated at their bary- 
center. A second set of starting values 
was prepared for all the major planets 
except Mercury. 

In the application of the program 
to Comet Tempel-Tuttle only the 
outer planets (excluding Pluto) were 
taken into account. Thus it was pos- 
sible to use a step length of 5 or 10 
days. But it was to be expected that 
neglect of the attraction of the earth 
in particular during close approaches 
would cause some uncertainty in the 
results. 

The n-body problem given by the 
sun, the planets from Jupiter to Nep- 
tune, and the set of possible orbits 
of the comet was then treated. The 
motion of the bodies was computed 
backward from 1866 to 1366 on the 
IBM 7090 computer of Deutsches 
Rechenzentrum, Darmstadt. An orbit 
could then be interpolated that agreed 
with the observations in both 1866 and 
1366. The ancient observations were 
not accurate enough, however, to sup- 
ply a final proof of the supposed 
identity. Thus it was important that 
the comet be recovered in 1965. Be- 
fore this was done, however, it became 
evident that the comet would have been 
in a favorable position for observations 
from the earth in 1699. 

I have noted an observation by 
G. Kirch in Guben, Germany, of a 
comet on the morning of 26 October 
1699 (11). Within the limits of the 
expected uncertainty, this observation 
can be well represented by the orbit 
of Comet Tempel-Tuttle. 

Finally the comet was recovered on 
plates taken in the summer of 1965, 
at the Boyden Observatory in South 
Africa and with the 48-inch (120-cm) 
Schmidt telescope at Mount Palomar 
in California. The comet did not come 
very close to the earth at this time, 
so that only faint images could be ex- 
pected. (At great distance the deviations 
from the predicted position in the sky 
would also be small.) The comet was 
detected 3? northeast of its predicted 
position, and it was fainter than pre- 
dicted. Positions of the comet were 
measured on the recovery plates (see 
12). 

Now Comet Tempel-Tuttle is on its 
way back to the outer parts of the 
solar system. It will not come in for 
another visit to the sun before the last 
years of this century. Although the 
comet has gone, increased activity of 
Leonid meteors was observed in No- 
vember 1965, and it may be expected 
that this will be repeated to some de- 
gree in 1966. 

JOACHIM SCHUBART 
Astronomisches Rechen-lnstitut, 
Heidelberg, Germany, and Yale 
University Observatory, 
New Haven, Connecticut 
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