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ABSTRACT 

An increasing number of astronomical spectrographs employ optical fibres to collect and deliver light. For integral-field 
and high multiplex multi-object survey instruments, fibres offer unique flexibility in instrument design by enabling 
spectrographs to be located remotely from the telescope focal plane where the fibre inputs are deployed. 

Photon-starved astronomical observations demand optimum efficiency from the fibre system. In addition to intrinsic 
absorption loss in optical fibres, another loss mechanism, so-called focal ratio degradation (FRD) must be considered. A 
fundamental cause of FRD is stress, therefore low stress fibre cables that impart minimum FRD are essential. 

The FMOS fibre instrument for Subaru Telescope employed a highly effective cable solution developed at Durham 
University. The method has been applied again for the PFS project, this time in collaboration with a company, PPC 
Broadband Ltd. The process, planetary stranding, is adapted from the manufacture of large fibre-count, large diameter 
marine telecommunications cables. Fibre bundles describe helical paths through the cable, incorporating additional fibre 
per unit length. As a consequence fibre stress from tension and bend-induced ‘race-tracking’ is minimised. 

In this paper stranding principles are explained, covering the fundamentals of stranded cable design. The authors 
describe the evolution of the stranding production line and the numerous steps in the manufacture of the PFS prototype 
cable. The results of optical verification tests are presented for each stage of cable production, confirming that the PFS 
prototype performs exceptionally well. The paper concludes with an outline of future on-telescope test plans. 

 

Keywords: Astronomical spectroscopy, fibers, fibres, cables, focal ratio degradation, planetary stranding. 
 

1. INTRODUCTION 
Following the successful performance of fibre optic cables built in Durham for the NAOJ Subaru Telescope Fiber Multi-
Object Spectrograph (FMOS) project [1] it was decided to utilise similar design principles for the Prime Focus 
Spectrograph (PFS) project [2] main section cables. For FMOS, two main 50 m long cables linked the top end fibre 
positioner unit ECHIDNA [3] to the remotely located spectrographs. These cables comprised a core built using 10-off 5 
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mm diameter ‘Miniflex’ tubes wound around a suitably sized central tensile element1 in a process known as planetary 
stranding, which will be discussed in more detail in Section 4. The cable core is bound with consolidating tape and 
encased in a ruggedised and waterproof steel helicoil and PVC coated ‘Adaptaflex’ conduit2. Figure 1 shows a sketch of 
the FMOS cable cross section, indicating the various components: 

 

• 210 fibre cable 
• 21 fibres per tube 
• 10-off, 5 mm OD Miniflex tube, 3.1 mm ID 
• Fibres 376 µm OD 
• Packing circle D ≈ 2.37 mm = 75% fill 
• 11.3 mm OD tensile element 
• 21.3 mm OD cable core (not including tape) 
• SPL32 Adaptaflex conduit: 26.7 mm ID, 33.1 mm OD 
• Minimum bend radius of SPL32 = 145 mm 

} Adaptaflex      PVC coat 
     Steel helicoil 
     Miniflex tube 
     Binding tape 
     Fibres 
     Polyethylene coat 
     Aramid fibre 
 

} Tensile element 

 
Figure 1. Cross section of the FMOS main cables. 

For PFS, the instrument requires a total of 2728 fibres, each fibre having an outside diameter of 190 µm. The FMOS 
cable has already been demonstrated successfully on telescope, so to minimise risk as much as possible it was decided to 
adopt a similar cross section and associated dimensions for the PFS cables. With FMOS as a baseline therefore, various 
design options for the PFS cable were considered. The number of spectrographs is four, so the simplest practical scheme 
would therefore be to employ a direct correspondence, i.e., four cables. This would complement other aspects of the fibre 
system architecture, for example, the design specifics of the connectors and the slits dictate that eleven furcation tubes 
per cable should be implemented. Four cables and 11 tubes per cable results in 62 fibres per tube, with a packing fraction 
of something like 60%. However in the intervening years since FMOS completion, an increasing understanding of issues 
relating to fill factor and fibre stress suggests that fill-factors significantly over 50% may not be ideal - certainly lower 
packing fractions would be desirable if possible. Therefore, as part of the development sequence for the PFS cable 
prototyping, an alternative scheme consisting of 8 cables (reducing the packing fraction to 44%) was also investigated. 

Construction of the main fibre cable for FMOS was a joint effort between the manufacturer of the Miniflex tube, PPC 
Broadband Fiber Ltd3, and Durham University. For PFS cables however, it was considered logistically simpler for the 
larger scale PFS project if PPC could retain more of the cable production in-house. Such a departure from the FMOS 
construction plan meant that aspects of the cable manufacturing process would now be new, and at least partially 
untested. Furthermore, added to the unresolved question of packing fraction would be the fact that the PFS cables differ 
from the FMOS cables in other significant aspects, such as the number of fibres, a different fibre core size, a novel fibre 
type, etc. It was therefore decided that a prototyping stage would be essential prior to the main PFS cable production. 

2. PROTOTYPE CABLE 
The production and testing of the prototype cable would aim to achieve the following: 

• The production line process for inserting fibres into the Miniflex tube should be verified. 

• The optimal fibre fill in the Miniflex tube for minimum FRD should be ascertained. 

• A prototype cable should prove that the stranding process functions as planned; ideally via a full end-to-end run. 

• The prototype cable should reveal to what extent stranding contributes to additional FRD in the fibres. 

                                                 
1 The tensile element consisted of an Aramid fibre core surrounded by a polyethylene outer coat, built up to a size suitable for close-
packing 10-off 5 mm tubes around the outside. Corning Cable Systems supplied this product. 
2 Adaptaflex is a flexible conduit produced by ABB Limited, 3100 Daresbury Park, Daresbury, Warrington, Cheshire WA4 4BT UK. 
3 Formerly m2fx Ltd. based in Framlingham, Suffolk UK. 
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• The prototype cable should allow a comparison between the custom produced Fujikura fibre which has been 
selected for the PFS project, and a similar Polymicro ‘control’ fibre. 

To achieve these goals there were several design drivers to be considered: 

• As already outlined, to minimise risk the PFS cable should not differ dramatically from the FMOS scheme. 

• The cable will be deployed along a route which is practically the same as that occupied by the FMOS cable (the 
four PFS spectrographs will be located on the ‘TUE floor’ originally occupied by FMOS IRS1 & IRS24). The 
cable length will therefore be similar, ≈ 50 m. 

• Physically, the prototype cable should be near-identical in construction to the final PFS cables, to permit 
realistic testing of the cable on telescope. This entails: 

o 11-off 5 mm OD Miniflex protection tubes, surrounding a 13.5 mm tensile element, the whole 
construction bound with consolidating tape. 

o The completed cable core will be packaged within an SPL32 Adaptaflex outer conduit. 

• The optical fibre used will be a custom product manufactured for the project by Fujikura, having a transmission 
and fibre core size optimised for the project science. 

• Only a relatively small amount of Fujikura fibre is available for prototyping (certainly not sufficient for a fully 
populated cable demonstrator) so the prototype design must take this into account. 

Cable production occurs in several distinct stages. Firstly the fibres are inserted into the Miniflex protection tube. 
Secondly, the populated tubes are stranded around a tensile element and bound with consolidating tape. Finally this 
completed cable core is pulled into the Adaptaflex conduit. Adopting the same production stages and building upon the 
key aims and drivers highlighted above, a plan for the prototype cable design and manufacture emerged as follows: 

1) Given there is insufficient spare fibre to make a full cable, the prototype will have a sub-set of ‘live’ tubes; the 
remainder will carry mechanical equivalent (reject) telecoms fibre, to make the prototype as similar as possible 
to a final science cable in terms of mass, flexibility and so-on. 

2) Two Miniflex tubes should therefore be produced, each having a full set of 62 working fibres. 

3) Some of the 62 fibres in the tubes should be a Polymicro product5, near-equivalent in core-size an transmission 
to the Fujikura fibre, to enable a direct optical comparison. 

4) A sparsely populated control tube (~10 fibres) should be included, to compare with the 62-fibre fill. 

5) Un-spooled populated tubes will be FRD tested. From this point there are two ways forward, depending on the 
FRD test results: 

a. Proceed directly with the stranding. 

b. Divide the 62-fibre tubes into two 31-fibre bundles, re-insert and proceed with stranding. 

6) Strand the cable, install the finished cable core into Adaptaflex, terminate and repeat the FRD tests. 

Subsequent sections in this document will detail the specifics of each stage, and the results of focal ratio degradation 
tests will be presented. At the end of the document conclusions are summarised and a plan for future work is outlined. 

3. INSTALLING THE FIBRE INTO THE MINIFLEX TUBE 
3.1. Packing densities 

Regarding the packing density of the fibres, it should be noted that it is not the total area occupied by the fibres in 
relation to the cross-sectional area of the bore of the Miniflex tube (Atube) which should be considered, but rather the area 

                                                 
4 InfraRed Spectrographs 1 & 2.  
5 Polymicro, are a division of Molex Inc. 2222 Wellington Court, Lisle, IL 60532 USA. Their optical fibre is widely used for 
astronomical instrument projects. As such Polymicro fibre is considered a benchmark product. 
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of the circle enclosing the bundle of fibres (Afibres). Different fibre counts will yield various minimum-area packing 
geometries6, but a useful reference is the lookup table provided in Machinery’s Handbook [4]. This lists multiplier 
factors K to use when determining the packing diameters D for various numbers N of enclosed circles. As the packing 
fraction increases (Afibres/Atube → 80% or so) packing-induced stress will be seen, especially for Miniflex tubes 
containing small diameter fibres at high fibre counts. Each Miniflex tube in the FMOS scheme contained 21 fibres, 
following recommendations on fill-factor given by Corning Cable Systems GmbH7 of around 70% for a fibre of this size 
(376 μm OD). In the final scheme we ended up with a fill of around 75% and in hindsight this seems rather high, but in 
tests we saw no appreciable additional FRD at the design focal ratio (F/5). However fibres having large cores are 
resilient and relatively difficult to stress, so extrapolations from FMOS in this regard may be of limited use. 

3.2. Miniflex 

The Miniflex brand OFPT (Optical Fibre Protection Tube) is a single layer, low friction polybutylene terephthatate 
polymer tube having a comparatively thick wall, hence high crush resistance. While offering a high degree of fibre 
protection it nevertheless exhibits good flexibility due to a novel segmented design. It is produced by PPC Broadband 
Fiber Ltd. The company can install fibre into the tubing at its factory. This enables better control of fibre tension and a 
uniform, high parallelism in the fibre packing (minimum crossing/interweaving of fibre) in comparison to bundles made 
by drawing the fibre into tubes by hand in the laboratory. 

3.3. The Fibre feed 

The fibre feed is the critical initial stage of the production process. It channels the fibres into the Miniflex extruder with 
careful control of tension and fibre parallelism. The first section of the feed scheme consists of a set of ‘pay-off’ towers 
that support regular-arranged spools of fibre. These towers are simple steel frames that carry a number of fibre spools (16 
spools on each tower). Rotational friction is minimised by carrying each spool on rotary bearings, ensuring a low, 
uniform tension is maintained across all fibres in the feed. Currently there are four pay-off towers, giving a maximum 
capacity of 64 spools. The fibres converge at guide plate where an array of smooth, low friction ceramic inserts (eyelets) 
define the positions of the fibres in a regular grid as they converge over a narrowed range of angles into the extruder. A 
controlled convergence here is important because it ensures the fibres are separated, receiving an even coating of dry 
powder lubricant as they pass through the agitated powder coating bath which sits between the eyelet plate and the 
extruder itself. Lubricant is essential for preventing the fibres sticking to each other, to the inside walls of the Miniflex 
tube, and it ensure free differential movement between fibres. The lubricant selected is ‘hexagonal boron nitride’ (Hex 
BN). It is a dry powder of flat plate-like particles very similar to powdered graphite. Unlike graphite however Hex BN is 
not electrically conductive, so it does not present a hazard to electrical equipment on the factory floor8. Figure 2 shows 
the configuration of the various component parts comprising the fibre feed prior to the Miniflex extrusion line, and 
photographs of the pay-off towers and the eyelet plate are shown in Figure 3. 

Initiating the process requires the fibres to be bonded together over several tens of cm at their starting ends, and this 
consolidated tip is fed down the extrusion line as the extrusion process commences and the line stabilises. The fibres 
experience a weak pull but the friction is extremely low even though the line is many tens of metres long, so the fibres 
must be actively assisted until the bonded tip reaches the end. At this point a pair of pulleys causes the tube to undergo 
an ‘S’ shaped double loop; it is this that generates sufficient friction to allow the line to continue pulling the fibres 
without any ‘slip’. Several tens of metres of fibre are inevitably lost as the production line is thus started up and the 
process reaches its optimal speed. Likewise, some fibre will be lost as the line comes to the end of the fibre spools and 
the production is halted. This run-in and run-out must be accommodated when calculating how much fibre is required for 
the project. Regarding the specifics of the extrusion process itself, they are beyond the scope of this document and they 
are part of the commercial manufacturing process developed by the PPC, so they shall not be detailed here. 

                                                 
6 Depending on the number of enclosed circles n within the enclosing circle, the minimum diameter packing pattern can follow 
complete, partial and hybrid hexagonal packing / square packing.  
7 Corning Cable Systems GmbH & Co. KG, Wolfratshauser Str. 84, 81379 Munich, Germany. 
8 Hex BN was chosen over another common powder lubricant, namely PTFE powder. Although both have reasonably similar (very 
low) frictional coefficients, PTFE was not considered because of issues with indirect toxicity; when airborne powder deposits within 
the factory heating systems and degrades it produces an acidic vapour which is a significant respiratory hazard. A common and 
inexpensive alternative, talc, has a higher frictional coefficient so was not selected. Petroleum jelly is another product that is 
commonly used for cable manufacture at PPC but this was rejected because a ‘wet’ product binds the fibres together in a congealed 
mass, and it was felt that, for large fibre counts this would be very likely to result in an increased FRD per unit-length. 
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Figure 2. The fibre feed scheme for channelling fibre into the Miniflex production line. 

 
Figure 3. (Left) Spools of Fujikura fibre loaded onto the pay-off towers. The five spools of Polymicro control fibre are on 

white Styrofoam reels. (Right) A set of ceramic eyelets guides the fibres from the pay-off and through an agitated bath 
of boron nitride powder, which coats the fibres before they pass through into the Miniflex tube extruder. 

In the PFS case, a fixed quantity of Fujikura custom fibre was produced for the project. The fibre was delivered in a 
variety of spool lengths and in order not to deplete the batch required for main cable production, only a small portion 
could be made available for prototyping. A detailed spreadsheet was therefore prepared by PPC recording all the spool 
lengths as delivered; this enabled similar length spools to be matched up, and shorter spools selected for the prototyping 
work to make most efficient use of the total. The selected spools then had to be re-spooled9 to provide sufficient (>62) 
similar lengths for prototype cable production. The 5 spools of Polymicro control fibre could be used as-is. 

3.4. Mechanical fibre 

Prior to running the production line with the real fibres, a trial run was conducted with ‘mechanical fibre’. This is 
dimensionally similar (200μm OD) reject telecoms single mode fibre. The goal of this undertaking was twofold; first, it 
ensured that the production line was running properly with a full complement of 62 fibres. Secondly, it provided spools 
of furcated product that would be mechanically similar to the actual ‘live’ tubes containing fibres we would test 
optically. Thus a stranded 11-tube cable could be produced that would be physically similar in terms of weight and 

                                                 
9 Re-spooling was undertaken by Fibercore Ltd. Southampton Science Park, Fibercore House, University Parkway, Chilworth, 
Southampton SO16 7QQ UK. 
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handling to a fully populated cable, although only a sub-set of the furcation tubes would contain fibres to test. The 
mechanical fibre also had to be re-spooled onto a sufficient number of reels to prior to this trial production run. 

4. PLANETARY STRANDING 
When packaging fibres into a cable for astronomical applications it is crucial to minimise stress. Stress leads to focal 
ratio degradation10 which results in a loss of system throughput. A production technique referred to as ‘planetary 
stranding’ [5] is employed as a stress minimising strategy in industrial cable manufacture for such applications as marine 
telecommunications, where multi-fibre cables having large cross sections are typically many kilometres in length and 
have to endure substantial external load, especially during deployment. This innovation was utilised for making the 
FMOS fibre cables, where it proved very effective. 

4.1. Stranding theory 

The planetary stranding process involves winding tubes spirally around a central high-strength core without imparting a 
twist to the tubes. In order to do this the stranding head carrying the spools of Miniflex tube de-rotates each spool one 
full rotation for a complete rotation of the stranding head itself11. Simplistically, the fibres in a cable thus formed cannot 
be put under tension if the cable is bent or pulled, because stranding around a core of finite size results in additional fibre 
per unit length incorporated into the cable, thus the fibres are always in a relaxed state. The incorporation of additional 
fibre per unit length is most readily visualised with reference to the sketch shown in Figure 4: 

 S 

R 

S 

2πR 
L 

α 

 
Figure 4. In a stranded cable, where the stranding element is located a distance R from the centre, it follows a path around 

the surface of a cylinder. If the cylinder is ‘unwrapped’ flat, the stranding element length L (the fibre) can be seen to be 
greater than the lay length S. 

The pitch of the winding, i.e. the length over which the spiral wind has described 360˚ is more commonly known in cable 
engineering terminology as the ‘lay length’ and this is an important factor in the cable design. 

The percentage additional stranding element per unit-length Z is given by: 

 

 

(1) 

                                                 
10 In addition to absorption within the fibre, another critical loss mechanism is Focal Ratio Degradation (FRD). FRD is a blurring of 
incident F/# that occurs as light propagates down an optical fibre. Several mechanisms cause FRD, including fibre end-face defects, 
Rayleigh scattering within the bulk glass of the fibre core, core defects / inhomogeneities, variations in core diameter, and mechanical 
stress. It is a fundamental concern for photon-starved applications such as astronomy because rays which emerge at faster F/# can be 
lost at the fibre core/clad boundary if the critical angle is exceeded, and light is lost at the instrument clear aperture due to over-filling. 
11 The simplest visualisation of this is a classic ‘Ferris Wheel’, and the motion of carriages in relation to the large wheel frame; the 
carriages remain upright as the wheel rotates. 
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Where: R = the stranding radius (distance from the centre to a circle on the centres of the azimuthally distributed 
furcation tubes). 

S = The winding pitch (lay length) 

L = The stranding length 

Two ‘rules of thumb’ should be considered when deriving the optimal lay length S: 

1) Firstly, Corning advise that a lay length should be (very approximately) equivalent to one quarter circumference of the 
cable when coiled at minimum bend radius, in order that fibres will remain free to adjust position, move differentially 
and equalise localised tension during manipulation of the cable. This is a simplified but effective empirical solution to an 
otherwise complex problem that encompasses factors such as stranding radius, coefficient of friction of fibres within the 
tube, the minimum bend that the cable is likely to experience, packing density of the fibres within the tube, and so-on. 
From the manufacturer’s catalogue the minimum bend radius (MBR) for SPL32 Adaptaflex conduit is listed as 145 mm. 
The deployed science cables when in use will not see a bend radius close to this (the smallest bends are closer to 0.5 m). 
Nevertheless if we engineer a cable using the manufacturer’s minimum figure as a guide then we can be assured that the 
stranded cable will function correctly in all circumstances. 

So, following equation (1) for the FMOS example: R = 8.15 mm and S = π (145/2) ≈ 230 mm, so Z = 2.5%. 

And in the PFS case: R = 9.25 mm, again S ≈ 230 mm, so Z = 3.1%, or about + 1.5 m for a 50 m cable run. 

2) Secondly, the true radius of the helix should be significantly greater than the minimum long-term bend radius 
(MBRLT) of the fibre (typically 100 times the fibre core diameter). The stranded helix is a three-dimensional curve that 
has an equivalent radius, which is give by: 



















+⋅=
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π

 

 

(2)

Where: Q = the three dimensional radius, or bending radius of the helix. 

Calculating the value Q for the PFS cabling application yields a bending radius of approximately 45.5 mm; close to 4 
times the MBRLT for a fibre12. 

4.2. The tensile element 

The other key component in the cable scheme is the tensile element. This should exhibit extremely high strength and a 
very low extension under load, minimising any stretching seen in the cable under normal operating conditions. For 
FMOS, a custom tensile element was supplied to the project from Corning Cable Systems13. Parafil rope, a similar 
product, is being evaluated for PFS. A standard Parafil OD of 13.5 mm was found to be an adequate match to the 11-off, 
5 mm tube packing. The product is available in two types; Type A is formed around a bundle of polyester yarn and type 
F/G has a core of Aramid yarn. Both have a polyethylene sheath. Since at 13.5 mm diameter, both products possess a 
very high breaking load and both exhibit extremely low extension14, it was decided to opt for the less expensive 
polyester product, for the cable prototype. For actual science cables it is anticipated that the Aramid-filled tensile 
element will be used. A cutaway sketch of the stranded PFS cable (in its final design) is shown in Figure 5. 

 

                                                 
12 The smallest bend radius seen by the fibre in worst case would be on the outer arc of the helix when the cable is taken to its 
minimum bend radius. Here, the curvatures directly combine. at the centre of the furcation tube. Simplistically if the Cable MBR is 
combined with the true helical curvature at this point, the fibre sees a compound radius of around 35 mm, again well clear of the fibre 
MBRLT. 
13 Now Corning Optical Communications GmbH & Co. KG. Leipziger Str. 121, 10117 Berlin, Germany. 
14 The 13.5 mm Type A Parafil rope has a nominal breaking load (NBL) of 3.5 tonnes, a tensile strength at NBL of 0.6 KNmm-2, and 
an elastic modulus of 9.8 KNmm-2. 
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Figure 5. Cutaway view showing the composition of the PFS cable. The tensile element, helically stranded Miniflex tubes 

containing optical fibre, binding tape and the outer protective conduit are all clearly shown. 

4.3. The planetary strander 

For the FMOS project populated tubes were returned to Durham, where the planetary stranding was undertaken using a 
home built rig designed and manufactured by Durham CfAI.15 The stranded core was bound with a consolidating tape by 
hand before inserting into SPL32 Adaptaflex conduit. Revisiting the FMOS production process for PFS, it was clear that 
the mechanical scheme employed to strand the FMOS cable cores was rather improvised – just about effective for two 50 
m cables but not very practical for more substantial cable production. It was therefore decided that it would be 
advantageous for PFS (and any future projects) if we could work with PPC to establish a general stranding capability as 
part of an in-house end-to-end cable production process at the factory. Therefore a strander was designed and built in 
collaboration with the company. This machine was based on the FMOS original, but more substantially engineered and 
motor-driven. It also has a larger capacity; it is able to carry up to 12 large spools16 of arbitrary-sized Miniflex tube17, 
whereas the FMOS strander could carry a maximum of 10 spools. The new strander can also produce cables of different 
sizes and stranding pitches18. 

The photograph in Figure 6 shows the completed machine. Functioning is relatively simple: On the right below the 
spindle the drive motor and primary drive belt can be seen. The tensile element is fed through the hollow central spindle 
from the right side of the machine and emerges on the left. Spools of fibres in Miniflex tubes are held on spool-carriers 
which are synchronised to counter-rotate as the machine turns, via a set of secondary drive belts & pulleys. (The spools 
are not present in the photograph). The tubes are stranded around the tensile element beyond the end of the spindle on the 
left as it exits through the central bore. It should be noted that technical problems with the particular drive motor initially 

                                                 
15 It appeared at that time few companies had stranding facilities for producing short R&D scale runs of novel, small cross-section 
cable such as this, and indeed this continues to be the case. 
16 The strander is designed to accommodate spool sizes up to DIN355, having a diameter of 355 mm and an overall width of 200 mm.. 
17 The maximum capacity of 5 mm Miniflex product per spool is 380 m (or 580 m in 4 mm Miniflex). 
18 In the FMOS cable strander the pitch of the stranding helix was fixed; if a different pitch was needed the machine would have to be 
re-engineered. 
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selected for this application meant that it could not be powered, so the machine was driven by hand for the prototype run, 
Nevertheless, it was found to be relatively easy to maintain a consistent stranding pitch (± 10%, very approximately). A 
suitable motor has since been sourced and the strander will be fully operational for the final PFS cable production run. 

 
Figure 6. The completed strander, minus the spools of furcated fibre. The motor and drive belt can be seen on the right. 

1.1. The production line 

The strander was incorporated into a complete cable production line. This consists of a haul-off, tape binder, strander and 
tensile element payoff. A sketch Figure 7 shows the production line, and Figure 8 shows a photograph of the actual 
scheme on the factory floor. 

Haul-off Tape binder Planetary strander Tensile 
element pay-

off

Haul-off Tape binder Planetary strander Tensile 
element pay-

off

Haul-off Tape binder Planetary strander Tensile 
element pay-

off

Haul-off Tape binder Planetary strander Tensile 
element pay-

off

Haul-off Tape binder Planetary strander Tensile 
element pay-

off

Haul-off Tape binder Planetary strander Tensile 
element pay-

off
 

Figure 7. The production line in schematic form, starting with tensile element on the right leading through to a finished 
stranded and tape-bound cable core on the left. 

The haul off pulls cable through the system at a constant rate. The tape binder is a commercial unit which wraps a 2-inch 
wide Mylar film tape around the cable core. It is currently configured to give an overlap of approximately 50%. For the 
prototype cable. A full trial run of the process was undertaken to demonstrate that the end-to-end production line worked 
as designed.19 The photograph in Figure 9 shows the cable as it is being produced. On the left the stranding pattern of 
tubes can be seen converging around the tensile element. Note one empty channel - this is unpopulated because the PFS 
cables incorporate 11 tubes but the strander has a 12-spool capacity. An empty channel presented no problems for the 
process and no significant gap was evident after stranding. The photograph on the right shows the stranded cable core 
after tape binding. When the cable was complete, custom “star” terminations were used to cap off the tensile element at 
                                                 
19 It should be noted that the three motorised systems comprising the stranding production line are not currently synchronised, 
although implementing this upgrade is currently being considered.  
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both ends of the cable. These are directly bonded onto the tensile element polyester fibres and they are locked into the 
cable with commercial Adaptaflex conduit end fittings. Figure 10 shows a star termination during installation. 

 
Figure 8. A photograph showing the stranding production line on the factory floor. The haul-off is on the left. 

 
Figure 9. These photographs show (Left) Miniflex tube exiting the strander and converging around the Parafil tensile 

element, (Right) The completed and bound cable core emerging from the tape binder. 

 
Figure 10. Pictures showing the ‘star termination’ during bonding of the tensile element (left), and within the cable 

termination final assembly (right). The polyester yarn seen in the centre of the termination is saturated in potting epoxy. 
Note Tubes carrying mechanical fibre have been cut, leaving only ‘live’ tubes containing the working optical fibres. 
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5. FRD TESTING 
5.1. Principle 

The prototype cable was subjected to a sequence of verification tests to ascertain the level of focal ratio degradation 
(FRD) induced in the fibres at various stages of the build. FRD tests were undertaken initially in Durham after the first 
Miniflex tube production run, and then on-site at the factory. 

Since the test work would take place in different places at different times and with much testing occurring on-site, plus 
the plan for future testing on-telescope, it seemed logical to construct a portable FRD test. The simplest, most robust and 
least error-prone test is the so-called ‘ring test’. Figure 11 shows the optical principle. The method relies on the fact that 
optical fibres are very efficient at optically scrambling/mixing azimuthally about the optical axis of the core, but 
conversely, they very efficiently preserve the radial angular component. In the sketch, a uniform-profile collimated beam 
is launched into the fibre core at an angle θ with respect to the optical axis of the fibre. Azimuthal scrambling within the 
fibre produces a cone of light, having a total angle of divergence corresponding to 2θ. While the photocentre of a cross-
section through the ring will indeed correspond to an angle θ from the axis, the thickness of the far field projected 
annulus corresponds directly to the level of FRD present in the fibre. The profile of this cross section is pseudo-
Gaussian. 
 

 

Launch 
angle θ 

Fibre 

Azimuthally 
scrambled far 
field, cone 
angle 2θ 

 
 

Figure 11. Sketch showing the consequence of efficient azimuthal scrambling in an optical fibre. 

In the simplest variant of the FRD test using such a method, the far field image is typically projected onto an imaging 
detector directly.20 Although the incident angle of the launch can be configured with reasonable accuracy, errors can 
occur if there is any tilt imparted to the fibre from the device used to hold it (typically a specialised chuck / ferrule), or a 
tilt on the fibre end face due to errors in polishing. The most unambiguous method of establishing launch angle therefore 
is to change the separation between the detector and the fibre output, recording two ring images at different distances, 
hence different diameters. From these two images the launch angle can be extrapolated. Figure 12 shows the principle. 

 

 

 
Fibre 

 

 

 
CCD 

Camera 

 

 

Camera is translated between two 
pre-defined stops 

 
Figure 12. By locating the camera detector a distance from the fibre tip that is >> the fibre core size, a pseudo-far-field 

image is recorded. No far-field re-imaging optics are used, making for a very simple and direct test. The projected 
annulus is recorded in 2 positions in z to permit the launch angle to be accurately ascertained. 

                                                 
20 We do not see the true far field in this test although it is a good approximation; the ring width is broadened because it is convolved 
with the finite disc of the fibre core, yielding an apparently greater FRD. However this is a small effect and it can be calibrated out if it 
is deemed necessary (not essential for comparative tests). 
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A full quantification of FRD is derived by recording ring thicknesses for a range of angles21. This is a time consuming 
process and unsuited for a large number of fibres, especially if testing is undertaken on-site where time may be limited. 
However, for the tests conducted here the fibre had already been thoroughly and independently characterised; the critical 
aspect to quantify was any comparative change imparted by the cable manufacturing techniques. Tests undertaken at one 
single angle would therefore be adequate. The angle chosen for the test work was approximately 10˚; equivalent to the 
half-angle of the incident F/# the fibres will see after the prime focus corrector on Subaru telescope → F/2.8. 

The test bench itself was constructed on a small Thorlabs breadboard containing: 

• The light source (LED & power supply, with fibre & collimator). 

• A launch that holds the input end of the fibre under test at the pre-defined 10˚ with respect to the incident light. 

• An output on a rail that can be adjusted between two pre-defined and fixed stops. 

• A camera detector. 

Figure 13 shows a photograph of the portable test bench, with the respective locations of these components indicated. 

Power supply for the LED

LED
Fibre coupled 
launch collimator 
fed from the LED

Test fibre output 
and camera

Launch end of 
fibre under test

Power supply for the LED

LED
Fibre coupled 
launch collimator 
fed from the LED

Test fibre output 
and camera

Launch end of 
fibre under test

 
Figure 13. The portable FRD test. Note: There was an additional clamp that was used to support the ends of the Miniflex 

tubes where the fibres emerged, as close to the test bench as possible. It was a simple arrangement employing a 
standard Miniflex push-fit clamping block on an optical pillar and post. This is not shown in the photograph. 

The fibre launch and output consisted of close-toleranced ferrules that are located behind optical windows. The fibre tips 
are cleaved by hand, and are brought into optical contact with the windows using index-matching gel to minimise any 
cleaving defects. The fibres are only retained in the ferrules by friction and the weak ‘vacuum lock’ imparted by the 
airtight seal created by the gel. The contribution to FRD seen from these terminations is therefore minimal. 

5.2. The first bundles tested 

It has been established that, without moving to a significantly larger cable diameter (the next size up would be a conduit 
of 42 mm OD) the smallest practical number of cables for PFS is 4. These cables would comprise 11-off 5 mm OD 
furcation tubes, each having 62 fibres. However as already mentioned there were early concerns that this number of 
fibres may result in overfilled packing. We therefore produced a preliminary run with two different fills of fibre, as 
referred to in the plan (Section 2). This initial fibre insertion consisted of two-off 50 m runs of 62 fibres in 5 mm 
Miniflex, and 1-off 50 m run of 9 fibres. All tubes contained control fibres against which comparison could be made with 
the custom Fujikura fibre that is to be used for the PFS project; 5 in the 62-fibre tube and 4 in the 9-fibre tube. The 

                                                 
21 The ring thickness is obtained by finding the centre of the annular image and azimuthally averaging, then deriving the FWHM from 
this averaged profile. 
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control fibre was a near-equivalent Polymicro FBP product with a similar core size.22 The fibre buffers for both the 
Fujikura and Polymicro product are Polyimide but it appears that the bake temperatures each had undergone were not the 
same, resulting in different coloured products, potentially having slightly different physical properties. The frictional 
behaviour exhibited by these two buffer types in a single bundle may therefore not be exactly the same as a bundle 
containing purely one product, however it was felt that the difference in handling was minor, and there would be no 
significant issues because the boron nitride powder dramatically reduces the friction of the whole fibre set. 

There was insufficient time remaining after the production of the mechanical fibre tubes and the first real production run 
to complete FRD tests at PPC as planned. Therefore, the live tubes and the test rig were returned to Durham University 
CfAI where the test data was recorded. These tests occurred overnight, with the Miniflex tubes laid out in single large 
loops on the ground floor of Ogden Centre West. 

5.3. Preliminary FRD results prior to stranding 

The Fujikura fibre had already been studied extensively during the early stages of the PFS project and the best results 
observed at F/2.8 for short (several metre-length) pieces yielded FWHM FRD values of around 0.6 degrees. This was 
therefore considered the ‘gold standard’ against which subsequent results would be compared. In all the plots presented 
here of FWHM data, average values of the ring images recorded at two positions (as described in Section 5.1.) are given 
for both the direct azimuthally average plot (red data points) and a Gaussian fit (blue data points). There is some 
variation between the two, with the raw half-intensity data consistently yielding a lower FRD result. A complication that 
occurred throughout all test runs was that index matching gel would gradually migrate over the front of the fibre-coupled 
windows, degrading the images. This can be seen a clear, progressive increase in FRD from left to right in clusters of 
data points. Unfortunately there was not sufficient time to pick this up by processing data ‘on the fly’ so the windows 
would only be cleaned when the ring broadening became visibly detectable on-screen. The results of this preliminary 
FRD testing have been summarised in the plot seen in Figure 14. 

 
Figure 14. The first test data, recorded for the 9-fibre tube and a 62-fibre tube. 

5.4. Initial conclusions 

Referring to Figure 14, on the left 10 Fujikura fibres (circles) and 4 Polymicro fibres (squares) were tested in the 62-fibre 
tube. On the right 4 Polymicro fibres and 5 Fujikura fibres were tested. It is readily apparent that there is a marked 
difference between the results for the 62-fibre tube and the 9-fibre tube. The FRD for the higher packing fraction is more 
than a factor of 2 worse. On the other hand, the FRD values for the sparse tube are extremely good, indeed approaching 
the theoretical optimum. Furthermore there is very little comparative difference in results seen for Fujikura and 
Polymicro fibres; their behaviour is practically indistinguishable. 

                                                 
22 Polymicro FBP120170190. The spectral transmission of both fibres is generally similar but the Fujikura fibre has enhanced 
blue/UV transmission. 
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It is not considered likely that some experimental error manifested in the 62-fibre data but was somehow avoided when 
measuring the 9-fibre tube, since both tests were conducted at the same time, under the same conditions, using the same 
methods. To conclude, it is quite evident from this first round of testing that the results for the 62 fibre packing are not 
optimal; 1.5˚ – 2˚ FWHM is certainly at the lower end of what would be considered acceptable for a 50 m length of 
instrument fibre. After some consideration therefore it was decided that the initial cable design should be revised. 

5.5. Revision of the prototype cable design 

Clearly the number of fibres in the tubes should be reduced, and this will inevitably increase the total number of science 
cables in the system. The next convenient multiple for the number of science cables is 8, i.e. a doubling in the cable 
count. Fortunately, a total of 8 cables remains a convenient number programmatically, corresponding directly with the 
number of sub-connectors in the system. The new cable specifics are shown in Figure 15. 

 
      PVC coat 

     Steel helicoil 
     Miniflex tube 
     Binding tape 
     Fibres 
     Polyethylene coat 
     Aramid fibre 
 

• 341 fibre cable 
• 31 fibres per tube 
• 11-off, 5 mm OD Miniflex tube, 3.1 mm ID 
• Fibres 190 µm OD 
• packing circle D ≈ 1.36 mm = 44% fill 
• 13.5 mm OD tensile element 
• 23.5 mm OD cable core (not including tape) 
• SPL32 Adaptaflex conduit: 26.7 mm ID, 33.1 mm OD 
• Minimum bend radius of SPL25 = 145 mm 

} Adaptaflex 

} Tensile element 

 
Figure 15. The revised PFS prototype cable scheme, shown in cross section. 

The packing fraction now reduces to a less problematic 44%. The decision was therefore made to recycle the Fujikura 
fibre already used, splitting the existing 62-fibre bundles and re-using the recovered fibre in 4 new tubes. This is not 
ideal, but a method was devised to split the cables whilst maintaining good fibre parallelism, ordered packing and neutral 
tension. 

5.6. Subsequent FRD test results prior to stranding 

After the 62-fibre bundles had been successfully divided and re-configured as 4-off 31-fibre tubes, FRD testing was 
undertaken again. Two 31-fibre tubes were selected for testing. The second set of results is shown in the table, Figure 16. 

 
Figure 16. Initial results from two 31-fibre tubes, with 9-fibre tube data included for comparison. 
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The low FRD results from the 9-fibre tube have been included again for comparison (the first 9 data points on the left). 
Of the two tubes tested, 10 fibres were selected from Tube A but 12 fibres were selected from Tube B, hence the 
different numbers of data-points. As before, half intensity and Gaussian fit data are included. 

It is immediately evident that there has been a dramatic improvement in the performance of the Fujikura fibres after 
reducing the packing fraction. There now appears to be little or no discernible difference between the 9-fibre tube data 
and the new measurements. Since such an obvious improvement was recorded in the 31-fibre tubes, further testing of the 
Polymicro fibres was now considered unnecessary, so in this and the subsequent tests only Fujikura fibres were 
measured. Some outlier data-points are still seen, again corresponding to contamination of the optical windows in front 
of the fibres with excess index-matching gel. It was felt that the new data now clearly illustrated that an optimal packing 
fraction had been achieved. Therefore it was decided that the cable production could proceed through to the next stage – 
cable stranding. 

5.7. FRD tests results after stranding 

The cable stranding went entirely to plan. When complete, and the star terminations had been fitted, the two 31-fibre 
furcation tubes that were measured previously were once again subjected to FRD testing. The results are shown in Figure 
17. As before half intensity and Gaussian fit data are presented by colour-coded data points. It can be seen that (aside 
from outlier data-points corresponding to window contamination) the results show excellent correspondence with the 
earlier un-stranded data, and the un-stranded sparsely populated 9-fibre tube results (included again on the left, for 
comparison). 

 
Figure 17. The final results from the same 31-fibre tubes as tested previously, again with the 9-fibre tube results included for 

comparison. 

6. OVERALL CONCLUSIONS AND FUTURE PLANS 
It is quite apparent that the initial results using a higher fill-factor of 62 fibres in 5 mm OD Miniflex resulted in an 
overfilled condition and elevated FRD. Splitting the bundles into sets of 31 eliminated this problem. The reduced fill 
factor certainly appears to be the correct way to proceed with the PFS science cables. The post-stranded results show a 
marked consistency with the pre-stranded data. Indeed, there appears to be no clear difference in the degree of FRD 
present between the un-stranded 9-fibre sparse tube and 31-fibre tubes after completing the stranding process. This is 
very encouraging, since 0.6˚ FWHM is close to the optimum for a fibre under test and the recorded data is of this order.  

The FRD test procedure was at times complicated by the fact that index matching gel contaminated the optical windows 
coupled to the cleaved fibre tips (a particular problem on the launch side of the bench). This occurs because gel is 
progressively vented as the fibre / ferrules are repeatedly removed and re-inserted, and the gel gradually spreads over the 
front of the optical window. A redesign of the method for holding the fibres is therefore being implemented, with 
improved fibre chucks that will allow index matching gel to safely vent without contaminating external optical surfaces. 
Otherwise the optical coupling of cleaved fibre tips against windows, with the fibres held in close-toleranced ferrules, 
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appears to be an ideal minimum-FRD method for locating fibres on the bench during testing. Future testing will therefore 
continue to employ this technique. 

It should be noted that the cable now carries 3-off 31-fibre live tubes, 1-off 9-fibre live tube, and 7-off mechanical fibre 
tubes. The mechanical fibre tubes actually now contain more fibre than is planned for the science cables (62 each) but 
this is not considered of any significant risk in terms of handling differences. The mass of the cable is increased by a few 
kg but again this is not a concern. 

6.1. On-telescope tests 

The completed prototype cable has now been shipped to NAOJ Subaru for on-telescope testing. The test plan is still 
being developed but a broadly outlined scheme has been devised. This will be staged as follows: 

Repeat FRD tests will be undertaken after the cable has been unpacked at the telescope with the cable laid out on the 
observatory floor. This will verify that the cable has survived shipping without any degradation in optical performance. 
FRD tests will then be undertaken using the same portable rig as described in Section 5.1. 

The goal will be to install the cable on telescope following a similar cable route to that planned for the PFS main cables. 
However there is no simple access to the telescope top end (where the cable input would be sited) and it would not be 
straightforward to install powered illumination at this location. Therefore a ‘loop box’ is planned here instead; fibre ends 
within the box will be connectorised and coupled together in pairs so the input and output will both be at the far 
(spectrograph room) end of the cable. Light launched at the input will travel up one fibre, to the top end loop box, and 
back down another fibre, permitting testing of the cable in double-pass. In order to do this, the loop box and connectors 
will be fitted to the cable while it is on the observatory floor. Initial single-pass and double-pass FRD measurements will 
be taken to provide a comparison dataset recorded while the cable in an uninstalled state. The cable will then be 
deployed on the telescope and the double-pass FRD tests will be repeated. 

Along with the main cable, a single un-stranded Miniflex tube of 31 fibres was also shipped to the observatory. The test 
plan will include measurements of fibres within this tube, which will be deployed alongside the main cable to allow a 
comparison between stranded and un-stranded fibres. 

Optical stability during the operation of the telescope (as the cable is moved and flexed) is also of interest to the project. 
Specifically, taking measurements to characterise any measurable FRD variation (changing F/out) and photocentre 
stability in the near and far-field would be of value. A test bench for these investigations is therefore currently being 
devised at Durham CfAI. 

Results from the on-telescope test work will feature in a subsequent paper. 
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