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the atoms will have a net translational velocity given roughly by

the bulb diameter divided by the relaxation time, about 10 cm/sec.

If there are running waves in the cavity, this will result in a small

first-order Doppler shift. The magnitude of the shift can be

estimated from the result of Shimoda et al (SHI 56)

nL
a

=>
8 ¥

4

where L is the cavity length, V the average translational velocity,

and Q a the Q of the coupling loop. It is assumed that all the power

is coupled from one end of the cavity. Inserting the numerical

values, Q, = 3x 10°, L = 25 cm, and ¥V = 10 cm/sec, we find that

v-¥ 107? cps, or one part in roth This can be considerably

reduced by coupling power out of the cavity symmetrically.

The second order Doppler shift is dependent on the mean

squared velocity within the bulb, and is given by

o 8 [21°

where we have used a mean squared velocity of 9 x rot? for

the hydrogen. The shift is proportional to the absolute temperature,

and thus the fractional shift is

ve-yv
o . -13

=
 

so that if the temperature of the bulb is held to 0.3°C, the maser

frequency will not shift by more than one part in 1013 .
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w - w 
0 

where Lis the cavity length, v the average translational velocity, 

and Qd the Q of the coupling loop. It is assumed that all the power 

is coupled from one end of the cavity. Inserting the numerical 

values, Qd = 3 x 105, L = 25 cm, and v = 10 cm/sec, we find that 

0-5 lh v - v = 1 cps, or one part in 10 . This can be considerably 
0 

reduced by coupling power out of the cavity symmetrically. 

The second order Doppler shift is dependent on the mean 

squared velocity within the bulb, and is given by 

V - V 
0 = 

V 

where we have used a mean squared velocity of 9 x 10
10 

(cm/secl for 

the hydrogen. The shift is proportional to the absolute t emperature, 

and thus the fractional temperatlr e shift is 

V - V 
0 

vT 

so that if the t emperature of the bulb is held to 0.3°C, the maser 

frequency will not shift by more than one part in 1013. 
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Anomalous Dispersion Due to Neighboring States

Along with the desired state, the (1,1) state of hydrogen is

also focussed into the storage bulb. The presence of the latter

state can change the magnetic permeability within the bulb, which

in turn changes the resonant frequency of the cavity, providing the

| rf field has a component perpendicular to the static field. In the

usual case, the rf and static fields are made parallel. The change

} in permeability at the hyparfine frequency v, due to the presence of

the (1,1) state is given by (SHI 56)

2

ay = 2mm.

Sh(v-v!)

where v! is the frequency of the transition, and n

is the density of atoms in the (1,1) state. Ina static field of

 
0.1 gauss, the resonance term in the denominator corresponds to the

(1,0)—»(1,1) Zeeman frequency of about 1.) x 10° cps. Assuming a

oh? and a storage time of one

second, we obtain from the above expression 4p = 6 x 19719,

flux of the (1,1) state of 1

Fron

the relation

  
  
  

  
wv ,

v 2uy

we find dv/v = 3x as the fractional shift in the resonant

frequency of the cavity. From an earlier result, the maser frequency

ds in turn pulled by an amount

4 Q

c

™ 5 cavity

lt
+ is, &naser = 10°" cps.

77 

Anomalous Dispersion Due t o Neighboring Stat es 

Along with the desired state, the (1,1) stat e of hydrogen is 

also focussed into the storage bulb. The presence of t he l atter 

state can change the magnetic permeability within the bulb, whi ch 

in turn changes the resonant frequency of the cavity, providing the 

rf field has a component perpendicular to the static field. In the 

usual case, the rf and static fields are made parallel. The change 

in permeability at the hypei:-fine frequency v, due to the presence of 

the (1,1) state is given by (SHI S6) 

2 
uµ = 2tmp,

0 

3h(v-v•) 

where v' is the frequency of the (11 1)...,. (0,0) transition, and n 
. 

is the density of atoms in the (1,1) state. In a static field of 

0.1 gauss, the resonance term in the denominator corresponds to the 

(l, 0)~(1,1) Zeeman frequency of about l.u x 105 cps. Assuming a 

( ) 012 -1 d flux of the 1,1 state of 1 sec , an a storage time of one 

second, we obtain from the above expression uµ = 6 x 10-10. From 

the relation 
dv _ 1 dµ v - "2 µ ' 

we find dv/v = 3 x 10-lO as the fractional shift in the resonant 

frequency of the cavity. From an earlier result, the maser frequency 

is in turn pulled by an amount 
QC 

5v maser = Bv cavity ~ 

That is, &v maser 
- Li = 10 cps. 
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This does not affect the frequency of the maser oscillation by more

than a part in 1013, A static field of 0.1 gauss which is perpendicular

to the rf field has been assumed in this calculation, however, and the

effect varies inversely proportionally to this field. ‘The effect also

vanishes when the rf and static fields are parallel. In both cases,

the effect vanishes if an equal density of (1,1) and (1,-1) states

are present in the bulb.

Random Noise in the Maser Oscillator

The stability of the maser is limited by two types of random

variations: those due to thermal noise fluctuations in the cavity, and

those due to fluctuations in the mean number of radiating atoms within

the bulb. The latter effect, analagous to shot noise, will subsequently

be shown to be hv/kT smaller than the effect of the thermal fluctuations

and can thus be neglected.

We have previously derived the power spectrum of the maser

oscillator as limited by thermal noise within the cavity. This is

now related to the observable frequency stability in the absence of

systematic shifts, as might be observed in the comparison of two ideal

maser oscillators.

Due to the presence of noise in the cavity, there will be an

error in the measured phase of the rf field, given by the ratio of

the noise amplitude to the signal amplitude. If we denote the phase

error by 0, then 9= , and

 

2 1

92 2 Kt= 3

He Pe Trad

78 

This does not affect the frequency of the maser oscillation by more 
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to the rf field has been assumed in this calculation, however, and the 

effect varies inversely proportionally to this field. The effect also 
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those due to fluctuations in the mean number of radiating atoms within 
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and can thus be neglected. 

We have previously derived the power spectrum of the maser 

oscillator as limited by thermal noise within the cavity. This is 

now related to the observable frequency stability in the absence of 

systematic shifts, as might be observed in the comparison of two ideal 

maser oscillators. 

Due to the presence of noi se in the cavity, there will be an 

error in the measured phase of the rf field, given by the ratio of 

the noise amplitude to the signal ampl itude . If we denote the phase 

error by a, then a= H /H , and n s 

= 
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since only one mode is excited, andPe Tad is the average signal

energy in the cavity. The phase error is random, but cannot change

faster than the correlation time of the oscillator, toorr * s

where is the width of the hyperfine line. Therefore, after a

time tops? there will be an rms deviation in phase given by

ee
sobs tops 3 MT

rad

Tne rms deviation in frequency is

1 hl
of = = =

: obs obs “corr “B‘rad

In the usual case, +14 7 toorr 7 . Substituting vy = 1 cps,

= 1 second, and PB =Sx10rhe watts, one obtains

Sf
f

as the relative stability neglecting systematic frequency shifts.

The effect of variation in the number of radiating atoms in

the storage bulb can be treated in a similar manner. In the time

interval t+, ijt atoms enter the bulb, with a fluctuation of

in this time. The corresponding power fluctuation in this interval

= bwfI,/x, and since dP/P = dH/2H, we find

ol { 1
=

H

as the fractional change in the signal amplitude due to random beam
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since only one mode is excited, and PB.'trad is the aver age si gnal 

energy in the cavity. The phase error is random, but cannot change 

faster than the correlation time of the oscillator, t corr = l/wv
1

, 

where uv1 is the width of the hyperfine line . Ther efor e, after a 

time tobs' there will be an rms deviati on in phase given by 

8 
• /tobs 

~tcorr 

Therms deviation in frequency is 

1:_ kT 
2 
PB,'trad 

1 kT 
'2 

In the usu.al case, 't d = t = 1/~v1 . Substituting uv
1 

a 1 cps, ra corr 

t = 1 second, and PB= S x 10-12 watts, one obtains obs 

/jf .. 
-
f 

as the r elative stability neglecting systematic frequency shifts. 

The ef fec t of variation in the number of radiating atoms in 

the storage bulb can be treated in a similar manner. In the time 

interval -r, I
0
-r atoms enter the bulb, with a fluctuation of ,.Jr

0
-r 

in this t ime. The corresponding power fluctuation in this interval 

rrwJ I
0
/-r, and since dP/P = 

dH 
H 

dH/2H, we find 

as the fractional change in the signal amplitude due to random beam 
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fluctuations. This shot noise also gives rise to random phase variations

of this magnitude, such that after time tobe? the rms phase deviation

will be given by

 

 

a@ wf Obs 71 1

toorr 2 Tt

°F opel 1 hw

2 tobs PB

Comparing this quantity with the analagous expression for thermal

noise, we see
of hot ~ iw

*F thermal Er

which has the value 2.5 x at room temperature. Therefore, shot

noise can be neglected in considerations of maser stability.
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fluctuations. This shot noise also gives rise to random phase variations 

of this magnitude, such that after time t , therms phase deviation 
obs 

will be given by 

or 

-l8 ~~ ~er ~2 I~ 

of = ~J-,--_l __ 
2 tcorr tobs 

Comparing this quantity with the analagous expression for thermal 

noise, we see 
,:,fshot 
Zlf thermal 

hw 
l?I' 

1 2. ~ X 10-4 at t t 'Which has the va ue ✓ room empera ure. Therefore, shot 

noise can be neglected in considerations of maser stability. 



CHAPTER VIII.

RESULTS

Hydrogen Hyperfine Structure Separation.

Figure 2 of the previous chapter is a block diagram of

the microwave receiver used in conjunction with the hyperfine frequency

measurements. As discussed in a previous chapter the short term

stability of an Atomichron is probably an order of magnitude worse

than its long term stability of one part in 10l0, Neglecting the

frequency standard for the moment, there are still a number of

corrections to be made to the counted frequency before an accurate

value of the zero-field hyperfine structure separation can be

extracted. These corrections are due to the following influences:

cavity pulling, correction to the 100 kc/sec counter time base,

quadratic magnetic field shift, and wall collision effects.

4s shown in Chapter VIL, the cavity pulling of the maser

frequency can be written

ine

& = &

Vmaser cavity *

Since 1.5x 10? and = 5x 108, we have

= iv x 1

ec” 30,000:

Measuring the cavity resonance frequency to 300 cps will introduce an

error into the measurement of only .01 cps.
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Hydrogen Hyperfine Structure Separation. 

Figure 24 of the previous chapter is a block diagram of 

the microwave receiver used in conjunction with the hyperfine frequency 

measurements. As discussed in a previous chapter the short term 

stability of an Atomichron is probably an order of magnitude worse 

than its long term stability of one part in 1010. Neglecting the 

frequency standard for the moment, there are still a number of 

corrections to be made to the counted frequency before an accurate 

value of the zero-field hyperfine structure separation can be 

extracted. These corrections are aue to the following influences: 

cavity pulling, correction to the 100 kc/sec counter time base, 

quadratic magnetic field shift, and wall collision effects. 

As shown in Chapter VIT,the cavity pulling of the maser 

frequency can be written 

6v Qcavity 
6vmaser a cavity x tliine 

Si o_ 1 ~ 109 nd Q - ~ x 104, we have nee "'1.ine = . "J x a cavity - "J 

1 
30,000 • 

Measuring the cavity r esonance f r equency to 300 cps will introduce an 

error into the measurement of only • 01 cps• 
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The short term stability of the 100 ke/sec counter time
at

As this signal enters into thepase crystal exceeds 2 % 10

determination by only a factor of it introduces a negligible error

to the precision of this measurement. The absolute frequency of the

crystal is counted in terms of the Atomichron by counting the

5 mc/sec standard signal of the latter.

The quadratic field shift is given by the Breit Rabi

formula as cps where He is the average value over the region of

the bulb. As discussed in Chapter VIL, the low field Zeeman transitions

(1,0)(1,1) and (1,0)}-(1,-1) can be induced simultaneously with

the maser oscillation. These transitions reduce the effective lifetime

of the (1,0) state and, depending on the number of atoms undergoing

the transition, can either reduce the amplitude of maser oscillation

or completely quench the maser. The Zeeman power is radiated through

the thin silver coating of the quartz cavity by a coil driven from a

HP 6064 oscillator. To avoid power broadening, the power level at

resonance is reduced to a level only sufficient to halve the normal

maser power level. The minimum Zeeman line width observed is about

1.5 kc/sec which can be attributed to field inhomogeneities over the

region of the bulb. The Zeeman frequency is related to the field by

vy = (gauss)

14x 10°
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The short term stabilit7 of the 100 kc/sec counter t i me 
. r 

base crystal exceeds 2 ~ 10-8. .As this signal enters i nto the 
' ' 

determination by only a factor of 4, i t introduces a negligible error 

to the precision of this measurement. Th~ absolute frequency of the 

crystal is counted in terms of the Atom1chron by counting the 

5 me/sec standard signal of the latter. 

The quadratic field shift is given by the Breit Rabi 

formula as 275cm2 cps where H~ is the average value over the r egion of 

the bulb. As discussed in Chapter VIr, the low field Zeeman transitions 

(1,0).._(1,1) and (l, O~(l,-1) can be induced simultaneously with 

the maser oscillation. These transitions.reduce the effective lifetime 

of the {1,0) state and, depending on the number of atoms undergoing 

the transition, can either reduce the amplitude of maser oscillation 

or completely quench the maser. The Zeeman power is radiated through 

the thin silver coating of the quartz cavity by a coil driven from a 

HP 606A oscillator. To avoid power broadening, the power level at 

resonance is reduced to a level only sufficient to halve the normal 

maser power level. The minimum Zeeman line width observed is about 

1, 5 kc/sec which can be attributed to field inhomogeneities over the 

region of t he bulb. The Zeeman frequency is related to the field by 

vz a R(gauss) 

l. 4 X 106 
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the error in the quadratic field shift is given by

avH*) = 5500 H aH cps = 5500 H tH,
x 10

gince the static field in the laboratory after compensation is about

§0 milligauss, an error in Zeeman frequency of 100 cpa introduces an

error of only .03 cps. Although the Zeeman transition measures a

value of there is negligible error in assuming He =He in this case.

If a 60 cps magnetic field of the form Hy cos 2nvt is

superposed on the static magnetic field, the quadratic shift due to

this field is

2750 (A, cos 2avt)* = 1375

An upper limit of = .005 gauss was maintained in these experiments

ag measured by a pick-up coil. This introduces an error of less than

eps.

The wall-collision shifts can be treated as in the case of

the Cesium experiment in Part I of this paper. As also discussed in

Chapter V, the mean phase shift per collision, 6, is related to the

frequency shift by

0

where t, is the mean wall collision time. Therefore, measurements of
the hyperfine frequency with bulbs of different diameter should

determine 6. This assumes that the surface ‘properties, -as given by 6,

are reproducible from bulb to bulb.

83 

The error in the quadratic field shift is given by 

u(2750 H2) • 5500 H AH cps • 5500 H 
!J.v 

z 

Since the static field in the laboratory after compensation is about 

80 milligauss, an error in Zeeman frequency of 100 cps introduces an 

error of only .OJ cps. Although the Zeeman. transition measures a 
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If a 60 cps magnetic field ~f the form H cos 2rrvt is 
0 

superposed on the static magnetic field, the quadratic shift due to 

this field is 

2750 (H COS 2rrvt) 2 
a 1375 H2 

0 0 

An upper limit of H • .005 gauss waa maintained in these experiments 
0 

as measured by a pick-up coil. This introduces an error of less than 

,04 cps. 

The wall-collision shifts can be treated as in the case of 

the Cesium experiment in Part I of this .paper. As also discussed in 

Chapter V, the mean phase shift per collision, 6, is related to the 

frequency shift by 

6 1 
flf = '2i • r 

0 

where t is the mean wall collision time. Therefore, measurements of 0 

the hyperfine frequency with bulbs of different diameter should 

determine 6. Thie asBWILes that the '!nlr~ce -properties, -as given by 6, 

are reproduc4.ble from bu}.b to bulb. 



Preliminary Data

The routine followed in measurements of the maser frequency was

as follows: The cavity resonance frequency and loaded Q were first

measured. This was followed by a Zeeman count, that is, the measurement

of the frequency of the low-field Zeeman transitions as detected by

reduction of the maser output power. A hyperfine count followed as a

series of 10 counts to .1 cps of tha 5.7 ke/sec signal. Zeeman counts

alternated with hyperfine counts in rapid succession to the extent

mecessary to obtain reasonable statistics. Runs using the Pierce Hall

Atomichron required 6 such sequences although there was no need for such

extended counting with the Lyman Laboratory Atomichron used as a standard.

The time required to make a complete run never exceeded 30 and

at this time the cavity resonance frequency was remeasured.

At the time of this writing, 29 runs on Dri-Film coated bulbs

of two sizes have been made. One bulb was of 6 1/2" diameter with a

4" long 9 mm ID entrance tube, the other bulb was of }, 1/2" diameter

with an .080" entrance aperture. The Pierce Hall Atomichron which is

operated and monitored by J. R. Plerce was the standard for most of the

   
  
  

  

runs. Tables I and II tabulate the results graphically for the zero

field hyperfine structure separation of atomic hydrogen. The minimum

error in these determinations is the 0.1 cps counting error of the

frequency counter.

The average of 13 runs with the 6 1/2" mlb, with the rms

eps + eps
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Preliminary Data 

The routine followed in measurements of the maser f requency was 

as follows: The cavity resonance frequency and loaded Q were first 

measured. This was followed by a Zeeman count, that ia, the measurement 

of the frequency of the low-field Zeeman transitions as det ected by 

reduction of the maser output power. A hyperfine count followed as a 

series of 10 counts to .1 cps of the 5.7 kc/sec signal. Zeeman counts 

alternated with hyperfine counts in rapid succession to the extent 

necessary to obtain r easonable statistics. Runs using the Pierce Hall 

Atomichron required 6 such sequences although there was no need for such 

extended counting with the Lyman Laboratory Atomichron used as a standard. 

!he time required to make a complete run never exceeded 30 minutes, and 

at this time the cavity resonance frequency was remeasured. 

At the time of this writing, 29 runs on Dri-Film coated bulbs 

of two sizes have been made. One bulb was of 6 1/211 diameter with a 

hn long 9 mm ID entrance tube, the other bulb was of u 1/2" diameter 

with an . 080" entrance aperture. The Pierce Hall Atamichron which is 

operated and monitored by J ·. R. Pierce was the standard for most of the 

runs. Tables I and II tabulate the results graphically for the zero 

field hyperfine structure separation of atomic hydrogen. The minimum 

error in these det erminations is the 0.1 cps counting error of the 

frequency counter. 

The average of 13 runs with the 6 1/2rr bulb, with therms 

deviation is 

1420,405,762.17 cps + 0.4 cps 
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and the corresponding numbers for the 1/2" bulb are

1420, 105,762.21 cps + 0.7 eps
The deviations among runs on a given bulb are larger than

expected, and are due to some systematic error or errora which are

as yet not understood, Three possible causes are; the stability of

the Atomichron, the fluctuations in the magnetic field, and wall

shifts.

The 100 ke/sec signal of the Atomichron was monitored throughout

these runs and was found not to vary by more than one part in 10)? over

any 8 hour period, and by not more than 2 parts in during all the

runs. As discussed in chapter VI, the short term stability of the

Atomichron is a factor of 10 worse. However, sufficient counts were

taken in each run to average out these short term fluctuations. It

seems improbable that fluctuations in the Atomichron could normally

account for an error in the measurement of more than 0.15 cps.

During the course of several runs, fluctuations in the magnetic

field were observed. These fluctuations were always less than 500 cps

at the Zeeman frequency, corresponding to a shift in the maser frequency

of at most 0.2 cps. Normally, the magnetic fields were essentially

constant, and this possible source of error can only be attributed to

a few of the experimental runs. The large rms deviation in the

measurements with the 6 1/2" bulb cannot reasonable be explained by

field drift.

It is not unlikely that wall collision shifts are responsible

for some spread in the measurements. Except for the earliest runs, the

Measurements were made in groups of two, usually separated by a time
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RUN    

—

—

(uns 11-14 mode with moditied trequency stondord)

= cps

rms deviation =.7cps

125 15 1.75 20 2.25 25 2.75 3.0 3.25 3.5 3.75

FREQUENCY — 1,420,405,760 cps

TABLE I. DATA WITH 4%" BULB

= 1,420,405,762.17 cps

rms deviation =.4 cps

  

1.25 15 1.75 2.0 2.25 25 2.75 3.0 325 35 3.75
—e» FREQUENCY — 1,420,405,760 cps

TABLE I. OATA WITH 6%" BULB

16 
15 
14 
13 
12 

t 
11 
10 
9 

~ 8 
a:: 7 

t 
z 
:) 

a:: 

6 
5 
4 
3 
2 

13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 

TABLE I . 

1.25 1.5 1.75 2.0 

TABLE lI. 

( Runs I I -14 mode wi l/J modified frequency slondord) 

(611lav = 1,420,405,762.21 cps 

rms deviat ion = . 7 cps 

2.5 2.75 3.0 3.25 

-- FREQUENCY - 1,420,405,760 cps 

DATA WITH 41/. 
11 

BUL B 2 

3.5 

(611lav = 1,420,405,762.17 cps 

rms deviation = .4 cps 

3.25 

- FREQUENCY - 1,420,405,760 cps 

DATA WITH 61/. 11 
BUL B 2 

3.5 

3.75 

3.75 
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of about one hour. It was found that in most but not all instances,

good agreement was obtained between successive runs. However, from

one 2), hour period to the next, larger shifts were invariably observed.

Interpretation

It is seen that in the data taken with the l 1/2" bulb, runs

11-1) were shifted an average of 1.5 eps from the rest of the runs.

These runs were made with another Atomichron which was discovered to

have behaved anomalously during the evening of the data taking. If one

deletes these anomalous measurements, the new average for the 1/2"

bulb runs, with rms deviation is

cps + 0.2 eps

which is to be compared with the average of the 6 1/2" data;

1420,405,762.17 cps + 0.4 cps.

It should be noted that the apparent difference in the two frequency

determinations is quite comparable to typical deviations among

measurements of a given bulb. For a hydrogen velocity of 3 x 10°

em/sec, the frequency shifts can be expressed in terms of the mean

phase shift per collision, 6

=3x rolls cps

and © hl x 104% eps.

where the subscript corresponds to the size of the bulb. If the

average difference frequency of the two sets of runs is taken as

awall shift, then .33 = 104s, or 6# 3x 1075 rad/coll.

06 

of about one hour. It was f ound that i n most but not all instances, 

good agreement was obtained between successive runs . However
1 

from 

one 2L hour period to the next, larger shift s were invariably observed . 

Interpretation 

It is seen that in the data taken with the L 1/2n bul b, runs 

11-14 were shifted an average of 1 .5 cps from the r est of the runs . 

These runs were made with another Atomichron which was discover ed t o 

have behaved anomalously during the evening of the data taking. If one 

deletes these anomalous measurements, the new average for the L 1/2" 

bulb runs, with rms deviation is 

1L20,405,761.84 cps + 0.2 cps 

which is to be compared with the average of the 6 1/211 data: 

1L20,L05,762.17 cps : 0.4 cps. 

It should be noted that the apparent difference in the two frequency 

determinations is quite comparable to typical deviations among 

measurements of a given bulb. For a hydrogen velocity of 3 x 105 

cm/sec, the frequency shifts can be expressed in terms of the mean 

phase shift per collision, 6 

-(of)6 = 3 x 1046 cps 

and -( uf)L = 4.1 x 1045 cps. 

where the subscript corresponds to the size of the bulb. If the 

average difference frequency of the two sets of runs is taken as 

a wall shift, then .33 = 1.1 x 1046, or 6 = 3 x 10- 5 rad/coll. 
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To explain the typical deviation of about 0.3 cps among runs on the

61/2" bulb, the mean Phase shift per collision, 6 would have to vary

by an amount 4, where 3 x 04. 2.3, or oa 107 per collision.

This is about 30 per cent of the average 6, but this is not unreasonable

in view of the sensitivity of 6 to the adsorption energy as in (2.2h).

An upper limit to the mean phase shift for hydrogen on Dri-Film

can be inferred from the data. The frequency difference of the two

bulbs is certainly less than 1 cps, and therefore

1>l.x 104g

and thus é< radians/collision.

The maximum number of bounces which can be used is given by

diet 21
2

108

Assuming there are no other relaxation mechanisms, the storage time

obtainable with this number of bounces using a 6 1/2" diameter bulb

is about 6000 seconds or 100 minutes.

Pulsed Operation and Relaxation Times

The initial observations of stimulated emission in atomic

hydrogen were made using a pulse technique. As discussed in chapter

VII, the exponentially decaying power level in the cavity gives a

direct measure of the relaxation times of atomic hydrogen in the bulb,

assuming the operating conditions are far from oscillation threshold.

Figure 26 is a photograph of a typical oscilloscope trace of

the output of the detector phase discriminator. Here the coupling
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loop was adjusted for maximum loading of the cavity. The bulb has a

diameter of 6 1/2" with a " entrance tube of 9 mm ID. For such a

pulb, the relaxation time corresponding to the escape of atoms from

the bulb is 200 milliseconds. It is seen from the photograph that

the experimental relaxation time is approximately 300 msec. The flux

was sufficiently high in this case that even maximum cavity loading

could not prevent beam enhancement of the relaxation time. Upon a

slight decoupling of the loop, the maser broke into strong oscillation.

Using lower fluxes, and another bulb, relaxation times of up to 300 msec

have been measured. However, the relaxation times to be axpected on

geometrical grounds were a full second in these cases.

The first thought is to explain the 0.3 second relaxation time

in terms of a wall relaxation effect, but the experimental results

on the frequency shifts have set an upper limit to the mean phase

shift per collision of radians. To explain the present

relaxation time of .3 seconds, the phase shift per collision would

have to be about 0.015 radians, and therefore the wall collisions

camot explain this short relaxation time.

As discussed earlier, it was found that with all transverse

components of the magnetic field cancelled out as well as possible,

the component along the axis can not be reduced to less than about

50 milligauss without quenching the maser oscillation. This fact

can be explained in terms of the transverse inhomogeneities of the

Helmholz coils themselves. For small static fields, Fourier

components of the inhomogeneous fields at the Zeeman frequency can induce

transitions which are similar to Majorana flops within the bulb.
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These flops have the same effect on the maser as the externally, induced

Zeeman transitions used to monitor the magnetic field. ‘That is, the

mean lifetime is shortened and the maser oscillation is quenched. It

is thought that the measured relaxation time of .3 sec can be explained

by this mechanism. It has been found that increasing the z field can

increase the relaxation time slightly in some cases, which is consistent

with this theory.

Multiple Pulse Methods

In the pulse technique previously described, the pulse repetition

frequency is ordinarily so low compared to the relaxation time that

there is no phase coherence between atomic states after successive

pulses. On the other hand, if the repetition frequency 18 so high

that the time between pulses is less than the relaxation time, states

would be expected to be phase correlated for two or more successive

pulses. In analogy to atomic beam experiments with separated

oscillatory fields, interference effects are to be expected.

The single pulse excitation of the cavity corresponds in the

semiclassical description to a flipping of the electron spin by 90°

into a radiating state. The response of the spin system to a variable

frequency pulse of this type would then have a maximum at the

resonance frequency of the transition, with a width equal to that

of the Fourier spectrum of the pulae.

If, instead, the pulse length and amplitude are adjusted such

that two pulses of rf are required to attain the 90° state, then the

would have a broad response characteristic of the pulse length,
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on which is superposed narrower fringes whose width is characteristic

of the time between pulses. In the case of high pulsing power, on

the other hand, the spectrum of the rf consists of strong sidebands

separated by the pulse repetition frequency. As the carrier

frequency is swept, the spin system will respond to any sideband

satisfying the resonance condition. Therefore, the response of

the hytirogen to a high power train of pulses, is a broad response

with a large number of subsidiary maxima separated by the

repetition frequency.

This characteristic behaviour is illustrated in fig 27.

These curves are a measure of the integrated pulsed stimlated

emission in the cavity as ea function of stimlating frequency.

Direction of Future Work

The techniques developed in this research should make possible

a number of interesting experiments. To realize the full capabilities

of the technique in high precision rf Spectroscopy, it will be necessary

to build a second atomic hydrogen maser a8 comparison standard. With

careful design, a stability of one part in 1084 should not be an

unrealistic figure for both masers. This should allow measurement of

the ratios of hyperfine structure separations of the hydrogen

isotopes to 13 significant figures. With this stability, the effects

of wall collisions can be more accurately measured. This in turn

will determine the ultimate limit to the storage time in bulbs of

different coatings, and may lead to a better under standing of wall

collision interactions,
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The g value of the electron is a quantity of considerable

theoretical interest. It may be possible to sustain maser oscillation

in magnetic fields of sufficient magnitude that the maser frequency

just equals the free electron cyclotron resonance frequency in the

same If free electrons can be obtained in the maser cavity

at this magnetic field, it should be possible to measure the magnetic

moment of the electron in hydrogen in terms of the free electron

moment directly.

The atomic hydrogen density in the storage bulb van be increased

to the point that spin-exchange collisions become the dominant relaxation

mechanism. Thus it should be possible to obtain a measure of the

eross-section for this interaction.
|

The Breit-Rabi formula has never been checked at extremely

Low magnetic fields. If the problem of field homogeneities can be
adequately overcome, it will be possible to check this formila to high
pocuracy at extremely low fields.

4s a frequency standard the maser should have an extremely

inherent stability, as discussed in chapter VII. It will be

isscessary to verify these predictions and evaluate the influence of

bing effects such as stray magnetic fields, temperature

   

   

  

tions, and reproducibility of wall collision effects.

The maser can be made quite compact if the source and state

r could be eliminated. An optical pumping scheme might provide

‘alternative means of obtaining the requisite polarized atomic

gen density within the bulb.
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Lastly, should the maser indicate a stability which verifies

present speculations, it will be possible to perform a number of

relativistic clock experiments of unprecedented precision.
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APPENDIX A

SOLID ANGLE OF FOCUSSING MAGNET.

In the following calculations, it is assumed that the source

lies within the magnet and that the trajectories are sinusoidal. A

small correction for the first assumption is made later. The

assumption of sinusoidal trajectories is equivalent to that of a fixed

magnetic moment for the atom, which is a good approximation for the

(1,0) state in hydrogen with the fields used.

te

= -V¢ wk) “uz

where

2
He 4H, (r/a,)

2uH,
r= rT sin = t

but

x = vt

and thug

si “rer n x.

If we chose the most probable velocity in the beam, we obtain

r=r_ sin kx
oO

- Jaa, - Jia, (A.2)

mv"a kTaWw  
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Figure 26 indicates the parameter used in thia analysis.

Within the magnet, a typical trajectory of the form sin kx

is assumed, where r is measured transverse to the beam and x along

the axis of the magnet. The origin of coordinates lies at the source.

By equating slopes at x = 1, the straight-line trajectory outside the

magnet is found to be

Yo "3, [ein kl + (x-1)k cos k1j.

We require the trajectory to intersect the axis at the target:

ro(1eL) =O. {sin kl ¢ Lk cos kl].

Therefore

tan k1 = -Lk (a.2)

For focussing trajectories, k is seen to be fixed by the geometry.

However, as the target has a radius d, a finite spread of k, ok, will

be focussed, where

[ry (x,k) ] | ok = 2d
x

The derivative of r(x,k) with respect to k

r, ((1 # L) cos kl - Llk sin k1} = (A. 3)

The parameter A is defined by (A.3) and is a function of the geometry.

Therefore we have

2d
4k =
 

(A.4)

Figure 28 i ndicat es the parameter used in this analysis. 

Within the magnet, a typical t r a ject ory of t he form r
1 

.. r 
0 

sin kx 

is assumed, where r is measured t r ansver se to the beam and x along 

the axis of the magnet . The origin of coor dinates lies at the source. 

By equating slopes at x • 1, the strai ght-li ne traject ory outside the 

magnet is found to be 

r 2 .. r 0 [ sin kl ♦ (x-l)k cos kl]. 

We require the trajectory to intersect the axis at the target: 

r 2(1+L) • 0 • r
0 

[sin kl+ Lk cos kl]. 

Therefore 

tan kl• -Lk (A. 2) 

For focussing trajectories, k is seen to be fixed by the geometry. 

However, as the target has a radius d, a finite spread of k, ilk, will 

be focussed, where 

~ [ r 2 ( x, k) ) j ~k • 2d 

X a L ♦ 1 

The derivative of r(x, k) with r espect to k 

r [(1 + L) cos kl - Llk sin kl] a r A 
0 0 

(A. 3) 

The paramet er A is defined by (A.3) and is a function of the geometry. 

Therefore we have 

k ._2d fl • 

r A 
0 

(A.h) 



 

x=f4L

 
FIGURE 28

 
a

en

r
1 

= r
0 

sin kx r
2

= r
0

(sinki+(x-t )kcosk[) 

__/I-- X __j ~ -
r _,_ I 

L 

X=O X = { X = { + L 

FIGURE 28 



That is, the allowed spread in k for any set of trajectories with fixed

ry varies inversely as Po Referring to figure 28, the value X is
conventently chosen such that x < X.

gs =r sin kX
oO

 2 sin kX
° 8
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2dsinkx
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4k

which gives the allowed spread in k in terms of a convenient variable

s. From (A.1) we seo that k vaties inversely as the velocity v, and

therefore

ok dv
A.

k 7 (A.7)

this relates the allowed spread in velocities, dv, to that in k, ok,

gp in (A.6). The distribution governing velocities in the beam is

‘ied Maxwellian distribution (RAM 56).
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merefore, is the fraction of the beam which will be focussed. We

can express the total focussed flux at the target as

3
max

To 2nsds uk7 er
Shin

or since H
I= 2

we have

2usds 2d sin kx

x2 Ak 8 ’
 

sin kX J ds

wax?

or

2
sin“kx

Q = (A.8)

off wax?

the result expresses the effective solid angle for a source within the

If the source lies a diatance RB, outside the magnet entrance,

the expression is corrected by the factor where the optimum

value of is given by

r,sin kx = RAF keos xX (a.9)

and 2hnad , (A.10)

eff KAR’
8

As a numerical example, let 1 = 12", L = 48", 2d = 0,080", X=

Then, from (A.2) we find k = inch? and therefore

sin kX = .505. applying (A.3) we find A = 75.1, while from (A.9) we
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obtain R, h.u5". Substituting these values into (A.10), we finally

=l. 10obtain App = 1-5 x steradians.

The requisite magnetic field strength may be calculated from (A.1)

using the calculated value of k = .132 to obtain

2
3kTa 2
dye

H(gauss) «=

= 3000 gauss at room temperature.

In the present magnet, we have not been able to maximize the focussed

for fields of up to approximately 5500 gauss. ‘This would suggest

pout the most probable velocity in the beam is characteristic of a
perature appreciably higher than room temperature.
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obtain R = 4.45". Substitutin& these values into (A.10) , we finally 
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= 3000 gauss at room temperature. 

In the present magnet, we have not been able to maximize the focussed 

nux for fields of up to approximately 5500 gauss. This would suggest 

that the most probable velocity in the beam is characteristic of a 

temperature appreciably higher than room temperature. 
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APPENDIX B

CAVITY FIELD AVERAGES

The magnetic fields within a cylindrical cavity resonant in the

TE mode are given by (MON 18)

12Hq CL

= nzeos

where = J, (ka) = 0, or ka = 3.832, The resonant wavelength is

related to the cavity dimensions through

2
= (1/2)? +

where L and a are the cavity length and radius respectively. If we

assume a cavity with 2a = L, we obtain for a resonant frequency of

  
  
  
  

  

0 mc/sec the value L = 27.78 cm.

The two quantities of greatest interest are the mean squared

of the total magnetic field over the entire cavity, and the

value of the z component of the field over the region of the

age bulb. It is not clear how the quartz tulb affects the mode

butions, and these calculations assume that the field distri-

ons remain unchanged by the bulb. The mean squared value of the

is given by

He = ay = wh J + Hg ) raraz
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Je (ke rar]
0

The integrals over
are given by (Mac 3h)

a

2 re 2 a 2

J ae “ xl vile) 4 a
a

J = xr J 2 (er) +ien

Now, we have = Jy and J, (ka) = 0,

3 2

= 35

0

and since J4(z) -i Jy(z) -

Therefore

we obtain

a > 2

a” 2froy(er)dr =
0

Lastly, since J (x) we obtain the result

He
= 1+

= 2Ho = He i
 [1+

= 2or since J,(ka) = one obtains H = 0.07) Ha

.. 
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a L 

r drdz + ( n/kL/ J j Ji cos2 ~zrdr::iz] 

0 0 

The integrals over rare given by (MAC JL) 
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J rJ!(Ia-)dr ~ ¢r Ji (kr) + J! (kr)JI: 
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J r Ji (lcr )cir = 
0 

Lastly, since J
0

(x) - - J
2
(x), we obtain the result 

- 2 or since J (ka) = -0.L028, one obtains H2 = O.OL7L H
0 
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The phase of reverses in the mode beyond a certain

radius which is given by the first zero of J If ry denotes this

yadius, then = O implies kr, = 2.405. We also note that

J, (2.405) = -0,5191. The space average of over the storage bulb

dimensions is approximated by the following integral

3L/4 rg

i = Hard
Z ted raz

Te

_

7 rd sins dz

eff oO

r
c

= 2

nv
aq Jra,(ke )ar

eff 0  

  
 

| The integral is given by

Po c
. 1

= a

i oo)"
= x.

erefore, one obtains

2L 2r
i

1m, ak

2° 0.304,

=I
8
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JL/4 re 
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eff L/u 0 

re 

Ir = ~ J rJ0 (kr)drJ si~ dz z L eff 0 

r e 

8z = 2trHol, 2 
JrJ

0
(kr)dr 

TrVeff 
0 

The integral is given by 
re krc 

JrJ
0 

(kr )cir 

0 

Therefore, one obtains 

Ir 2TrH 2L 2 r = 
Trr~Trk 

C z 

C 

H z = 0.30 H
0 

= 1:__r xJ (x)dx 
~o 

0 

l lkr = ~ xJl(x) e 
k 0 

J ' (kr ) 
0 C 
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Using this and the previous result, we find 5 = (.30)(1/.0h7L)2 (13,

or 1

HD = 1.37 [H7] 2

We may now compute the total average stored energy within the cavity, which

is given by

1 pl, 42.2
Woe

ie | wae >

2

WoF
=—zl 5 av

The integral has been calculated. Thus

Ss 1 +0Hy = ae HY.
7 fo}

result can also be written

Gye
2

0° im -09
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H = 1.37 ~ 1 z 

We may now compute the total average stored energy within the cavity, which 

is given by 

- 1 j H
2 

W = - dV 1m 2 

The integral has been calculated. Thus 

= 

The result can also be written 

-w = 
4rr 
V .0474 cii )2 

z .09 
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