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LOW-NOISE WIDE-BAND AMPLIFIERS 
FOR STOCHASTIC BEAM COOLING EXPERIMENTS 

• Branko Leskovar and C.C. Lo 
Lawrence Berkeley Laboratory 

University of California, Berkeley, California 94720 

ABSTRACT 

Noise characteristics of the continuous-wave wide-band ampli-
fier systems for stochastic beam cooling experiments are presented. 
Also, the noise performance, bandwidth capability and gain stabil-
ity of components used in these amplifiers are summarized and com-
pared in the 100 MHz to 40 GHz frequency range. This includes bi-
polar and field-effect transistors, parametric amplifier, Schottky 
diode mixer and maser. Measurements of the noise characteristics 
and scattering parameters of variety GaAs FETs as a function of 
ambient temperature are also given. Performance data and design 
information are presented on a broadband 150-500 MHz preamplifier 
having noise temperature of approximately 35 ° K at ambient tempera-
ture of 20 K. An analysis of preamplifier stability based on 
scattering parameters concept is included. 

INTRODUCTION 

An effort is underway at the Fermi National Accelerator Labora-
tory and Lawrence Berkeley Laboratory to design the Antiproton 
Source which in conjunction with a proton source will make pos-
sible proton-antiproton collisions at energies near 2 TeV in the 
center of mass. 1  The Antiproton source will be capable of ac-
cumulating a total of 4.3 x 1011  antiprotons in four hours when 
a wide-band feedback system23  for stochastic beam cooling is 
used. This method has been effectively used to reduce the beta-
tron oscillations and longitudinal momentum spread in a coasting 
particle beam. The method is essential in order to achieve the 
high luminosity required in the proton-antiproton colliding beam 
facility. 4  

The feedback system detects and corrects, at every revolution, 
the statistical fluctuations of the beam position and momentum. 
The system corrections displacement, consists of a wide-band pickup 
electrode array, able to detect horizontal or vertical statistical 
displacements of short samples of a coasting beam, low-noise wide-
band power amplifiers and kicker electrodes which apply correcting 
signals to the beam sections sampled. To reduce the longitudinal 
momentum spread, a system consisting of •a radial differences pick-
up electrode array which detects the error in the radial position 
of the barycentre of short samples of the beam with respect to 
their nominal radial positions, low-noise wide-band power ampli-
fiers and wide-band accelerating gaps. The error signal generated 



by a pickup electrode is interpreted as a momentum error, and the 
beam is corrected by amplifying the signal and applying it to the 
gap at the instant the sampled portion of the beam passes through 
it. In general, theoretical considerations and experimental 
results of stochastic cooling have shown that the effective cool-
ing rate is limited by the system gain and bandwidth, the noise 
figure, the beam Schottky noise, and the power level available to 
kicker electrodes. Also limiting factors are the particle mixing 
process imperfect components and undesirable system phase shift 
errors. 

In the Debuncher Ring of the Antiproton Source the antiproton 
betatron oscillations will be reduced by a system employing a low-
noise low power system having a frequency range of 2 to 4 GHz. In 
the Accumulator Ring of the Antiproton Source the low density stack 
of antiprotons will be stochastically cooled with a stack-tail 
cooling system similar to the type developed for the CERN Anti-
proton Accumulator. 9  This system uses a low-noise medium power 
amplifier covering a frequency band 1-2 GHz. The high density 
antiproton region will be cooled by stack core cooling systems 
which uses a low-noise low-power amplifier with a bandwidth of 
2-4 GHz. Later, systems with a bandwidth covering 4-8 GHz will be 
used if future research and development efforts indicate that large 
bandwidth cooling systems are practical. 

The Antiproton Source program requires the development of two 
types of wide-band amplifier systems, one capable of operating at 
power levels of several hundred watts and the other at power lev-
els of several thousand watts in frequency bands covering 1-2 GHz 
and 2-4 GHz. Since the pickup electrodes generate signals at very 
small power levels from the antiproton beam, the amplifier system 
should have gains in excess of 90 dB and 150 dB, and noise figures 
as low as possible. Furthermore, the systems should have accurate-
ly controllable signal propagation time delays. Also, the propa-
gation time change as a function of the system gain settings, har-
monics and intermodulation distortions should be minimized. 

Our previous experiments841  and analyses indicate that new 
amplifier s.ystems should be designed which meet the above require- 
ments for fast cooling of betatron oscillations and longitudinal 
momentum spread. The characteristics of the amplifier systems 
will of course be limited by the capabilities of available mdi- 
vidual components, particularly those used in the preamplifier, 
amplifier driver and output power stages. 11 	 V 

This paper specifically deals with the noise characterization 
of the continuous-wave wide-band amplifier systems for stochastic 
cooling experiments and the necessary design considerations for 
design of low-noise wide-band preamplifiers. 
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NOISE CHARACTERIZATION OF THE AMPLIFIER SYSTEM 

The particle beam cooling process is governed by the following 
effects: (1) the coherent effect where each beam sample cools 
itself via the feedback system by the signal it generates and (2) 
the incoherent effect, where the beam heats itself because of the 
noise generated by the other beam particles (beam Schottky noise) 
and the presence of the noise in the amplifier system. The coher-
ent effect is proportional to the amplifier system gain. The in-
coherent effect varies with the square of the gain. Consequently, 
it is always possible to select a value of the system gain where 
the coherent effect predominates and beam cooling is achieved. 
For particle beams intensity such as those in the FNAL Antiproton 
Source facility, the heating effect will be predominately the re-
sult of amplifier noise rather than beam noise. Also, during the 
cooling process the ratio of the amplifier system noise power to 
the signal noise power increases continuously and the instantan-
eous cooling rate is reduced accordingly. Consequently, the cool-
ing system will have a larger cooling rate dynamic range if an 
amplifier system with a lower noise figure is used. 

The function of the low-noise, high-gain, wide-band power amp-
lifier system is not only to amplify pickup electrode array sig-
nals but also to filter them in a manner that will provide the 
maximum discrimination between the desired signal and undesired 
noise and interference. The noise and interference includes not 
only that generated in the low-noise preamplifier, but also spur-
ious signals generated from fundamental and non-fundamental sources 
in the pickup electrode array and its terminating resistor. 

The usual noise that exists in a low-noise power amplifier is 
partly of thermal origin and partly due to other noise generating 
processes. Generally, the noise of a low-noise power amplifier 
can be characterized either by the effective input noise tempera-
ture Te,  defined as Te = Pn/kf, where Pn  is the available 
noise power, k is Boltzman's constant and Af the bandwidth, or by 
the noise figure F. The relationship between the noise figure F 
in dB and effective noise temperature is given by: 

- 	
( FdB/lO 

Te = 290 	1O 	 (1) 

The low-noise power amplifier system under consideration con-
sists of a very low-noise preamplifier, driver and buffer stages, 
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various electronic components Wand circuits for filtering and an 
output high power stage. The amplifier system performance with 
respect to the system operating noise temperature T 0  and the 
dynamic range is primarily determined by its front end character-
i St i c s. 

The most meaningful measure of overall amplifier Sensitivity 
where the amplifier is to be used in a pickup electrode array-amp-
1 ifier system is the system operating noise temperature T 0  de-
fined (under actual operating conditions) by the equation: 

= Ta  + 
	

(2) 

where Ta  is the noise temperature of the pickup electrode array, 
representing the available noise power at the pickup electrode 
array terminals, and T e  is the effective input noise temperature 
of the amplifier system 12 . Each component in the amplifier 
front end cascade has its own effective input noise temperature 
Te' representing its available output noise power referred to 
its own input terminals, assuming a noise free input terminal of 
the same impedance as the actual input termination. For an N-com-
ponent cascade, the system operating noise temperature is given by 
the expression: 

T 	=T+ 
op 	a 

(3) 

i1 

where Gi  is the available gain of the system between its input 
terminals and the input terminals of the ith component. (By this 
definition, G1 = 1.) 

The formula given above has been applied to the pickup elec-
trode array-low-noise power amplifier-kicker electrode array sys-
tem representing the arrangement for stochastic cooling in a col-
liding beam facility. A block diagram of the cascade system used 
as a basis of system-noise-temperature calculations is shown in 
Fig. 1. The first component is the pickup electrode array fol-
lowed by the transmission line that connects the pickup electrode 
array to the in-phase power combiner input terminal. Combiner, 
having temperature Tsc  and insertion loss factor Lc,  is followed, 
by the transmission line which connects the combiner to the low-
noise preamplifier input terminals. For this system, if the first 
transmission-1 me noise temperature is represented by Tra and 
its loss factor is Lra(l/Gra),  the combiner noise temperature 
is Tsc  and its loss factor is Lc,  the second transmission line 
noise temperature is Trb  and its loss factor is Lrb(l/Grb), 

,1 
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and if the amplifier system effective input noise temperature is 
T at preamplifier input terminals, Equation (3) becomes: 

+ - T -'- T 
a 	ra 

+L 
 ra  T 
	L L T 	L L L 
sc 	ra c rb 	ra c rbTe 	

(4) T 0  _  

The transmission line loss factor Lr,  is defined as a ratio 
of the signal power available at its input to that available at 
its output. 

It can be shown that the transmission lines noise temperature 
can be expressed by the equation: 

	

Tra = Ttra (Lra -1) 	 (5) 

	

Trb = Ttrb (Lrb -1) 	 (6) 

where Ttra  and  Ttrb  are the transmission lines thermal tempera-
tures. 

A comparison of the pickup electrode array noise with the ef -
fective input noise temperature of the amplifier front end shows 
that the pickup electrode array noise can contribute significantly 
to the total system operating noise and may ultimately limit the 
achievable cooling system effectiveness, such for example as the 
cooling rate and time. 

It is obvious from Equation 2 that if Tee  << Ta, the cool- 
ing effectiveness of the pickup electrode array-amplifier system 
cannot be significantly improved by improving the amplifier since 
the pickup electrode array and its terminating resistors would 
introduce thermal noise into the amplifier system. The pickup 
electrode array noise temperature would dominate the total noise 
temperature of the system. However, our investigation has shown, 
that in the present system Ta << T, and that future effort 
should be directed toward reducing the effective input noise tem-
perature of the low-noise Dreamplifier stage. Consequently, in 
the pickup electrode-amplifier system the optimum tradeoff between 
the sensitivity, complexity, reliability, and cost occurs when the 
level of the amplifier front end effective noise temperature T 
is comparable to the pickup electrode array noise temperature 
Ta, i.e.  TcTa. 

NOISE PERFORMANCE FOR 1981 STATE-OF-THE-ART 
LOW-NOISE DEVICES 

The present noise performance of state-of-the-art microwave 
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devices is summarized in Fig. 2 in the 100 MHz to 40 GHz frequency 
range. The values are taken from manufacturers data sheets 1-15 , 
the references cited below 16-18  (with the most recent correc-
tions), and also from measurements on low-noise amplifiers de-
signed at the Lawrence Berkeley Laboratory. In all cases the nar-
row-band amplifier noise performance data are plotted. The mixer 
values are single-sideband noise temperatures. At ambient tem-
peratures of 300 ° K the Gallium-Arsenide Field-Effect Transistor 
Amplifier has higher noise temperature values than the best para-
metric amplifiers in the 1 to 4 GHz frequency range. However, the 
GaAs FET amplifier offers a considerably larger bandwidth and 
higher gain stability. Furthermore, the noise temperature of the 
cryogenically cooled GaAs FET amplifier is lower than that of the 
cooled parametric amplifiers. Only a 4 ° K maser amplifier with a 
state-of-the-art up-converter had lower noise temperature. Its 
noise performance data are given for comparison purposes only. 
The maser amplifier is essentially a narrow band device. Its 
operational complexity and cost prohibits its application in beam 
cooling systems. 

NOISE OF CRYOGENICALLY-COOLED GaAs FET's 

Generally, microwave FETs use as semiconductor material GaAs 
rather than silicon. GaAs has approximately six times higher low 
field electron mobility and two times higher maximum drift velo-
city as compared to silicon. Furthermore, at temperatures below 
125 K electrons are frozen out of the conduction band and holes 
out of the valence band for silicon. This leaves the semiconduc-
tor with very few carriers to support device operation. For GaAs 
no freeze out occurs at cryogenic temperatures because of the ex-
tremely small energy gap between the donor levels and the conduc-
tion band for most n-type dopant used in FET's (6 meV for sulfur, 
selenium and tin and 3 meV for tellurium). A comprehensive treat-
ment of noise theory of FET5 is given in Ref. 19 In summary, the 
noise in a microwave EEl is caused by thermal, hot-electron, and 
high-field diffusion effects. For frequencies below 3 GHz the 
noise is possibly also caused by trap generation-recombination 
effects. The thermal noise of the FET channel and parasitic re-
sistances is proportional to the ratio T/g,where I is the am-
bient temperature and g 1  isthe transistor transconductance. 
Furthermore, the transconductance increases with a decrease of 
temperature because of the increase of free carrier mobility and 
saturated velocity in GaAs. The increase of mobi.lity is caused by 
fewer collisions with energetic lattice and is approximately pro-
portional to T 3 / 2  for physical temperatures greater than 60 K. 
Hot-electron and high-field diffusion noise may remain constant or 
increase at cryogenic temperatures, depending upon particular tran-
sistor and its operating conditions. Also trap generation-recom-
bination noise has a peak at some temperature due to the tempera- 
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ture dependence of the time constant. Because of a complex depen-
dance of the noise figure upon ambient temperature, the noise fig-
ure of several commercially available GaAs FETSs  was measured from 
300 ° K to 12 ° K in an amplifier with a frequency pass band centered 
at 500 MHz and having a width of 30 MHz. Results of the measure-
ment are given in Fig. 3. Only several samples of each manufac-
turer were evaluated. Units from other batches may give better 
cryogenic performance. For Plessey devices, the peak gain was ap-
proximately 12 dB at 300

0
K and increased by 2-3 dB at 12 K. For 

Mitsubishi devices the peak gain was 	30 dB, at 300 ° K and in- 
creased by 3-4 dBat 12 ° K. The narrow-band noise figure of the 
Mitsubishi MGF 1402 device was 1.4 dB and 0.25 dB at ambient tem-
perature of 300 ° K and 12 ° K, respectively. On the basis of these 
measurements the Mitsubishi devices MEG 1402 and NF 1412 were 
selected for detailed study. The device MGF 1402 was used in the 
design of a broadband 150-500 MHz amplifier planned for an earlier 
version of the Stochastic beam cooling system. Schematic diagram 
of the amplifier is given in Fig. 4. The amplifier has a gain of 
24 dB. Noise figures versus frequency for ambient temperatures of 
300 ° K, 100 ° K and 20 0 K are given in Figs. 5 and 6. The noise 
figure has a value of 1.4 dB and 0.35 dB at ambient temperature of 
300 ° K and 20 ° K, respectively. 

Therewas a significant increase of the noise figure values at 
frequencies below 100 MHz because of the existance of 1/f noise. 
A reduction of the ambient transistor temperature from 300 K to 
20 0 K has a very small influence on the noise figure value at these 
frequencies. 

DESIGN CONSIDERATIONS FOR LOW-NOISE 
WIDE-BAND PREAMPLIFIERS 

Design criteria for low-noise wide-band preamplifiers for the 
stochastic cooling system are primarilly determined by the various 
requirements of preamplifier gain, bandwidth, noise figure, gain 
stability and uniformity, phase shift, input and output voltage 
standing wave ratios and dynamic range. Although, some devices 
offer an excellent narrow-band noise figure at room and cryogenic 
temperatures they can not be operated over a wide bandwidth with-
out lossy gain-compensating and gain stabilizing networks which in 
turn increase the noise figure. Generally, the preamplifier noise 
figure cannot be optimized without sacrificing other performance 
characteristics. This chapter briefly addresses possible tradeoff 
in the preamplifier's characteristics such as noise figure and 
gain stability. 

It has been shown previously that devices MGF 1402 and MGF 
1412 offer excellent noise performance when used in the narrow-
band amplifiers. In Fig. 7 noise figure is shown as a function of 
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frequency for both transistors for a frequency range from 0.5 GHz 
to 12 GHz. Noise figure values are given for the device narrow-
band application under noise matched conditions and corrected for 
the circuit losses. To calculate the device stability factor Ks 
and factor A as a function frequency20 , the scattering paramet- 	t 

ers were measured for five devices in the frequency range from 0.5 
to 2.0 GHz at ambient temperature of 300 ° K. Results of the mea-
surements are shown in Table 1. These transistors show a relative-
ly small spread of S-parameters between various device numbers. 
The transistor stability factor K 5  and factor A were calculated 
from the S-parameter data using the following equations: 

1+s 11s 22_ 12s21 2  - 1s 11 1 2 -1s22 1 2  
K5 = 
	 2 

and A = I1122 - S12S211 	 (8) 

The results of the calculations are shown in Tables 2 and 3. 

It can be seen from the given results given above that this 
transistor does not satisfy the necessary and sufficient conditions 
for unconditional stability 

K5  > 1 and A < 1 
	

(9) 

in the frequency region from 0.5 to 2 GHz. Generally, most GaAs 
FET's are potentialy unstable in certain frequency regions which 
lie below 3 GHz because of the presence of internal feedback such 
as that due to the gate-to-drain capacitance. The stability factor 
can be increased by a low loss FET source inductive series feedback 
to offset the internal feedback. Also, such inductive feedback 
increases the real part of the input impedance resulting in better 
matching conditions between the signal source and the amplifier 
input. However, our calculations and measurements have shown that 
this type of feedback can be only partially applied because it ser-
iously decreases the device gain when value of Ks = 1 is approach-
ed. Alternatively it is also possible to use parallel feedback, 
consisting of applying capacitance and resistance from the gate to 
the drain of GaAs FET to increase the stability factor. Our analy-
ses have shown that a wide bandwidth, with low input and output 
reflection coefficients and excellent stability can be achieved. 
Unfortunately, a significant increase of the noise figure also re-
suits from the application of parallel feedback in a broadband pre-
amplifier operating at ambient temperatures around 300 ° K. This 
increase is mostly due to various losses presented by the feedback 



loop components and characteristics of the transmission line which 
is used between the FET output port and the node where the feedback 
loop is connected. At cryogenic temperatures these losses will be 
reduced resulting in a decrease of noise figure. Results of these 
analyses on parallel feedback properties are in a good agreement 
with data recently obtained with FET broadband amplifiers Operating 
at 300 K. 2 ' Further experimental and theoretical ,work is neces-
sary to assess a proper balance between the series and parallel 
feedback and to establish design tradeoffs between the noise fig-
ure, gain, bandwidth,phase shift and input and output standing 
wave ratios. 

CONCLUSIONS 

Noise characterization of continuous—wave wide—band amplifier 
systems to be used in stochastic beam cooling experiments are dis-
cussed. Particular attention was paid to the design considerations 
for a cryogenically cooled low—noise wide—band preamplifier using 
GaAs FET's. Further effort is required to solve the problem of 
wide—band input mismatch resulting from the operation of the 
device when driven by a signal source having the optimum noise 
impedance. For GaAs FET's operating in the lower microwave range 
the difference between the device input impedance and the optimum 
noise impedance can be large, resulting in alarge input reflec-
tion coefficient. Although all the questions posed in this paper 
have not been answered, preliminary results based on our previous 
work have given the necessary direction for the future experimen-
tal and theoretical work required to establish preamplifier design 
tradeoffs between noise figure, gain, bandwidth, stability, phase 
shift, input and output standing wave ratios, and dynamic range. 
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Table 2. Stability Factor for the MGF 1412 Transistor 

Device Number 

1 2 3 4 5 

Freqyency 
(GHz) 

0.96 0.71 0.97 0.56 0.43 0.5 

Stability 1.0 0.52 0.55 0.51 0.53 0.51 
Factor 

Ks 1.5 0.46 0.62 0.49 0.55 0.54 

2.0 0.52 0.65 0.55 0.59 0.52 

Table 3. Factor A for the MGF 1412 Transistor 

Device Number 

1 2 3 4 5 

Frequency 
(GHz) 

0.81 0.64 0.84 0.68 0.71 0.5 

Factor 
1.0 0.75 0.67 0.75 0.74 0.80 

1.5 0.74 0.75 0.77 0.77 0.78 

2.0 0.67 0.67 0.71 0.68 0.70 
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Fig. 1. Block diagram of the amplifier system used as a 
basis for the system noise temperature calculations. 
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