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Abstract—We report the optical architecture, 

experimental performance, and simulated performance 

of polarization- maintaining CW and pulsed single clad 

Tm-doped fiber amplifiers designed to operate over a 

wavelength span of 1760—1960 nm. We highlight the 

potential applications of these amplifiers to quantum 

computing and quantum qubit experiments using 1762 

nm light. Our amplifier exhibits 3 W CW output power 

and 20 W peak pulsed output power (2 MHz rep. rate, 

10% duty cycle) at 1762 nm. Measurements of the 

wavelength response of the TDFA yield an experimental 

operating bandwidth extending from < 1750 nm to > 

1920 nm. Simulations of the amplifier bandwidth 

indicate a 3 dB (50% FWHM) wavelength span of 1745 

nm to 1980 nm (135 nm). Experimental output power 

and bandwidth results agree well with the simulations. 

The external noise figure for this amplifier ranges from 

7.5 dB to 9.5 dB. No linewidth broadening was observed 

in a typical TDFA output when using a single frequency 

input laser source with a linewidth of 10 kHz. We discuss 

suitability and applications of the TDFA to 1762 nm 

enabled manipulation of optical qubits in trapped 133Ba+ 

ions. 

 

Keywords—Fiber amplifier, infrared, polarization-

maintaining, Thulium, 1762 nm, optical qubit shelving, 
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I. INTRODUCTION 

Over the past decade, much research has been done on 
quantum computing and state preparation and 
measurement (SPAM) in 88Sr+, 43Ca+, and 171Yb+ ions 
for manipulation and control of qubits [1-6]. Recently 
a new ion, 133Ba+, has been proposed for quantum 
computing, SPAM, and optical qubit manipulation, 
and many early successful experiments have been 
conducted [7- 14]. These experiments in the shelving, 
control, and manipulation of optical qubits in trapped 

Ba+ ions rely on transitions between the 62S1/2 ground 

state and the 62P1/2 and 62P3/2 excited states (455 nm  

 
and 493 nm), and between these three states and the 
52D3/2 and 52D5/2 levels (585 nm, 614 nm, 650 nm, 
1762 nm, and 2051 nm). Figure 1 shows these 
transitions schematically in a level diagram including 
laser wavelengths and level lifetimes. [15,16] 

 

Figure 1. Gross 133Ba+ energy level diagram with 
transition wavelengths and level 
lifetimes. 

For quantum experimentalists, the generation of 
Watt-level single frequency laser radiation at the 
visible wavelengths in Figure 1 is relatively 
straightforward, and many attractive alternatives exist 
for these narrow linewidth sources. But most of the 
existing narrow linewidth, single frequency infrared 
laser sources at 1762 nm currently exhibit output 
powers of only 3- 100 mW [17-19], with the highest 
CW power so far reported of 
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only 500 mW [20]. As in atomic and molecular 
spectroscopy, higher laser output power is always 
better, and multi-watt sources are always more useful 
than milliwatt sources for improving the scalability 
with power, accuracy, and precision of existing 
quantum computing experiments as well as stimulating 
the development of future experiments and radical 
new technologies. 

Therefore, a definite need exists for research on 
and development of narrow linewidth, single 
frequency multi-watt sources at 1762 nm and 2051 
nm. 

In this paper we report a 3 W CW Tm-doped fiber 
amplifier suitable for integration into existing optical 
qubit experiments using 133Ba+ ions. The paper is 
organized as follows: Section II presents an 
introduction to the basic technology and current scope 
of fiber optical amplifiers in 2023 and illustrates the 
fundamental principles behind the operation of a Tm-
doped fiber amplifier. Section III describes the optical 
architecture, design, and performance of 2—3W 
polarization-maintaining two-stage TDFAs designed 
for the 1760—1960 nm spectral region. Section IV 
covers the applications and integration of a 3W PM 
fiber amplifier into existing optical qubit experiments at 
1762 nm, emphasizing the unique qualities of the 
TDFA that make it extremely useful and relevant for 
shelving, control, and manipulation of optical qubits. A 
discussion and conclusion are given in Section V. 

II. BASICS OF FIBER AMPLIFIERS IN 2023 AND EXAMPLE 

OF A TDFA DESIGN 

A. Survey of the State of Fiber Amplifiers in 2024 

The first practical packaged semiconductor-laser-

pumped Erbium-doped fiber amplifier, operating near 

1550 nm, was introduced and demonstrated in August 

1989 [21,22]. Since that time, tremendous progress has 

been made in the development of rare-earth-doped 

fiber amplifiers in many different infrared wavelength 

bands. Figure 2 summarizes the wavelength bands 

covered by current packaged fiber amplifiers, using 

Yb3+, Bi3+, Er3+, Tm3+, and Ho3+ as dopants in the 

cores of the single mode Si-based host fibers [23]. 

Note that the Tm- and Ho-doped fiber amplifiers cover 

a wide wavelength range of 1680—2130 nm. We will 

concentrate from this point forward on the performance 

of Tm-doped fiber amplifiers that readily access the 

important line in Ba+ of 1762 nm. 

 
Figure 2. Graphical summary of the infrared 

wavelength bands covered by single clad doped fiber 

amplifiers in 2023. 

 
Current Tm-doped single mode fiber optical 

amplifiers take a wavelength appropriate (e.g., 1760—
1960 nm) low power infrared optical signal as an 

input, and greatly amplify this low power to a much 

higher optical power at the output. Both CW and 
pulsed signals can successfully be amplified. Typical 

values of input signals Pin are 1 mW—10 mW (0 

dBm to 10 dBm), and typical output signals Pout are 

0.5 W—5 W (+27 dBm to +37 dBm). Corresponding 

values of gain (Pout/Pin) are 17 dB to 37 dB. 

Along with the process of optical amplification, 

which takes place through stimulated emission, there 

is the unavoidable addition of noise from the 

accompanying process of spontaneous emission. The 

noise contribution of a fiber amplifier is characterized 

by a noise figure (NF) which is defined as 10log10 

(Input OSNR/Output OSNR) [24, 25] and is typically 

5-10 dB for a fiber coupled device. OSNR is the 

optical signal-to-noise-ratio of the lightwave signals. 

The minimum quantum limited NF for a high gain 

fiber amplifier is 3.0 dB. [24, 25] 

B. Example of a Simple TDFA Design 

Every practical fiber coupled TDFA requires five 

essential components: 

 

1) A length of single mode silica fiber doped 

with Tm3+ ions diffused in the core; 

2) A source of pump light, absorbed at an 

appropriate low wavelength, that generates 

optical gain in a band of higher wavelengths 

through the process of stimulated emission; 

3) A means of multiplexing the pump light and 

signal light together in the Tm-doped fiber; 

 

 

 



Pump 

1567 nm 

Signal 

1762 nm 

4) Optical isolators to couple the input signal 

into the TDF, couple the output signal out of 

the TDF after amplification, establish 

unidirectional amplification, and minimize 

the effects of external reflections; and 

5) Input and output fiber pigtails to interface the 

TDFA with the outside world. 

 
All of these elements are present in the simple 

single stage TDFA shown schematically in Figure 3. 

Here an input signal from 1760-1960 nm passes 

through the connectorized input fiber and input 

isolator ISO1, and is coupled into the Tm-doped fiber. 

Pump light at 1567 nm is also coupled into the Tm-

doped fiber through wavelength division mutiplexer 

WDM1. At the output of the doped fiber, the 

amplified signal passes through WDM1 and output 

isolator ISO2 and is coupled out through the 

connectorized output fiber. 
 

 
 

Figure 3. Optical architecture of a single stage Tm-

doped fiber amplifier. 

 

To quantitatively understand and model the 

performance of the TDFA, we first require a full 

knowledge of the wavelength- dependent gain and 

absorption coefficients of the Tm-doped fiber [24, 

25]. Figure 4 plots the gain and absorption 

coefficients in dB/m vs. wavelength for the specific 

polarization-maintaining Tm-doped fiber used in the 

single stage TDFA [26, 27]. In this fiber, the 

absorption coefficient peaks near 1620 nm, and the 

gain coefficient peaks around 1800 nm. We note that 

the FWHM of the gain coefficient with wavelength is 

quite broad, extending over a >200 nm span. The pump 

wavelength of 1567 nm and the signal wavelength of 

1762 nm are shown with vertical arrows in the plot to 

illustrate typical operation. 

 

 

 

 

 

 

 

 
 
 

Figure 4. Absorption and gain coefficients as a function 

of wavelength for the Tm-doped silica fiber. 

 

To complete the theoretical characterization of the 

fiber, we also need the wavelength independent 

saturation parameter, the degree of ion pairing present, 

and the background losses at the pump and signal 

wavelengths. Values for these parameters are given in 

[26, 27]. The performance of the Tm-doped fiber is 

then modeled using two coupled differential 

propagation and rate equations. Typical accuracy of 

TDFA simulations is ±0.5 dB in saturated output power 

and ±1 dB in small signal gain. 

 

As an illustration of typical performance of a 

single-stage TDFA, Figure 5 plots experimental signal 

output power (blue points) as a function of pump 

power for an input signal wavelength of 1909 nm and 

input power of 1 mW (0 dBm). We observe the 

expected linear dependence of Pout with Ppump, and a 

maximum fiber coupled signal output power of 370 mW 

for a pump power of 2.0 W. The simulated 

performance of the amplifier, shown with an orange 

line, agrees well with the experimental data. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5. Typical signal output power vs. pump 

power curve for single stage TDFA 
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Practical single stage TDFAs are currently 

limited to output powers of < 1.0 W by the onset of 

self-lasing as the pump power is increased above the 

levels used in Figure 5. To achieve stable higher 

output powers, a two-stage architecture is required. 

An optimized two-stage architecture and its 

performance at signal wavelengths between 1760 

nm and 1960 nm is the subject of the next section of 

this paper. 

 

III. DESIGN, OPTICAL ARCHITECTURE, AND 

PERFORMANCE OF A 1762 NM  PM TDFA 

Figure 6 shows the optical architecture of a two-

stage PM TDFA designed for multi-watt output 

powers. This amplifier consists of a preamplifier 
stage followed by a booster stage. A 7-9 W 1567 

nm fiber laser pump is split by a 30/70 passive 

coupler C1 to counter-pump (30%) the preamplifier 

stage and co-pump (70%) the booster stage via 

high-power PM fused fiber wavelength division 

multiplexers WDM1 and WDM2. Both amplifier 

stages use the same standard commercial 5 µm core 

diameter PM TDF (iXblue IXF-TDF-PM-5-125). 

The gain fibers F1 and F2 are both 1 m long. 

Optical isolators ISO1-3 establish unidirectional 

operation and minimize the effects of external 

reflections on the operation of the fiber amplifier. 

 

 

Figure 6. Optical architecture of a two-stage 

PM TDFA.  

As a first example of two stage TDFA performance 

as a function of wavelength, we show in Figure 7 a plot 

of the signal output power as a function of signal 

wavelength for a total pump power of 7 W and an 

input signal power level of 1 mW (0 dBm). From 

these data (green points), we see that the experimental 

output powers are > 2 W over the entire measured 

signal wavelength range of 1750nm—1910 nm. The 

simulated output powers, shown in red, agree well 

with the experimental data. From these measurements, 

we infer that the 3 dB (50%) output power bandwidth 

of the TDFA is from <1750 nm to >1910 nm. 
 

 
 

Figure 7. Experimental and simulated output powers 

for 7 W pump at 1567 nm and 1 mW input 

signal. 

 

We next increased the pump power to 9 W and also 

increased the signal input power to 5 mW (+7 dBm). 

Figure 8 shows the experimental and simulated results 

for this configuration [27]. Here we measure an 

experimental output power of 2.95 W at 1760 nm (green 

asterisk), which agrees well with the simulated output 

power performance of the amplifier which is shown in 

red. From this simulated curve, we find that the 3 dB 

(50%) output power bandwidth of the TDFA is 1745— 

1980 nm or 235 nm. The simulated external noise 

figure (blue points) ranges from 7.5 dB to 9.5 dB as 

expected from theory for this two-stage amplifier 

design. 

 

 
Figure 8. Experimental and simulated output powers 

for 9 W pump at 1567 nm and 5 mW input 

signal. 



We have also measured the polarization stability 

and the output power stability of our two-stage TDFA 

[27]. Figure 9(a) plots the meaured polarization 

extinction ratio (PER) of our fiber amplifier over a 

time interval of two hours. We find that the PER is > 

17 dB as expected from the specifications of the 

output isolator. The inset in Figure 9(a) shows the 

typical measured PER contrast curve at a single point 

in time. Output power stability with time is plotted in 

Figure 9(b) where we observe a p-p variation of 3.9% 

and an RMS variation of 0.8% over a time interval of 

two hours. 

The inset in Figure 9(b) shows a photograph of our 

packaged TDFA. The package dimensions are 200 x 

150 x 43 mm3 .The amplifier is pumped by a 

passively cooled semiconductor laser source, has an 

operating temperature range of -20 to +40 C, and is 

suitable for immediate integration into existing 

laboratory setups and photonic equipment. The input 

and output fiber pigtails are Coherent/Nufern 

PM1950 fiber cables terminated with FC/APC 

connectors. 

 

Figure 9. 

(a) and (b) 

 

We have additionally experimentally studied the 

amplification of a single frequency, narrow linewidth 

(~10 kHz) FBG-DFB using a representative TDFA 

with lower output signal power [28]. Figure 10(a) 

shows an experimental setup in which we measured 

the heterodyne laser linewidth of two single 

frequency FBG-DFB fiber laser sources. From 

the experimental heterodyne linewidth plots in Figure 

10(b), we find that amplification of 20 dB (100x) in a 

TDFA has no measurable effect on the 5-10 kHz 

linewidth of the FBg-DFB fiber laser source. We 

conclude that the spectral characteristics of a narrow 

linewidth (5-10 kHz) laser source are not significantly 

affected by amplification in a representative TDFA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. (a) Experimental setup for measuring the 

heterodyne linewidth of amplified narrow linewidth 

single frequency fiber laser DFB-FBG sources. (b) 

Measured heterodyne spectra for unamplified (red) 

and 20 dB amplified (blue) laser output signals. 

 

Finally we have also measured the pulsed 

performance of the TDFA [27]. By inserting an A/O 

amplitude modulator between the preamplifier and 

the power amplifier stages, we were able to operate 

the TDFA in pulsed mode. Figure 11 shows 

examples of the output pulses that we have 

achieved with 1 and 2 MHz rep rates and 10% duty 

cycles. For square input pulses, we measured a 

peaked output pulse as shown in red. We then used 

an arbitrary waveform generator (AWG) to 

preshape the input pulse, and obtained the square 

output pulse shape shown in blue. Peak output 



powers of 20 W were achieved in the pulsed 

operation mode. 

 
Figure 11. Example of pulsed operation of the 

1762 nm two- stage TDFA 

IV. APPLICATIONS AND INTEGRATION OF THE 1762 NM 

TDFA INTO OPTICAL QUBIT EXPERIMENTS USING 

BA+ IONS 

 

There are many technical and practical 

advantages in using a fiber coupled single mode 

TDFA in optical qubit experiments. These include: 

  

1) A high Watt-level CW output power of 3W at 

1762 nm, at present 6x greater than any other 

available source. 

2) Highly stable output power with time. 

3) The polarization-maintaining operation of the 

TDFA means that the output polarization state is 

linear and highly stable. The typical PER is > 17 dB. 

4) The all fiber design of the TDFA means that 

no bulk alignment of the components within the 

optical amplifier is ever required—everything is 

stable with time. 

5) The optical modes of the single mode input 

and output PM optical fibers are Gaussian beams 

with M2 < 1.1. This means that focusing and 

collimation of the output laser field are 

straightforward, with great practical usefulness in 

experimental optical setups. 

6) The packaged TDFA is ideal for immediate 

integration into typical laboratory setups. 

 

As an example of how the TDFA could 

potentially be applied to enhance and improve a 

quantum computing measurement, we consider the 

experimental setup for qubit manipulation at 1762 

nm shown schematically in Figure 12 [29]. 

  
 

Figure 12. Original experimental setup for 

qubit manipulation using bulk optics at 1762 

nm 

 

Here trapped Ba+ ions are used to generate an 

atomic qubit. In this original experimental setup, the 

1762 nm laser signal is generated by an external cavity 

diode laser (ECDL) using bulk optics and requiring 

constant alignment for optimum operation. The free 

space output beam from the ECDL is coupled through a 

bulk optical isolator followed by free space A/O 

modulators for frequency stabilization and pulse 

generation. The free space output beams from the A/O 

modulators are then focused into single mode optical 

fibers with significant attendant coupling losses. With 

this setup, the 1762 nm power available at the input to 

the ion trap containing the Ba+ optical qubits is ~10 mW 

CW. 

 

Fig. 13 shows a redesigned experimental setup 

employing an all-fiber single frequency PM FBG-DFB 

laser at 1762 nm as the source, fiber coupled A/O 

modulators for pulse generation and frequency 

stabilization, and the 3W PM TDFA as an optical 

amplifier after the pulsed A/O modulator. Here 

polarization- maintaining single mode fibers (shown 

with a green line) seamlessly interconnect the DFB-

FBG laser source, the A/O modulators, and the TDFA 

with the PDH laser frequency stabilization loop and the 

ion trap. 



 

Figure 13. Redesigned optical qubit experiment 

using all- fiber architecture and a fiber coupled 3 W 

CW TDFA at 1762 nm. 

 

When the redesigned all-fiber coupled system is 

run in CW mode, 3 W of stable linearly polarized 

light is now generated at the input to the ion trap, 

resulting in a 300x increase in the CW optical power 

available to the experimentalist. When the system is 

run in pulsed mode, over 20 W of peak pulsed power 

(10% duty cycle) is potentially available as well. Also, 

the former free space bulk optics alignment necessary 

in Figure 12 for the ECDL, the isolator, the A/O 

modulators, and the many separated single mode 

fiber links is now eliminated. This immediately 

creates a far more stable and user-friendly 

experimental setup. Overall, the ease and stability of 

the experimental measurements is greatly improved. 

With available 1762 nm optical power ≥ 300x greater 
than in the original setup, many new and innovative 

physics experiments can now be created, designed, 

and carried out. 

 

We note that the on/off extinction ratio that can be 

achieved with representative fiber coupled A/O 

modulators in the 2000 nm band is a minimum of 50 

dB and typically 60 dB or greater. This is equivalent 

to the extinction ratio that can be achieved with free 

space A/O modulators and that is necessary for high 

performance quantum computing experiments. 

 

V. DISCUSSION AND CONCLUSIONS 

In this paper, we have reported the performance of 

CW and pulsed single-clad PM Tm-doped fiber 

amplifiers optimized for the wavelength band from 

1760 to 1960 nm. For CW operation, output powers as 

high as 0.3 W and 3 W were obtained in single- and 

two-stage amplifier configurations, respectively. The 

3 dB (50%) output power bandwidth for the amplifier 

was 1745— 1970 nm or 235 nm. In the pulsed regime, 

average output powers as high as 20 W were achieved 

with 50–100 ns pulses. 

The wavelength operating band of our TDFA 

coincides with the 1762 nm infrared transition in Ba+ 

ions, opening up a wide field of experimental 

applications for this fiber amplifier in optical 

quantum qubit shelving, manipulation, and control. In 

a typical laboratory setup, our TDFA could increase 

the 1762 nm CW optical power available to the 

quantum experimentalist by a factor of 300x. The 

increased optical power level will be important for the 

scaling of quantum computing in applications needing 

hundreds or even thousands of physical ions to 

implement basic quantum algorithms using error 

correction. Using our amplifier as part of an all-fiber 

architecture also greatly increases the stability and ease 

of use of the experimental setup. For these reasons, we 

expect our TDFA to contribute significantly to the next 

generations of optical qubit experiments and quantum 

computing experiments using Ba+ ions. 
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