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A low-temperature, high-power NMR probe head design is
described which eliminates the problem of electric arc discharge
commonly experienced during radiofrequency pulse cycling in a
helium environment. A polychlorotrifluoroethylene (Kel-F) coil
former, fitted with a solenoid coil, is heat-shrunk onto stainless-
steel flanges and spot-welded inside a stainless-steel probe head
assembly connected to a hollow coaxial transmission-line probe
shaft. By this means, the sample coil and all high-voltage elements
can effectively be isolated in a vacuum, while at the same time
permitting good thermal contact between the sample and cryo-
genic gas. This design was used in NMR studies in the 4.6 K < T <

77 K temperature range for RF pulse durations <50 ms (and
longer for low RF amplitudes) and amplitudes up to ;60
G. © 2000 Academic Press

Key Words: high RF power; low-temperature; NMR probe.

Low-temperature NMR spectroscopy (below;77 K) re-
quires that the sample be exposed to regular and sus
bursts of intense RF radiation while immersed in helium ga
the presence of high RF voltages, however, the heliu
ionized and cascades into a spark spanning the voltage
Since the consistency and reproducibility of RF field pulse
all amplitudes and durations lies at the heart of NMR spec
copy—particularly so for studies in the rotating frame—i
crucial that the probe assembly be impervious to RF br
down.

Specifically, such a system has to

● insulate all high-voltage components from helium ga
● permit easy sample interchangeability;
● minimize thermal lag by maintaining good cryogen-s

ple contact at all times;
● introduce no spurious signals;
● be strong enough to withstand repeated electrical,

chanical, and thermal stresses;
● be sufficiently compact to fit into the tail of a flo

through-style research cryostat.

To better understand these requirements, in their rel
both to each other and to the constraints they jointly impos
a low-temperature probe system, we need to look briefl
some of the apparatus typically used in low-temperature N
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This falls into three basic categories: cryogens to coo
sample; a research dewar to hold the cryogens; and the
temperature NMR probe system itself. Although there a
variety of other items necessary to this work—vacuum pu
temperature sensors, vacuum helium-transfer lines, leak d
tors, vacuum gauges, etc.—we will confine the discussio
the probe assembly system itself and its function in conjun
with a flow-through-type research dewar.

This is essentially a cryogenic vessel for cooling the sam
with separate reservoirs for liquid helium and liquid nitrog
The dewar body sits on top of the superconducting ma
solenoid vessel, with a long tail extending into the soleno
bore, or in the case of an iron-core electromagnet, betwee
magnet pole faces, as shown schematically in Fig. 1.

A typical flow-through-type research dewar, with the pr
assembly in place, is shown in Fig. 2. It consists of th
concentric cylindrical chambers, the central and longes
which acts as the sample chamber into which the prob
inserted. The chamber immediately surrounding this ce
flow bore is filled with liquid helium, while the outermo
chamber is filled with liquid nitrogen to cool the adjac
helium reservoir. The helium chamber communicates with
flow bore via a capillary tube leading to a diffuser plug a
bottom. The rate of helium flow is regulated by a helium-
valve at the top of the dewar, connected to a needle tip a
entrance of the helium-capillary line. All three chambers o
dewar are isolated from one another by double walls, ev
ated prior to the start of an experiment using a vacuum p

The probe used with such a system is essentially a co
transmission line running from the room temperature top
of the dewar, where it is connected to tuning-circuit eleme
to a probe head assembly at the other end, containin
sample coil and temperature sensors/regulators. Typicall
probe is composed of a length of coated copper wire enc
in Teflon sleeving, threaded through a stainless-steel
spanning the entire length of the flow bore.

The probe head itself consists of a cylindrical copper sh
ing can mounted concentrically with the sample coil. T
cylinder is wound with heater wire on its external surface
fitted with temperature sensor holders mounted close t
1090-7807/00 $35.00
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2 DAMYANOVICH, PETERNELJ, AND PINTAR
sample coil. The whole probe head assembly is then sol
onto the stainless-steel probe shaft and the sample coil
central coaxial line, thereby ensuring structural/electrica
tegrity. Temperature regulation is achieved by means
feedback loop; gaseous cryogen flows past the probe
where the sensors relay the ambient temperature to an
nally mounted electronic temperature controller. This in
sends out current to the heater wire, thereby warming
cryogen in the immediate vicinity of the sample to the des
temperature. With this scheme, a steady-state tempera
attained when the cooling rate of flow of the cryogen gas is
balanced by the heater output—can be maintained to w
60.5 K for a length of time dependent on the target temp
ture chosen.

The system just described works very well when the cryo
used is nitrogen, but fails with helium due to RF breakd
caused by helium-facilitated arcing. The intuitively obvi
solution is to insulate all high-voltage components from c
ing into contact with helium gas; this, however, proves to
more elusive than expected.

Early attempts in this direction using Teflon-coated w
failed completely, due to the presence of microscopic hol
the Teflon material through which arc-discharge paths re
formed.

The first operational design involved using sulfur as a
ting material for the sample coil, in conjunction with a vacu
feed-thru (1); molten sulfur was allowed to coat all expos
high-voltage-carrying surfaces in the probe head itself, p
cally “embedding” the coil in a solid block of sulfur, while t
vacuum feed-thru prevented helium gas from entering
probe shaft. Although fairly successful, this system suff
from the need for frequent overhauls; the sulfur potting
prone to cracking following even one low-temperature ex

FIG. 1. Schematic diagram of a flow-through-type research dewa
ocated between the coils of an electromagnet (A) with the tail (D) exten
etween the pole caps (B).
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imental cycle, due to the difference in thermal expan
coefficients between the potting material and coil.

A more promising approach was to design a system w
while allowing the circulation of helium gas past the sam
kept the whole coil/high-voltage coaxial line system separ
from the surrounding environment by a vacuum. Initia
quartz-glass tubes were used as coil formers: the coil wou
mounted on a thick quartz tube placed in the probe head, w
a stainless-steel enclosure could be made to compress i
metal in a band around the tube, thereby creating an “in
seal” (2). Following thermal cycling, however, the glass
variably shattered at points of compression or rarefaction
problem, therefore, was to find a material that could withs
temperature cycling, maintain a vacuum-tight seal to met
low temperatures, and at the same time not interfere wit
radiation.

The solution came in the form of polychlorotrifluoroeth
ene, also known as fluoroethene, or Kel-F. This substan

FIG. 2. Schematic diagram of a typical flow-through-type research d
for low-temperature NMR studies, with vacuum-probe assembly in plac
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3HIGH-POWER NMR PROBE FOR LOW-TEMPERATURE STUDIES
rigid, easily machined to any desired specifications, essen
proton-free, and most importantly, can be heat-shrunk
metal, forming a strong vacuum-tight seal that is able
withstand thermal shock at low temperatures. Making us
these properties, we designed a vacuum-probe system
used in conjunction with a flow-through-type research de

The heart of our system lies in the Kel-F coil former
scheme first proposed by Sullivanet al. (3). In our prototype
a cylinder of Kel-F was machined into a tube having
I-shaped longitudinal cross-section with the specificat
shown in Fig. 3a. The inner bore diameter was made;1 mm
larger than the 8-mm sample tubes used in the experimen

FIG. 3. Vacuum probe head assembly. (a) KEL-F coil former. (b
Top-end stainless-steel snout; (b(ii)) bottom-end stainless-steel plug. (
sembled probe head showing the stainless-steel vacuum probe shaft (
stainless-steel snout (B) over which the KEL-F coil former (D) is fitted;
stainless-steel bottom-end plug (C); the copper can (E) enclosing the
assembly; the RF coil (F) with the ground end (G) exiting through the ho
the bottom stainless-steel plug (C) to which it is soldered; the stainless
tube (I) heat-shrink-sealed into the bottom of the Kel-F coil former
spot-welded at (J) to the bottom stainless-steel plug (C) previously s
soldered to the copper can (E); the stainless-steel ring (O) silver-soldered
top of the outside of the can is spot-welded at (K) to the stainless-steel
(B) thereby rendering the whole system vacuum tight. The temperature
helium gas flowing up past the probe is detected by sensors mounted
probe head bottom plug (C). It is then warmed to the target temperature
heater-wire (L); the warmed gas passes into the sample area (M) throu
inlet (N), flowing past the sample and out through the top of the sa
enclosure. The unshaded areas immediately adjacent to the RF coil (b
the copper can (E) and the walls of the Kel-F coil former (shaded)), the
shaft (A) and the connecting hole through the Kel-F between them (th
which the RF line passes) are all under vacuum.
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order to create a vacuum seal, the diameter of the upper fl
of the cylindrical sample space was machined to be (26
0.5) 3 1022 mm smaller than the corresponding stainless
snout in Fig. 3b(i). The upper flange was then heated to;80°C

nd, with the help of a fluorosilicated lubricant, forced onto
pper metal snout of Fig. 3b(i) (previously welded to
tainless steel probe shaft (A) in Fig. 3c). Subsequently
ottom flange was treated similarly, but in this case fitted
short stainless-steel tube (I in Fig. 3c). The thermal con

ion of the Kel-F assured a vacuum-tight seal at both Ke
etal interfaces.
The joints were then cooled to liquid nitrogen tempera

nd tested for leaks using a4He “sniffer” connected to a heliu
leak detector. Further tests involving repeated rapid ther
shock cycles (liquid nitrogen to room temperature and b
failed to induce leaks.

The narrow (middle) portion of the coil former—machin
to a wall thickness;1 mm—was then wound with 13 turns

4-gauge tinned copper wire into a solenoid coil (F) (;12 mm
nner diameter and;4 cm long for use in the;30-MHz range
and soldered to the coaxial central line threaded down the
of the probe, as shown in Fig. 3c. A Faraday-shield coppe
(E), fitted with a stainless-steel ring mounted over its top
(O) and a stainless-steel plug inside its bottom end (C and
3b(ii)) (both silver soldered to the copper) was then slid
the Kel-F/coil assembly so as to allow both the short stain
steel tube (I) sealed in the Kel-F and one end of the
wire (G) to protrude through corresponding mating holes in
plug (C).

To complete the vacuum seal, the stainless-steel ring (O
plug (C) on the copper can were spot-welded at (K) and (
the corresponding stainless-steel snout (B) and tube (I) o
probe assembly and the exposed coil wire was soldered a
as illustrated in the assembled probe head shown in Fig
The rationale behind the use of mating stainless-steel
now becomes clear: directly soldering copper would over
the heat-shrunk Kel-F-to-metal seals, whereas spot-we
stainless-steel produced only localized heating, leaving
seals intact.

Metal sensor holders previously mounted in the bottom
(C) were then fitted with temperature sensors and res
heater wire was wound at (L) on the copper section of the
extending below this plug. Since during operation the p
head is under vacuum—and thus a very poor thermal con
tor—the aim was to establish the desired temperature i
helium gas entering the bottom of the probe head, prior t
flow through inlet (N) past the sample in the sample cham
(M). Because the surrounding assembly acts as an insulat
temperature of the gas flowing into the sample area wa
sentially the same as that established at the bottom o
probe, resulting in good temperature uniformity and stab
A small mesh plug fitted into the bottom of the sample cham
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4 DAMYANOVICH, PETERNELJ, AND PINTAR
(M) prevented the sample from obstructing the helium flow
from (N) through the short stainless-steel connecting tub

The coaxial shaft construction consisted of a triple-la
Teflon-tube-insulated high-voltage line, centered by triang
Teflon plugs threaded 7 cm apart along the length of the
shaft, as shown in the expansion and inset of Fig. 4.
configuration was found to be optimal in terms of position
support, and providing further isolation for the high-volt
line, while presenting a minimal obstacle to probe head/
evacuation prior to vacuum operation.

The shaft of the probe was passed through the flow-bor
using a standard screw-down “O”-ring feed-thru assembly
allowed the probe head to be adjusted up or down or rotat

FIG. 4. Vacuum probe shaft assembly. The expansion and inset s
high-voltage line. The triangular form of the plugs, threaded over the e
for positioning, support, and further isolation of the high-voltage line, w
operation.
g
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order to optimize sample positioning within the magnetic fi
while preventing helium escape into the outside air. Elect
wiring from the sensors and heater passed to a conn
welded to the flow-bore cap, through a second O-ring f
thru. The cap was sealed to the top of the flow-bore usin
O-ring/spring-loaded clamp device that permitted rapid
moval and reinsertion of the probe, resulting in minimal pr
head warming during sample exchange. A vacuum v
mounted at the top of the probe allowed the whole appara
be evacuated. To prevent leakage at the top of the pro
special pressure-mounted Teflon feed-thru was used in
junction with a high-voltage BNC connector. Once assem
the probe head and shaft were evacuated using a rotary va

the geometry and disposition of the Teflon spacers used to support
length of the central line and fitted into the probe shaft, was found toptimal

e presenting a minimal obstacle to probe head/shaft evacuation priorto vacuum
how
ntire

hil
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5HIGH-POWER NMR PROBE FOR LOW-TEMPERATURE STUDIES
pump and again tested for leaks following rapid thermal
cling (295 to 77 K and back); no leaks were ever detecte

In order to estimate the thermal gradients in the system
carbon–glass (Lakeshore) sensors were mounted in the
head: one embedded in powder inside a sample tube pla
the coil (simulating a sample under normal operating co
tions) and the other inside one of the sensor mounts in
bottom of the probe head. Upon slow cooling (starting at;100
K), agreement between the two sensors was maintain
within 61° down to;5 K. Rapid plummeting to the targ
emperature, on the other hand, produced thermal grad
hich lasted;15 min, after which agreement between the
ensors was again maintained to within61°. This meant tha

f needed, samples could be exchanged and the target te
ture reestablished during the course of a low-temperatur
ith a minimum of delay for thermal equilibration.
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Using this device we have performed numerous experim
n the 4- to 50-K temperature range, where the maximum
eld amplitude was;60 G, for pulse durations exceeding
s without any sign of RF breakdown. Indeed, it was
eating effect of long RF pulses that became the limiting fa
etermining pulse amplitude and duration.
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