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Penta Prism/Mirror and Roof Penta Prism/Mirror Line-of-Sight Sensitivities
Summary
Penta prisms and roof penta prisms have very similar optical properties and are useful for deviating a beam 90° accurately.  However, though their 90° deviation is maintained to a first order when misaligned to an input beam, nominal misalignments can impact the line-of-sight (LOS) sensitivities of the exiting beam to prism motion.  If nominally aligned perfectly, the first-order LOS sensitivities are such that the exiting beam will only move along a common axis (linear LOS jitter pattern) even if the prism has angular motion in ANY direction.  Nominal misalignment, however, can result in an elliptical LOS jitter pattern in the presence of random angular vibration in all three axes.  The width of the ellipse is linearly proportional to the angular misalignment of the prism about its nominal exit LOS vector (prism “roll”).  If jitter due to vibration of a penta prism or roof penta prism is only acceptable in one linear direction, close attention must be paid to the initial alignment of the prism.

A penta prism and roof penta prism can be used in series to form a retro-reflector which has the same sensitivity (as a unit) as a corner-cube retro-reflector.  However, relative vibration of the two prisms results in LOS jitter in a pattern per the above description.  If nominally perfectly aligned, the jitter pattern will be collinear for both prisms.
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Figure 1:  Penta prism and roof penta prism
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Figure 2:  Penta prisms – Polished square surface are input and exit faces
Though less common, a penta mirror or roof penta mirror, which has the same optical sensitivities as their prism counterparts, can be constructed using mirrors mounted at the same relative angles to provide the two or three required reflections.
Introduction
Penta prisms and roof penta prisms are very common in almost any optics laboratory, and have many uses due to their insensitivity to “in-plane” rotation and the fact that they “always” deviate a beam 90° (plus the prism error).  However, even assuming a penta prism or roof penta prism has nominally perfect 90° deviation, this is only true to a first order, and the deviation is not exactly 90° if the prism is not nominally “aligned” to the incident light.  A perfectly fabricated corner cube retro-reflector on the other hand, deviates a beam 180° (plus the optic error) regardless of the angle of incidence of light (no alignment necessary).  Therefore, when using penta prisms or roof penta prisms in an application that is very sensitive to angular errors, and/or in an environment where they are exposed to vibration and the induced vibration of the light passing through them must be minimized, the optical sensitivities of the penta and roof penta as a function of misalignments must be understood and managed.  This paper describes not only the first order sensitivities of penta prisms and roof penta prisms, but how these sensitivities change with increased nominal misalignment.
A particular application of penta prisms and roof penta prisms will be looked at more closely which combined a roof penta prism and penta prism to function as a lateral transfer retro-reflector.  It will be shown that when used together in this configuration, only their relative alignment is critical and their motion together as a unit, in any direction, will not deviate the exiting LOS vector.
Penta Prism / Penta Mirror Basics
Penta prisms are pictured in Figures 1, 2, and 3.   Light enters at normal incidence to the input face, reflects internally off two surfaces, which have a relative angle of 45°, and exits normal to the exit face, at 90° to the original propagation direction.  The reflections are not at a sufficient angle of incidence to achieve TIR so they must have reflective coatings.

A penta mirror is simply the mirror equivalent which has two mirrors at 45°, with light incident on the first mirror at 22.5°.  It should be noted that to a first order, any refraction that occurs at the input face of a penta prism due to off-normal angle of incidence is cancelled by the refraction that occurs when the beam exits.  Therefore, the line-of-sight optical sensitivities of a penta mirror and penta prism are the same.
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Figure 3:  Penta Prism and Penta Mirror Diagrams
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Figure 4:  Roof Penta Prism and Roof Penta Mirror Diagrams

A roof penta prism or penta mirror replaces one of the reflective surfaces with a 90° roof whose vertex is aligned to the plane of reflection of the original surface, preserving the 90° deviation of the outgoing beam but reverting the parity of the transmitted image. 
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Figure 5:  Penta and Roof Penta Mirrors with input and output vector triads 

(which correspond to their mirror matrices)

The mirror matrices associated with these optics are as follows:

Penta prism/mirror:  
[image: image7.wmf]ú

ú

ú

û

ù

ê

ê

ê

ë

é

-

0

1

0

1

0

0

0

0

1

 

Roof penta prism/mirror:  
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The effect of the roof is to reverse the direction of the “X” vector of a vector triad transmitted through the system, as shown in Figure 3 (note green vector is flipped by roof penta mirror).
If a penta mirror and roof penta mirror are used in series such that the final output LOS has been deviated 180°, the mirror matrix and optical sensitivities are the same as a 3-reflection retro-reflector (corner cube).  It doesn’t matter which reflective surface in the series has been replaced with the roof.  This configuration is pictured in Figure 6.  
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Figure 6:  Penta Mirror and Roof Penta Mirror used in a retro-reflector configuration

Note in the figure that all three vectors have reversed directions (same as a corner cube).  The product of the roof penta mirror and penta mirror matrices yields the following optical transformation matrix, which is identical to that of a corner cube retro-reflector.
Combination Penta prism/mirror + Roof penta prism/mirror:  
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Line-of-Sight Sensitivities to Penta and Roof Penta Prism/Mirror Tilts
If perfectly fabricated and aligned, the sensitivities of these optics have very favorable characteristics, in that deviation in ANY direction can only cause LOS error in one direction, and the 90° deviation is preserved.
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Figure 7:  Penta Prism/Mirror Rotation Axes and LOS Tilt directions X and Y
The LOS error due to rotations of the optic in the pitch, roll, and yaw directions will be specified in terms of the resulting movement of a laser passed through the optic incident on a “detector plane” with X and Y axes oriented as shown in Figure 7.
Pitch movement of the optic results in zero LOS movement.  Roll and yaw motions of the optic both result in 1:1 movement of the LOS (LOS tilts same angle as optic rotation) along the X detector axis.  Intuitively, it’s easy to understand why a yaw rotation results in 1:1 LOS rotation about that same axis.  Obviously, rotating the optic about the input beam to any angle will take the output beam with it.  Picture this prism at the top of a periscope rotating around looking at the horizon.  Rotating the periscope, rotates where it’s looking 1:1.  This is also true for a roof penta prism/mirror.  However, replacing one mirror with a roof reverses the direction of the movement along X that results from optic motion in the roll direction.  The motion of the exiting beam for a large amount of roll movement does not remain solely in the X direction.  It moves in a parabolic trajectory with a Y component equal to x².  This is shown in Figure 8.
If a penta or roof penta prism/mirror is nominally perfectly aligned, then the actual deviation of the exit LOS if the optic is perturbed in the roll direction by 1 milliradian, is 1 milliradian along the X direction + (0.001 radian)2 in the Y direction (1 microradian).  In this case the Y direction error is only one thousandth the error in the X direction, and probably not of concern.  However, if the optic is nominally misaligned with a rotation in the roll direction of 10 milliradians, the first-order sensitivity of that optic to rotation in the roll direction will no longer be purely along the X direction.
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Figure 8:  LOS motion due to large angles of optic motion in pitch, yaw, and roll directions
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Figure 9:  LOS sensitivity along a common axis regardless of prism rotation (prism vibration = linear jitter)
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Figure 9:  LOS sensitivity changes as a function of roll misalignment (prism vibration = elliptical jitter)
If a penta prism/mirror or roof penta prism/mirror is to be used in an application where it will be exposed to some vibration disturbance and the resulting LOS error must only be in one direction (X component o.k., Y component not acceptable), the optic must be nominally aligned to the input beam such that the LOS error due to yaw and roll motions result in error along a common vector (LOS nominally at the slope = 0 point of the parabola).  This condition is achieved when the vector defined by the intersection of the two reflective planes of a penta prism/mirror is perpendicular to the input beam.  If a penta prism or roof penta prism is used (and is perfectly fabricated) one need only align the input beam normal to the input face because the input, exit, and reflecting surfaces are all perpendicular to a common plane, which should nominally be parallel to the input beam.  If using a penta prism/mirror and roof penta/mirror together as a retro-reflector, they should be nominally aligned to each other such that all three non-roof reflecting surfaces are perpendicular to a common plane, which is parallel to the roof vertex and the input and exit beams.   

Figure 9 illustrates the LOS sensitivity of the penta prism/mirror as function of roll misalignment of the optic to its input beam.  Because the Y component of the LOS error resulting from roll motion of the optic is quadratic, the nominal sensitivity varies linearly with prism misalignment (dy/dx = 2 X roll misalignment).
The sensitivities of the roof penta prism/mirror are the same as for the penta prism/mirror with the exception that the sign of both the X and Y components of the LOS error due to optic roll motion is reversed.  The primary benefit of this is that when a penta prism and roof penta prism are used in series, as long as they are nominally aligned to each other, the sensitivities of each prism cancel each other, regardless of misalignment of the retro-reflector unit to the input beam (same as a corner cube).  Therefore, only relative misalignment between a penta and roof penta result in LOS error when the system is perturbed as a rigid body.  This is similar to the condition when there is a lack or perpendicularity of the reflecting surfaces of a corner cube.  If the individual penta or roof penta deviates relative to the other, the resulting LOS error is the same as for an individual penta or roof penta prism/mirror.
Example:  Penta prism used in vibrating environment

· nominal misalignment to input beam: 1 mrad in pitch, yaw, and roll directions
· random vibration environment causes 500 microradians of rms prism rotation in pitch, yaw and roll directions

x ≡ rms LOS angular error along X direction
y ≡ rms LOS angular error along Y direction

pitch, yaw, roll ≡ rms prism rotations

The nominal misalignment of 1 mrad results in LOS sensitivities as follows:
LOS sensitivity to penta prism pitch rotation:  
dx/dpitch = 0 ;

dy/dpitch = 0

LOS sensitivity to penta prism yaw rotation:  
dx/dyaw = 1 ;

dy/dyaw = 0

LOS sensitivity to penta prism roll rotation:  

dx/droll = 1 ;

dy/dpitch = 2(0.001)

Random vibration causes 500 µrad rms LOS jitter due to both yaw and roll, which when combined via RSS (because random), cause ~700 µrad rms LOS jitter in the X direction.

rms LOS jitter in the Y direction is simply 500 µrad X 0.002 = 1 µrad rms

References:

Paul R. Yoder, Opto-Mechanical Systems Design – 3rd edition, 2006, SPIE Press, pp. 347-349, 434-437

Note:  This paper was written primarily utilizing analysis results conducted at Raytheon by the author which cannot be publicly referenced.  After a search of existing public literature no references were found that document the sensitivities of penta prisms/mirrors and roof penta prisms/mirrors and their dependence on nominal alignment.
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