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Abstract—We analyze the Apollo 17 ascent from the lunar surface that occurred on December 14, 1972. The lunar ascent
was captured by a remotely-operated pan-zoom-tilt (PZT) camera on the Lunar Roving Vehicle parked some distance
away, and transmitted on television to audiences on Earth. We use the known features of the camera tilt and zoom to
find the elevation (angle above the horizon) as a function of time of the craft in the TV transmission. This, in combination
with the distance to the camera, is used to reconstruct the ascent. We compare the ascent to that of the Apollo 5 and
11 missions and find a number of differences. Following detailed analysis of these differences, we conclude that the
transmission features a scaled-down scene of the launch, in which a scaled-down self-propelled miniature of the Apollo
17 ascent stage ascends from the surface along tracks.

Index Terms—NASA, Apollo Program, Apollo 17, Lunar Liftoff, Television Broadcast.
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Fig. 1. The January 1972-map of the Apollo 17 landing site on the
Moon shows the planned final parking position of the Lunar Roving
Vehicle (LVR) carrying the camera that would broadcast the ascent in
December of the same year. [1]

I. INTRODUCTION

According to official NASA documents, Apollo 17 was the final
mission of the Apollo program. It was launched on December 7, 1972,
at 12:33 Eastern Standard Time (EST). The mission was reported
to have landed in the Taurus Littrow valley and over three day stay
on the lunar surface have completed three moon-walks, taking lunar
samples and deploying scientific instruments. For extended mobility
a Lunar Roving Vehicle (LRV) was brought along. The crew returned
to Earth on December 19, 1972, after a 12-day mission. [2]

It was reported that the Apollo 17 Lunar Module (LM) Ascent
Stage (AS) took off from the lunar surface on December 14, 1972,
at 17:55 EST. The ascent was tracked by a camera on the LRV
parked some distance away, as shown on the map of the landing site
in Fig. 1. The TV camera was controlled remotely by NASA camera
operator Ed Fendell, who somehow managed to continuously track
the LM AS for the first 29 seconds of ascent. To this day, this is
considered to be one of the best video recordings from the entire
Apollo program.

The purpose of this report is to reconstruct the lunar ascent of the
craft in the television broadcast [3] in terms of the craft’s elevation
as a function of time, and then to extract the parameters of the craft’s
propulsion. We first reconstruct how the camera tracked the craft’s
ascent. We base the reconstruction on the analysis of discontinuities
in the recorded motion using the fact that the physical trajectory was
continuous in position and velocity. We then extract the features of
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Fig. 2. The three points (L,R and B) on the crew compartment of
the LM ascent stage were used to find the attitude and azimuth in the
frame -00:00.2. Also shown are the four landing gear feet (L1. .4) which
were used to determine scene angles, and the two coordinate systems
used in assessing the motion, that of the principal axes of the camera,
and that of the LM.

the Apollo 11 lunar ascent, namely, the duration of the Vertical Rise
phase, the moment of pitch-over, and the subsequent pitch-adjustment
that comprise the early Orbit Insertion phase. We then do the same
for the craft in the TV broadcast, and compare the two. We proceed
to discuss the clues that suggest that the TV broadcast may have
been fabricated, and subsequently extract numerical details of how
fabrication could have been done.

II. TRACKING THE LUNAR ASCENT

In this section we find the elevation of the craft in the TV television
broadcast [3] as a function of time.

The section is organized as follows. First, we describe the camera
based on the available documentation. This allows us to extract the
raw tracking information, in which the craft vertical position is given
in terms of the relative attitude in the maximal field-of-view (FOV).
Then, we isolate the jump discontinuities from the relative attitude
as a function of time, which we associate with either change in tilt
rate, or to a switch from zoom-out to zoom-in. We show how in the
process we are also able to extract the zoom as a function of time.

A. The Frames

At the time of writing of this report there were a number of
video clips of the Apollo 17 LM ascent converted from the original
NASA footage sourced from the TV documentaries or from DVD
collections. These were available on-line from the video sharing sites
such as Youtube.com or Vimeo. They are all of similar fairly high
quality, and are much longer in duration then the lift-off itself. For
our purpose we have chosen one of the longest, which has been
since removed from the Youtube.com by its authors, but which we
reposted at [3].

The camera employed a so called Field-sequential Color System
(FSCS) [4], in which single color fields are collected through a
rotating red, green and blue filter. To reduce transmission bandwidth,
the camera was modified from original specifications to broadcast
single color fields at 30 fps. On Earth, three consecutive fields would
be assembled in a single color frame at the same 30 fps rate. [5], [6]
For that reason we extract the individual frames at the rate r = 10 fps,
so the frames are 0.1 second apart. From video clips the individual
frames were extracted in JPEG format using the tool ffmpeg. [7]
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Fig. 3. The relative elevation ρ (in black) and the azimuth ζ (in blue)
of the LM AS in the camera FOV(1:1), and the camera movements (tilt
up, in gray; tilt down in red; zoom transition at green point) revealed by
the jump discontinuities in Ûρ.

Their pixel values comprise four channels (RGBA) 8-bit deep. From
each JPEG we extracted red channel, and created new monochromatic
JPEG image in which all color channels were identical to red.

Finally, we set as the zero-time the exact moment of lift-off, and
report all frames and their times with respect to it.

B. The Pan-Zoom-Tilt Camera

The following can be said about the Pan-Zoom-Tilt (PZT) camera
that tracked the craft in the television broadcast [3]:
- Its tilt rate was reported to be fixed at the values ω = 0,±3o /s,
and its zoom was in the range 6:1 to 1:1, that is, from the focal
length of f = 75 mm and horizontal (vertical) field-of-view (FOV)
of 9o (7o), to f = 12.5 mm and FOV of 54o (42o). [8]
- Its zoom was motorized, and the inspection of the footage, e.g.,
the frames 01:56.4 through 02:10.1 in [3], yields ∆tZ = 13.7 s as
the time it takes the zoom to go from one extremum to the other.

From the inspection of the footage [3] the following can be said
about PZT movements of the camera:
- Prior to lift-off the camera zoomed in on the LM AS, and at the
time t = −0.2 s it starts to zoom-out. Upon reaching the maximal
zoom-out it reverses the direction of zoom and then starts to zoom-in.
Once it reaches the maximal zoom-in the zoom no longer operates.
- Soon after lift-off the camera tilts up to follow the LM AS. At
some point the tilt up stops. Later the camera performs four short
tilt-downs.
- The camera maintains continuous view of the LM AS concluding
with the frame 00:28.7 s after which the LM AS leaves the FOV
across the left edge. The camera then starts to wander to the left and
sometime later reacquires the LM AS in the view.

C. The Lift-off Trajectory Reconstruction

Trajectory reconstruction is a standard problem when tracking
objects by the camera, e.g., cf. [9] and references therein.

Firstly, we determine relative elevation ρ = ρ(t) and azimuth
ζ = ζ(t) of the craft in the camera FOV. For that purpose we use
three points, which we call, the point B, and the points L and R.
Their location on the LM AS crew compartment is shown in Fig. 2.
We track these points from the frames -00:00.2 to 00:28.7. For the
conversion of their pixel value to the relative angles in the camera
FOV we use pin-hole model of the camera, and assume maximal



FOV. The pin-hole model suffices considering that the anticipated
distances between the camera and the craft are much greater then the
focal length. Moreover, we calculate angular distances in the frames
from their average scales. That is, we do not use tan ρ = y/ f = Y/Z ,
where Y, Z are the positions of the object in space while y its
projection onto camera plane and f the focal length. Rather, we use
ρ = σ · ∆py , where the average scale σ = VFOV/Πy is the ratio of
vertical FOV to the number of pixels in the y-direction Πy , while
∆py ∈ [−Πy/2,Πy/2] is the distance in pixels of the object from the
center of frame. As is common knowledge, in doing so we make a
systematic error in ρ of

ερ = arctan
(

2∆py

Πy

tan
VFOV

2

)
− σ · ∆py, (1)

which achieves absolute maximum near the top and bottom middle
of the half frame, and which for VFOV=42o is less then 1% (0.4o)
in magnitude. In Fig. 3 we report relative elevation ρ and azimuth ζ
found this way.

Obviously, we may assume that the camera is uncalibrated so
a question arises whether the radial distortion is relevant. [10] We
notice that for the first 13 s the craft is either near the center of the
frame, or near one of the principal (mostly y-) axis. In addition, the
scene depicted in the frames was captured by one of the Hasselblad
photographic cameras with its nearly distortion-free Zeiss Biogon
60mm/f5.6 lens. [11] Qualitative comparison between the photographs
and the frames suggests the radial distortion in the camera not to be
significant.

In the absence of panning, the assumptions above allow us to use
linear model for the absolute elevation η and azimuth α given by,

η = µ + Φ · ρ, (2)

and
α = Φ · ζ . (3)

Here, Φ = Φ(t) is the ratio of the FOV at time t to FOV(1:1),

Φ(t) =
HFOV(t)

HFOV(1:1)
=

VFOV(t)
VFOV(1:1)

. (4)

We now posit that the motion of the craft in the television
broadcast [3] is of continuity class C(1). This then means that the
functions η = η(t) and α = α(t) are C(1), too. In particular, at any
apparent discontinuity of ρ at time instance t∗ it has to be that the
left and the right limit of Ûη = dη/dt are equal, ÛηL (t) = ÛηR(t), ∀t ≥ 0.

From the video clip it transpires that when the camera zoom was
engaged it went from one extremum to the other and did not stop or
change direction mid-way. Considering that the zoom was driven by
an electric motor rotating at a constant rate which direction could
be changed, it transpires that the zoom-in (Φ+) and the zoom-out
(Φ−) functions are reverse of each other. This we write as,

Φ
+(t) = Φ−(∆tZ − t), (5)

where ∆tZ = 13.7 s is known.
Inspection of ρ in Fig. 3 suggests that Ûρ(t) has a number of

jump-discontinuities. We isolate time instances when the jump-
discontinuities occur in the first column of Tbl. 1. Let ti be an
instance when Ûρi = Ûρ(ti ) is discontinuous, meaning that the left ÛρLi
and the right ÛρRi limits differ, ÛρLi , Ûρ

R
i . Because Ûη is continuous, this

implies that every discontinuity in Ûρ is canceled either by discontinuity
in Ûµ (camera tilt) or in ÛΦ (zoom transition).

First discontinuity to be identified is the zoom-transition at 13.5 s,
marked in Fig. 3 as green triangle. The zoom-out starts at tzo = −0.2 s,
and is of known duration of ∆tz = 13.7 s, so it ends at the zoom-
transition time of tZT = tzo + ∆tz = 13.5 s. However, toward the
end of the first part of the video clip, it is obvious that past tZT

the camera is zooming-in. Obvious conclusion is that the zoom-out
continued to 1:1 and then changed to zoom-in which continued to
maximal value 6:1 that was reached at 27.2 s. This zooming behavior
is listed in Tbl. 1.
Then, the jump-discontinuity in Ûρ at t = 13.5 s has to be compensated
by the jump-discontinuity in ÛΦ, so

ÛρL − ÛρR

ρ
(t∗) =

ÛΦR − ÛΦL

Φ
(t∗). (6)

Unfortunately, Ûρ is too noisy for this relationship to be useful in
extracting Φ.

The discontinuities in Ûµ are most numerous and most easily
identified from the video clip. At 2.1 s the camera starts to tilt
upwards to follow the ascent, so Ûµ jumps from 0 to +3o /s. Similarly,
a sequence of four downwards tilts in which Ûµ jumps from 0 to -3o /s
starting at 21.9 s is identified as such, because they keep the LM
AS moving down in the camera FOV. So between 2.1 s and 21.9 s
the camera had to stop tilting upwards, and the discontinuity at 20 s
after lift-off is its obvious location.

This completes our discontinuity analysis of Ûρ, and we summarize
in Tbl. 1. In Fig. 3 we show functions η and ζ , and zoom and tilt
regions of the camera (gray for camera tilting up, red for camera
tilting down, no shade for camera not tilting, and green triangle that
indicates transition from zoom-out to zoom-in).

Most importantly, the jump-discontinuities in Ûρ stemming from
jumps in Ûµ at times t∗, allow us to deduce values of the zoom-function
as,

Φ(t∗) =
ÛµL − ÛµR

ÛρR − ÛρL
(t∗). (7)

For better numerical accuracy in determining left and right slopes
of Ûρ, we can now use neighborhood around discontinuities. In Tbl. 3
we collect all so computed Φ+(t∗) for t∗ ≥ tZT .
We assume that for the duration of zoom-in t′ = t − tZT ∈ [0,∆tZ ],
the zoom-in function can be written as,

Φ
+(t′) =

1 − q1 t′

1 + q2 t′
, (8)

with end-point values Φ+(0) = 1 and Φ+(∆tZ ) = 1/6. This zoom-
function is consistent with a behavior of the focal point of a system
of two lenses the distance between which changes at constant rate.
As ∆tZ = 13.7 s is known from inspection of the video clip, and
we know that zoom-in starts at tZT , we find through least-squares
procedure that q1 = 0.0461 s−1 and q2 = −6 q1+5/∆tZ = 0.08833 s−1.
We show the best-fit line in Fig. 4 together with data from Tbl. 3,
and find an excellent agreement.
For computational convenience we also introduce zoom-out function
Φ−(t) as,

Φ
−(t) =

1 + λ1 t
6 − λ2 t

, (9)

where we find λ1 = 0.1250 s−1 and λ2 = 0.2400 s−1.

D. The Launch Scene Reconstruction

For simplicity sake, we assume that the landing surface is
approximately flat and that the camera vertical coincide with the



Time Start (s) Time End (s) Camera Motion Tilt Rate / Zoom

-0.2 13.5 Zoom-Out Φ−(t + 0.2), Eq. (9)
13.5 27.2 Zoom-In Φ+(t − 13.5), Eq. (8)
2.1 20.0 Tilt Up Ûµ(t) = 3 o /s
20.0 21.9 No tilt 0 o /s
21.9 22.6 Tilt Down -3 o /s
22.6 23.4 No tilt 0 o /s
23.4 24.4 Tilt Down -3 o /s
24.4 25.1 No tilt 0 o /s
25.1 26.1 Tilt Down -3 o /s
26.1 26.8 No tilt 0 o /s
26.8 27.8 Tilt Down -3 o /s
27.8 28.2 No tilt 0 o /s

TABLE 1. Discontinuities in Ûρ and their interpretation in terms of
changes in the camera motion (tilt Ûµ, and the zoom functions Φ±).

t (s) µ(t) (deg) Description

0.0 0.0 lift-off
2.1 0.0 tilt-up starts
20.0 53.7 tilt-up ends
21.9 53.7 tilt-down starts
22.6 51.6 tilt-down ends
23.4 51.6 tilt-down starts
24.4 48.6 tilt-down ends
25.1 48.6 tilt-down starts
26.1 45.6 tilt-down ends
26.8 45.6 tilt-down starts
27.8 42.6 tilt-down ends
30.0 42.6

TABLE 2. Linear interpolation table for the camera tilt, µ = µ(t), in
the absence of the initial offset of the camera, µ0 = 0.
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landing surface vertical. From the frame -00:00.2 in [3] shown in
Fig. 2, we extract the positions of all four landing feet. Then, from
the offset of the front middle (Z-) foot from the midpoint between
the Y- (left) and Y+ (right) feet, we find the angle

γ = 13.8o, (10)

between the line camera-LM AS, and the LM AS Z+ axis. Similarly,
from the vertical angle between the feet Z- and Z+ we find that
height of the camera above the launch site is

hC =
c2

cos γ D
· ∆φ = 7.2 m, (11)

where the diagonal distance between the feet is D = 9.45 m (=31 ft)
and ∆φ = 0.25o is the vertical angle between the two feet at 6:1

t∗ (s) Φ+(t∗)

20.0 0.44
21.9 0.36
22.6 0.31
23.4 0.28
24.4 0.25
25.1 0.25
26.1 0.20
26.8 0.17
27.8 0.15

TABLE 3. Zoom function Φ+ is reconstructed from the magnitude of
tilt discontinuities, and plotted in Fig. 4 with the best-fit model (8).

zoom. For Eq. (11) we read the distance from the camera to the
launch site from the map in Fig. 1,

c = 120 m. (12)

We re-evaluate this distance again later when we discuss alternative
interpretations of the television broadcast [3].

Considering that the LM Descent Stage (DS) is hDS = 3.2 m
high, and that the AS is hAS = 2.8 m high, we find that the the point
B is at

x0 ≈ −hC + hDS = −4 m, (13)

that is, below the camera. As x0 = c·tan(µ0+Φ
−(−0.2)·ρ(−0.2), where

ρ(−0.2) = −8.7o from Fig. 3, and Φ−(−0.2) = 1/6, we conclude that
the camera vertical offset is,

µ0 = −0.45o . (14)

We combine µ0 with the model from Eq. (2) and find the absolute
elevation of the craft in the television broadcast [3] of the Apollo
17 ascent. This we report in Fig. 5 (black circles), and remark that
this reconstruction is independent from the underlying motion of the
craft.

III. THE APOLLO LUNAR ASCENT TRAJECTORY

The Lunar Module ascent from the surface was supposed to be
the last part of the lunar stay of any Apollo mission. [12], The single
objective of the ascent would be to achieve an orbit from which
rendezvous with the orbiting Command and Service Module (CSM)
could be executed. The target orbit was 16.7-by-44.4 km (9-by-24 nm)
at a true anomaly of 18o , and the 18.3 km (=60,000 ft) altitude. The
time of lift-off would be chosen so to provide the correct phasing
for rendezvous. The target requirements were height, velocity, and
orbit plane. Unlike the Descent Propulsion System (DPS), which
featured a throttleable gimbal drive capable of adjustments of up
to +/-6o , the Ascent Propulsion System (APS) would have a fixed
gimbal angle and would not be throttleable (it would possess only
“on” and “off” states). During the ascent the vessel would be steered
by the guidance logic that controlled the Reactive Control System
(RCS), so no input from the astronauts would be required. For that
reason, the ascent would probably be quite similar, if not identical,
between the Apollo missions.

With respect to the craft pitch θ from the vertical +X axis, the
ascent comprised two phases, namely, the Vertical Rise (VR) phase,
and the Orbit Insertion (OI) phase:
VR: Purpose of the Vertical Rise (VR) Phase was for the LM AS to
achieve terrain clearance. During its first two seconds, which we refer
to as the “Descent Stage Clear,” the guidance logic would maintain
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Fig. 6. The Vertical Rise Phase of the Apollo 11 LM AS. [12] Also
shown is the nominal threshold for the guidance logic (digital autopilot)
to switch to the Orbit Insertion phase.

the initial attitude (orientation) of the LM AS (with respect to the
ambient). Then, the LM AS would adjust θ so that it flies straight up,
and possibly rotate (yaw) so that in the end its XZ-plane would be
parallel to the orbital plane of the CSM. The guidance logic would
terminate the VR Phase after 10 s, or if the vertical velocity reached
15.3 m/s (=50 fps), which ever came first.
OI: The Orbit Insertion (OI) Phase would start with the guidance
logic increasing the pitch θ in steps. In popular vernacular the first
pitch change was referred to as the “pitch-over.” The OI Phase would
terminate once the target orbit was reached in phase with the CSM.

A. Apollo 11 Data

The craft in the broadcast does not perform any yaw for the
duration of recorded ascent. This suggest that the XZ plane of the
craft on the ground must have been already parallel to the CSM orbit,
cf. Fig. 2. In that XZ plane the motion of an LM AS is described
by the rocket-motion equations,

Üx = τA cos θ − g,
Üz = τA sin θ,

(15)

where τ is the thrust acceleration of the rocket, g is the local gravity,
and a = τA − g is the resulting vertical acceleration of the rocket.
Here the following comment is due. The thrust acceleration is, in
fact, a function of time τA = τA(t) because the total mass of the craft
decreases by using the fuel for propulsion. More detailed analysis
gives,

τA(t) =
τA(0)

1 − Ûm t
m0

, (16)

where the propellent mass flow rate is Ûm = 5.1 kg/s, while the initial
mass of the LM AS is m0 = 4, 882 kg. [13], [14] As for the short
initial times t′, such that Ûm · t′ � m0, the changes in mass can be
neglected, we can assume τA(t) ' τA(0) is a constant and drop its
time dependency. As for the elevation η = η(t) of the LM AS during
the lunar ascent, this is given by,

tan η =
x√

c2 + z2 + 2 c z cos γ
≈

x
c + z cos γ

, (17)

where the latter expression is valid for |z | � c, that is, for early OI.
Fig. 6 shows the VR and early OI Phases reported for the Apollo

11. [12] The vertical trajectory x = x(t) is well described by a
constant-acceleration motion starting from rest,

x(t) =
a11

2
t2, (18)



where the lift-off occurs at t = 0. Here, the lift-off acceleration a11

was extracted from Fig. 6 to be,

a11 = 1.57 m · s−2 = τ11 − gM , (19)

where the Moon gravity is gM = 1.62 m·s−2, while τ11 = 3.19 m·s−2

is the thrust acceleration of the Apollo 11 Ascent Propulsion System
(APS) at lift-off.

The pitch-over occurred at TVR ' 10 s (more precisely 15.2/1.57 =
9.7) because the velocity threshold has been reached, and after some
14 s the LM AS was pitched by 38o . At 16 s from lift-off, the pitch
was 52o . These pitch angles are consistent with the specifications of
the Reactive Control System (RCS), which under the guidance logic
(digital autopilot) would provide the pitch rates up to the maximal
10o /s.[15]

Based on this data we construct a linear interpolant for pitch angle
θ = θ(t) for Apollo-like lunar ascent in Tbl. 4. We remark that during
the Vertical Rise and Early Orbit Insertion the pitch cannot be above
the maximal value θmax ' 52o , because this assures that the craft
continues to accelerate upwards, Üx = τ cos θ − gM ≥ 0.

time θ(t) Comment

0.0 0o Descent Stage Clear / Vertical Rise
TVR 0o “Pitch-over”

TVR+6 s 52o

30 s 52o End of continuous coverage
in TV broadcast

TABLE 4. Linear interpolant table for the pitch angle in an Apollo-like
lunar ascent, assuming that the duration of the Vertical Rise is some
TVR , not necessarily 10 s as was the case with the Apollo 11.

IV. VERTICAL RISE AND EARLY ORBIT INSERTION
PHASE OF THE CRAFT IN TV BROADCAST

It is difficult to determine from the inspection of the television
broadcast [3] when the craft started turning. However, in the frame
00:11.5 the viewer can get clear view of the bottom of the craft. At
that time the craft elevation is η(11.5 s) ≈ 45o , so the pitch is

θ(11.5 s) = 90o − η(11.5 s) ≈ 45o . (20)

Considering that the maximal turning rate of the guidance logic
(digital autopilot) is Ûθ = 10o /s, this suggests that the Vertical Rise
ended not later than

TVR ≤ 11.5 − 45/10 ' 7 s. (21)

This we investigate further by introducing the projected vertical
position x̂ = x̂(t) of the craft in television broadcast [3], given by

x̂(t) = c · tan η(t), (22)

with c the distance between the camera and the launch site given in
Eq. (12) sourced from the map in Fig. 1.

The second degree polynomial,

P2(t; a, v0, x0) =
a
2

t2 + v0 t + x0, (23)

is an excellent description for x̂(t) for t ∈ [0,TVR]. We find its terms
by minimizing the Mean-Root Square Error (MSRE),

MSRE2(TVR) =
1

N − 3

N∑
i=1

(x̂i − P2(ti ; a, v0, x0))
2, (24)

where x̂i = x̂(ti ), while N = N(TVR) is the number of points in the
data set ti ∈ [0,TVR]. In parallel, we introduce difference ∆x = ∆x(t),
as

∆x(t) = x̂(t) − P2(t; â, v̂0, x̂0), (25)

where the best-fit parameters

â = 1.45 ± 0.06 m · s−2,

v̂0 = 1.4 ± 0.2 m · s−1,

x̂0 = −3.9 ± 0.4 m,
(26)

are calculated for the same TVR = 7 s.
In Fig. 8 we show the B-spline smoothed ∆x from Eq. (25) in red.

That the value TVR = 7 s is self-consistent follows from the fact
that the first derivative does not change its sign, d∆x/dt ≥ 0 for
t ≥ TVR . This behavior of ∆x(t) strongly suggests that the projected
acceleration of the craft in the television broadcast [3] increases once
the vessel starts turning away from the vertical (after pitch-over),
that is, the craft jerks forward. In the same plot we compare the
forward jerk to the change in ∆x that we find for a hypothetical LM
AS powered by the Apollo APS. This we do by solving Eq. (15)
using the Apollo 11 thrust acceleration and pitch schedule from
Tbl. 4, and x̂0 from Eq. (26). The behavior of ∆x(t) for the nominal
Apollo APS is as expected: After the pitch-over the Apollo LM AS
vertical acceleration gently decreases, that is, the LM AS gently
jerks backwards as the thrust of its rocket engine becomes divided
between continuing to push the LM AS upwards, and starting to
accelerate the LM AS horizontally.

V. BUILDING THE CASE FOR FABRICATION OF THE
LAUNCH SCENE

For the duration of the Vertical Rise and the Early Orbit Insertion
Phases we count five major anomalous discrepancies between the
trajectories of the craft in the television broadcast [3], and of the the
nominal Apollo Lunar Module (LM) Ascent Stage (AS) propelled
by the Ascent Propulsion System (APS):

Firstly, there are inconsistencies in the camera operator Ed Fendell’s
description of how the scene was filmed. Curiously, the delay between
the initiating the start (as in pressing the ’start’ button) and the actual
start of the LM AS rocket engine was known to be around 0.2 to
0.3 s. In the television broadcast [3] the camera starts to zoom-out
by the approximately same amount of time before the rocket engine
starts. In other words, at the launch site the two events, initiating
the start of the rocket engine and the camera beginning to execute
received commands, were approximately simultaneous. Conversely
according to his own statement, the camera operator Mr. Fendell
did not actually look at the live feed when he was commanding
the camera. Rather he stated, he prepared the camera commands
beforehand and then sent them based on the timer synchronized to
the launch schedule. In [16] he said the mark was three seconds,
while in [17] he was quoted saying the mark was two seconds. In the
absence of official NASA value for the round-trip travel time of the
communication signal, the value circulated in general public is 1.3 s.
Thus, a command sent at the three second mark would reach the
launch site at −3− 0.3+ 2 · 1.3 = −0.7 s (before the lift-off), while a
command sent at the two second mark would be at the launch site
0.3 s after the lift-off. Besides not resolving the synchronicity of two
events, the other problem with the entire story is that the only time
mark announced by the crew occurred at 188:01:27 GET at 10 s
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mark [18]. Moreover, the up-link from LM to ground control would
be lost around that time and would not be regained for the next four
minutes. On both mentioned occasions [16], [17] Mr. Fendell stated
that he communicated to the commander how far the camera should
be from the launch site. In official record of all oral communication
between the ground control and the crew, the Apollo Lunar Flight and
Surface Journal, no such communication is ever reported. In fact, on
Apollo Journal web site two different values are listed, c′ = 158 m
at [19], and c′′ = 145 m at [20] instead of Eq. (12). Relying on either
of these distances means that the values we reported in Eq. (26)
would have to be multiplied by the ratio c′(′′)/c. As these ratios
are 21% (32%) greater than unity, the acceleration ∆a of the craft
in the television broadcast [3] are that much greater that what we
reported. The problem with these “corrected,” albeit higher, values is

that these accelerations were not reachable by the Apollo APS. 1 In
other words, were the distance to the launch site exceeding c = 120 m
then the craft in the television broadcast [3] can not be an Apollo
LM AS.

Secondly, the craft overall ascent trajectory is not similar to the
nominal Apollo APS trajectories with either TVR = 10 s or 7 s,
cf. Fig. 7.

Thirdly, the engagement of the guidance logic at TVR ' 7 s is
arbitrary. It is not clear what triggered the guidance logic (digital
autopilot) to start to change the pitch θ: From the best-fit parameters
of the craft motion, at the end of the Vertical Rise the craft velocity
is

v(TVR) = â TVR + v̂0 ' 11.5 m · s−1 = 38 fps, (27)

which is below the 15.2 m·s−1 (=50 fps) velocity threshold, and 10 s
has not yet expired.

Fourthly, the craft’s initial velocity v0 = 1.4 m·s−1 is too great.
This fact has been discussed on the internet forums since Braeunig
published simulation of the Apollo 17 lift-off based on zero initial
velocity [22]. To our knowledge there are two explanations for this
phenomenon that are being circulated among Apollo enthusiasts. First
is that this was some sort of transient associated with the starting of
the APS rocket engine, while the second is that this was caused by,
so called, “Fire in the Hole” effect. [23] We examine each of these
hypotheses more closely.
Transient: In [24] (cf. Fig. 8 therein) the initial transients of an APS
rocket engine were captured. These transients can be approximately
described as peaking at ignition time at fpk and then linearly decaying

1To our knowledge the LM AS maximal acceleration was a = τ5−gM = 1.71 m·s−2,
where τ5 = 3.33 m·s−2 was recorded in the Apollo 5 mission, cf. [21], Fig. 6.10-12
on p. 6.10-24. This was automated test flight in low-Earth orbit.



to 0 over the transient duration time ttr . This type of transient creates
an initial velocity vtr , given by

vtr ≈
1
2

fpk ttr . (28)

The analysis reported fpk ' 0.5 · τ ∼ 1.5 m·s−2, with ttr ' 100 ms.
Following Eq. (28) this contributes with vtr ∼ 0.25 ttr τ ∼ 0.1 m·s−1,
which is order of magnitude too little compared to the observed
v0 = 1.4 m·s−1.
“Fire in the Hole”: In the course of the Apollo program, it has
been quickly recognized that operating a rocket engine against a flat
surface close by, may introduce additional (destabilizing) forces on
the craft. The study of the effect was one of the important goals
of the Apollo 5 mission [21]. However, no v0 , 0 has ever been
reported either for the Apollo 5 LM AS separation from the Descent
Stage, or for the lunar ascent of the Apollo 11 mission.
To estimate the magnitude of the actual transient that produced
v0

>
∼ 1 m·s−1, we may assume that its duration was ttr ∼ 0.1− 0.2 s,

yielding the peak acceleration f ′pk ' 2 vtr/ttr ' 28 down to 14 m·s−2.
Such f ′pk is some 5 to 10 times greater than the thrust acceleration
τ17 ∼ 3.1 m·s−2 of the Apollo APS could provide for the lunar
ascent. We foresee two alternative explanations, where by the first an
explosion took place underneath the LM AS, and by the second the
actual thrust acceleration of the rocket engine of the craft was much
smaller then what the TV broadcast had let us believe. As for the
former, besides not being corroborated by the mission documents,
the TV broadcast does not support it either. Consider that the same
force that accelerated the LM AS also acted on the spent Descent
Stage (DS). The magnitude of this force may have been as high
as F′ = m0 · f ′pk ∼ 120 kN and was acting upon the DS in highly
asymmetric fashion. Considering that single landing gear could stand
20 kN before flexing, in response to F′ the DS would have to be
visibly perturbed. However, in the TV broadcast the DS and its
landing gears do not move a single pixel in response to the lift-off.
We are thus left with the latter hypothesis, that the thrust accelerations
and the lift-off forces were much smaller in magnitude then they
appeared to have been. The question of the scale of the scene is
further exacerbated by the next observation.

Fifthly, the craft jerks forward as it turns away from the vertical.
As shown in Fig. 8 bottom panel (in black), during the ascent from
lunar surface the vertical acceleration would have decreased as the
LM AS turned away from the vertical.. The acceleration of the craft
in the television broadcast [3] (in red), on the other hand, increased
for some time after it turned away from the vertical. This forward
jerk is not consistent with a free flying rocket in space. Rather, it
suggests presence of yet another, so far, hidden force, which reveals
itself once the craft turns away from the vertical.

VI. 1-D CONSTRAINED LIFT-OFF TRAJECTORY AND
SCALING OF THE LAUNCH SCENE

We next introduce a physical model of lift-off that resolves all
observed discrepancies.

First, we calculate change in apparent vertical acceleration ∆a
caused by the rocket engine pitched at the angle θ from the vertical,

∆a = τX (θ) − τX (0), (29)

(a) rocket/2D (b) roller-coaster/1D

+Z

+X τ
θ+X

+Z

τ

g g

θ

r

tracks

LMAS cart

Fig. 9. Forces acting on the craft in two cases discussed in the text.
Left panel (a) shows forces acting on the Lunar Module Ascent Stage
flying freely in the space, which is momentarily pitched at an angle θ
from the vertical (+X) axis. Please note, the LM AS being pointed in
the direction θ does not mean it is moving in the same direction. Right
panel (b) shows forces acting on a rocket propelled roller-coaster cart
that is passing over a section of tracks that is pitched at the same angle
θ. In this case the direction of the cart coincides with the direction of
the motion. Importantly, even though the tracks might not be visible to
a naked eye, the effects of the “invisible” reaction force (represented
here by its acceleration r) are - here the rocket engine is opposed only
by the fraction of the gravity parallel to the tracks, while the tracks carry
some of the cart’s weight.

where τX is projection of thrust acceleration onto X-axis. For θ >
∼ 0,

this is given by,

∆a ≈
{

0, for t ≤ TVR,

−τA (1 − cos(θ(t)), for t > TVR .
(30)

From there, a signature of a rocket motion in free space is that when
the rocket begins to pitch, its vertical acceleration gently decreases
(jerks backward) as a function of pitch θ. This is clearly shown in
Fig. 8 in the trajectory of nominal APS rocket engine (in black).

Now, as indicated earlier, the forward jerk suggests presence of
yet another force, which magnitude increases with increasing pitch
θ. As we show next, this force is consistent with the reaction force
of the tracks along which the craft is sliding: As the craft’s pitch
increases more of its weight is carried by the tracks rather then
the rocket engine. We refer to this as the roller-coaster motion, and
briefly derive its equations of motion. But before do that, we remark
that now the scaling of the scene λ has to be incorporated, as well,
because why would one has built roller-coasters on the Moon if they
could have flown to it. In NASA parlance, the scale λ where λ < 1, is
opposed by the “full scale” in which λ ≡ 1. The propulsion provides
full scale thrust acceleration τ and is opposed by the Earth gravity
g = 9.82 m·s−2. Even though this is motion in two spatial dimensions,
because it is constrained to the tracks it is effectively a 1-dimensional
motion. Assuming no friction, the full-scale acceleration of the cart
Ül = Ül(t) along the tracks is,

Ül(t) = τ −
g

λ
cos θ, (31)

where the pitch of the tracks follows from their design, θ = θ(l).
Being forced to move along the tracks means that the full scale
velocity of the cart is,

Ûx = Ûl · cos θ,
Ûz = Ûl · sin θ.

(32)

The full scale differential ∆a from Eq. (29) is given by,

∆a = cos θ Ül − (τ −
g

λ
) = (

g

λ
(1 + cos θ) − τ) · (1 − cos θ) ≥ 0, (33)



which is positive for τ ≈ g

λ
+ â ≤ 2 g

λ
, and shortly after pitch-over

(while the projected vertical acceleration is still not affected by the
motion in Z-direction). For the rocket engine, as we have shown in
Eq. (30) ∆a is negative, and the two motions, free flying rocket and
roller-coaster, thus carry distinct signatures.

At this point we remark that it is not difficult to find the pitch
schedule for roller-coaster motion that fits the lift-off trajectory almost
perfectly. Under the constraints that the thrust of the self-propelled
craft remains constant and that there is no friction, we find that for
good fit the scale of the scene has to be 1/λ ≥ 10. This simplified
model of roller-coaster, however, does not reproduce the observed
pitch schedule. In the television broadcast [3] at 11.5 s the craft is
pitched at around 45o , which is reached by roller-coaster somewhat
later. The problem with the effort to better describe the pitch schedule
is that it calls for various frictions (static, from the tracks∝ −g/λ sin θ;
velocity dependent ∝ −v,−v2) to be introduced, then to more closely
describe the rate of change of the mass of the craft, and to allow
for the thrust acceleration to vary. These mechanisms we have not
investigated further because they shift the question from “if” the
television broadcast [3] was fabricated to “how it was done,” and
this question is irrelevant for the future of lunar exploration.

As a side note, we remark that the anomalous fpk ∼ v̂0/∆ttr is
easily explained through scaling. Consider that now the ratio, which
was in the television broadcast [3] fpk

τ
∼ 10, becomes,

fpk

τ
'

fpk

g

λ
+ â
∼
λ · â
g
� 1, (34)

for λ � 1, as expected from the good engine design. In other words,
v0 is visible because the actual thrust of the propulsion is much
greater then what is seen in the broadcast, g/λ � â.
Similarly, the nature of the propulsion of the craft can now be
resolved, because given the limitation of size and of weight of the
scaled down replica of the LM AS, it would be impractical to use
scaled down rocket engine: Why would replica carry the fuel and the
oxygen when the oxygen is available from the atmosphere. Natural
choice would be to use scaled down jet engine, and there are two
additional clues that strongly suggest this to be the case: Firstly, the
speed of exhaust gases of the jet engine is not as great as that of the
rocket engine, so their mass has to be. The massive amounts of dust
flying in the wake of lift-off seen in the television broadcast [3] is
consistent with the large amount of exhaust. Secondly, the jet engine
can have an afterburner (which manifests itself in a flame appearing
behind the engine). The appearance in the television broadcast [3]
of the exhaust plume during the first 0.7 s of the lift-off is consistent
with the afterburner being active then turned off. The dust cloud
dynamics is separately discussed in the Appendices.
Then, the motion of the dust cloud created by the lift-off can be
extracted from the television broadcast [3]. Not surprisingly given
the true nature of the scene, the dust cloud closely follows the craft,
in a shape seen below any craft vertically taking off from the dusty
surface. Were the launch filmed on the Moon, there would be very
little dust because the LM AS would be taking off the elevated
Descent Stage and this would prevent the exhaust plume to reach the
ground. That little dust that would be blown off the ground would
be flying away from the launch site following ballistic trajectories
at vary low angles, and not trailing the ascending craft.

VII. CONCLUSIONS

Following the reconstruction of the reported Apollo 17 lunar lift-
off, we have shown that the trajectory of the craft in the television
broadcast [3] is not consistent with the rocket flying freely in space.
Rather, we have isolated number of anomalies all of which strongly
suggest that what was shown in the broadcast was a scaled-down
replica of the Lunar Module Ascent Stage ascending along the tracks
from the stage in a specialized film studio on Earth.

VIII. APPENDICES

In this section we discuss some other anomalies isolated in the
television broadcast [3].

A. Dust Cloud

1) The Shape: From the analysis of pixel values in all frames up
to 10 seconds after liftoff, we choose four pixel levels, 42, 52, 62
and 72. From the selected frames at 0.5 s intervals, we find isolines
(all pixels at a level) in the section of the frame below the craft. We
then convert pixel coordinates to distances using the position of the
craft from Eq. (26). In doing so, we make an approximation that all
the intensity variations occur in the XZ-plane of the ascending craft.
In Fig. 10 we show these isolines which give us good idea how the
dust cloud propagated in response to the liftoff.

The shape of the dust front clearly shows that the craft ascends in
pressurized space. Having surrounding air is necessary to create
upward draft that keeps the dust clouds trailing the craft. The
downward directed hot gases from the exhaust heat the surrounding
column of air (initially at standard pressure and temperature) and
so make it move upwards, where the upward motion of the air is
synchronized with the motion of the craft (as its exhaust causes this).
As the surrounding air carries the dust from the launch, the dust
continues to be carried upwards in a pattern characteristic for earthly
launch. So, the obvious conclusion is that the motion of the dust
reveals that the ascent is happening in the aerated space, and not on
the (airless) Moon.

2) The Motion: We continue to quantify the correlation between
the motion of the dust cloud, the motion of the craft in the television
broadcast [3] and its apparent change in brightness.

To assess the change in the brightness of the LM AS we proceed
as follows. We select frames from the television broadcast [3] in time
interval 3 s to 10 s after liftoff. In the frames we isolate approximate
position of the point under the bottom left corner of the LM AS.
We create pixel column vector at offset DX=12 from the left corner,
and find approximate height of the craft, and determine heights
like we did for the shape. The maximal brightness of the LM AS is
determined as the maximum value of the pixels in the vector between
the bottom left corner of the LM AS and the top of the frame. These
values are shown in Fig. 12 in orange, where the raw pixel values
are given as points for times greater than 4 s. These suggest that at
the time 4 s after liftoff the maximal pixel value (apparent brightness
of the LM AS) triples from ∼70 to ∼ 220 over the next ∼ 0.5 s,
and then continues to drift to higher pixel values. Over that time
the craft approximately ascends by one its full scale height (∼ 4 m).
We quantify the motion of the dust cloud the same way it was
done for its shape. We choose two pixel values, 52 and 62, and in
the line segment below the LM AS find maximal heights at which
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Fig. 10. Formation and motion of a dust cloud below the craft in the television broadcast [3] in terms of the isolines at various pixel levels (42, 52,
62 and 72) at 0.5 second intervals between the 3-rd and 10-th second after liftoff. Obviously, the cloud is trailing the LM AS, while mildly spreading
at the same time. The gaps in the contour lines at the (lowest) pixel level 42, is where the bottom of the craft is approximately located.
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these values are found, using linear interpolation for pixel values. In
Fig. 11 we show the heights at which these levels are found as points
(red for 52, green for 62). Both isolines fit the linear model well,
where both fronts have approximately same velocities of 16 m·s−1.
Furthermore, the speed of the dust front have observable transition

(increase in slope) in the interval 5 to 7 seconds after liftoff, at the
height ∼ 20 m (marked in the plot as a grey box titled “Dust Cloud
Velocity Transient Region”). What is important to observe is that at
this height we find (i), sudden increase in speed of the dust cloud;
(ii), increase in brightness of the cloud; and (iii), the craft becomes
brighter. In Fig. 12 the position of front at 62 is shown as a function
of time (black heavy dotted line), and there it can be seen that the
velocity of the front is almost identical to the mean velocity of the
craft during the same time. So the first conclusion is that the dust
cloud trails the craft, which is not something that could happen in
vacuum.

B. Safety Window

Then, the combined changes in the brightness of the entire scene
(craft and dust cloud) are most easily explained by change in
illumination, which is consistent with a presence of the safety glass
window. The height of the window thus extends some 20 m full
scale (some 2 m considering 1/λ ' 10) above the ground.

As we show in in Fig. 13, by 0.2 s after liftoff the dust flow
emerges which reveals dust barrier perpendicular to the camera
direction. Consider that the Lunar Module (LM) Ascent Stage (AS)
sits on the Descent Stage (DS) along Y± (left and right) directions,
while in the Z± (forward and backward) directions it presents an
open view of the APS. What we expect in the first moments after
liftoff, is that the flow of exhaust is strongly affected by the geometry,
so it should be directed toward and away from the camera. However,
as Fig. 13 shows, the dust flows in the Y± directions. Furthermore,
there is a clean boundary between the areas where the dust is moving
(left and right), and the areas where no such motion is present (in
front of the DS). Both of these features are consistent with a window
in front of the LM. Its obvious purpose would be to allow unhindered
view of the entire ascent.

Secondly, the motion of the dust is inconsistent with the exhaust
flow in vacuum: Were the LM surrounded by vacuum, the dust
would be blown in the direction of exhaust, where the areas under
the Descent Stage would be unaffected. However, on closer inspection
of the same frames the dust around the landing gear is being levitated
rather then swept laterally, which suggests these are the areas of low
pressure that are created by the fast flows of air above them.
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Fig. 13. Shortly after liftoff (full color frame 1841, [00:00.0]) the dust moves in theY± (left and right) directions, and at 0.1 s (frame 1842, [00:00.1])
and 0.2 s (frame 1842, [00:00.2]) a clear boundary is formed between the areas where there is a flow of dust, and where such flow is absent.
Similarly, near the boundary, and around the landing gears and below the Descent Stage the dust is pulled upwards. As discussed in the text, the
two features are consistent with a safety window between the scene and the camera.

Fig. 14. The separation of the exhaust plume from the nozzle seen
in the television broadcast [3] (Left panel, frame 00:00.8) indicates
over-expanded flow, that is, the exhaust pressure is lower then the
ambient pressure. Conversely, an artistic rendition of the Apollo 5 APS
exhaust plume in NASA mission documentary programming (Right
panel, Youtube video clip [25], frame 11:09.0 rotated by 90 degrees
from the original) features under-expanded flow typical for low-pressure
or vacuum environments.

C. Over-expanded Exhaust Plume that Vanishes

During the Descent Stage Clear (first two seconds of ascent after
liftoff) there are two anomalies related to the appearance of the
exhaust plume:
Firstly, the plume is only visible for the first 0.9 s after liftoff. It
reappears some 12 s later at the beginning of the Orbit Insertion.
Secondly, its shape is indicative of over-expanded flow. As is known,
the over-expanded shape is characteristic for rocket engines operating
in the environments in which the ambient pressure is greater than
the pressure of the exhaust gases at the nozzle exit.

For comparison, in an educational short motion picture that NASA
released following the Apollo 5 Mission there is a 4 second long
animated sequence of separation of the Lunar Module (LM) Ascent
Stage (AS) from the Descent Stage (DS) in what is known as
the “abort” maneuver. The animation was done by an anonymous
artist, who was obviously guided by NASA scientists in envisioning
how the plume would look like in space. In the animation, the
exhaust plume maintains its shape and brightness for the entire some
4 s long separation sequence (Youtube video [25], frames 11:08.1
through 11:11.8). This exhaust plume indicates under-expanded flow,
as expected from a rocket engine operating in a low pressure or
vacuum ambient. None of these features are seen in the television
broadcast [3].

D. Flying Objects - Markers

One of the anomalies of the television broadcast [3] are appearance
of large number of small fast moving objects which appear during the
Descent Stage Clear of the Vertical Rise Phase. The trajectories of
these objects appear to originate from the space in-between the Lunar
Module (LM) Ascent Stage (AS) and the Descent Stage (DS) top
surface. We discuss their nature next. We note that all flying objects
are approximately 3 pixels in diameter (full scale size of 18 cm, or
some 7”), and of similar white color.

We discuss the rate at which these objects appear and surmise
their nature.

To count the objects, we first examine frames prior to liftoff and
identify all the stationary objects that could be in later frames mis-
identified as flying. We then examine the red-channel frames and
isolate most of objects that appear to be flying, and subtract from
that list known stationary objects. We then convert the flying objects
pixel-coordinates to positions in the Descent Stage (DS) coordinate
system which origin is in the center of the top surface of the DS.

We consider two possibilities regarding the origin of the flying
objects. Firstly, the flying objects could be the fragments of something
that exploded or was torn off during separation of the LM AS from
the DS. Secondly, the flying objects could be the markers that were
left-over from material used for different studies on interaction of
exhaust plume with the soil.

The “fragments” may come from many things. We have already
discarded a possibility that the liftoff started with an explosion. Popular
alternatives are that these could be the pieces of the radiation shielding
that were torn off by the APS plume, or that these were remnants of
the explosions of the explosive devices that are known to have been
part of the LM, and which role was to physically separate the LM
AS from the DS in preparation for the launch. We remark that “in
preparation” means tens of seconds or more before the liftoff, and
not during the liftoff. Irrespectively, we remark what these objects
are not: They are not droplets of plastic material that was supposed to
be used for ablative cooling of the Ascent Propulsion System (APS).
While high temperatures would melt the plastic away the time frame
in which they appeared was too short for them to recondense in
spherically shaped objects, all of the similar if not the same size.
Their uniform size also excludes possibility that these come from
the radiation shielding, as these would be random in size and of
obvious leaf-like shape, and their appearance would be preceeded
by bulging and peeling of sections of the shielding from the LM AS.

We find their true nature in the NASA study of the scaled lunar
module jet erosion, [26] or L-1043 for short. In the study the erosion
of soil by scaled jet engine in air was examined for different types of

https://en.wikipedia.org/wiki/Rocket_engine_nozzle
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Fig. 15. Number of particles in flight for different gravel sizes (test L-
1043 [26]; approximate scale 1:20) and in television broadcast [3] of the
Apollo 17 ascent, all as a function of the ratio of the jet nozzle height to
its diameter. While the marker count scales nicely to the gravel count,
please recall that the Ascent Stage flew off the Descent Stage, rather
then off the lunar soil.

soil from various glass beads to gravel of size 3.7” and 6.1”. Please
note, in the test L-1043 the length scale was 19.6, and all the reported
lengths were in full size. In the experiments it was observed how
much soil particles would jet eject during landing. For our purpose
we extracted two sequences of frames at 5 fps from the last two
experiments (gravel size 3.7” in frames 03:01.1 through 03:06.1 and
size 6.1” in frames 03:29.2 through 03:40.8), and in each sequence
counted the number of particles in flight in each frame, but before
the jet engine began to hover. We then rescaled the height of the
nozzle (H) to its apparent diameter (D), and used that as the scaled
height (H/D). In Fig. 15 we compare the number of particles in flight
for two gravel sizes, to the number of flying objects extracted in the
television broadcast [3], where instead of time we used the ratio of
the height of the craft to the known diameter of the LM AS nozzle,
dAPS ' 0.9 m.

We can see that the two have almost identical particle count vs.
height signature, with the difference that there were approximately
twice as many particles in the television broadcast [3] compared to
L-1043. It is particularly important to notice that in L-1043 the larger
particulate of the tested two appears more often at greater heights
of the nozzle, in agreement with what is seen in the television
broadcast [3]. We thus conclude that the flying objects are more
likely to be “markers,” rather than “fragments.” Their purpose in
fabricating the ascent is obvious: they are needed to show that the
craft is moving under its own propulsion, because the exhaust plume
vanishes shortly after liftoff.

We next discuss the location of the markers in fabricating the
ascent. We surmise that they are either attached to the nozzle wall,
where they would peel off under the exhaust pressure and fly out; or,
dropped in the closed-off section of the Descent Engine Compartment
(DEC) facing the nozzle. We test if the markers were initially attached
to the nozzle wall as follows. We perform numerical study, in which
we compute full 3-D trajectories of markers launched from the rim
of the nozzle at 165o and 195o (±15o with respect to the DS’ X−
direction). We assume that at each integer azimuth angle there is
one marker, and that they elastically reflect in the collision from the
DS top surface, and pick-up some lateral speed from the exhaust
while they fly between the two stages. For the subsequent analysis
we split the marker trajectories with respect to the sign of projected
angle to those flying to the (-) left and to the (+) right. For each

sign we find that the average projected angle θ̄noz,pro j is consistent
with the nozzle rim angle θnoz , as

tan θ̄noz,pro j =
2
π

tan θnoz (35)

thus close to ±15o . Also, we find that the lateral negative drag,
assuming that the drift speed of the exhaust gases is greater then
the speed of the markers, has to be immense for the exhaust to
significantly alter the markers trajectories. For the marker trajectories
in the television broadcast [3] we find the average reflected trajectory
angle as ±60o , inconsistent with the nozzle angle of 15o . In addition,
if one looks at the full color frames of the ascent in many cases
single markers were captured in all three colors: The extrapolation
of those trajectories always point to the center of the DS top surface
(rather then to the nozzle image on the other side of the surface were
the markers originating from the nozzle then bounced off the DS).
All this points to markers being stored initially in the DEC. This we
examine quantitatively. We have counted total of N = 239 markers,
cf. Fig. 15, based on their full scale velocities being in excess of
60 m·s−1 meaning that the same marker could appear in 1 or 2 frames
(1.5 frames on average). From the marker diameter dm ∼ 18 cm
we find they occupy volume V = N/1.5 · π d3/2 ∼ 0.5 m3. Given
the full scale size of the DEC opening of 1.2 m-by-1.2 m, and the
Gauss filling factor of ∼ 3/4, we find that the markers would require
storage depth of ∼ 0.5 m, which the LM DS could accommodate.
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