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The characteristics of fiber bundles for Thomson scattering optics
are studied, whose fibers are made of multi-mode optical fibers. The
variety of output patterns were observed by weighting on the fiber as
well as by bending it after passing a He-Ne laser through a fiber bundle.
This variety influenced the matching loss considerably. Then, the effect
of former is larger than the latter, which is caused by the micro bending.
And also, the spread of pulse width by weighting is connected with the
spread of output pattern. The spread of pulse width was about 3ns at

the most in a 2.3 m length of fiber bundle.
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1. Introduction

The Thomson scattering apparatus was reconstructed to measure 13
positions simultaneously from 6 positions in JFT-2M tokamakl). The main
parts of reconstruction are the collecting lens (diameter of the first
lense increases from 12 cm into 22 cm), fiber bundles (two sets or two
times' scale than that of before channels), Littrow type spectrometers
(two sets) and the data acquisition systems. In this paper, the fiber
bundles were studied for transmitting the scattered signals effectively.

The optical fibers with core and cladding structure are generally
classified into two types. One is called as "multi-mode optical fiber
(MOF)" propagating the multi-mode light and the other is called as
"single-mode optical fiber (SOF)" propagating the single-mode light.

The main difference is derived from the core diameter, of which the
former is 507200 um and the latter is 5710 um. The mode propagating
through the latter is the lowest HE;; mode and the dispersion is very
low compared with MOF. When the many modes are propagated in MOF, the
pulse width becomes wider from their differerces of group velocity.

This width is given by T=O.5n1/cxsin26max, Gmax=sin‘1 ((nlz—nzz)/nl)l’z).
(n) and np: the refractive index and the subscripts 1 and 2 mean the core
and cladding. c¢: the light velocity in free space.) This phenomenon is
clearly measured by the plastic fiber (PF), in the case of value n,=0,
which is used as the optical fiber for the laser power monitor in our
device. The gate duration to integrate the signal should be widened for
that laser pulse. Moreover the study of spatial profide about these
fibers is important to obtain the high transmittance. The study connected
with MOF was extensively tried at the early stage of fibers development,
Recently, the SOF has been studied for the optical fiber communication
mainly. Thus MOF is not used for the optical fiber communication but

for the effective transport of light. That is, the image optical fiber
and the optical fiber bundle are constructed by MOF. For example, the
optical fiber bundle is used for transmitting the scattered light obtained
by Thomson scattering experimentl). When the MOF is used for the relay
optics of Thomson scattering device, the followings are significant;
First, to raise the packing ratio of MOF (Method: use the fiber as thick
as possible and force the fiber bundle). Second, to decrease the trans-
mission loss (use the fiber as short as possible and hold the incident

angle as small as possible}. Third, to match the fiber bundle with the
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collecting lens and spectrometer composing the device (adjust the matching
angle). The multi-mode optical fiber of this device has the value of
.59 in the numerical aperature and matches to the other optics. But
the shape at the end of fiber bundle is a rectangle. When some multi-
mode optical fibers are packed into a rectangle metal case, some welght
is supplied to increase the packing ratio., - However, the divergence of
output light becomes large by welghting on the fiber and it leads to bad
matching with other optics. For those phenomena this study was performed
in connection with the MOF or the fiber bundle. This stress-applying
effect was studied in SOF for the manufacture of '"polarization-maintaining"
SOF™) . There, the SOF has a circular core at the center of the fiber,
just as in standard single-mode fibers, but it has axially nonsymmetrical
"stress-applying" parts that are highly doped with a material such as
boron. But, as the cladding of MOF is very thin in this apparatus, the
force was directly applied to study that effect.

The MOF used for Thomson scattering device is 50 um in diameter.
But the thick silica glass fibers are used for the other Thomson scatter-
ing devices which are generally called as TVTS (multichannel Thomson
scattering system with TV tube) in PLTS) and DIII®) tckamaks. Their
diameter of MOF 1s 200 um. The larger is diameter of MQF, the better
does transmission become. The peolarization characteristics was also
measured. As described in ref.7, the polarized light became the unpolar-
ized 1light after passing through a fiber.

The varileties of output pattern using He-Ne laser light are observed
by weighting on the fiber bundle from side as well as by bending them.
In chapter 2 the experimental arrangement is described and the character-
istics affected by weighting and hending are described in chapter 3.
The spread of pulse width by weight 1s described in chapter 4, using the
heterostructure laser. The fiber bundle reconstructed for the Thomson
scattering device is explained in chapter 5, and the conclusion is

presented in chapter 6.
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2. Experimental Arrangement

Figure 1 shows the experimental arrangement., As light sources, a
He-Ne laser (or in some cases heterostructure -laser with single-mode)
with both multi-mode and unpolarization was used as shown in Fig. 1.
Lager light 1is incldent on the inpﬁt end of some fibers at the angle 8.
The area of their input end is large compared to the diameter of He-Ne
laser. The kinds of optical fibers used here are listed in Table I,
which are a silica glasgs, a multi—cohﬁonent glass and a plastic fibers.
The diameter of fiber bundle made of the multi-component glass fiber,
which is used for 13-position measurements Thoméon scattering apparatus,
is 6.5 mm® to the diameter 1 mm® of He-Ne laser.

This fiber is 230 cm long, and the weighting and the bending action
was performed in the middle of the fiber. The pattern of output light
was drawn on the screen as shown in Fig. 1, whose ring pattern was ob-

tained by the oblique incidence of laser light.

Table 1 Physical characteristics of three kinds of optical
fibers.

(20/B)max : maximum receiving angle

Fiber Diameter |({Core(l) |Cladding (2) (n{1) tn{2) {N. A. Qa/ﬁ)max
Silica 200 wum 190 um 10 um 1.4311.380. 38| 45 desg
Glass 50 45 5 1.62]1.5110.59 72
Plastic| 500 470 30 1.49:1.40,0. 32| 63
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3. Experimental Result

The near field pattern (NFP) and the far field pattern (FFP) of
multi-component glass fiber obtained by the incidence of He-Ne laser are
shown in Fig. Z2(2) and (b), respectively. As a He-Ne laser is 1 mm® in
diameter, the ocutput end of fibers (shown by "No signal') are also found
in Fig. 2(a) as well as the speckle patterns by the weak incident light
are found on the surface (shown by "NFP"). These speckle patterns move
around on the surface by soft touching, which seems to be derived from
the change of light path, caused by micro bending in the core. The NFP
of speckle pattern at the up and middle in Fig. 2(a) is derived from the
interferences among some modes on the output end since the pattern of
input light is nearly uniform intensity on the input end with coherent.
The FFP in Fig. 2(b) shows the multi-mode, which is apparently found in
the rotational direction like a petal.

The output patterns with weight and without weight are shown in
Fig. 3, when the Ne-Ne laser is incident on the input end at 5=0° and
10°. By weighting on the fiber the light comes out in the edge region
at 6=0° and the central region at §=10°. (However, it is found that
the radius of the pattern becomes large after the light being filled in
the central region at 9=10°) This is based on the fact that the higher-
mode light traveling in the fiber changes into the lower-mode light.

On the contrary, the circular pattern of lower-mode light at the incidence
8=0° becomes larger circular pattern by weighting on it. That is, some
lower-mode lights change into the higher-mode lights. The diameter of
pattern at the incidence angle §=0° is shown in Fig. 4 as the function
of weighting. That diameter increases in proportion to the wight from
the initial value ¢p=55 mm. The spatial profile of output light from
fiber at the incidence angle 9=0° is shown in Fig. 5. It is found from
Fig. 5 that the lower-mode within the radius 0.9%1.3 em changes into
higher-mode. The spatial profile of cutput light from fiber at the
incidence angle 8=10° is shown in Fig. 6. As already shown in Fig. 3,
the diameter of this pattern in constant, but the light intensity in
the central region becomes 1.7 times higher than that of welight P=0 kg.
Therefore, figure 7 is picturized based on the above results. The upper
figure shows the ring pattern and the lower figure shows the circular
pattern. In these fipures, the pattern changes into the right direction

as arrows by weighting. The spread angle inside the output end is given

,‘5_
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byl)
8¢ = mr/4any = 4,3 x 1073 x (L

Where m is the group of LP (linearly polarization) mode number, )
the wavelength (6328 A) in the free space, a the core radius (22.5 um)
and nj the refractive index of the core (1.62)., Using eq.(l) the mode
number increases from 2xm=60 to 80 with the correlation to the weight
from P=0 Kg to 5.5 Kg. Here, the stress seems not to affect the re-
fractive index n; unifermly but the refractive index distribution
ununiformly just as SOF. TFrom eq.(l) it is understood that the core
diameter should be large for the decrease of dispersion angle as well
as for the increase of packing ratio.

The bending the fiber bundle was tested ta compare with the above
mechanism. The change of output pattern in diameter is shown in Fig. 8
as a function of the bending radius, which is obtained by bending the
fiber bundle at the position F in Fig. 1. The minimum bending radius is
2 cm, which is much larger than the core diameter. The increment of
radius is 16% in this case, and even if the bending radius is 10 cm, it

is only 9%. Thus the mode change is less than that of above result.
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Fig. 4 Increase of pattern diameter by weighting on the fiber

bundle.
loaded length : 80 mm and distance between fibers : 80 mm.
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Fig. 5 Pattern profile by weighting on the fiber bundle.
(o = 0°).
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Fig. 6 Pattern profile by weighting on the fiber bundle.
(o = 10°).
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4. Spread of Pulse Width

The spread of pulse waveform by the fiber is affected by not only
n) in core but also the fiber length L. It is considered as the time
difference between the straight path and the reflective path in the
fiber, as the scattered light is collected through the F=2 lens. That

is, the time required to propagate through the fiber length L is
Tg = niL/{c % cosB) = 1/cos8C (2D

This equation represents the transit time in the small incident
angle is shorter than that in the large incident angle. Therefore, the
pulse width should be broadened when the output light from the fiber is

g
gathered on a detector as L Tg. The averaged spread of pulse width is

C:
given by Be=0
) (re -1) £(8) AD
- 5=5¢%
w
L f(eyae
B%BC

where f(8)=Ior02X(1—tan8/taneo)xtanef(coszextanzeo) is the spatial
intensity distribution on the input end emitted from hetefostructugg
laser called as FFP, and I, is the peak value in the triangular shaped
profile of heterostructure laser beam, 80 the maximum incident angle
(35°) and r, the distance between a light source and the fiber bundle
and A8 the infinitely small angle. For this consideration, the experiment
using heterostructure laser (A=7800 &) is performed, and this heterostruc-
ture laser is position at the place of He-Ne laser im Fig. 1. The
photomultiplier (PM) obtained by PM tube is shown in Fig. 9. This figure
shows the input waveform, the output waveform after passing through the
fiber at the normal incidence using heterostructure laser and the
control voltage signal (C.S.) applied into this laser. The experimental
transit time is 13ns which agrees with that estimated from njL/c=12ns.
The averaged spread of pulse width using this laser is 0.5ns, calculated
from eq.(3) at the incidence angle 8=0° and the angle of radiating light
6=33°. At the incidence angle 9=30°, the experimental spread of pulse
width is 1-3 ns which agrees with the estimated value 1.9ns from eq.(3).

The experimental value of pulse spread (+) is shown in Fig. 10 with the
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theory, The experimental value seems to be slightly larger than the
theory because the light does not pass through on a plane but rotating

in core. In addition, when weight P=4 Kg is putting at the distance

10 em from the input end, the pulse width becomes large slightly at a
normal incidence. This fact means the change of reflective direction
caused by the micro bending, which is corresponding to the result of §

3. It seems that this produces an anisotropic refractive index distribu-
tion in the core region, but the degeneration of light intensity is not

observed just as SOF.

— 12_
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5. Construction of Fiber Bundle for Thomson Scattering Device

Recently, as the reliability of fiber has increased much high, it
has been used at the position between collecting lens and spectrometer
as well as at the position between spectrometer and PM tube. For this
improvement, the light path length between collecting lens and spectro-
meter decreased from “Z m to below “1 m and then the apparatus became
compact. One optical path from a scattering peint to PM tube is shown
schematically in Fig. 11. When a large lens (diameter : 12 cm + 22 cm,
F number : 2 at the center) is used for collecting the scattered light
with the large solid angie, a fiber of large numerical aperature need
to be used for a correct matching. The field lens transmits the light
which is incident from the fiber bundle into the Littrow lens, which
two Littrow type spectrometers are used for measurement of 13 points
vertically. The fiber bundle used here is flexible. However, those in
PLT and DIII are rigid, which is made with silica glass and the large
diameter 200 pm. The flexible type used here is very convenient to
change measuring positions and spectral channels. (by exchanging fibers
or moving the collecting lens In a vertical line). The first fiber
bundle is shown in Fig. 12(a) and the second fiber bundle is shown in
Fig. 12(b). As shown in Fig. 12(a), the number of measuring points in
tokamak plasma are 13. The cross-section of each input end is rectangle
and that of output surface i1s an arc whose length and width are 70 mm
and 3 mm, respectively, which is larger than the one described in ref.
1. The 13 pecints are separated into two sections. One is the fiber
bundle to measure the 7 peints (central high temperature region) and
ancther is the 6 points (edge low temperature region) as the slit length
in spectrometer is restricted within 70 mm. To reduce the loss light
the thin glass plates with anti-reflective coating are adhered on the
both surfaces of fiber bundles. The length of fiber is designed as short
as possible not to lose the scattered lIight. The transparent type of
M tube having a large photeoelectriic surface is easy to match between
them compared to the reflective type. The matching lenses are used for
matching with the photoelectric surface of reflective type of PM tube
described in ref. 1.

The loss, by weighting at the part the fiber bundle connects te the
spectrometer, 1s caused by the increment of divergence from the ocutput

end of first fiber bundle in Fug. 11. (When second fiber bundle is
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connected with PM tube with a large photoelectric surface, it is no
problem) The output area of fiber bundle is small compared with that of

field lens. That 1s, the maximum loss ratio Lyay 1s given by
Iyax = (8% - 8)/8 = tan(a/B + v)/tan(a/B) - 1 (4)

where S and $* represent the original area on the field lens and
the expanding area by weighting, respecively. o/B8 and y are a half of
the sclid angle incident on the fiber bundle from the collecting lens
and a half of the solid angle of incremental divergence from the output
end, respectively. 8 is the magnification of collecting lens. The
incremental width of output light from the fiber bundle is considered
for the loss ratio because the vertical length of this rectangular lens
is long compared to the width. For example, using Fig. 4, the total

loss ratio reaches at

where «/B=8° and y=2° corresponding to the diameter ¢p= 55 mm and
the incremental diameter A¢=15 mm in Fig. 4, respectively and B=0.4.

This value is a half of the transmittance measured using the fiber bundle.

Collecting lens
Measuring point

Litfrow lens 2nd Fiber bundle

{ st Fiber bundle Lens P’M tube

Jea | )22 : ) 1T
\\\\‘ Jid /‘s\
Field lens
Grating
(. - v
Spectrometer

( Littrow type)

Fig. 11 Optical path diagram in Thomson scattering device.
B : magnification
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6. Discussion and Summary

Thomson scattering apparatus was reconstructed for measuring 13
points simultaneously from that in ref.l. All components except for
ruby laser, PM tubes and mini-computer were reconstructed. As the results
of this reconstruction, the apparatus resolves 13 spatial positions
separated by a distance of about 5 cm. 4-5 wavelength elements allows
temperature measurement in the range ~50eV to “5KeV. (Z=-10 cm to Z=
50 cm).

The characteristics of the multi-component glass fiber is measured
using the coherent light spatially and then in this paper the character-
istics the fiber bundle for Thomson scattering are described. It is
found that the incremental divergence of the output light from the fiber
by weighting is small till 1 Kg, but the transmission ratio by weighting
decreases. The incremental divergence to the bending is much smaller
than that of the weighting.

The transit time of pulse being incident on the fiber bundle at
small angle(lower mede) is shorter than that at large angle (higher mode).
The spread of pulse width after passing through the fiber bundle is found
to be the change of mode number caused by the micro bending. (The input
iight with large divergence becomes the large pulse width.) This weight-
ing or stress is caused by micro bending, which produces an anisotropic
refractive index distribution in the core region“).

As it is found from geometry that the larger is the diameter of
fiber, the higher does the transmission ratio become, using the multi-
component glass fiber of diameter 250 um the fiber bundle is constructed
experimentally.

1} Cutput pattern is changed by weighting as well as bending.

2) Output pattern is changed by weighting larger than bending, which
is caused by micro bending.

3) Spread of pulse width corresponds to change of output pattern.

The 13-position measurements Thomson scattering apparatus has been
taking a data in JFT-2M tokamak. The differences or causes of H-mode
and L-mode discharges will be clearized, as the relation between sawtooth
oscillation and electron energy profiles has been studied from this

measurement and so OHB).
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