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0 1. INTRODUCTION
ty

,: In this report we discuss some effects on cesium beam clock performance A
1.

n} of atomic transit times after microwave interrogation and detector response '
)

ﬂ times. We will refer to these combined processes as the effects of the "post-

microwave segment" of the cesium beam tube. Our analysis has been conducted

: for the type of compact cesium beam tubes used on Global Positioning System f
5 (GPS) satellites, but its most general conclusions are valid for any atomic

N beam passive frequency standard.

R In compact cesium beam atomic clocks, the atomic beam is detected by

& surface ionization on a hot wire, and hyperfine state preparation and analysis

Wy are accomplished by atomic deflection in strongly inhomogeneous magnetic X
W fields. Since atomic deflection in a magnetic field gradient is velocity- :
=§ dependent, only atoms within a relatively narrow range of speeds will follow

x trajectories leading from the cesium oven, through the state-selecting magnet,

}$ ' the Ramsey cavity, and the state-analyzing magnet, to the detector; the cesium )
;ﬁ beam tube acts as its own passband velocity filter, and its geometry

& - determines the velocity distribution of the detected atoms.

%& Two independent processes will tend to smear out the time-dependent

X component of the atomic beam signal introduced by microwave frequency '
K modulation. First, atoms leaving the microwave interrogation volume

& simultaneously with different speeds will arrive at the ionizer at different Y
R times; the spread in arrival times AtA will be determined by the atomic beam

o velocity spread 8v. Second, atoms arriving at the ionizer simultaneously will

b' leave as ions with an exponential distribution of residence times character-

, ized by a temperature- and material-dependent ionic dwell time 1. These two

ﬁ processes Will introduce a significant smearing of the time-dependent !
? component of the atomic beam signal if either one (or both) of AtA and 1 are L
\, comparable to Tm/2n, where Tm = 1/vm is the modulation period. The relative

}q importance of these two processes will be determined by the relative length

j of AtA and T. ;
'$ . The discriminator funection of the atomic system is determined primarily

* by the atomic resonance lineshape and the microwave modulation scheme, since

o taken together, these two will determine how microwave detuning is translatca !
5: ,
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into intensity modulation of the atomic beam. However, the intensity
modulation impressed upon the atomic beam by microwave interrogation will be

degraded during transit and detection by the aforementioned processes, leading

b - -
T - A

in turn to the degradation of the discriminator function. Thus, the choice of
modulation frequency for best clock performance will not only depend on the
atomic resonance lineshape, but also on the atomic velocity distribution and

the choice of ionizer material and operating temperature. &

We have modeled quantitatively the effects of the smearing of the time-
dependent components of the beam signal by both the spreads in atomic transit
and ion residence times for a test case in which the intensity of the state-
selected atomic beam is square-wave amplitude modulated by its sequential )
interactions with the microwave field and the inhomogeneous field of the Ky

state-analyzer magnet. The modulated atomic beam intensity at the exit of the

LR F PP TR

Ramsey cavity within the tube of trajectories leading to the detector is given

.

by Y

] F

} gt
3 -

3 I(t) = I nT <t < (nel/2) T (1a) 3

I(t) = I_(1-d) (n1/2) T_ <t < (nel) T (1b) G

1 :i.

J N

y N

where n is any integer and d the depth of amplitude modulation (0 < d < 1). ~

The average atomic beam intensity is given by <I> = I, {d-1/2). This is the X

type of intensity modulation that would be achieved if the microwaves fed into

the Ramsey cavity underwent square-wave frequency modulation and their average ~
frequency was different from the atomic transition frequency, v £ Yo+ The X
depth of amplitude modulation d will in general depend on the microwave v
detuning, the depth of frequency meodulation, and the atomic transition ;
lineshape. In most of what follows we will be taking d = 1 for clarity. This :;
' is obviously unrealistic, but does not entail a loss of generality since the "
results of our modeling scale linearly with d, as we will show later. i:
i The atomic beam intensity incident on the detector will be given by E
I'(t), and I (t) will be the ion current (ions/s) emerging off the ionizer i
surface. If I(t) is periodic of perioa T, so will pe 1'(t) and I {L). Also, )
<I,> =€ <I'> = e <I>, where ¢ is the hot-wire ionization efficiency. '
%
; 6 !
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We will assume for our test case that the time-dependent component of the
atomic beam signal is detected by a phase sensitive technique, using as
reference R(t-to), a unit amplitude square wave of the same frequency as the
atomic beam modulation, where t, is introduced to provide a suitable phase-

shift. The magnitude of the error signal will be proportional to
1
S T i’ |1,(t) - <I >|dt (2)

and its sign will depend on whether I_(t) and R(t-t,) are in phase or in phase
opposition. Typically, the amplified ion signal would be filtered before
phase-sensitive detection. Incorporating the filter into our model would

change the results somewhat, but our conclusions would remain valid.

Y i . . . i mt N MR R .
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I1. [IONIZER EFFECTS )
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. The ion evaporation rate 1, at the ionizer surface can be expressed as

o T

3
—l
"
<
=

R (3) :

? where N_ is the total number of cesium ions on the ionizer surface, and y the

ionic evaporation probability per unit time. This assumes fairly low ion-

. surface concentrations, so that the evaporation rate will be characteristic of
the ion-surface binding, without regard to ion-ion or ion-neutral cesium

interaction on the surface.

The mean life (or dwell time) of the adsorbed ions is given by 1 = 1/v,

W

and Hughes and Levinstein' have shown that, in general, the temperature
X dependence of 1 is given by .
£
B y
) T = 1 exp (Q /kT) (4)
[, .
‘< N which can be understood in terms of noninteracting particles trapped behind a

potential barrier of height Q, (the ionic heat of desorption). Nazarov® h
? studied atomic and ionic desorption dynamics for the cesium-tungsten system,

and from his work 1_ = 7.9 « 10712 5; Q, ¥ 1.84 eV. Figure 1 shows the dwell
w time 1 versus temperature for cesium ions on a tungsten suirface, calculated
:; using Eq. (U4) with Nazarov's results. For comparison purposes, it also
.f shows 1 for rubidium ions on tungsten, as measured by Hughes and Levinstein.
o For our test case, we are assuming a tungsten ionizer operated at T = 1220 K,
» yielding t = 3 « 107Ys.
'\ -
) N
- If I'(t) is the atomic current impinging on the ionizer, the ion current 4
o satisfies
‘ a1,
- o+ _ .
5 Tgr v 1, = el'(t) (5) _
K
s where, typically, e = 1. :
\
|:. :
0' \ Y
)
[0
A0
w 9

) 3
(]
3
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K

. Fig. 1. 1Ionic Dwell Time vs. Tungsten Wire Inverse Absolgte
, Temperature. Solid line: Cesium, from Nazarov.
) Dashed line: Rubidium, from Hughes and Levinstein.

Before obtaining a general solution of Eq. (5) for an arbitrary incident
atomic current, we will solve it for two special cases, the intensity of the
atomic beam incident on the detector being either sine-wave or square-wave
modulated. The first one is of interest because it yields a very simple model

for the behavior of the ionizer in the frequency domain, while the second one

' describes our test case when the atomic beam is single-velocity.

1

; 10

1

3,
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If the atomic beam current incident on the ionizer is sine-wave modulated
with depth of amplitude modulation d',

\ - t g_‘ Q '
1'(t) - IO (1- 5 ) + 5 lo cos wt, (6)
then the solution to Eg. (5) is given by
elé d'.2
A,(t) - cIO (1-d'72) + >3 5 75 COS (2nvmt—8) (7)
(1+lm va )

where € = arctar Zr\mr. This shnows that in the frequency domain the ionizer
behaves as a simp!e low pass filter of cutoff fregquency Voo© 1/2n1; the

depth of amp.itize modulation in the ion signal is given by

d = d'/"(1+'-3712vi1‘)1'/2.

+

(8)

When the atomic beam current incident on the ionizer is square-wave modulated,

as described by Egs. ('a) ana (1b), the solution to Eg. (5) is

t - nTm
1 v a0 =z &y . — N +
I, (£) = el ' [1-c' = exp I} nT_ st v (ne1/2)T (9a)

1

t-—i.’\+1/2)Tm
I (t)

N el {1-c¢'« d'z ev: |- ——T———]] (e 2)T < t < (neDT (9b)

where

n

= [1 + exp (-Tm/21 )]’1. The depth of amplitude modulation in the ion
signal is now given by

1- exp (-1/2 vm1)
+ 1« exp (-1/2vm1) d (10)

"
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Eqs. (8) and

(10) show clearly the role of the ionic dwell time 1 on the

degradation of the time-dependent component of the signal. This is also

illustrated in Fig. 2.

T T IHTH[ 7?Tﬁrﬂ{ 7 T 1777

T T T T T

=i

T 1T TT T[

1 lLllll

l'> l,\._‘_

SR ENes Ll NN

0.01

0.01 0.1 1.0

Fig. 2.
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Response of lonizer to an Incident Amplitude-Modulated Atomic
Beam. Adimensional abscissa: modulation frequency times ionic
dwell-time. Adimensional ordinate: ratio of ion current to
incident atomic current modulation depths. Solid line: Square-
wave modulation, Dashed line: Sine-wave modulation.
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A general solution to Eq. (5) can be obtained using Green's function for
the problem, G(t,t'):

@

1, (t) =« oG, ) 1'(t') at’ (1)

- 00

It is easy to show that G(t,t') is given by

G(t,t') = 0 t <t' (12a)
1
G(t,t') = T exp [-(t-t')/1] t 2t (12b)
and then, for an arbitrary atomic beam incident on the detector,
-t/ t .

Tty = £ f et /T I'(t) dt! (13)

+ T co

13
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IT1. WAVEFORM DISTORTION ?

-
A

Audoin et al.3 have discussed in detail the effects of the atomic

velocity distribution on the frequency stability of optically pumped,

P R A X

optically detected, cesium beam frequency standards, including the effect on

the error signal of the spread in atomic transit times between the exit of the

%o

Ramsey cavity and the detection region. Similar effects must be incorporated

into our analysis of waveform distortion effects in compact cesium beam tubes.

-

Let dN, = I(t') g(v)dv be the number of atoms with speeds between v and .
v+dv in the amplitude-modulated beam passing per unit time through a given
R cross section of the tube of trajectories leading to the ionizer. The state-
selecting and analyzing magnets transmit a normalized atomic beam speed :
distribution g{(v). The same atoms will arrive at the detector at time t =

. t'+ EA (v/v), where v and EA are the average atomic speed and transit time, :

respectively. The atomic beam current impinging on the ionizer at time t will K
v be given by .

. 1'(t) = [ I(t-t
(o]

AV/v) g(v) dv (14)

e
o 4

This result can be inserted in Eq. (13) to obtain the ion current out of ‘he

1 o

ionizer. If we assume phase-sensitive detection witn a properly phased 4

square-wave reference signal, the magnitude of the corresponding error signal b
can be calculated using Eq. (2).

A A X,
.

The above procedure gives a full prescription to calculate the error
signal provided by the cesium beam tube for any given atomic beam amplitude
modulation, assuming that the atomic speed distribution g(v) and the ionizer

response parameters e¢ and 1 are known. We have used it for our test-case )

] o
Pk Tl I e By

atomic beam, with initial square-wave intensity modulation as given by
Eqs. (1a) and (1b). We assume the velocity distribution to be Gaussian, of -1
average v and standard deviation o. Existing measurements“’5 of velocity

distributions in cesium-beam tubes show results which are somewhat asymmetric,

with a high-velocity component extending beyond the Gaussian tail, but we

» chose a Gaussian representation of g(v) for ease of calculation. The presence

of the high velocity components would not change appreciably the results of N
the present work.
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Numerical integration of Eqs. (14) and (13) yields the waveforms into and
out of the ionizer. Figure 3 presents the results for the following
parameters: v_ = 440 Hz, d = 9, EA = 1.4 «102s, vz14ms, c=10m/s,
e =land v =3 10’u s. It shows clearly that in this case, while the
effects of the atomic beam velocity spread are quite apparent, the distortion
of the ion current waveform relative to the initial atomic beam waveform is
dominated by the exponential character of the ionizer emission. Figure 4
shows the corresponding waveforms for o = 30 m/s, all other parameters being

the same. In this case, velocity-spread effects dominate waveform distortion.

Once tae ion current waveform has been determined, Eq. (2) can be used to
calculate the detected error signal. Figure 5 shows that for the set of
parameters described above, the magnitude of the relative error signal,
|E|/IO,
narrow speed distributions (o < 4 m/s), but as the velocity spread innreases,

is quite insensitive to the atomic beam velocity spread for very

|E|/IO decreases steadily. Figure 6 shows that, as we stated before, these

results scale linearly with the amplitude modulation depth d.

16

AR AR Pty e m N W e N e e e -
A e T e

7 q.'l"-..‘v".’ .‘y-._‘. ~~ '-.. o,
5 A A, AN A -

- B -
e

L

2L LAl A

M4

PO O 0 O "
A

i



AR AR

=,
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Amplitude-modulated Waveforms, Normalized by I,-
Top: Initial atomic beam square-wave modulation.
Middle: Atomic beam incident on ionizer. Bottom:
Ion_current. v = 14 m/s, o = 10 m/s, t, = 1.4 «

1073 s, v = W40 Hz, 1 : 3 x 107" s, d =1, £ = 1.
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Amplitude-modulated Waveforms, Normalized by I,.
Top: Initial atomic beam square-wave modulation.

Middle: Atomic beam incident on ionizer. Bottom:

lon_current. Vv = Y14 m/s, o = 38 m/’s, t, = 1.4 x

1073 s, vo= 4O Hz, =3 x 1077s, d =01, 6= 0.
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1V. INTENSITY EFFECTS

At e o w we e e

From the point of view of the cesium-clock's performance and frequency
stability, the quantities of interest in the present work are the error signal
S and the signal-to-noise ratio (S/N). The error signal will be proportional
both to (E/Io), the relative error signal discussed in the preceding section,
and IO. We have shown that (E/Io) decreases as the velocity spread increases,
due to waveform distortion. Generally, however, as the velocity spread
increases, I, will increase too, making it necessary to analyze in more detail
the behavior of their product, (E/IO)IO. With regard te the signal-to-noise
ratio, if we assume that the atomic beam is shot-noise limited, the noise
level within the measurement bandwidth will be proportional to 101/2, so that

the signal-to-noise ratio will be proportional to (E/Io)lo1/2'

Let ¢{(v) be the atomic beam intensity per unit speed interval within the
tube of trajectories leading to the ionizer prior to velocity selection. If

we assume the speed distribution of the cesium atoms effusing out of the oven
to be beam-Maxwellian,

2¢ -

¢(v) = ;9 [(!1]j exp [-(v/a)2]

where a = (2kT/m)1/2; m is the mass of a cesium atom, T the absolute oven
temperature, and LR the atomic beam intensity within the tube of trajectories
leading to the ionizer prior to velocity selection. As I, is the corre-
sponding intensity after velocity selection, assuming unit transmission at the
transmitted peak of the velocity distribution, v = Vo it follows that

¢(v°) dv = Iog(vo)dv, which results ii Iy = ¢(vo)g/(vo). For our choice of a
Gaussian velocity distribution, Vo TV and

-

-
i

1= /B e, 2 (43 exp (-(0)), (16)

Equation (16) shows that for a given oven temperature and fixed average speed,

N AR S

;, Io will be proportional to the Gaussian's standard deviation o. From the
analysis at the beginning of this section, it follows that the error signal

will be proportional to (E/Ij) o and the signal-to-noise ratio will be

- - -‘-“. Con -

»
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propcrtional to (E/I1,) 01/2. In both cases the first factor (E/IS) reflects R
the effect of waveform distortion, while the second one (o or 01/ ) introduces "
' beam intensity effects. 3
} 3

The results shown in Fig. 7 were obtained using the same set of para- :

meters used in the previous section, and illustrate for our test case the -

results of the two competing effects described in this section. For ,
relatively narrow speed distributions (up to o = 18 m/s in our test case), j:
intensity effects are dominant and the signal increases quasi-linearly with 3
increasing velocity spread. For broader speed distributions, waveform :
distortion effects become dominant, and the signal saturates against further ,'
increases in velocity spread. The signal-to-noise ratio shows a maximum at 3
o 18 m/s and then decreases slowly with increasing o when waveform distortion ;,
w

effects become dominant. t
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V. CONCLUSIONS

We have shown that the distribution of atomic arrival times at the cesium
beam tube ionizer, as well as the distribution of ionic residence times on the
ionizer surface, affect the performance of a cesium beam tube by distorting
the time-dependence of the cesium ion current relative to the amplitude
modulation impressed on the state-selected atomic beam by the combination of
microwave interrogation and state analysis. This distortion results in a
reduction of the error signal relative to the average ion current, and thus
leads to degradation of the clock's discriminator function. The spread in
atomic arrival times is, of course, related to the width of the atomic
velocity distribution. Increasing it will increase the atomic-beam intensity
and thus the magnitude of the error signal, but as it becomes broader, the

degradation due to waveform distortion may become dominant.
g y

Figure 8 presents the frequency response of the post-microwave segment of
a cesium beam tube for ¢ = 1, d = 1, V = 114 m/s and EA = 1.4 x103s. Fora
single-velocity beam and prompt ionization (t = 0), |E|/I, = 1/2, independent
of modulation frequency, as illustrated by the dotted line. If now the
ionizer exponential distribution of residence times is incorporated, Eqs. (2)

(9a) and (9b), combined with <I > = I,/2, yield

1E] |

* *
Io _%_vat +2vm1 [1-2 = exp (-t /1)] (17)

where t* = 1 In (2 £). This result is indicated by the dashed line. The
solid line shows the effect of replacing the single-velocity atomic beam by
one having a Gaussian distribution of o = 10 m/s. In this particular case,
the main effect of the velocity spread in the atomic beam is to force a mucu

sharper signal cut-off as the modulation frequency increases.

In light of these results, the main conclusion of this report is that,
when determining the frequency-modulation scheme, attention should be paid not
only to the atomic interaction with the microwave field in the Ramsey cavi-
ties, but also to these "post-microwave segment" effects. As shown in Fig. 8,
the waveform distortion effects discussed here can be minimized by choosing an
appropriate operating point on the frequency-response curve of the post-

microwave segment of the cesium beam tube.
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' While the present analysis has been developed for compact cesium beam
. tubes using surface ionization detectors, some of its conclusions are valid
) for other atomic beam passive-frequency standards. They are particularly
significant in light of the current push to use diode lasers (rather than
magnets) to prepare and analyze the hyperfine state of the cesium beam by
optical means. In that case, the full Maxwellian distribution of velocities
may contribute to the signal, and careful attention must be paid to the

) modulation scheme tc avoid excessive signal-to-noise losses due to waveform

¢ distortion, as recently discussed by Audoin et al.3.
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N LABORATORY OPERATIONS
.:'
R !
K) The Aerospace Corporation functions as an “architect-engineer” for 0
: ] g
5 national security projects, speclalizing in advanced military space systems.
s Providing research supnort, the corporation's Laboratory Operations conducts .
L
experimental and theoret .cal investigations that focus on the application of
scienti{fic and technical advances to such systems. Vital to the success of
these investigations is the technical staff's wide-ranging expertise and its )
z abllity to stay current with new developments. This expertise is enhanced by 4
) a research program aimed at dealing with the many problems associated with )
[}
N rapidly evolving space systems. Contributing their capabilities to the
N g
research effort are these individual laboratories:
? Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat "
{ transfer and flight dynamics; chemical and electric propulsion, propellant N
chemistry, chemical dynamics, environmental chemistry, trace detection;
' spacecraft structural mechanics, contamination, thermal and structural
L) control; high temperature thermomechanics, gas kinetics and radfation; cw and
n pulsed chemical and excimer laser development including chemical kinetics,
spectroscopy, optical resonators, beam control, atmospheric propagation, laser
effects and countermeasures.
L]
q Chemistry and Physics Laboratory: Atmospheric chemical reactions, .
2 atmospheric optics, light scattering, state-specific chemical reactions and t
if radiative signatures of missile plumes, sensor out-of -field-of -view rejection,
b applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell $
i) physics, battery electrochemistry, space vacuum and radiatfon effects on
5 materials, lubrication and surface phenomena, thermionic emission, photo- 4

sensitive materials and detectors, atomic frequency standards, and
environmental chemistry.

Computer Science Laboratory: Program verification, program translation,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence, micro- A
electronics applications, communication protocols, and computer security. f

o Electronics Research Laboratory: Microelectronics, solid-state device .
physics, compound semiconductors, radiation hardening; electro-optics, quantum
& electronics, solid-state lasers, optical propagation and communications;

microwave semiconductor devices, microwave/millimeter wave measurements, ‘
% diagnostics and radiometry, microwave/millimeter wave thermionic devices; !
atomic time and frequency standards; antennas, rf systems, electromagnetic :
propagation phenomena, space communication systems. K

b Materials Sciences Laboratory: Development of new materials: metals, [}
alloys, ceramics, polymers and their composites, and new forms of carbon; non-

destructive evaluation, component failure analysis and reliability; fracture

mechanics and stress corrosion; analysis and evaluation of materfals at

cryogenic and elevated temperatures as well as in space and enemy-induced

environments. .

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray
physics, wave-particle Iinteractions, magnetospheric plasma waves; atmospheric .
and ifonospheric physics, density and composition of the upper atmosphere, ‘
remote sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atmosphere, ilonosphere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space
instrumentation.
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