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Abstract Transmission efficiency (TE) and focal ratio degradation (FRD) are two important parameters
for evaluating the quality of an optical fiber system used for astronomy. Compared to TE, the focal ratio
is more easily influenced by external factors, such as bending or stress. Optical cables are widely imple-
mented for multi-object telescopes and integral field units (IFUs). The design and fabrication process of
traditional optical cables seldom considers the requirements of astronomical applications. In this paper, we
describe a fiber bundle structure as the basic unit for miniaturized high-density FASOT-IFU optical cables,
instead of the micro-tube structure in stranded cables. Seven fibers with hexagonal arrangement were accu-
rately positioned by ultraviolet (UV)-curing acrylate to form the bundle. The coating diameter of a fiber is
0.125 mm, and the outer diameter of the bundle is 0.58 mm. Compared with the 0.8 mm micro-tube struc-
ture of a traditional stranded cable, the outer diameter of the fiber bundle was reduced by 27.5%. Fiber
paste was filled into the bundle to reduce stress between the fibers. We tested the output focal ratio (OFR) in
95% of the encircled energy (EE95) of the fibers in the bundle under different conditions. With the incident
focal ratio F'/8, the maximum difference of OFR is 0.6. In particular, when the incident focal ratio is F/5,
the maximum difference of OFR is only 0.1. The jacket formed by the UV-curing acrylate can withstand
a certain stress of less than 1.38 N mm ™. The fiber bundle can maintain uniform emitting characteristics
with a bending radius of 7.5 cm and with tension less than 6 N. The test results show that the structure of
the fiber bundle can be used as a basic unit for miniaturized high-density astronomical optical cables.

Key words: instrumentation: spectrographs — techniques: imaging spectroscopy — techniques: spectro-
scopic — methods: miscellaneous

1 INTRODUCTION et al. 2014; Kelz et al. 2014; Vattiat et al. 2016), and
DOTIFS for the 3.6m DOT with 2304 fibers (Chung et
al. 2014; Chattopadhyay et al. 2018; Chung et al. 2018)

have been reported. Astronomical spectrographs require

As an important medium for collecting and transmitting
light, optical fibers are now widely utilized in astronom-

ical spectrographs. In recent years, the number of opti-
cal fibers applied to multi-object spectrographs and in-
tegral field unit (IFU) technology has been increasing.
LAMOST with 4000 fibers (Cui et al. 2012), DESI with
5000 fibers (Flaugher & Bebek 2014), VIRUS for HET
with 32 604 fibers (Hill et al. 2004; Lee et al. 2010; Hill
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the optical fiber system to have optimal optical behaviors.
Transmission efficiency (TE) and focal ratio degradation
(FRD) are the two important parameters for evaluating the
quality of an optical fiber system (Murphy & Hill 2012).

Enclosing the fibers in a cable is an effective way to
protect optical fibers from outside mechanical forces and
water vapor, and improve the reliability and service life



119-2

of the observation equipment. This is also beneficial for
wiring and maintenance of the fibers. Fiber optic cables are
widely used in modern communication networks, and their
structure is constantly updated to meet the needs of differ-
ent types of communication. Sumitomo Electric Industries
fabricated an ultra-high-fiber-count and high-density opti-
cal cable with 3456 fibers and an outer diameter of 34 mm
(Sato et al. 2017). In the process of fabricating a fiber op-
tical cable, stress between the optical fibers will be intro-
duced. The design of a cable with the traditional structure
only considers the TE of the cable, but regards the FRD
less. Previous studies have confirmed that stress is a fun-
damental cause of FRD. Murray et al. (2017) of Durham
University proposed an optimal method for producing low-
stress fiber optic cables for astronomy and suggested fill
factors lower than 50%.

We will manufacture an IFU with 64x63x2 fiber
elements for the second generation Fiber Arrayed Solar
Optical Telescope (FASOT) (Qu. 2011; Qu et al. 2014; Zhi
et al. 2016), named FASOT-2, which has a 600 mm F£'/12
Gregorian telescope. By using polarimetric optic switching
(POS) and the IFU, FASOT will achieve real-time, high-
efficiency and high-precision spectropolarimetry of multi-
ple magneto-sensitive lines over a two-dimensional field
of view. The first challenge is the production of the fiber
optic cables. In order to improve the precision of polariza-
tion measurement, fibers in the IFU should have uniform
and stable transmission characteristics when the telescope
is operating. Also, the cable should be miniaturized, high-
density and soft, to reduce the weight of the IFU, which
influences the tracking accuracy of the telescope. The tra-
ditional stranded cable, which employs a micro-tube as the
basic unit, requires low fill factors to keep a low FRD of
the fibers in the cable. It is a disadvantage to the design
of miniaturized, high-density, soft optical cables. In col-
laboration with the Yangtze Optical Fibre and Cable Joint
Stock Limited Company (YOFC), we designed and manu-
factured the optical cable for FASOT-IFU. A fiber bundle
structure was designed and manufactured to be the basic
unit for the miniaturized, high-density FASOT-IFU optical
cables. In this paper, we compared the static test results
of the fiber bundle structure with the micro-tube structure.
We also dynamically test the transmission characteristics
of the fiber bundle under different bending radius, tension
and pressure conditions.

2 THE STATE OF OPTICAL FIBERS IN AN
OPTICAL CABLE

The fibers in a tube form the basic unit of a traditional
stranded fiber cable used for communication. The tubes
wind spirally around the center of the cable without im-
parting a twist to the tubes. The first criterion of the fibers
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in the cable is no tension when the cable is bent or pulled
(Murray et al. 2017), so that the basic unit around the core
is longer than the cable in order to keep the fibers in a
relaxed state. This is called the fiber excess length. The
model of the fibers in the cable can be described as a helix,
as illustrated in Figure 1(a), and the equation describing
the track of a fiber is

2mt 2mt
r= t:v—l—Rsin(%)y—i—Rcos(%)z, (1)

where R is the distance between the center of the fiber and
the center of the cable, P is the stranding pitch of the cable,
t is a parametric variable, from O to P, and «, y and z are
directional basis vectors.

The length of fiber L in one period, as delineated by
the black line in Figure 1(b), is

L;=+/(2rR)2 + P?. 2)

The fiber excess length ¢ is

__L;-P
-

The cable length changes with environmental temperature
or when external force is applied on the cable, whereas the
length of the fiber remains the same. There are two differ-
ent conditions for the cable, i.e., stretched and compressed.
Both of the two conditions will change the relative position
of the fibers and the tube, and will also change the relative
position of the tubes and the cable. When the cable length
is stretched, the fibers move to the center of the optical ca-
ble, as shown in Figure 2. Also, when the cable becomes
too long, the fibers will break. If the distance between the
center of a fiber and the center of the cable reduces by AR,
and the stranding pitch of the cable P increases by AP, as
illustrated by the blue line in Figure 1(b), the length of fiber
L becomes

3)

Ly =+/[2r(R—AR)]2 + (P + AP)? . (4)

As depicted in Figure 3, when the cable is compressed,
the fibers move to the outer ring of the cable; when the
cable becomes too short, the fibers would experience loss
from microbending. When the distance between the center
of a fiber and the center of the cable increases by AR, the
stranding pitch of the cable P reduces by AP, as traced by
the red line in Figure 1(b), and the length of fiber L is

Li=+/]2r(R+AR)2+(P-AP)?2. (5

Fibers in the tube are squeezed by other fibers or by the
wall of the tube around it. Tubes in the cable are squeezed
by other tubes, or by the jacket of the cable. A change in
the position of an optical fiber in the cable means a change
of stress on the optical fiber. The fill factor n of fibers in
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Fig.1 The model of a fiber in the tube can be described as a helix.

Tube

Fig.3 Schematic diagram of fiber state during the process of compressing an optical cable.

the tube can be used to characterize the stress on fibers
in a tube. It is the ratio of the equivalent area of the fiber
bundle Agpers to the cross-sectional area of the bore of the
tube A¢ybe, and can be expressed as

2
o Aﬁbcrs o 7"'Fiﬁbcr

n= =
Atube

where Rirr is the inertial radius of the tube, and Rgyer 1S
the equivalent radius of the fiber bundle. When the number
of fibers in a tube N <7, the arrangement of fibers is as
depicted in Figure 4. Also Rgpe, 1S

. _ r
{ thcr =7+ sina ?

a=%, (NZT)

; (6)

3
TRIRT

(N

where 7 is the radius of a fiber.

When the number of fibers in a tube N >7, the equiva-
lent radius Rgper can be described as the radius of IV fibers
in a hexagonal close-packed array (Cheng. 2016)

Reper = 1.16V/N x 1 . (N >7) (8)

The larger the fill factor is, the more strongly the fibers
are bound, which means the stress on the fibers in the tube

Fig.4 Arrangement of fibers in a tube when /N <7.

is greater. For the different fibers in the tube with different
positions and state, the effect of stress on different fibers is
non-uniform, which leads to differences in the FRD. When
the cable state changes, the stress on the fibers changes,
and the FRD also changes.

3 THE RAPID TEST PLATFORM FOR
ASTRONOMICAL FIBER FOCAL RATIO

The IFU for FASOT would use 8064 fibers to receive op-
tical information from the Sun. It would be a large, time-
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Table 1 The Stranded Cable Parameters

Number of fibers in the cable 704
Number of micro-tubes 88
Number of fibers in a micro-tube 8
Fiber outer diameter (mm) 0.125
Fiber core diameter (mm) 0.035
Unit weight (kgm™1) 0.104
Inner diameter of the inner sheath (mm) 10
Outer diameter of cable (mm) 13.5
Inner diameter of the micro-tube (mm) 0.5
Outer diameter of the micro-tube (mm) 0.8
Minimum bending radius (m) <0.45

Table 2 Testing Results for an 18 m Stranded Cable with Incident Focal Ratio F/8

State 1 State 2 State 3
Fiber number OFR TE OFR TE OFR TE

1 6.4 87.8% 6.5 86.6% 4.6 86.5%

2 5.6 88.6% 7.1 86.5% 5.0 87.8%

3 43 87.3% 6.5 86.8% 5.4 86.7%

4 59 86.8% 6.5 86.8% 52 86.7%

5 5.0 87.5% 6.7 86.2% 4.7 86.8%

6 5.1 87.4% 59 86.9% 4.6 87.8%

7 5.6 87.4% 6.0 86.6% 53 87.1%

8 5.4 87.5% 6.3 86.7% 5.0 87.1%
Average 5.4 87.5% 6.3 86.7% 5.0 87.1%
Maximum difference 2.1 1.8% 1.6 0.9% 0.8 1.1%

Table 3 The Main Parameters of the Fiber Bundle

Number of fibers in a bundle

7

Fiber outer diameter (mm)

0.125

Fiber core diameter (mm)

0.035

Outer diameter of bundle (mm)

0.580

Table 4 Testing Results for a 10 m Fiber Bundle with Different Incident Focal Ratios

IFR F/8 Fri F/6 FI5
Fiber number OFR TE OFR TE OFR TE OFR TE
1 6.0 87.1% 5.7 87.3% 5.4 87.3% 4.7 87.2%
2 5.6 87.2% 5.3 87.3% 5.0 87.4% 4.7 86.3%
3 5.6 87.1% 5.1 87.5% 49 87.5% 4.6 87.1%
4 6.0 87.4% 5.4 87.7% 52 87.4% 4.7 87.9%
5 6.2 87.2% 5.6 87.6% 5.2 87.7% 4.7 88.1%
6 5.7 87.4% 5.6 87.5% 5.1 87.7% 4.7 87.2%
7 6.2 87.0% 5.6 87.5% 4.8 87.5% 4.6 86.5%
Average 5.9 87.2% 5.5 87.5% 5.1 87.5% 4.7 87.2%
Maximum difference 0.6 0.4% 0.6 0.4% 0.6 0.4% 0.1 1.8%
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Fig. 6 EE characterizes the percentage of energy in the measured focal ratio to total energy.

8 fibers in micro tube

Fiber Micro Tube
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Outer Jacker (®)
Fig.7 A stranded cable with 704 fibers.

consuming task to test the transmission characteristics of 4 TRADITIONAL MINIATURIZED STRANDED
the fibers and IFU. Here, we employed a rapid test plat- OPTICAL FIBER CABLE.

form to test the TE, output focal ratio (OFR) in a certain
encircled energy (EE) and fiber surface quality simultane-
ously. In addition, this modified platform can compensate
the energy fluctuation of the light source. A schematic di- S ; ]
agram of the platform is shown in Figure 5. Details about miniaturized stranded fiber optic cable with 704 fibers as

. . illustrated in Figure 7. The cable had 88 micro-tubes, and
the measurement methods and theories were described by € ; T )
Yan et al. (2018). As illustrated in Figure 6, EE character- each tube contained eight fibers within it. The mlcfro-tul?es
were made of polybutylene terephthalate (PBT) with an in-

ner diameter of 0.5 mm and an outer diameter of 0.8 mm,;
the detailed parameters are shown in Table 1. To reduce
costs, there was one tube with eight useful fibers, and oth-
ers were discarded. We tested the transmission characteris-
tics of fibers in the cable with the incident focal ratio F'/8
and in three different cases. For case one, we used tape to
fix the cable on the floor to simulate the actual optical fiber
cable wiring. For case two, the cable was in a relaxed state

For the FASOT-IFU, we made a model of an 18 m cable
for testing. This model had the structure of a traditional

izes the percentage of energy in the measured focal ratio
to total energy. We tested the OFR of 95% of the encircled
energy (EE95). The test results include the error caused by
polishing the end surface and the error from incident light.
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on the floor. For case three, we measured the cable at the
minimum bending radius of 0.45 m. The testing results are
provided in Table 2 and Figure 8. The OFR of each fiber in
the tube is quite different. The stress from the tape would
reduce the average of the OFR, and at the same time in-
crease the difference between different fibers. Due to the
high stress, bending would reduce the average of the OFR,
and increase the uniformity of the OFR.

The main factor causing non-uniform OFR is the non-
uniform stress on the fibers. The fill factor of this tube
with eight fibers is 67.2%. The larger fill factor causes se-
rious stress on the fibers in the cable. When the cable state
changes, the OFR also changes. It can be noted that local
stress on the cable leads to a large difference in OFR. The
bending of the optical cable causes an increase in FRD, but
a decrease in the difference of the OFR. The thin and soft
PBT shell of a tube cannot stop the stress from other tubes
or the jacket of the cable, which is another factor caus-
ing non-uniform stress on the fibers. A thicker and harder
shell is needed. However, low fill factors and a thick shell
of the tube would increase the size and weight of the cable.
These are adverse conditions for the design of the miniatur-
ized, high-density, soft cable for FASOT-IFU. We present a
fiber bundle structure with uniform transmission character-
istics as the basic unit of the cable for FASOT-IFU, which
is conducive to miniaturized, high-density optical cables in
astronomy.

5 FIBER BUNDLE WITH UNIFORM AND STABLE
TRANSMISSION CHARACTERISTICS

As learned from experience gained in the manufacturing
process of a fiber ribbon used in optical devices, we made
a fiber bundle with uniform and stable transmission char-
acteristics to be the basic unit for the miniaturized, high-
density FASOT-IFU optical cables.

5.1 The Structure of the Fiber Bundle

Fibers in a tube with uniform transmission characteristics
require the fibers to be subjected to uniform stress. Stable
transmission characteristics require that the fibers should
stay stable even if the cable state changes. For this rea-
son, we designed and fabricated a fiber bundle structure
instead of the micro-tube structure in the stranded cable, as
shown in Figure 9. Table 3 lists the main parameters of the
proposed fiber bundle structure. Compared with the micro-
tube structure, the outer diameter of the bundle structure
reduced 27.5%. The fibers were accurately positioned and
then encapsulated by the UV-curing acrylate to form a bun-
dle. The fiber paste was filled into the bundle to reduce the
friction between fibers. Seven fibers with a hexagonal ar-
rangement have a stable structure. As a whole, fibers in
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the bundle keep their positions and maintain the same state
when the bundle’s state changes. The jacket outside the
fiber bundle formed by the acrylate can withstand a certain
amount of external stress. The UV-curing acrylate should
have low stress and separate from optical fibers easily af-
ter curing. As shown in Figure 10, with the incident fo-
cal ratio I'/8 and the relaxed state, the fiber bundle has a
more uniform OFR than the stranded cable with the micro-
tube. The length of the tested bundle is 20 m, 2 m longer
than the model cable, so that the TE is lower. This struc-
ture of the fiber bundle is more compact and has uniform
transmission characteristics, which can form the basic unit
for miniaturized high-density optical cables. We tested the
transmission characteristics of optical fibers under differ-
ent conditions.

5.2 The FRD with Different Incident Ratios

Firstly, we measured the transmission characteristics of a
10 m fiber bundle in the relaxed state with different inci-
dent focal ratios. The result is shown in Table 4 and plotted
in Figure 11. Figure 11(a) and 11(b) are the OFR and TE
with different incident focal ratios, respectively. For the in-
cident focal ratio F/8, F'/7 and F/6, the maximum differ-
ence in OFR is 0.6. For the incident focal ratio F'/5, the
maximum difference in OFR is 0.1. The fiber bundle has a
more uniform OFR with the incident focal ratio F/5.

5.3 The FRD with Different Lengths

We measured the transmission characteristics of the fiber
bundle with different lengths (10m, 20m and 30m) in
the relaxed state when the incident focal ratio is F'/8. The
results are shown in Table 5 and plotted in Figure 12.
Figure 12(a) and Figure 12(b) are the OFR and TE of the
fiber bundle with different lengths, respectively. The in-
crease in the length of the fiber bundle leads to the decrease
of OFR and TE, but it did not change the uniformity of the
output characteristics.

5.4 FRD with Different Bending Radii

The bending characteristic of a fiber bundle is a very im-
portant parameter for optical cable design and wiring. We
should keep the bending radius of the fiber bundle larger
than the designed minimum bending radius. As shown in
Figure 13, after 1 m from the exit end of the optical fiber
bundle, the fiber bundle was wound on cylinders with fixed
diameters. The results are shown in Table 6 and plotted in
Figure 14. Changing the bending radius of the fiber bun-
dle will change the state of fibers in the bundle. When the
bending radius is 5 cm, which is about 170 times the radius
of the fiber bundle, the uniformity of the OFR of the fiber
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Table 5 Testing Results for a Fiber Bundle with Different Lengths and Incident Focal Ratio F'/8

Fiber length 10m 20m 30m
Fiber number OFR TE OFR TE OFR TE
1 6.0 87.1% 53 86.4% 5.3 82.9%
2 5.6 87.2% 5.4 85.3% 5.5 83.3%
3 5.6 87.1% 5.7 86.5% 5.3 83.0%
4 6.0 87.4% 53 84.7% 55 83.5%
5 6.2 87.2% 55 85.1% 5.0 83.5%
6 5.7 87.4% 5.2 85.3% 5.6 83.2%
7 6.2 87.0% 53 86.5% 55 84.0%
Average 59 87.2% 5.4 85.7% 5.4 83.3%
Maximum difference 0.6 0.4% 0.5 1.8% 0.6 1.1%

Table 6 Testing Results for a Fiber Bundle with Different Bending Radii and Incident Focal Ratio F'/8

119-7

Bending radius No bending 15cm 12.5cm 10cm 7.5cm Scm
Fiber number OFR TE OFR TE OFR TE OFR TE OFR TE OFR TE
1 6.0 87.1% 6.2 86.7% 6.0 86.8% 6.2 87.1% 6.0 86.9% 6.2 87.0%
2 5.6 87.2% 5.6 87.2% 5.5 87.1% 5.6 87.1% 5.6 87.0% 5.6 87.2%
3 5.6 87.1% 5.7 86.9% 5.5 87.2% 5.6 87.3% 5.5 87.1% 5.3 87.0%
4 6.0 87.4% 5.8 86.6% 6.0 87.2% 6.2 87.3% 6.0 87.2% 6.2 87.2%
5 6.2 87.2% 6.2 86.6% 6.1 86.8% 6.2 87.0% 6.2 86.7% 6.2 86.8%
6 5.7 87.4% 5.8 86.9% 5.8 87.0% 5.7 87.3% 5.6 87.1% 5.8 87.3%
7 6.2 87.0% 6.2 87.0% 5.9 86.6% 6.3 87.1% 6.2 87.0% 6.2 87.1%
Average 5.9 87.2% 5.9 86.9% 5.8 86.9% 6.0 87.2% 5.9 87.0% 5.9 87.1%
Maximum difference 0.6 0.4% 0.6 0.6% 0.6 0.6% 0.7 0.3% 0.7 0.5% 0.9 0.4%
Table 7 OFR of a Fiber Bundle with Tension from ON to 7 N and Incident Focal Ratio F'/8
Fiber number ON IN 2N 3N 4N 5N 6N 7N
1 58 58 57 58 60 59 59 59
2 55 55 55 54 53 54 54 49
3 6.1 61 62 61 59 60 56 55
4 60 60 59 59 58 58 55 56
5 55 57 56 55 57 55 56 54
6 60 61 61 59 59 58 6.1 55
7 59 59 60 58 58 58 57 57
Average 58 59 59 58 58 57 57 55
Maximum difference 06 06 07 07 07 06 07 1.0
Table 8 TE of a Fiber Bundle with Tension from O N to 7 N and Incident Focal Ratio F'/8
Fiber number ON 1IN 2N 3N 4N 5N 6N TN
1 87.6% 87.8% 88.6% 889% 88.8% 88.9% 88.7%  88.5%
2 883% 88.5% 88.4% 885% 88.5% 88.6% 88.7%  88.6%
3 88.4% 87.6% 88.7% 88.6% 88.8% 889% 89.2% 89.3%
4 88.0% 87.8% 88.0% 882% 87.7% 81.7% 871.9% 87.0%
5 88.0% 88.1% 87.5% 87.7% 87.8% 87.6% 81.7% 87.6%
6 87.7% 877% 87.8% 87.8% 87.8% 88.0% 883% 882%
7 87.6% 87.5% 87.5% 87.4% 81.7% 81.5% 81.5% 86.7%
Average 87.9% 88.0% 88.1% 88.1% 882% 882% 88.3% 88.0%
Maximum difference 0.8% 1.1% 1.2% 1.5% 1.1% 1.5% 1.6% 2.7%
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bundle decreased significantly. In addition, the maximum  should be bigger than 200 times the fiber diameter to avoid
difference in OFR increases to 0.9. FRD. The bending radius of a fiber bundle, which can be
viewed as a single fiber, also should follow this guideline.

For the design of optical cables, the radius of the he- The bending radius B of a helix is defined by

lix in the cable should be significantly greater than the ra-

dius which leads to a significant decreased uniformity in

the OFR of the fiber bundle. Murray (2006) suggested that B=R {1 +( P )2} ) 9)
the minimum bending radius of fibers used for astronomy AmR
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Fig. 12 Transmission characteristics of a fiber bundle with different lengths and incident focal ratio £/8. (a) Output focal ratio; (b) TE.

Fig.13 The fiber bundle with a fixed bending radius at a distance of 1 m from the exit of the optical fiber bundle.

5.5 The FRD with Different Tensions

The tension leads to the deformation of a fiber bundle.
When the state of fibers in a bundle changes, the OFR of
the fibers also changes. The tension of a fiber bundle is
another very important parameter for optical cable design.

The cable structure should keep the fiber bundle in a com-
fortable state, when the cable is pulled. We tested the trans-
mission characteristics and deformation of the fiber bun-
dle under different tensions. The testing device is shown
in Figure 15. After 1 m from the exit end of the optical
fiber bundle, the fiber bundle was fixed on the plate and
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(b) TE.

slider with low stress glue. The tension changed from 0 N—
7N. The test results for the OFR are shown in Table 7
and plotted in Figure 16(a). The test results for the TE are
displayed in Table 8 and plotted in Figure 16(b). When
the tension was 6 N, the OFR of fiber 3 dropped signifi-
cantly, from £/6.2 to /5.6 When the tension was 7 N, the
OFR of fiber 2 dropped significantly, from F/5.5 to F'/4.9.
When the tension was 7N, the TE of optical fibers 4 and
7 dropped 1%. When the tension was increased to 9 N, the

outer jacket of the fiber bundle was broken. The experi-
mental results demonstrate that we should ensure that the
bundle in the cable has a tension of less than 6 N to main-
tain uniform emitting characteristics of fibers in the cable
when they are pulled. Figure 17 shows the bundle defor-
mation with tension. When the cable is pulled, the cable
structure should guarantee that the bundle strain is less than
0.035.
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ratio; (b) TE.

5.6 The FRD with Different Pressures

For the FASOT, the IFU will be installed on the strut sup-
port of the FASOT telescope. During the operation of the
telescope, the telescope pulls the optical cable as it moves
while it follows the Sun. The cable state would change with
the position of the telescope. As the basic unit, the jacket
outside of the fiber bundle should be able to withstand a
certain stress from the other fiber bundles and the inner
wall of the fiber optic cable. We measured the transmission
characteristics of a fiber bundle with different pressures.
The testing device is illustrated in Figure 18. We adjusted
the pressure by changing the weight from O kg to 7kg. The
force point is 1 m away from the exit end of the fiber. The
OFR is listed in Table 9 and plotted in Figure 19(a), while

the TE is listed in Table 10 and plotted in Figure 19(b). It
is apparent that stress less than 1.38 N mm~! does not ag-
gravate the transmission characteristics of the fiber bundle.

6 SUMMARY

We design and fabricate a fiber bundle as a basic unit of the
miniaturized high-density astronomical optical cables uti-
lized in FASOT-IFU. The fibers in the bundle were accu-
rately positioned by UV-curing acrylate. The fiber bundle
has uniform transmission characteristics in a relaxed state,
especially with an incident focal ratio of F/5. The length
of the bundle does not affect the uniformity of its emitting
characteristics. The jacket formed by the UV-curing acry-
late can withstand a certain stress less than 1.38 N mm 1.
For the design and wiring of optical cables, the minimum
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Table 9 The OFR of a Fiber Bundle with Pressure from 4 kg to 7 kg and Incident Focal Ratio F'/8

Fiber number Okg 4.0kg 45kg 5.0kg 55kg 6.0kg 65kg 7.0kg

1 6.0 6.1 6.1 6.1 6.2 6.1 6.1 6.1

2 62 6.1 6.2 6.1 6.2 6.2 6.1 6.2

3 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0

4 6.0 6.1 6.1 6.1 6.0 6.1 6.1 6.0

5 58 59 5.9 5.9 5.9 5.8 5.8 5.8

6 58 58 5.8 5.9 5.8 5.8 5.8 5.8

7 62 62 6.2 6.2 6.2 6.2 6.2 6.2

Average 6.1 6.0 6.0 6.0 6.0 6.0 6.0 6.0
Maximum difference 04 04 0.4 0.3 0.4 0.4 0.4 0.4

Table 10 The TE of a Fiber Bundle

with Pressure from 4 kg to 7 kg and Incident Focal Ratio F/8

Fiber number Okg 40kg 45kg 5.0kg 5.5kg 6.0kg 6.5kg  7.0kg

1 87.1% 814% 813% 873% 812% 874% 873% 81.4%

2 882% 88.0% 88.0% 882% 879% 88.0% 88.0% 88.1%

3 88.6% 88.9% 88.8% 88.6% 88.7% 88.7% 88.1%  88.6%

4 87.4% 812% 87.1% 869% 87.0% 87.1% 87.1% 87.0%

5 872% 81.4% 814% 874% 874% 817% 813% 81.3%

6 874% 81.1% 812% 872% 812% 812% 871% 81.1%

7 87.0% 87.4% 813% 873% 873% 813% 813% 87.4%

Average 87.6% 81.6% 81.6% 81.5% 87.6% 81.5% 81.6% 87.6%

Maximum difference 1.8% 1.7% 1.7% 1.7% 1.6% 1.6% 1.6% 1.6%

bending radius should be bigger than 200 times the fiber
bundle’s outer radius. The fiber bundle can maintain uni-
form emitting characteristics with a tension of less than
6 N. When the cable is pulled, the cable structure should
ensure that the bundle strain is less than 0.035.
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