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ATOMIC HYDROGEN DISSOCIATORS FOR LOW TEMPERATURE
ATOMIC HYDROGEN MASERS
AND
IN-VACUUM DISSOCIATORS FI)R VLG-11 SERIES MASERS
GRANT NAG-8012

Two types of R and D activities were funded by NASA's Marshall Space Flight
Center (MSFC) on this grant:
1, Develop an r,f. dissociator which can be installed
within the vacuum envelope of a cryogenic hydrogen
maser,
2. Design, build an in-vacuum dissociator for the

VLG-11 series maser and test it in a VLG-10 maser.

The first activity was funded by MSFC on April 30, 1981 and the second

activity was frnded by MSFC on September 14, 1982,

1.0 DISSOCIATORS FOR LOW TEMPERATURE ATOMIC HYDROGEN MASERS

1.1 INTRODUCTION

Hyvdrogen masers require a source of hydrogen atoms in the form of &
directed beam., In conventional masers operating at room temperature the source
of atoms is nearly in thermal equilibrium with the storage region. In the cold
masers, however, a conventional atomic hydrogen source would be much hotter than
the storage volume. This can cause at least two types of problems., First,
there is radiative heat transfer from the source to the cold cavity and second,
there is the question of thermal equilibrium of the hot, fast-moving hydrogen
atoms after they enter the cold cavity and the effect they can have dislodging

the wall coating atoms frozem to the surface. An atomic hydrogen source cooled
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at least to the liquid nitrogen tompexature helps to diminish these problems,

The object of this project is to study the operation of o
cryogenically-gooled hydrogen maser using an r.f, plasma dissociator operating
at liquid nitrogen temperature (77K) in conjunction with a state selector magnet
whose dimensions are suitable for slow atoms, The focussing charactsristios for
a hexapole state selector magnet with maximum fields at the pole tips, Hm'
provide a maximum acceptance angle for atoms at the most probable velocity in

the beam given by

where Ko is the Bohr magneton and kT is the thermal cnergy per unit bandwidth, k

is Boltzmann’s constant, and T is the absolute temperature of the beam source.

Since the acceptance solid angle is proportional to Omz, the magnet is
approximately 4 times more effective at 77K than at 3C0K., Furthermore, (though
this is not a very important consideration) the magnet'’s length is reduced by

about one-half.

By thermally isolating the r.f. circuitry from the dissociator glassware,
only dielectric losses in the glass and the energy coupled to the plasma will
result in the boil~off of liquid nitrogen, We estimate that this is about one
watt and thus anticipate a loss rate of approximately .022 liters per hour.
This rate can essily be accommodated in the presently available experimental

setup.
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1,2 THE EXPERIMENTAL VACUUM ENCLOSED R.F, DISSOCIATOR

During the past three years, S.A,0, has had an ongoing r.f, hydrogen

dissociator program supported by NASA in which diffezent types of dissociator

enclosures are being life tested under various conditions of r.f. excitation and

cooling,

1,

Several conclusions have so far beon drawn,
The glasses that seem to work best are borosilicate
glasses, Corning 7070 and 7740,
The dimensions of the dissociator bulb should be on
the order of 4 cm; smaller tubes seem prone to
excessive surface recombination,
The glass cun run fairly hot, 50-60°C without

any obvious loss of performance,

Because of the non—crit.cal cooling requirements,

a dissociator can be operated within the vacuum
enclosure rather than being in the atmosphere.
Conductive cooling of the glass to a heat conducting
"sink! is all that is regquired., This means that
for operation in the vacuum of space there is no need
for an active cooling system as used in the
1976 Redshift space probe maser, It also means that
difficult and costly glass—to-metal vacuum seals
are not required; simple ground joints will suffice
since hydrogen leakage from the low pressure

(<1 Torr) dissociator to the vacuum system is
negligible when compared to the high beam flux from

the collimator.
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The basic design of the dissociator whioch was used in the test system was
particularly simple. It was later used in the four experimontal and advanced
development models of XDM and ADM passive hydrogen masers, developed and tested
for the U.S. Naval Research Laboratory. As with the other systems, these
operated from an external r.f., supply at 80-100 MHz, capable of delivering about
5 watts to loads of highly variasble impedance resulting from the fact that the
hydrogen presents very different eclectrical characteristics to the generator

when it is ionized in a plasma state.

This type of dissociato., with the bulb outside of the vacuum enclosure,
was originally adopted for the cold maser, as shown in Figure 1, However, it
soo; became obvious to us that we were headed for trouble with this structure.
First, it was very difficult to maintain the slignment of the dissociator, which
was attached to the outer vacuum enclosure, with the internal cryostat
structure. Second, the heat leakage to the inside system wes not insignificant.
Ve therefore decided to equip the maser with the cold dissogiator befor> making

any further maser measurements at low temperatures.

The glass is thermally conmected to a liquid nitrogen reservoir and
enclosed in the vacuum system. A hexapole state selector magnet and beam
stopping disc with dimensions suitable for the cryogenically cooled maser are

attached to the cold structure. (See Figure la).

Figure 2 shows the device as it is built into the cryogenic maser. The
liquid nitrogen cooled attachment ring is bolted to the cooled copper shroud as

shown in Figure 3,
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1.3 STATUS OF THE PROJECT

By the end of April 1982, iae dissociator as modifiod to operate in the
vacuum of the cryogenic maser had boen assoembled and tested in vacuum at room
temperature, During iiay and June 1982, the cryogenic maser was assembled and
checked out. In late June, the (inner; helium tank was filled with liquid
nitrogen, when cooled the hydrogen was turned on and flowing., The dissociator
was lighted and the r.f, discharge looked good, (The r.f., source was at 57 Miz;

r.f, genertior power, 10 watts,)

At the end of June 1982, tho inner and outer tanks of the dewar wore filled
with liquid helium and nitrogen respectively, the dissociator was 1it briefly

(r.f., source 44 MHz, 6 watts power) and the color as normal,

In mid-July, a cryogenic run of the cold maser was attempted., The dewar
tanks were filled with liquid nitrogen, Although the dissociator functioned
properly (59 MHz, 15 watt power), cold maser oscillation was not achieved.
Ringing of the maser was achieved for a short period of time only at very high
fields, but oscillation was not achieved., The problem suspected is bad magnetic
conditions, possibly due to thermally-induced currents in the coax line to the

cavity or in the magnetic field set up by the diode monitors,

The cryogenic maser cavity was reworked in the Fall of 1982, to shorten the
cavity length to achieve oscillation at 77K, This work was done and the
cryomaser reassembled in October-November, 1982, The tanks were refilled with
liquid He and N2 and maser oscillation was achieved, At this juncture, the
funding for the cryogenic maser dissociator was expended, The dissoviator has

functioned flawlessly and made possible the results discussed in Appendix I,
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1.4 CONCLUSION

We have domonstrated that the r,f. dissociator as modifisd to work in the
vacuum of the cryogenic maser is a feasible dosign and thaut the dissociator
oporates satisfactorily at 77K, Work is continuing on cryogenic maser research
until June 30, 1984 with funding from the Office of Naval Research, This
rosearch is directed towards measuring wall shift and relaxation rates of
various wall coatings (i.,0, Neon, fluorine (CF4) and attempt to achieve maser

oscillation down to 4 Kelvine,

2,0 IN-VACUUM DISSOCIATOR FOR VLG~SERIES MASERS

2.1 HISTORY AND STATUS OF PROJECT

maricrme A aami—— W

In early September 1982, M.S.F.C, authorized work on the in-vacuum
dissociator i¢y the VLG-1l-series maser., Design effort commenced in September
and the dzeign and detail drawings were completed by Octobexr., The drawings were
released to our Model Shop for fabrication of parts in late October.

Fabrication of the dissociator parts was completed by late November 1982,

By mid-January 1983, the vacuum dissociator was assembled in a vacuum test
station with a lithium aluminum hydride hydrogen source. The disscciator x.f,
structure was matched to a frequency generator at 62.5 MHz and the r.f.
amplifier was operated at 4.4 watts output power for the test, The dissociator
operated at these levels for 4 weeks (until mid-February) and the r.f. discharge
looked very good. At this point, the turbo-molecular pump failed and this test

had to be discontinued.

In September 1982, SAO requested permission from NRL to use NRL's §/N P-0

maser as a test vehicle for the in-vacuum dissociator, {This maser is on l7an
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to SAO to perform masexr R and D work for NRL, i.e. test a non-ovaporable

gettering system and pexform cavity frequency stabilization system tests, ete.),

Permission was granted by NRL to use P-0 for the in-vacwuum dissociator
tests. Problems with P-0's bulb coating and cavity length delayed assembly of
the in-vacuum dissosiator until mid~June 1983, when the maser was roassembled
with the now dissociator and pumped down, The maser was turned on, tuned and
had the line Q measured, The maser oscillated satisfactorily, but at the end of
June a gradual deterioration of the IF output level was observed, The maser
stopped oscillating., On 5 July, the hydrogen pressure set was increased and the
naser restarted, After 2 or 3 days of good oscillation, the IF slowly decreased
and the maser stopped oscillating, The problem was traced to the Teflon
solution used to coat the bulb in April 1983. This solutiom had deterioraced
during storage at SAO, resulting in a poor bulb coating. A new Teflon solution
was purchased in July and the bulb was recoated with the new solution in August.
By mid-August 1983, the maser was reassembled, pumped down and turned on. The
maser ogcillated satisfactorily and the maser was tuned using USNO maser S/N

P-18 as a reference,

By the end of Supiember 1983, the in-vacuum dissociator had been
operational for 1-1/2 months and was working very well, The r.f. ocutput from
the amplifier was 8 watts at 60.7 MHz, A characteristic of the vacuum
dissociantor is that the discharge appears dim in comperison to the VLG-11 masers

which have their r.f. dissoociator in air.

By the end of December 1983, (when the period of performance for this
contract ran out) the in-vacuum dissociator had been im operation continuously
and stably for 4-1/2 months, The testing has showr that the design is feasible

and satisfactory and can be sunitably adapted to the VLG series of hydrogen
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masers, Although this unit has operated satisfactorily for over one~third of a
year, further 1life testing is desirable to determinc the long-term operating

characteristics of the in-vacuum dissociator,

The design of the in-vacuum dissociator is illustrated by Figures 4 through
6. Figure 4 illustrates the method of mounting the dissociator glassware and
the hexapole magnet to the vacuum flange, Figure 5 shows the outside face of
the vacuum flange with the center viewing port, the 2 ports for the hydrogen
system and the port for the r.f input power for the r.f. coil on ti.e dissoviator

glassware, Figure 6 shows the heat shield around the hexapole magnet.

In late January 1984, the maser started operating erratically and on 25

January, stopped oscillating -- the r.f., dissociator was off.

Subsequent testing showed we had r.f. heating problems inside, When the
r.f, is tunod around 62 MHz, a sharp rise was noted in the ion pump current,
indicating an r,f. short—circuit or onset of a glow discharge in the vacuum
system. The test maser was opened and we saw a deposit of what appeared to be
copper on the inside of the glass. This may have resulted from the reduction of
copper oxide that got into the glass during assembly. The dissociator glassware
was removed and both inside and outside surfaces were cleaned. In addition, the
heat shield (around the hexapole magnet) was extended to protect the dissociator
glassware from Corona discharge from the ion pump elements when they are

started.

By the end of January 1984, the maser was reassembled and the Sorbac
cartridges were activated. The maser was returned to the clock room and
restarted, PO maszr continued oscillating during March and has contined beating
with SAO Maser S/N P-13. Although P-0 maser's frequency became occasionally

erratic in late March, the cause is believed to be in the diode voliage control
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circuitry and will be investigated. The in-vacuum dissociator has continued to

operate satisfactorily through the end of this report period (26 April 1984),

2.2 CONCLUSION

Eight and one-half months of operation (mid~August 1983 to 26 April 1984)
of the in-vacuum dissociator used in P-0 maser have shown that the design is
viable and operational, Further life testing is required to see if there are
any other long—term operating problems similar to the one discovered in January,
1984 where the glassware was gontaminated by the Corona discharge of the ion
pump elements. Also, the me¢thod of providing r.f. power for the dissociator,
which can be integrated into the maser cabinet, is another area where further

investigation is desirable,
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COLD MYDROGEN MASER RESEARCH AT SAO AND RELATED DEVELOPNENTS

R.F,C, Vessot, E,M, Mattison, and E, Imbier

Smithsonlan Astrophysical Obszervatory and
Harvard Colloge Observatory, Cambridge, Mass, 02138

STRACT

The cryogenically-cooled maser provides a means
for measuring frequency shifts and relaxation proper-
ties of storege wall coating materials that can be
frozen in place from substances normally in the
gaseous phase, We report initial mecasurements for
FEP-120 Teflon between 77K and 48K and com%fre them
with the 372K to 77K data of de Saintfuscien,* Some of
the deslgn features of the maser are described, The
oryomasor's hydrogon dissociator is loeated entirely
within the vacuum enclosure and operates at 77K, The
in-vacuum dissociator and other devolopments that have
been adapted and tested in a room temperature maser,
and that age applicable for both space and terrestrial
vse, are also discussed,

INTRODUCTION

A program for studying the operstion of atomic
hydrogen masers at low temperatures hap been boen un~
der way at the Smithsonian Astrophysical Observatory
since 1977. The sim of this progriam is to advance
both the science and the technology of hydrogen
masers, The work has been supported by the Office of
Navyal Research, the Smithsonian Institntion, the Na-
tional Aeronautics and Space Administration (NASA),
the Jet Propulsion Laboratory, and Marshall Space
Flight Center,

The principal reason for the outstanding stabil-
ity of the hydrogen maser is thc fact that hydrogen
atoms can be confined in a storage vessel for extendod
gperiods (on the order of a second) with very little
effect on the phase of their oscillating magnetic
dipole moments., This moment results from the magnetic
interaction between the proton and electron spins in
the hydrogen ground state; the enmergy separation
produced by this interaction provides the hydrogen
maser signal, the familiar 21 cm line of radio astron-
omy,

Atoms stored in a hydrogen maser make many colli-
sions with the wall surface of the storage volume, In
conventional masers this surface is usually coated
with Teflon, a long chain flvorocarbon. The interac-
tion during collisions has not been extensively
studied, and we are still using the same matorials and
techniques of 20 years ago, At present the theoreti-
cally available stability of the maser has been
achieved for averaging periods betwoen one second and
one hour; in this regime the stability is limited by
thermal noise, thermal movement of the atoms in the
storage v®lume, and the rete of wall collision relaxa-
tion, This last process is what we want to inves~
tigate at low temperatures where olectronic noise, kT,
is reducod, and whore atoms move more slowly and col-
lide with much less energy than at room terporature.

By injecting substances that are gaseous at room
temperature into the storage volume of a cryogenically
cooled masor and allowing them to freeze onm its walls,
we can repestedly coat the walls with different
materials in & well-controlled manncr, A moasurement
of the avorage advance or retardation of the phase of

49

the hydrogen aton'’s oscillating magnetic dipole (per
collision) ir obtained by measuring the freguency
shift of the maser signal and knowing the kinetios of
the atoms in the bulo., The average phase decorrelar-

tion is determined from the oscillation line Q, de~-
fined as
Qn N
o
where @ = 2nf is the maser froquoncy, and ¥y is the
relaxation rate of the phase from all causes, includ=-

ing oxit of the #toms from the bulb, The line Q is
analogouns to the quality factor of sny conventional
oscillator and sppears in the following expression for
the fundamental limitation of frequency stability:

MUY alz, 17]

This is the onc—si;ml expectation of the fractional
frequoncy variation measured in the time interval =,
Here XT is the thermal noise power per unit bandwidth
(k is Boltzmann's constant, T is absolute temperature)
and P is the power generatod by the oscillator, in
this cnso the state-selectod hydrogen atoms that have
boen fooussed into the storage volume.

Additive white phase noisa also contributes to
the fregquency instability; the variance of the frac-
tional frequency variations from this source is given
by

o, (:)zii%;[F‘TB]i

where F is the recoiver noise figure, B is the overall
system bandwidth in Hz, and P, is the power delivered
to the receiver,

There are soeveral reasons to expect increased
hydrogen maser stability at low temperatures.

1, kT 4is smaller. This also affects the signal~to-
noise ratio of equipment that receives the maser
signal,

2, Py, can bo made larger. The limit on Py is from
hydrogen—-hydrogen spin exchange collisions in the
storage volume. The cross section for such colli-
sion diminishes rapidly with tomperature making it
possible to have a much greater density for a
given level of spin exchange quenching.

3. The lower spoed of the atoms reduces the wall
collision rate and, all other things being oqual,
correspondingly increases the storage time,

4, Many propmiriies of materials are much better be-
heved at low ‘empesaturos and excellent magnetic
field control cin be accomplished unsing supercon-
ducting shields,

,The principal objective of our present offorts is
to determine the behavior of the various types of
walls as a function of temperature and to develop an
understanding of the fundamental processes governing
the collision interactions,

CH1857-0/83/0000-0049 $1.00 ©) 1983 IEEE
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The possible advantages of operating a hydrogen
meser at tomporatures well belov room temperature have
been speculatsd upon for many years, but untll
recently the prospocts for succespfully operating such
s device at temperaturcs significsntly below 77K
soemed marginsl, Kleppner and his co-workors® demon=
strated that atomic hydrogen could be contained at 4K
in & vessol whose walls woere coated with frozen
molegular hydrogen, This gave considorable impatus to
investigate the behavior of the hyperfine resonance ot
tempecatures bolow 77K, which was the tomporature
timit explored by M. do Saintfuscien and others! in
their rosoarch into wall relaxation and wall coatings.

In 1977 work boegan at SAO on en initial version
of a ligquid helium~cooled cryostat that contained »
TEyyy~mode split storags volume resopator with flno-
rinated cthyleno propylenc copolymer (FEP) Teflon
gonted walls, AL first, oscillation could only be
sustained down tn temperatures of sbout 55K, Why it
would not oscillate below this temperature was opon to
many quettions ~~ were the walls of the storsge volume
contapinated because of the rather crude vecuum systom
we omployed, or was thexe a more fundamental limit
imposed by the naturo of the atomic hydrogen in its
collision with the FEP surfaces? To answer those
guestions we decided to try s different approach with
the cold maser, This wss to introduce carbon
tetrafluoride (CF,) gac through the hydrogen source
structure and freezo a coating of this molecule on the
inside surfaces of the cavity storage volume, This
technique provided a fluorine-bonded-to-carbon surface
comparable to the long chain flvoride molocules of
Teflon., The scheme worked, ard groatly to our
delight, we were able to maintain »scillation down to
temperatures of 26K,

This work was reportsd3 at the 33rd Annual Syme
posium on Fregquency Control and wo continued theoreti-
cal studios to determine what advantages would aceruo
if we could operate at or bolow 26K.,7 From theory we
know that the stability would be well below 1 part in
1016 gt 1000 seconds provided no new instahility
problem srose, However, we know that the large tem-
pvrature~dependence of the wall shift is likely to
cause difficult requirements for temperature stabili~
zation in the cold maser.

MECHANICAL CONFIGURATION OF THE COLD MASER

The design of the maser cryostat roquired consid-
e¢rable effort and imagination to anticipate as many
uses as possible to which it could be put in a cold
masay testing program, First, it had to be struc-
turally reliasble, Second, it had to have & a reason-
ably large volume in order to house a variety of pos-
sible mascr cavity and magnetic shield configurations.
We decided that if we had uncertainties in these di-
mensions it would be better to hayve a larger, rather
than smaller, volume. As an upper 1limit, we decided
that it should be able to house the full size TEOll"
mode cavity and innor magnetic shield design such as
was used in the lightweight space-probo maser.

The question of the range of oporating tempera-~
tures was also an issue, Our previous success in ob~
taining oscillation at tomperatures as low as 26K sug-
gested that wo should cover tho range from 77K to
somowhore near 4.2 with provision for stabilization
at any point between these temporatures., This was
done by mounting the maser cavity on a tubular support
that contains a constant-loss, metered flow of liquid
helium that cools the cavity and offsots hoat leakage
into the system. By metering a slightly groater flow
of helium than required to offset the heat loak, an
clectrioal resistance hester on the cavity sopport can
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be used in & servo-controlled system to hold the cav~
ity temporature at the desired lovel,

For temporatures helow the liquid hellom boiling
point, ve included provisions to change our wethod of
cooling and can comnoot the ocavity directly to the
helium bath., By pumping on the holium gas, wo should
be able to drive t%s temporature woll below 4K,

Additionally, we wanted to have a reasonably
large capacity for bhelium so that disturbances from
filling could bo avoided for up to five days of steady
opsration. Since the projected cavity and shielding
strootures that would be cooled tended to be quite
masslve and tho apparatus itself would be rather

"large, wo decided to use a liquid nitrogen guard

rogion to surround the liquid helium contminer snd the
samplo roglon, This reduces the cost of cryogens unased
for initial cooling and allows more flexiblility of
oporation, It also eliminates the noed for multi=
Iayer reflective insulation (sapexinsulation) and the
ensuing outgessing probloms that conld lead to snrface
contamination in the atomic hydrogen storsge volume of
the maser,

The final design of the SAO cold hydrogen maszer
cryostat is shown in Figure 1, The fact that the
liquid helium and nitrogen taaks age above the region
to be cooled is dictated by the need for a gravity
feod of c¢ryogen to the cavity region,

The annular 30 liter liquid nitrogen tank is
thormally connected to an equipment mounting plate of
copper beneath it and to & heavy copper shroud sugp~
rounding the working volume, which is roughly 22 in~-
chos (56 cm) in diameter x 22 inches (56 cm) deep,
Insido it is the 30 liter liquid helium tank, which
haee & flat baze plate for mounting cquipment to
operate noar 4K, Tho cavity resonstor is suspended
from a tubular sample holder that is thermally Iso-
luted from the liquid helium reservoir by beling at-
tached to a point near the top of the dewar, allowing
it to operate st temporaturcs substantially sbove 4K,
Liquid helium flows to the sample holder through a
needle valve that controls its flow rate. The mag-~
notic shield assembly is suspended by thermally con—
ducting rods from the nitrogen tank and is kept noar
77K to prevent the oxcessive loss of magnetic shield-
ing owing tp the reduction of magnetic permeability at
very low temporatures.

All the components are mounted on the 26 inch (66
c¢m) diameter top plate of the cryostat which is vacupm
sealed by an O-ring to the vacuum enclosure, Access
is gained to the assembly by lifting the plate out of
the enclosure using a cranc as shown in Figure 2,

‘

To obtasin rcasonably fast pumping, as well as
good enough c¢leanliness to pormit outgassing the sys-
tem at the at the 107° torr lovel, wo usos a turbo-
molocular pumping system with 450 liter/second
throughput, This is intendod to pump the system when
it is at or zbove 77K, VWhen liquid helium is used,
the 4 inch diameter gate valves are closed and the
system cryopumps, so that all gases but hélium con-
dense on the holjium tank,

The cavity resonator used in the first tests was
8 15 om diameter x 18 cm long TE111'm°d° c.f. ouvity6
(instead of the usual 28 cm diameter x 28 cwm diameter
long TEypq~wods cavity). This cavity is equipped with
a Teflon septum to separate the two reglone of r.f,
magnotic field that aro 180 degrees out of phase. The
remseining interior surfaces of the cavity sre coated
with FEP-120 (fluorinated ethylens propyleas co-
polymer). The entry collimator is split by the sep~



tum, oach side leading to ome~half ths cavity,

The gas handling system for the wall coating
gases utilizes o ballast volume, metering valves, and
proessure~ and flow-mensuring equipment, A mechanical
scavenging puwp allows control of the gas ballast tank
prossure, as well as purging and cleaning of thu sys=
tem, The gas is admittod through a valve and led to
two jets located on the downstresm side of the
hexapole magnet, esch almed into one of the inmput colw
limstors of the TEyyy cavity’s storsge volume,

THE COLD NYDROGEN DISSOCIATOR

Hydrogen masers require a sonres of hydrogon at=
oms in the form of a directed beaw., In convontional
wpasors operating st room tomperature the source of at-
oms is nearly in thermal equilibrivm with the storage
region, In the cold masers, however, a conyentional
atomic hydrogen source would be much hotter than the
storsge volume, This can cause at least two types of
problems, First, there is rediative heat transfer
from the source to the cold oavity aud second, thore
uncertainty in the method of thermal vquilibration of
the hot, fast-moving hydrogen atoms aftexr they onter
the cald cavity and the possibility of thelr dislodg-
ing the wall coating atoms frozem to the surface, A
beam source cooled at least to liqujd nitrogen tempor-
ature would subgtantlially help to diminish these
problems,

¥e have designed s coryogenically~cooled hydrogexs
maser veing an r.f, plasma dissociator operating at
liquid nitrogen temperatures (77K) in conjunoction with
s state selector magnét whose dimensions are sultable
for slow atoms., The focusing charscteristics for a
hexepole state seloctor magnet with maximum fields at
the pole $ips, My, provide x msximum acceptable angle
B_ for atoms at the most probable velocity in the beam
3Tvon by
2u°nm 3
%l )
where ), is the Bohr megneton.

Since the sccopiance solid angle is proportional
to @ “, the magnet is approximately 4 times more ef-
fectfxn at 77% than at 300K, Furthormore ==~ although
this 1s not a very important consideration -~ the mag-
not's length is reduced by &bout one-half,

By thermally isolsting thy r,f. oircuitry from
the dissociastor glassware, only dicleotric losses in
the glass and the r,f, encrgy coupled to the plasma
will result in the boil~off of liquid nitrogen. Wo
¢stimate that this is about one watt and thus antici~-
pate & loss rate of approximately ,022 litros por
hour.

The design of the dissociator {s particularly
simple and was later unsed in the four oxporimental-
snd advenced-development models of passive hydrogen
masers, devoloped and tested by SAO for the U,S. Naval
Rosoarch Lnborntory.7 Ar with tho other systems, these
operated from an r,f, oscillator and power amplifier
at 80~100 MHz, and are capable of dolivering about §
watts to the dissociator, The 1oad impoedance
prosented by the dissociator is highly variable be-
caus¢e the hydrogen presents very difforent electrical
charecteristics to the gonerator when it 1{ ‘onized in
a plasme state than whea it is & neutral gms,

The gluss of the dissocistor bulb is thormally
connocted to the liquid nitrogen roservoir and is en-
closed in the vacumm system. A hexapole state selec—
tor magnet and beam stopping disc with dimenszions

61

spitable for the oryogenically cooled maser are ate
tached to the cold structure,

Figure 3 shows the device as it is builil into thoe
cryogenic maser. The liquid nitrogen coolod attach-
mont ring is bolted to the cooled copper shroud as
shown in Figure 1,

Tho very low power dissipatsd by tho glase and
the plasms within it has led uws to try this type of
design In non-cryogenioally cooled musers, Here the
hoat from the glass is copducted to the vacuum en-
velope, and the oxcitation ¢oil, made of heavy copper,
is also thormully connected to the vacunm énvelope,

This design, where the dissociator is wholly
within the vacuum eonvelope, eliminates the neod for
elastoner soals and is particulaxly sttractive for use
in spaceborne mascrs where tho thermal control of the
dissocintor 1s best donme by conductive memns rather
than by a recirculated alr flow system as used in the
1976 Rodshift space maser,®

RESULTS OF WALL COATING MEASUREMENTS AS OF MAY 1983

The two moasurable wall properties are:

1, The wsll collision frequency shift, This is ex~
pressed in torms of the average phase shift por
colliston,

2, The wall relaxation rate. This is expressed in
terms of the probability of loss of phase per
collisjon,

Our present efforts have been to measare the wall
frequency shift, The temperature dependence of the
phase shift por collision gives some important clues
sbout the nature of the interaction between impinging
hydrogon atom and the wall surface, The perturbation
zeaults from polarizaiion of the hydrogon’s electron
wave function owing to & dipole~dipole attractive
force as the atowm approaches the wall and u strong,
repulsive interaction st short ranges arising from
Pauli exclusion exchange forces, Two types of fre-
quency shifting effects are sncounterxed: 1) The
polarizgtion of the hydrogen atom leads to negative
frequency shifts bocause of the diminigshed interaction
of the displaced olectron clond with the proton, and
2) Pasuli forces lead to positive frequency shifts
resulting from compression of the electron cloud about
the hydrogen atom and stronger interaction,

These two can offset end cancel oach other, The
temperature at which this occurs depends on the sur-
face propartiesa" At low temperatures the negutive
shift dominatos and can be cxpre;ted as an exponential
fanction of the temperaturs, oB/XT | pere B/k can be
considexred an onergy expressed in degroes Kelvin,

Qur dats are shown in Figure 4, where we plot the
logarithm of the averege phase shift per collision
against inverse temperature. From 77K to approxi-
mately 52K the dats follow the relationship:

AD = 6.17x1075o215/T

As had occursed in the earlier oxperimonts,3 during
the cooling and measuring process the maser stopped
oscillating at about 50K, VWhether this was due to
contamination or was a consequonce of the nature of
the FEP Toflon surfacos is still not clear., At this
poiat we admitted gasecous CF4 into tho system, raising
the pressure to 1077 Torr for 30 seconds, and waited
for the surplus to puwp away. The next day we took
dats, then allowed the system to warm up to about 60K
and took moroe data as the systom cooled agsin., These
data are shown ss open circles in Figure 4 and were

ORIGINAL PAGE (%
OF POOR QUALTY



obtxined at tempesatures down to 48K, These dats have
s different relationshly with temperature than that of
the bare FEP Teflon surfage:

A9 = 11.6x10760163/T

From this ron we observe that the re~cooled data do
not £it the flrst data point obtained after Injecting
Clge It is possible that the surfaces woere not
heavily coated with CF, and thst reevaporstion (or
rosublimation) occurred when we went to 60K, leaving
some of the Teflon surface exposed,

Durlng this run wo suffored a blocksge in the
helium flow and were unable to cool lower than 48K,
However, in our earller cryostat we were able to get
oscillation at tomporatures as low as 26K, but wore
unabie to run at low enough magnetic flelds to make
accurate wall shift moasurements,

The dats reported in Figure 4 agroe well with
those of do Saintfuscion,! Figure 3 shows his data and
ours plotted on the same graph, Here we 500 the ef=
focts of phase changes in the Teflon that oceur near
300K and 2008, A summary of the properties of FEP
Teflon as they would apply for a masor with a 7 inch
(17.8 om) dlameter bulb is glven in Table 1. We show
the wallshift, its temperature coefficient, and the
quantity (df/£)/(dT/T), whieb measures the fractional
temperature semsitivity. In genoral, at low tempera-
tures the fractional tempsrature cam bo controlled at
least as well as at higher temperatures, Noeverthe-~
less, we see that to realize frequency stabillty of
1 x 10716 will require temperature control at the
§ x 1076E level at 50K, not a simple matter,

CONCLUSIONS

It is clear that we are looking for a surface
material that doos not alter tho chemical state of the
impinging hydrogen atom, DBeyond this, we require as
low an interaction potential with hydrogen as possible
so thkat the atom is reflected without dwelling too
Jong in a potential well,

So far we are aware of only a small numbor of
s01id and liquid materisls that have been investigatoed
as storage surfacos, Tho wallishift interaction ener-

gies and their applicable temperatures are shown in
Table 2 for Bome interesting examples. of
the Teflons, we 4include here only the FEP
fluorocarbon, Surfaces of liquid helium# and
heliun? have been rneasured at very low
temperatures by Hardy., These are extremely
interesting surfaces with very low inter-
action enecrgles and should lead to some inter~-
esting results when applied to hydrogen

ﬂnBEtﬂ-lz'

So far the fluorocarbon surfaces appeur to work
as low as 25K, Xf we consider what the fluorine atom
looks like when bound to carbonm, wo note that its
electronic structure is that of the noble gas mneon,
which has the next closed electron sholl odcurring af-
ter helium, It would appoar that fluorime, when it
looks like neon to an outsider, works well, It is
logical, then, to txy neon itsolf as the surface coat-
ing materisl, This is whero we are hoadoed as soon as
we can got our system to function at temperatures be-
tween 8K and 14K,

The expected frequency stability of cold masers,
based on ihermodynamics and spin oxchangoe behavior, is
well bolow 1:10716 for averaging times of 100
seconds, ™’ The potential for greatly increased sta~
bility is a strong incentive for continuing the study
of wall interactions.
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Table 1) ( Caif -
1 » .{
Pexformence of Maser with
1-Ansh (17.8 sm) Rismster Bulb
Temp Surface Wallahift Wallahifn fa1/1)
(x) Coating A/t Temperature (47T/T)
Coefficiont
(df/47T) /1
«h
323 FEP 1,03x10°11  2.21510°13 7.1x10°11
150 FEP ~3.76x10°11 3. 14x10°13 4.7x10°11
100 FEP 7.38x10°11 3 87510713 1.5x10°10
60 FEP ~2.37x10-10 1. 20510°11 7.2x10"10
50  FEP + CFy -3,07x10710 1 72410"M) 8.6x10°10
Table 2
Intersction Energies and Temperstures of
Yarious Surfaces with Atomic Hydrogen
Surface Reference E/K T
(k) K)
FEP Teflon 1 458 300
FEP Teflon this work 263 7
FEP Teflon this work 215 ~50
FEP + CFy this work 165 ~48
Neon - -— "1w 10-20(7)
Solid Hy 2 38 4.2 ¥ c 0
Ligeid feg 13 1.18 .3 ig. 2. “:.yo.onlc maser suspended from vacuum hous
Liquid IIO;:-: 12 0.43 0.1
o
-
."!‘1' ;..:. ”A“'i-‘
A e comt vaak
T . Wi
Fig. 1. Cryogenically cooled hydrogen maser with low Fig. 3. Liquid nitrogen cooled hydrogen dissociator

temperature dissocistor,
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