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INTRODUCTION 

TRAM (Total-Reflection-Active-Mirror) was proposed 
and demonstrated as an active-mirror laser architecture 
for high-average-power and high-pulse-energy lasers 
[1–4]. The TRAM is a monolithic composite ceramic a 
Yb:YAG thin active layer and a non-doped YAG prism. 
An input beam is refracted at a facet of the prism, and 
then is reflected by total internal reflection at the active 
layer, finally the amplified beam exits from another 
facet.  

As the size of the beam is increased for scaling up 
the pulse energies while keeping the excitation density 
and the thickness of the active layer, ASE (Amplified 
Spontaneous Emission) and parasitic oscillations emerge 
and limit the output pulse energy. One of solutions is to 
increase the number of active mirrors. We have proposed 
the multi-TRAM which is a monolithic ceramics with 
one non-doped YAG tetragonal prism and three Yb:YAG 
thin active layers [5]. It allows lowering the gain in one 
active layer, thus decreasing ASE and improving total 
storage energy while keeping the overall gain constant. 
We have also demonstrated the amplification of 10 ns 
pulses to energy of 500 mJ at 10 Hz repetition rate [6]. In 
this paper, we report an improved performance of the 
multi-TRAM amplifier. The pulse energy and the 
repetition rate were increased to 1 J and 100 Hz, 
respectively. 

EXPERIMENTAL SETUP 

Figure 1 shows a schematic of a multi-TRAM for 
the experiment, which consist of a non-doped YAG 
tetragonal prism and three Yb:YAG active layers. Yb 
dopant concentrations for the active layers of Yb1, Yb2, 
and Yb3 are 2 at.%, 5 at.%, and 2 at.%, respectively. The 
all active layers have dimensions of 60 mm × 15 mm × 
0.8 mm. The input beam is incident to an AR-coated 
prism surface at an angle of 60°. Clear aperture of the 
beam is 10.8 mm × 15 mm (width × height). The 
multi-TRAM was attached to a copper block for 
conductive-cooling form the surfaces of the active layers. 
Indium sheets were used for thermal contact between the 
ceramic to the copper. The copper block was cooled to 
77 K by liquid-nitrogen in a vacuum chamber. 
Laser system consisted of cw fiber laser oscillator, 
electro-optic modulator, fiber amplifier, cryogenic 
TRAM regenerative amplifier and cryogenic 

multi-TRAM multi-pass amplifier. The cw fiber 
oscillator provided a single-frequency output with a 
power of 5 mW and was tuned to the wavelength (1029.4 
nm) with the highest gain in the Yb:YAG cooled to 80 K. 
The output was modulated by the fiber based 
electro-optic modulator that produced 10 ns pulses with a 
repetition rate of 100 kHz. These pulses were amplified 
in fiber amplifier to a pulse energy of 1 nJ. After passing 
through Faraday isolators, the pulses were injected into 
the regenerative amplifier by a Pockels cell. The 
regenerative Yb:YAG-rod amplifier was operated with 
closed-loop Stirling cooler [7]. The temperature of the 
Yb:YAG-rod holder was controlled to 73 K. The 
regenerative amplifier was operated at the repetition rate 
of 10‒100 Hz and amplified pulses to the energy of 
about 10 mJ. The output beam had Gaussian beam 
profile with a diameter at 1/e2 of 4.6 mm.  

 
Fig. 1. Schematic of a YAG/Yb:YAG ceramic composite for a 
multi-TRAM. 

 
Fig. 2. Schematic layout of the multi-TRAM multi-pass 
amplifier pumped by two fiber-coupled laser diode modules 
(LD1 and LD2); DBS are dichroic beam splitter. 

The output beam from regenerative amplifier was 
injected into the 4-pass amplifier where the beam 
diameter increased to 8 mm (FWHM). Schematic layout 
of the 4-puss amplifier is shown in Fig. 2. The beam 
profile on the center of the multi-TRAM was 
relay-imaged to the next pass of amplification by using 
two lenses with a focal length of 1000 mm. In the 
vertical plane, the optical paths to the TRAM for each 
pass have slightly different angular directions in order to 
obtain a separation of the beam at the input and output 
paths. The separation angle of the each optical path is 



about 1°. Two 5-kW fiber-coupled laser diode modules 
provided by Hamamatsu Photonics K.K. were used for 
pumping the Yb:YAG active layer and was operated in 
QCW mode with an pulse duration of 1 ms and a 
repetition rate of 10 Hz. The center wavelength was 
measured to be 938 nm at the maximum power. The 
output fiber of the laser diode had a core diameter of 1 
mm. The pump beam was collimated to be 7 mm in 
diameter at the first layer of the multi-TRAM.  

RESULTS 

The repetition rate of the regenerative and 4-pass 
amplifiers were initially set to 10 Hz. With a pump 
power of 4.9 kW and an input pulse energy of 8.8 mJ, the 
output energy of the 4-pass amplifier was reached 1 J. 
The near field profile of the output beam was measured 
as shown in Fig. 3a. The FWHM of the beam in the near 
field was 8 mm. The far field profile was also measured 
as shown in Fig. 3b. The FWHM of the beam in the far 
field was 130 μm. The astigmatism is visible in the far 
field, but the magnitude of the aberration is low and the 
beam is close to diffraction limited. This small distortion 
would be attributed to the thermally induced distortion in 
the multi-TRAM. 

 
(a) 

 
(b) 

Fig. 3. Spatial beam profile at 10 Hz operation (a) near field in 
the image plane and (b) far field in the focus of f = 750 mm 
lens. 

For the repetition rate of 100 Hz, we also obtained 1 
J output energy as shown in Fig. 4. However, the 
increased heat load in the TRAM prevented the 
continuous operation at 1 J. After the start of the pump, 
the output energy increased above 1 J and quickly 
dropped to 990 mJ, where it stabilized itself for several 
tens of seconds. After that the energy started to decrease 
and it was not possible to reach the new steady state in 
more than 10 minutes. The output beam profile in the far 
field also deteriorated. We observed that a strong 
astigmatism was occurred by the thermal effect at the 
multi-TRAM. 

 
Fig. 4. Dependence of the output energy on the peak pump 
power for input energies of 8.8 mJ and repetition rate of 100 
Hz. 

RESULTS 

We achieved amplification of 1 J pulses using a liquid-
nitrogen-cooled multi-pass multi-TRAM at a repetition 
rate of 100 Hz. However, for long term and stable 
operation, it would be required to increase the cooling 
capacity of the liquid-nitrogen cooling system. 
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