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A novel four light ray path test method for measuring residual reflectance has been presented. Residual
reflectance spatial distribution at a cladding interface was measured using the technique. Residual reflectance
could be on the order of 10−5 by matching the refractive index of Nd:glass, polymer, and cladding glass and
eliminating defects in the adhesive layer. Residual reflection spatial distribution appears to be similar to Newton
rings due to the edge surface flatness. The relationship between the residual reflectance and the edge surface
flatness was discussed, and the results revealed that the edge surface flatness is very important during the
cladding process.
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The large-size Nd3þ-doped phosphate glass (Nd:glass)
disk is the most used and the largest optical element in
high-peak power solid state laser systems such as SG-II,
SG-III in China, LMJ in France, and NIF in America
for inertial confinement fusion (ICF) research[1–7]. The
Nd:glass disk is also used as the working material of the
pump lasers in optical parametric chirped-pulse amplifica-
tion (OPCPA) systems[8]. The extraction efficiency of the
stored energy of the laser glass disks is affected by ampli-
fied spontaneous emission (ASE) and parasitic oscillation
(PO), which will consume the inverted population in the
Nd:glass gain medium, and the effects of ASE and PO
were detailed in Refs. [9,10]. So, in order to minimize
the loss of stored energy in the laser glass amplifiers,
the edges of the amplifier were ground and polished with
a slight tilt. Tilting strategy can reduce the reflection
threat from small bond delamination near the disk face
and can also reduce the index match accuracy required
to suppress the surface PO. The flat cladding glass strips
(Cu2þ-doped phosphate absorbing glass) were adhesively
bonded to these edges using a composite polymer, and the
edge cladding process was detailed as described in
Refs. [11–14]. The absorbing glass absorbs the reflected
or scattered ASE photons and suppresses parasitic oscil-
lations at the laser wavelength. Further, the energy con-
sumption by the ASE and PO photons can be decreased
significantly. The absorption efficiency and parasitic
threshold are decided by the residual reflectance at the in-
terface of laser glass, polymer, and cladding glass. The
parasitic threshold condition for the bulk mode and sur-
face mode has been demonstrated by Glaze et al.[9]. It is
a function of the residual reflectance as defined by

RsenᾱD ¼ 1 ðbulk modeÞ; (1)

RreαsD ¼ 1 ðsurface modeÞ; (2)

where Rr is the residual reflectance, n is the refractive in-
dex of the laser glass, ᾱ is the average gain coefficient, αs is
the surface gain coefficient, and D is the length of the disk
major axis. It shows that lower residual reflectance can
provide a higher threshold, which can prevent parasitic
oscillation and increase the gain of the amplifiers.

The primary reflection sources from the edge coated
directly with an absorbing substance have been detailed
by Hirota and Izumitani[15]. When the polymer cladding
techniques were used, the residual reflectance was likely
to be determined by the following factors: (1) refractive
index mismatch of the laser glass, polymer, and cladding
glass; (2) defects such as bubbles, scratches, and delami-
nation in the cladding layer; (3) absorption and optical
quality of the cladding glass; (4) reflection from the
outside surface of the cladding glass strips; (5) subsurface
defects in the edge cladding surface; (6) flatness of the
bonding surface, and so on. Influences of the refractive
index mismatching, the defects in the cladding layer,
the absorption and quality of the absorbing glass, as well
as the reflection from the outside surfaces on the residual
reflection were exhibited in Refs. [14,15]. The influence of
subsurface defects in the edge cladding surface was also
discussed in Ref. [16]. In this Letter, the residual reflec-
tance of the large-scale sample was measured accurately,
and the influence of the edge surface flatness was discussed
for the first time.

It is more difficult to measure the residual reflectance at
the edge cladding interface in the actual used amplifier.
First, the edge cladding interface was inside the amplifier
after the edge cladding process finished. Therefore, it is
difficult to measure the residual reflectance directly. At
the same time, it is difficult to eliminate the influence
of the absorption and surface reflection of the amplifier.
Second, the refractive indices of the Nd:glass, polymer,
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and cladding glass were in good matching within �0.003.
This accuracy matching makes the order of magnitude
of the residual reflectance much less than 10−3. Hirota
and Izumitani used a 587.6 nm light source to test the
residual reflectance of the edge interface[15]. This method
could only be used for single point testing, which is not
suitable for large samples. Bo et al. measured the residual
reflectance of the edge interface with a spectrophotometer[17].
But the influence of the sample surface reflectance and
absorption can only be deducted by calculation, and the
approach is also unable to test large-scale samples.
In this Letter, we established a novel four light ray path

test method that was based on a fiber technique. This
method can detect the reflection photons from the adhe-
sive surface directly off large-scale samples with high
sensitivity and satisfied precision requirements. It can per-
form millimeter-size spatial resolution at the same time.
This test method is schematically illustrated in Fig. 1.
A 1064 nm laser was used as the test light source, and a
633 nm laser was used as the indicator light source for the
optical path adjusting through the beam splitter (BS).
An attenuator was used to tune the power of the laser
beam. A lens was used for the laser beam focusing. The
residual reflectance signal is very weak, typically on the
order of 10−3 to 10−5. In order to reduce the impact of
noise and detect weak photoelectric signals, a lock-in am-
plifier and an optical chopper were used in the experiment
device. The laser was modulated at a specific frequency by
the chopper, and the frequency was sent to the lock-in
amplifier as a reference signal. The 1 × 4 optical coupler/
splitter ð1 × 4 OCÞ was used to couple the laser beam into
optical fiber and to divide the laser light into four beams.
The optical collimator system (C1, C2, C3, and C4)
includes an optical fiber collimator (OFC), an optical
mechanical switch (OMS), and an attenuator (ATR).
This system transferred the four beams (I 1, I 2, I 3, and I 4)
to the reference sample (RF), the edge cladding interface,
the neodymium glass sample, and the air, respectively.
Then the four lights were collected by a 4-port integrating
sphere (4-port IS). One port of the integrating sphere
was equipped with Si photodiode detector. The first beam
I 1 was used to calibrate the measurement result of the
residual reflectance. The second beam I 2 was used to

irradiate the edge cladding interface. The third beam I 3
was used to traverse the light through the sample in order
to eliminate the reflection and absorption influence of the
sample, and the fourth beam I 4 was used to inspect the
power stability of the laser source. Four optical mechani-
cal switches were applied to select one of the four lights
at a certain frequency. This method can use the same de-
tector to improve the measurement accuracy. The large
sample was placed on a motorized translation stage.
Intensities of the four lights were measured by the same
photoelectric detector separately.

Figure 2 is a schematic illustration of ray geometry at
the edge cladding interface. I 1 and I 4 are the intensity of
calibration and inspection light, respectively. I 2 and I 3 are
the intensity of the second and third parts. The residual
reflectance Rr could be calculated as

Rr ¼
I 03
I 02

·
I 2
I 3

·
ð1− R2Þ
ð1− R3Þ

· e−α½L2−ðL31þL32Þ� ·
ð1− R0

2Þ
ð1− R0

3Þ
;

(3)

in which α is the absorption coefficient of Nd:glass; R2, R3,
R0

2, and R0
3 are the surface reflectivity; and L2, L31, and

L32 are the geometric length of the light passing through
the sample. The angles of incidence of the second and the
third light are equal (about 45 deg), and the slit angle θ of
the edge is quite small (about 2 deg). The absorption co-
efficient α is much less than 0.0015 cm−1. Then it can be
derived that R2 ¼ R3, R0

2 ≈ R0
3, αL2 ≈ αðL31 þ L32Þ. The

residual reflectance is obtained as simple as follows:

Rr ¼
I 03
I 02

·
I 2
I 3

: (4)

Obviously, the only thing that needs to be measured is
the intensity of the second and the third beams before and
after the sample is placed. In the experiment, I 2 ¼ C24I 4,
and I 3 ¼ C34I 4. C24 and C34 are the beam splitting ratios

Fig. 1. Schematic diagram of the experimental setup.
Fig. 2. Schematic illustration of the ray geometry at the edge
of the cladding interface.
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and can be regarded as constants. Therefore, I 2 and I 3 can
be obtained by I 4.
A 400 mm × 400 mm× 43 mm Nd:glass sample was

prepared. The edges of the Nd:glass were ground and pol-
ished with a tilt of about 2 deg. The 420 mm × 43 mm×
17 mm cladding glass strips were also ground and polished
and then bonded to these Nd:glass edges with a polymer[18].
The structure of the cladding interface is also shown in
Fig. 2. β is the absorption coefficient of the cladding
glass. In the experiment, the value of β is approximately
2.8 cm−1, and the cladding glass thickness is about 1.2 cm.
n1; n2, and n3 are the refractive indices of the Nd:glass,
the polymer, and cladding glass, respectively, and usually
they will match well within �0.003[19]. The refractive
index was tested by the prism coupling method[20]. The
measured n1; n2, and n3 values are 1.5306, 1.5312, and
1.5336, respectively, at 1064 nm. This represents a precise
refractive-index matching at the cladding interface.
Before bonding, the edge surface flatness was measured
with a Zygo Fizeau interferometer. After the bonding was
completed, the large surfaces of the sample were ground
and polished. The adhesive layer thickness was then mea-
sured by an optical microscope. After that, the residual
reflectance test was carried out on the residual reflection
test equipment.
The edge surface flatness of the Nd:glass is about 5.4 μm

peak-to-valley (PV), and that of the cladding glass is
about 7.0 μm PV. The adhesive layer thickness is approx-
imately 5–10 μm.
The residual reflectanceRr is shown in Fig. 3. The maxi-

mum value of Rr is about 5.8 × 10−5, while the minimum
value is about 0.9 × 10−5, and the mean value is about
3.3 × 10−5. Note that under the condition of matched
refractive index, matched and eliminated defects in the
adhesive layer Rr is quite low. At the same time, the
deviation of Rr can be observed in different positions even
under the same bonding conditions, as shown in Fig. 4.
It can also be seen that the Rr spatial distribution appears
to be similar to Newton rings. The reason is that the co-
herent length of the test laser wavelength is far greater
than the adhesive layer thickness, which is mainly affected
by the edge surface flatness between the Nd:glass and
cladding glass. The reflections from the two boundaries
(Nd:glass-polymer and polymer-cladding glass) can add
either phase coherence or phase incoherence, thus forming
the interference fringes[13].
In the longitudinal direction of the length of the bond-

ing interface, the edge surface flatness PV in the middle
region of the Nd:glass and cladding glass is about 3.4 μm
and 6.4 μm, respectively. The residual reflectance varies

from 1.3 × 10−5 to 4.9 × 10−5. Its fluctuation is shown
in Fig. 4. Clearly, the larger the edge surface flatness gra-
dient causes, the greater the residual reflectance fluc-
tuation, and vice versa, which obeys the principle of
Newton rings. So, we could infer that the spatial distribu-
tion of the residual reflectance was related to the edge
cladding surface flatness.

In conclusion, a four optical ray method for testing
residual reflectance was presented. It can cleverly elimi-
nate the influence of surface reflection and material
absorption, thus improving the accuracy of the test re-
sults. The residual reflectance spatial distribution of a
large-scale sample at the cladding interface was measured.
Results show that the residual reflectance could be on
the order of 10−5 by matching the refractive index of the
Nd:glass, polymer, and cladding glass and eliminating the
defects in the adhesive layer. Simultaneously, the residual
reflection spatial distribution appears to be similar to
Newton rings due to the edge cladding surface flatness.
Edge surface flatness could affect the residual reflectance.
The results revealed that the edge cladding surface flat-
ness was significant in the cladding process. The experi-
mental results could be employed for the cladding process.
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