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Stability and reproducibility of the spectrometer are fundamen-
tal to the success of many modern NMR experiments. Variation
in room temperature is a particularly important source of instabil-
ity, in part because it can cause coherent artifacts in NMR spectra.
Small changes in room temperature lead to corresponding changes
in the phases, amplitudes, and frequencies of NMR signals. These
can lead in turn to apparently random spectral artifacts such as
t;-noise in two-dimensional (2D) NMR and to the incomplete can-
celation of signals in difference spectra, but also, importantly, to F;
satellite signals in 2D spectra. These “parallel diagonals” arise from
the use of air conditioning, which typically forces room tempera-
ture to oscillate within a fixed band. Work to identify, quantify,
and suppress sources of temperature sensitivity in a modern
300-MHz spectrometer has led to a greater than 10-fold improve-

as to how temperature-driven instabilities could be treated. Apal
from one paper4) describing an elegant system of environmen-
tal monitoring using the spectrometer computer and advocatin
care in selecting the set point of air conditioning, and an earlie
description of “air conditioningdr; sidebands”3), the effects of

temperature instability on spectra have received little attentiol
in the literature. This may be partly due to the difficulties in
identifying and isolating the sources of temperature sensitivity
which are addressed here. This paper describes investigatio
carried out into the temperature sensitivity of a 300-MHz spec
trometer and illustrates the improvement in spectral quality tha
can be obtained by careful regulation of the temperatures c
sensitive spectrometer components. The spectrometer used

ment in the signal-to-artifact ratio. o 2001 Academic Press Varian Inova 300, is representative of the current state of the a

and considerably more stable than many earlier instruments, b
nevertheless produces spectra which frequently show the effec
of room temperature variation.
Sensitivity to temperature is widely distributed throughout an
The ability of the NMR spectrometer to reproduce faithfullNMR spectrometer; as will be seen, it even extends to the ce
a desired set of experimental conditions is of great importaniskng between units. Piecemeal attempts to reduce temperatu
in many modern NMR experiments. For example, shortcomingsnsitivity can easily lead to frustration; for example, reducing
in reproducibility or stability can result in the appearance ahe magnitude of the negative temperature coefficient of phas
artifacts in the final spectruni{5). Irreproducibility between of the preamplifier will actually lead to an increase in the overall
successive transients leads to the familiar phenomenontefperature coefficient for the complete NMR experiment if this
t;-noise in two-dimensional (2D) spectra and to spurious signadspositive. This paper describes a number of simple strategie
in difference spectra. These artifacts arise from unwanted sigti@t have been used to investigate the temperature sensitivi
modulations from a variety of sources, including variations iof a modern spectrometer. It will be shown below that identi-
radiofrequency (RF) pulse phase and amplitude, variationsfiiing and attacking the root causes of temperature sensitivit
field homogeneity, and variations in field/frequency rafip (  of a spectrometer can make the problem much less intractabl
It has been showrg] that much of the instability in a typical All electronic components show some degree of sensitivity tc
modern high field spectrometer is attributable to two systematemperature, and the inductors and capacitors of tuned circui
sources: variations in room temperature and modulation of tireparticular can lead to this sensitivity translating into change:
By field by 50 (60) Hz mains (line) interference from the ain RF phase. The degree of sensitivity and the ubiquity of thes
electricity supply. The same paper also showed how the lattgicuit elements in spectrometers are such that seeking cor
could successfully be treated by adding a signal of approppenents with very low temperature coefficients is not a practi
ate amplitude and opposite phase to Zaeshim power supply, cal proposition; rather, strategies are required for limiting the
canceling the mains interference, and gave several suggestigasiage done by the temperature sensitivity of component
While some of the experimental methods described below (an
1 Current address: Varian Ltd., Unit 14, Oakfield Trading Estate, StantctJHe ETXte.nSIVe use of cardboard!) are more apprqpr!ate toapro
Harcourt Road, Eynsham, Witney, Oxon OX29 47H, United Kingdom. of principle than to the manufacture of commercial instruments
2To whom correspondence should be addressed. Fax: (0) 161 275 4964 hoped that the results described here will help inform the

E-mail: g.a.morris@man.ac.uk. design of future spectrometers.
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EFFECTS OF TEMPERATURE VARIATION rises above some upper limify, and stop if it falls below
Ts. The hysteresis bandy — Ts is typically between 0.5
It is well known that variation in room temperature is a Sigand 3C.
nificant source of instability in NMR spectrometers, causing The effect of such an air conditioner on the time course o
changes in the phases, amplitudes, frequencies, and lineshg@gperature in a room depends on the quiescent temperature
of NMR signals. One of the most common classes of systefe |atter lies abovdy, the air conditioner will cool the room
atic artifacts, “parallel diagonal” signals seen in homonuclegyr until the temperature at the sensor reache#t this point
correlation 2D spectra, normally arises from the use of air Cofire unit will cease cooling, and room temperature will drift up-
ditioning to maintain an acceptable room temperature. Maghrd until Ty is reached; the cycle then repeats indefinitely
air conditioning units are simple two-state (on—off) deviceg; however, the quiescent temperature lies within the hystere
which typically cause room temperatures to oscillate withigis pand, the air conditioner will remain passive, and the roor
a narrow band of about’C. If the evolution period of a 2D temperature will vary in an uncontrolled fashion until it trans-
experiment is incremented or decremented linearly, as is ’Jjﬁ%sses the limify or Ts. Paradoxically, this may well prove
case in virtually all of the 2D experiments performed to datgar less damaging to the quality of results than the coherent o
thenF, sidebands will be generated at offsets Bf@)sws Hz  ¢jllations generated when the quiescent temperature lies outsi
from the trueF, frequency, whereP is the period of oscilla- the hysteresis band, a point well made in R&¥. ome air con-
tion, D is the duration of the experiment, ands® the F1  ditioning units also have a heating capability, but again simpl
spectral width. As the 2D data acquisition progresses, magh/off control will lead to oscillation if the quiescent laboratory
ping out the true signal modulations as a functiontQfso temperature lies outside the hysteresis band. More complex co
the external influences on the NMR signals add an extra mqgh| systems which do not suffer from oscillation are common ir
ulation as a function of real time. The effect is that the reglevices such as the variable temperature units used to control t
time modulations appear as modulations as a functioty,of probe temperature in NMR experiments, but can be punitivel

with their frequencies scaled up according to the ratio of th&pensive to install and run on a laboratory scale.
duration of the experiment to the range of evolution times

explored.
It has recently been showd)(that systematid-; artifacts
in 2D spectra arising from temperature variations can be sup-

pressed completely by acquiring theincrements in random  Thjs paper describes an investigation of the temperature se
order. This method of data acquisition converts a coherent m%\”ty of a typ|Ca| modern 300-MHz Spectrometer' a Varian
ulation of signal phase, frequency, etc., into an apparently rainity Inova 300. Compared with earlier spectrometers this i
dom modulation, which, after Fourier transformation of the highly stable. Improvements in short-term stability, through the
dimension, gives rise to slightly increasehoise rather than yse of low-noise electronics, reductions in stray mains (line
coherent peaks. While this technique is a very simple way gfagnetic fields, etc., have both made it easier to detect tf
suppressing potentially misleading artifact peaks from spectiects of spectrometer temperature sensitivity and increas
the increase irt;-noise (albeit slight in most cases) may Ofneir relative importance. The three principal elements of the in
occasions interfere with spectral interpretation. An altogeth@gstigation described are the measurement of signal character
more satisfactory approach would be to render the spectromefgs such as signal phase and amplitude on appropriate timesca
less sensitive to temperature disturbances in the first place,di the monitoring and the manipulation of the temperatures
establishing the exact source(s) of the temperature sensitivifferent components of the spectrometer.
and then reducing the sensitivity of the affected component(s). A |Jaboratory environment experiences temperature perturb:
tions on avariety of timescales. Draughts, opening doors, samp
AIR CONDITIONING manipulation with compressed air, etc., cause fluctuations las
ing seconds or minutes, while air conditioning typically cause:
The obvious solution to the problem of spectrometer tenaycling on a 5- to 15-min scale. Diurnal temperature variatior
perature sensitivity is to stabilize the temperature of the labcan also affect NMR experiments, and while seasonal varic
ratory. Indeed, Braust al. (4) have shown that the generatiortions are slow on the timescale of an NMR experiment they ma
of coherentF; artifacts can be avoided by careful choice o&ffect shorter term temperature stability through changes in a
the set point and regulation parameters for the air conditiocenditioner regulation and the temperatures of incoming gase
ing units. However, there are severe limitations on this stratedost of the critical components in an NMR spectrometer have
which in essence reduces to disabling the air conditioning bignificant thermal mass, so temperature fluctuations o
choosing a set point close to the quiescent temperature thattiescales less than a second or two are smoothed out. Te
room would adopt in the absence of an air conditioner. The siferature variation within a single measurement of a free induc
ple air conditioning systems generally used for NMR laborattion decay is therefore rarely a problem, so the effects of terr
ries are on/off devices, which start cooling if the temperatuperature variation may be followed by monitoring the phases

ASSESSING SPECTROMETER
TEMPERATURE SENSITIVITY
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amplitudes, frequencies, etc., of successive free induction §8; + S ), where S, and S_ are the positive and negative
cays. Such FID-to-FID comparisons have been used extensivekgursions of the signal.
in previous investigations of spectrometer stabilRy. ( The same logic may be applied to measurements on synthet
A good deal can be learned from purely passive experimengggnals, allowing the behavior of different parts of the spectrom
in which the spectrometer is run under normal operatirgfer to be isolated by leaking continuous low-level RF signal
conditions and signal behavior and the temperatures of specifito different stages, bypassing the probe and NMR sample
components are monitored and correlated. This has the virfliee decoupler channel of the spectrometer and the decoupl
that the instrument behaves exactly as it would in a “reasynthesizer are both potential sources of high-purity RF sig
experiment, but because the signal dependence on temperatats. For example, if the decoupler and observe channels
is multifactorial it can be difficult to isolate the effects ofthe spectrometer are derived from the same synthesizer ot
individual components. The alternative is to intervene activelgut and a continuous signal is leaked directly from the decou
either stabilizing the temperatures of selected componentspter into the receiver (via a suitable attenuator), the resultar
deliberately changing them. A simple example of the formeaignal at zero frequency is largely unaffected by any synthesize
would be passive control by the use of a heat exchanger ifinatability and completely bypasses the probe. Figure 1 show
large insulated bucket of water as a preconditioner for probe arsimplified block diagram of the principal components of the
this does not regulate the probe temperature, but simply ensugesty Inova 300 spectrometer, modified to illustrate the leak-
that any temperature variation is very slow. In the experimeritygy of a signal from the decoupler channel into the preamplifier
described below, this type of approach is used along with tefflhe dc output from the receiver may be examined directly ir
perature jump methods and active regulation. The choice of httve time domain (for example to reveal low-level mains [line]
to intervene with a particular component is dictated in part lphase modulation) or weighted and Fourier transformed (witt
the information sought and partly by the cooling/heating powany dc correction disabled) in the same manner as successi
demands of that component. A unit which has substantial powieze induction decays, to follow slow changes in phase or ampli
dissipation will require alarge flow of cooling air; to stabilize thisude. This approach is used below both to examine the behavi
with a passive heat exchanger would require an unrealisticatifthe complete receiver system, using the decoupler channel
large thermal mass (although it is entertaining to consider thenerate the leakage signal, and to examine specific parts, f
relative costs of, say, a 3-kW-capacity air conditioner and a fesxample, by generating a 10.5-MHz signal using the decouple
meters of copper piping embedded in a 1-m cube of concreteynthesizer and leaking this directly into the intermediate fre:
guency stage of the receiver. Another useful approach is a diffe
ence experiment, in which a given unit is alternately included in
and excluded from, the signal path using a computer-controlle
The results described below were obtained using a numbleermally insulated RF switch. The difference between the twe
of different variants of a simple strategy; the basic templasignals is recorded as a function of time, isolating the effect o
is described here, and the variations are described in Restdtmperature on the chosen unit, and can then be correlated wi
below. Several hundred free induction decays are measurethatrecorded temperature of the unit under investigation.
regular intervals, providing information on variations in signal
phase, amplitude, and frequency with a resolution of a few seg;
onds over several hours. Time averaging allows time resolution
to be traded for reduced susceptibility to other sources of signalocating the exact sources of temperature sensitivity withir
irreproducibility on the second or shorter timescale, so here g¢ke spectrometer requires the monitoring of temperatures «
periments typically average 16 transients over 30 s for each freany locations simultaneously. Semiconductor temperatur
induction decay. Experiments are carried out with a static sagensors (type LM35, RS Components Ltd.) were fitted at var
ple; sample spinning can lead to rapid small fluctuations in sigrialis positions within the spectrometer console, probe, prean
phase and amplitude throug® modulation. A concentrated plifier and associated electronics, the compressed air supplie
solution of chloroform in acetonds, doped with chromium and the laboratory. The sensors give an output of approximatel
tris-acetylacetonate to shortdh, is used, in order to ensure10 mV°C~!, which was amplified to a level suitable for digitiza-
good signal-to-noise ratio. The resulting free induction decatien and low-pass filtered. Output voltages from the amplifiers
are given a strong exponential weighting, zero-filled to ensuneere digitized using a 16-channel, 12-bit analogue-to-digita
good digitization, and, after Fourier transformation, a constatwnverter (ADC) board (Model PC27, Amplicon Liveline Ltd.)
zero-order phase correction is applied to bring the successnstalled in a 386 PC. PASCAL software was used to control the
spectra to approximate dispersion mode. Signal phases andampling and storage of the digitized voltages, and experiment.
amplitudes are then determined and plotted as a functicalibration data for the different sensors were used to conve
of time and examined for evidence of instability; for ahese voltagestotemperatures. Temperature and NMR data we
Lorentzian line, the deviation from pure dispersion phage combined for analysis purposes using a “C” program on the
is (S — S)/(S: + S) radians, and the signal amplitude isspectrometer Sun Sparc 4 workstation.

Signal Measurements

mperature Monitoring
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FIG. 1. Simplified block diagram of the architecture of the Varian Unity Inova 300 NMR spectrometer. The dashed lines indicate the signal routing u:
leak the decoupler signal into the receiver chain, while the lines with crosses indicate the signal routing for normal decoupler operation.
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Temperature Manipulation where the time constant = C/k. In general, the temperature

Itis possible to establish approximate temperature coefficiethgt) for arbitrary Te(t) will show exponential damping,

for many of the components of a spectrometer by selectively al-

tering the temperature of a particular unit while examining the Tu(t) = Te® exp(-t/7) + P/K, (2]
effect on signal over time. If the unit to be assessed is easily re-

moved (e.g., the first preamplifier), perturbing its temperaturevfere the symbolk denotes convolution. To make the best
relatively straightforward. One crude but very effective methagse of experimental data correlating RF phase or amplitude wi
is to place the unit in an insulated container, monitor the signak temperature measured at a given unit it is therefore desi
to establish the quiescent behavior, and then add a hot brigkle to allow for the effects of temperature lag. Temperatur
This gives a rapid rise in temperature, followed by very slowoefficients may be estimated by finding the best fit betwee
relaxation to room temperature. Selective perturbation of oth@e RF phase or amplitude deviation as a function of time an
units can be effected by altering the temperature of the incomitt@g recorded temperature convoluted by an exponential of var
cooling air. In the Inova console it is possible to perturb eagible time constant. Conversely, in some cases the sensitive co
of the RF circuit boards in turn, by inserting insulating matgyonents may have less thermal mass than the sensors used; |
rial such as cardboard between the boards and directing hotigi§ necessary to find the best fit between the recorded tempe
pastanindividual board through the normal ventilation pathwasture course and the phase or amplitude deviation convolute
Depending on the power dissipation, and hence the cooling @ith an exponential. Of course, where sensor and unit show tr
requirements, of a given unit, the temperature of the air supglime thermal lag and where the random error on the temperatt
used may be controlled either actively or passively (see belowg small, simple linear regression is also possible. Examples

i . all three approaches are given below.
Analysis of Experimental Results

The temperature-sensitive components of a spectrometer are SUPPRESSING SPECTROMETER
diverse and often difficult of access. It is not always possible TEMPERATURE SENSITIVITY
to monitor the temperature at the critical component, which in
general will lag behind the temperature measured at the outsid®nce the temperature sensitivities of individual units of the
of the relevant unit. Consider a unit dissipating a constant powgfrectrometer have been determined, strategies may be devi
P watts through a thermal resistank&V °C~! to an external to minimize the overall sensitivity of the complete instrument.
environment of uniform temperatuf®. If the unit has a heat The “gold standard” of ensuring that the spectrometer is mair
capacityC J°C~! and is a much better thermal conductor intettained at a constant temperature is a popular goal, but ultimate
nally than in its interface with the surroundings, it will enjoy ainattainable. Any laboratory is subject to both endogenou
uniform temperaturd@,(0) = T + P/k. If the temperature of (e.g., gated decoupling, variation in RF power) and exoge
the external environment now suddenly increases\By this nous (sample introduction, door opening) sources of temperatu
step function will cause an exponentially damped growtfi,of fluctuation. Improvements in sensitivity and in other aspects ¢
toward the new temperatuiig + AT + P/k, spectrometer stability mean that temperature changes of le
than a tenth of a degree have easily measurable effects, sc
Tu(t) = Tu(0) + AT{1 — exp(-t/7)}, [1] desirable target for temperature regulation would be about
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hundredth of a degree. This would necessitate stringent roc
insulation, sophisticated (e.g., proportional integral derivative
PID) control, rapid response, and high peak cooling/heatin
power and would be expensive in power consumption as well i
capital cost.

A more practical goal is to minimize perturbation by care-
ful siting of spectrometer components, air conditioning intakes W W W\W M W
sensors and vents, etc., and then to control the temperatures
sensitive components. Here it may suffice to suppress cohert
oscillations in temperature, for example by damping the rat
of change: a 24-h multidimensional experiment in a laborator
with a temperature oscillating ovet@ every 10 min will show
substantial artifacts, whereas one that experiences a slow d
of 1°C over the course of the experiment will show very few illl I I I I [ I
eﬁeCtS. 0 60 120

A strategy is needed for choosing how to control different Time /min
spectrometer components. Some have little or no power dissigG. 2. pispersion-mode 300-MHz proton spectra of a sample of dopec
pation (e.g., cable runs) and may simply be thermally insulateloroform from an experiment acquiring 120 free induction decays averagin
from their surroundings. Their sensitivity to external air tempets$ transients of 4096 complex points, recorded at intervals of 30 s. The spect
ature is governed by the ratio of the thermal conductance of tpHere proce;sed with 5 Hz of Lorentzian line broadening and zero filling to 8192
insulation to the thermal mass of its contents, so it can be woffnPlex points.
adding extra material inside the insulation to damp further any
fluctuations in temperature. Components that do dissipate digr investigating it, are illustrated by the results of an ex-
nificant power cannot safely be isolated by thermal insulatioperiment measuring phase and amplitude deviations of th
because this could cause an unacceptable rise in temperatNidR signal while monitoring the temperature at different
Cooling air is required, so control is most easily establisheites in the spectrometer. Figure 2 shows the results of a s
by controlling the temperature of the incoming air and ensurimgience of 120 identical experiments performed on a solu
that the componentin question is only in thermal contact with iten of chloroform in acetonés (ca. 10% v/v), doped with
surroundings through this airflow. Units with low power dissipachromium tris-acetylacetonate to shorfenEach spectrum was
tion require only modest air flow rates; here the most econondcquired using a 90pulse of 13us and was the average of
method of control is passive, restricting the rate of change of thé transients of 4096 complex points, recorded with a spectre
temperature of the air by passing it through an insulated he@tlth of 1200 Hz and an interpulse delay of 1.88 s, giving a
exchanger with a large thermal mass. Fluctuations in the tetitne resolution of 30 s per spectrum. Lorentzian line broad-
perature of the incoming air are damped in the outgoing air to aning of 5 Hz was used; this dominates the instrumental an
extent depending on the ratio of the air flow rate to the therm@étural linewidths, ensuring that the net lineshape is very clos
mass of the heat exchanger. to Lorentzian (and also limiting the timescale over which phase

Radiofrequency power amplifiers are prime examples of unithkanges during the acquisition of a single free induction deca
which combine temperature sensitivity and high power dissipafluence the apparent signal phase).
tion. Here active temperature regulation of the incoming air is Figure 3 shows the relative phases and amplitudes of the spe
needed. This is more expensive than passive regulation, but tanof Fig. 2, together with temperatures recorded in the labo
achieve similar stability and is relatively cheap because the he@ttory and close to or inside the spectrometer. The changes
ing capacity needed to ensure a constant input air temperatpinase and amplitude clearly correlate with the temperature var
to a given unit or group of units is modest. There is some scoggons, with an overall temperature coefficient of RF phase o
for regulation methods which do not use external heating mughly +0.5°/°C with respect to the temperature at the spec-
cooling, for example, using varying cooling air flow rates téerometer console. However, the correlation is far from exact
maintain a constant temperature, but achieving good regulatitve temperature at the magnet clearly also has an effect, al
by this method would be difficult. it is not possible to separate the contributions of the individua
console units. The apparent temperature coefficient is itself quit
irreproducible: repeating the experiment under slightly different
conditions can give significantly different figures.

Figure 3 does allow some useful conclusions to be drawn
The relative temperature sensitivities of RF signal amplitude

The multifactorial nature of spectrometer temperature seand phase differ, being of the order €0.08% amplitudeC
sitivity, and the limitations of passive experiments as a toahd +0.5° (0.009 radians) phasé&, respectively. Since the

RESULTS

Analysis of Temperature Sensitivity
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RF phase deviation angle. Because this sine dependence makes the effect of pu
flip angle essentially immune to small variations in RF pulse
amplitude, signal amplitude error is dominated by effects ir
the receiver chain from probe through preamplifier, receivel
and mixer to the ADC. Experiments with lower pulse flip angles
show significantly worse amplitude stability, particularly where
the use of very brief pulses emphasises the role of switchin
transients.

Figure 3 demonstrates the importance of separating the co
tributions of individual units to the overall variation of signal
phase and amplitude. One way to narrow down the range ¢

0.2 %

0.1%

0.0 %

PTS 320 frequency synthesizer

units involved is to use synthetic signals to bypass the prob

2°c] L . . .
as indicated in Fig. 1. Figure 4a shows phases calculated fro
Atienuator board 600 identical experiments in which a synthetic signal from the
v —m—mmm————— decoupler channel was leaked into the receiver through a fixe
Transmittor board attenuator, and Fig. 4b shows the temperature recorded near

2c ] I~ ——\—\—\—_—\_—_~— Spbectrometer console. Each measurement used a single tr:
sient of 4096 complex points and a spectral window of 3000 Hz

with a time resolution ©6 s per sample. The spectra were ob-
tained by Fourier transforming the time-domain data without d

AMT linear amplifier

2°C ] AN e N e e N P e e P e
Receiver board

ZOC ] F\WW
VT air

¢ ] d\/ﬂw—\/,a\/lw
Magnet

¢ ] \o\/_,.,——\m/v,,—\//—w 0209

Console

0 | YV e eV an Vaan Ve Ve B

040 | (a) RF phase deviation

Time / min ]

FIG. 3. (Top) RF phase and (second from top) amplitude deviations de- 0.4 4
termined from the spectra of Fig. 2. The bottom portion of the figure shows
temperatures recorded at various locations in the spectrometer. Approxima
average temperatures for the units were as follows: inside the PTS frequenc
synthesizer 33C; on the attenuator board 25; on the transmitter board 2G;
inside the AMT linear amplifier 23C; on the receiver board 22; in the vari- 21.0°C |
able temperature air supply to the probex®C; close to the magnet 2C; and
in the main air inlet to the spectrometer console@1

(b) Console temperature

20.5°C

amplitude of the error signal introduced by taking the differ-
ence between two signals of unit amplitude differing in phase
by a small angle\é radians is of ordeAd, and the error ampli-
tude introduced by taking the difference between two signals o
identical phase and amplitudes 1 anddis justa, it can be seen

20.0 °C

0
thatin this experimentthe effect of temperature on phaseis abo'®? € 0 10 20 30 40 50 60
10times (0.90.08) more important than that on temperature. For Time / min
this reason the remainder of the results reported here concentrate
on the RF phase instability. FIG. 4. (a)Deviation in the phase of a RF signal leaked from the decouple

the receiver chain of the spectrometer, as described in the text and illustrat

. . int
Note, howe\{er, that the experiment of Figs. 2 gnd 3 US%C]C:)ig, 1; and (b) temperature recorded at the main air inlet into the spectromet
90° pulses. This was deliberate: most NMR experiments gi¥gnsole. A total of 600 signal acquisitions of 4096 complex points with a spectrz
signals proportional to simple powers of the sine of the flipidth of 3 kHz were made at 6-s intervals.



240 BOWYER, SWANSON, AND MORRIS

correction, using 2 Hz of Lorentzian line broadening. As well as
bypassing the most sensitive part of the spectrometer, the prot
the use of a synthetic signal reduces the random error on tl
phases measured, since the signal-to-noise ratio of the synthee
signal is much higher than that of the NMR signal. _
In contrast with the data shown in Fig. 3 for the entire specs
trometer, the results for the decoupler channel plus receiver che3
show a temperature coefficient of approximatel§;2°/°C, with
evidence for some damping by long thermal time constant:
The overall temperature coefficient for the NMR signal phas:
of about+0.5°/°C must thus contain a positive contribution
of about+0.7°/°C from the probe and its associated electron: ; . . '
ics. This helps explain the irreproducibility of the overall NMR 20 22 24 26 28 30 32
phase temperature coefficient, since small changes in the flc Temperatwe / °C
rate of air through the probe will significantly affect its tem-
perature sensitivity. Indeed, at (inconveniently) low probe airF!G. 6. Scatter plot of the experimental phase changes and temperature

flow rates it is possible to come close to a zero net temperat recorded in the experiment of Fig. 5. Linear regression (solid line) gave a tem
fficient P P Hg?ature coefficient 0f-0.042°/°C, in agreement with the conclusions of the
coetricient.

fitting process used for Fig. 5.
Figure 5 shows the effect on the phase of the leaked sig-

nal of applying a brief selective perturbation of approximately
13°C to the air supply of the receiver board, together with thepefficient of 0042°/°C is obtained. Figures 5 and 6 both show
result of manually fitting the phase to the temperature recordeddence of small systematic deviations from a simple linea
at the receiver board using the program Mathematjaand relationship; small timing discrepancies, differences in therma
the difference between the two. The large selective perturbatiime constants, and breakdown of the single time constant mod
effectively avoids interference from room temperature variatianay all play a part here, but have little effect on the observe
over the 30-min timescale of the experiment. The fitting yieldstamperature coefficient. Similar experiments were performed fo
temperature coefficient 6£0.042°/°C; no convolution of tem- other units, including the transmitter board, AMT power ampli-
perature or phase was required, showing that the thermal tifrex, and preamplifier.
constants of the sensor and sensitive components are similar. Fén contrast to the receiver, the transmitter board shows evi
comparison, Fig. 6 shows the result of linear regression of tHence of significant thermal lag between the temperature at tt
RF phase against recorded temperature; the same temperatensor mounted on the board and that at the component(s)
sponsible for the temperature sensitivity. The phase of the leake
signalwas monitored during a brief temperature jump of approx
imately 12C. In order to fit the phase deviations observed to the
temperatures recorded, it was necessary to convolute the latt
with an exponential of time constant 2 min. This gave the
results shown in Fig. 7, yielding a temperature coefficient of
—0.15°/°C. Attempts to fit without allowing for the thermal lag
gave significantly higher rms errors and obvious systematic de
viations and underestimated the temperature coefficient by 309
Similar experiments to those used for Figs. 5—7 were carried oL
for other spectrometer components such as the preamplifier al
AMT power amplifier.

Temperature monitoring inside the frequency synthesize

time / min (PTS 320) shows only very slow change. Since the synthesize
, . _ , rovides the 310.5-MHz LO (“local oscillator”) signal to both

FIG. 5.~ Time course (solid line) of the change in leaked signal RF Pha%ansmitter and receiver, the only significant contribution of the
caused by a brief step of approximately’ €C3n the temperature of the receiver " . 0 J =
board of the spectrometer console, together with the time course of the téf¥Nthesizer to signal irreproducibility should be through phas:
perature change measured at the surface of the board (dashed line) scale@rtgmplitude variation during a single free induction decay, anc
a temperature coefficient (determined by manual optimization)042’/°C,  the effects of temperature variation should be negligible. Sim

and (dotted line) the difference between the phase and the scaled temperaﬂgﬁ.argumems app|y to the 42-MHz reference generator boar
Phase changes were measured using 120 measurements of 16 averages 0f,4096

complex points with a spectral width of 2 kHz over 30 s; only 30 min of datgsee Fig. 3)' No experlmental evidence was found of tempere

are shown. The phase course was fitted with the measured temperatures UsIhg SENSitivity on the part of either of t_hese uni_ts _ContribUting
the program Mathematic#), without convolution of the temperature data.  t0 the observed signal phase and amplitude variation.

ation /

phas

radiofrequency phase / °
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shows that cable runs of the lengths found in typical spectron
eter configurations can be a significant source of temperatul
sensitivity. Such effects are partly mitigated by the tendency t
run related cables in parallel, so that, for example, the pha:s
change experienced by the transmitter pulse as it travels fro
the console to the probe is similar to that encountered by the L
signal running from the console to the mixer.

As noted earlier, the probe is one of the most significan
sources of temperature sensitivity. This is unsurprising: thi
probe observe coil is the highe3t_C circuit in the spectrometer
and hence the most sensitive to thermal changes in compone
T T T J — values. As is well known, careful control of the probe tempera
ture is vital for instrument stability. As mentioned earlier, an ef-
time / min fective and inexpensive way of minimizing short-term variations

FIG. 7. Time course (solid line) of the change in leaked signal RF phasl,re1 probe temperature Is to pass the probe ar supplles throuE

caused by a brief step of approximately’C2in the temperature of the trans- a passive heat exchanger consisting of a length of copper pi
mitter board of the spectrometer console, together with the time course of iRe@n insulated bucket of water. Packing the pipe with lead shc
temperature change measured at the surface of the board (dashed line) scaléddneases the efficiency of temperature equilibration, reducin
a temperature coefficient (determined by manual optimizatiom}®15/°C ~ temperature variations in the output air 100-fold and providing
a_md convqluted by a decaying exponential of time constant 2 min, with (dottaddegree of stability well beyond that norma”y offered by com-
line) the difference between the phase and the scaled temperature. . . .
mercial NMR variable temperature controllers. Probes typicall
use two independent air supplies, one for sample temperatu
At first sight the effect of temperature on the coaxial cablontrol and the other a supply of buffering air to protect the
used throughout the spectrometer might be thought unimportaetnainder of the probe contents from extremes of temperatur
The linear thermal expansion coefficient of copper is sufficientliYhere stability is critical it can therefore be desirable either tc
low (cal7 x 10°°C~1) to suggest that for cable lengths of thause two heat exchangers or to run both air supplies from a sing
order of meters (a few wavelengths at 300 MHz), temperatusgchanger.
dependence of phase should be small. For cable with a typicaSuch heat exchangers also provide a way of selectively mani
propagation velocity of 0.67 c, linear expansion of the physidating the temperatures of the two probe air supplies, simpl
cal path length would generate a phase shift of approximatddy changing the temperature of the water. Figure 9 shows
0.004 °C~tm~L. However, this simple picture is complicated
by thermal expansion of the cross-section of the cable and the
temperature dependence of the dielectric medium used, and
their effects on characteristic impedance. Experimental tempe
ature coefficients can in fact be quite significant. .
The temperature sensitivity of coaxial cable was investigatez -0.05 1
by performing a difference experiment in which a syntheti(}%
signal was alternately leaked from the decoupler into the r¢g
ceiver directly, and through an additional 15 m of coaxial cag
ble (type RG58C/U, RS Components Ltd.). The cable wa&
warmed slightly above room temperature, fitted with atemper:  -0.15 1
ture sensor, and lagged with polythene bubble wrap insulation
ensure slow cooling. The difference in signal phase between tl
two routes was correlated at 1-min intervals for 55 min witt
the temperature measured on the surface of the cable. The sl
cooling means that damping can be ignored, allowing a simp.. Temperature / °C
I|r_1ear correlation to b_e sought _between phase and tempe@turEIG. 8. Scatter plot of the experimental phase changes and temperatur
Figure 8 shows the difference in phase between the two SigR&brded during a change aBBC over 55 min in the temperature of a thermally
paths as a function of temperature at the cable surface, togethgfated coil of 15 m of 5@ characteristic impedance coaxial cable; linear
with the result of linear regression. The observed temperatuiearession (solid line) gave a temperature coefficiert019°/°C. Phases of
coefficient corresponds t60.06° °C-1m=1. This figure should thg leaked signal were measured alternate_ly viaand bypassing the coaxial cal
T . using a double pole, double throw RF coaxial relay switched under spectromet
pnly be regardEd QS indicative, since the_ e,ffeCtsf of temperatu(ggﬁtrol, and the difference in the two phases plotted to isolate the contributio
induced changes in the cable characteristics will depend on ighe cable. Phases were measured using 60 pairs of 30-s measurements o
source and load impedances attached to the cable, but cleashsients, each of 512 complex points with a spectral width of 500 Hz.

radiofrequency phase / °

0.1

20.9 20.95 21 21.05 21.1
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(a) RF phase deviation

(b) VT air temperature

probes often rely on friction fits for components such as coil
mounting capillaries and insert tubes, so the phase jumps se
may reflect discontinuous movement of the RF coil. Anothel
obvious possible source of stick—slip behavior is the tuning ca
pacitors, but the fact that phase discontinuities such as tho:s
in Fig. 10 are associated with changes in the variable tempe
ature air supply rather than the probe cooling air suggests th:
the capacitors may not be to blame. Results from similar ex
periments on the cooling air show continuous behavior with at
approximate temperature coefficientigd.9°/°C. These temper-
ature coefficients for the probe are consistent with the overa
spectrometer behavior seen in Figs. 2 to 4, given that in nor
mal operation the cooling and variable temperature air supplie
do not experience the full swing in room temperature. The re
sults confirm that while the spectrometer console is a significar
contributor to temperature sensitivity, the single most importan
element is, unsurprisingly, the probe.

The temperature coefficients found for representative sectior
of the spectrometer are summarized in Table 1. The figures al
indicative only; no error estimates are given, because of the sy

2uc tematic bias introduced by the arbitrary choice of temperatur
monitoring points on the various units. In many cases the statis
22°C tics of the fitting processes were very good, as evidenced, fc
example, by the data in Figs. 5 and 6, but a different estimate
I temperature coefficient with an equally low standard error woulc
0 120 240 360 480 600
time / min T
(a) RF phase deviation
FIG. 9. (a) Change in the phase of the measured NMR signal of a doped 0°
chloroform resonance, and (b) temperature of the air supplied to the variable
temperature.inlet of the probe during a 1q-h egperiment in which.the _temperature 10 phase jump
of the water in the heat exchanger described in the text was ‘rapldl)_/ increased by /
ca. 8C. Atotal 0f_600 spectra, each thg average of 32 free induction decays of 5o ]
1024 complex points with a spectral width of 512 Hz, were measured.
17
comparison between signal phase deviation and temperature
for 1200 identical measurements over 10 h of the chloroform -
proton resonance, using temperatures recorded with a sensor
in the airflow to the probg variable tem.perature air inlet. The (b) VT ai temperature
water temperature was raised by approximatety ghortly after
the start of the experiment by adding hot water to the heat ex-  28°C |
changer and mixing rapidly. Leaving aside the dominant, early,
part of the phase course, the latter part of the results shows a 26 |
basic temperature coefficient of approximatel§.25°/°C. The
earlier part, shown expanded in Fig. 10, highlights the existence .. |
of another, intermittent source of variation in NMR signal phase,
which is responsible for much larger phase errors than the basic
temperature coefficient. 22°C
Superimposed on the slow systematic change in phase with
20°C

temperature are two steep negative steps in the signal phase.
These are irreproducible, are only occasionally seen in exper-
iments that do not involve rapid temperature change, and are

probably the result of “stick—slip” differential expansion or con- riG. 10. Expansion of the fits2 h of Fig. 9, showing the discontinuous
traction of probe components. Coil support systems in modettrange in phase caused by the temperature step.

o

15 30 45 60 75

time / min

90

105

120
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TABLE 1

Estimated Temperature Coefficients of RF Phase for Selected

Components of the Inova 300 Spectrometer

Unit Temperature coefficientf C
Probe (cooling air supply) +0.9
Probe (variable temperature air supply) +0.25
Preamplifier +0.02
Mixer 0
Receiver +0.04
Synthesizer 0
Reference generator 0
Attenuator 0
Transmitter -0.15
Power amplifier -0.1
Coaxial cable —0.06mt

have been obtained had the sensor been positioned different
The significance of the results in Table 1 lies rather in the pat
tern they show of distributed sensitivity to temperature acros:2 °C]

the spectrometer.

04°
02°
00°
-0.2°

~0.4° 4

(a) Synthetic RF signal phase deviation

(b) Attenuator board

(¢) Transmitter board

N

(d) Receiver board
o i e e aatllin T P SRV

(e) Console

30 60

timie / min
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04° 4

0.0° -NW-/M/\,«-\/*W

(a) RF phase deviation

_04° -

sec]

2ec]
2ec]

2 °C

(b) PTS 320 frequency synthesizer

(c) Attenuator board

(d) Transmitter board

(e) Receiver board

() AMT linear amplifier

(2) VT air
2]
(h) Console
2]
1 T T T T 1 T T i
0 10 20 30 40 50 60 70 80 90 100

time / min

FIG. 12. (a) Variation in the phase of a doped chloroform NMR signal and
(b) to (h) temperature changes measured at the frequency synthesizer, atte
ator board, transmitter board, receiver board, power amplifier, probe variabl
temperature air inlet, and in the main console air supply. The temperatures |
the sensitive components of the spectrometer were stabilized as for Fig. 11, a
in addition the air supplies to the variable temperature and cooling air inlets c
the probe were held at constant temperature using high thermal mass heat «
changers. The NMR signal phase was followed using 100 measurements of
transients in 60 s, each of 4096 complex points with a spectral width of 1200 H:

Suppression of Temperature Sensitivity

As the results above show, the overall temperature coefficiel
seen in Fig. 3 is the sum of temperature coefficients of differing
signs from the key stages in the transmitter and receiver chain
With the exception of the probe, which is frequently supplied
with stabilized air, attempting to regulate the temperature of an
individual spectrometer component in isolation is unlikely to
effect a significant improvement and may indeed degrade ove

FIG. 11. (a) Variation in phase over a 60-min period of a signal leakedll performance. Effective treatment of temperature sensitivit
from the decoupler into the receiver channel, with (b) to (e) the temperatur@guires a concerted attack on all known sources of instability
measured on the attenuator, transmitter, and receiver boards and in the maigRliough the approaches taken to individual units will differ.
inlet to the spectrometer console. The temperatures of all sensitive componentq—he cooling demands of the spectrometer make direct tempe

of the spectrometer except the probe (which was bypassed by the signal path
were stabilized as described in the text. A total of 120 phase measurement&

re regulation of the entire console impractical, since typice

16 transients were made at 30-s intervals; each measurement used 512 confgSole dissipationis several kilowatts. The desired stability cat
points with a spectral width of 500 Hz.

however, be obtained by targeted intervention, using differer
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FIG. 13. Phase-sensitive NOESY spectrum of a mixture of ethanol, methanol, acetone, chloroform, and TMS in deuteriochloroform, acquired on a
Unity Inova 300 spectrometer. A total of 256 increments of four transigiskodata points were acquired over a period of 4 h. The data were processed usi
Gaussian weighting in each dimension and zero-filled once intha@thdt, before Fourier transformation. The standard instrument configuration was used, wi
neither probe nor console temperature regulated.

methods according to the power dissipation needs of differentpply (the largest single source of heat) does not require st
units. The air supplies to the probe were stabilized to withinkdlization, and the low band ampilifier is largely used for nuclei
few hundredths of a degree using the passive heat exchangih sensitivity too poor for phase and amplitude errors of the
system described above. The RF boards of the console typicatlggnitudes described here to be significant. The proton ampl
dissipate only a few watts and can be maintained at acceptafide temperature was stabilized by constructing a thermostatte
temperatures with only modest airflow. These boards were stadii- supply, again fed to the relevant part using cardboard bal
lized using air at about 100 L n1idl fed from a heat exchangerfles. The air temperature was regulated at abeQtgbove room
similar to that used for the probe air, steered past the boatdmperature using a PID controller (Model TDH02 FFRROO,
using cardboard baffles. Thermospeed Ltd.), fed by a 10 n\@ sensor of the type de-
The AMT RF amplifier, on the other hand, can dissipate ascribed earlier, to control an air heater (Model 308-215, Thermo
most a kilowatt and thus demands much more cooling air. Thegmeed Ltd.) designed for 120 V/750 W operation but operated
demands can be moderated significantly by regulating only th2 V dc. This results in a narrow range of operating tempera
high-frequency (proton) amplifier temperature, since the powire, because of the limited heating power available, but this i

\ L

E TMS
04 IR
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5 I u
K . Acetone N
Fy, 443 - "-'. - l JuL
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. L,
6 Ethanol CH, !
] - OH/H,O )
8 pp 6 4 2 0 Chloroform

FIG. 14. Phase-sensitive NOESY spectrum of the same sample as that in Fig. 13, acquired with the temperature of the air supplies to the probe stabi
using the passive heat exchanger described in the text.
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FIG.15. Phase-sensitive NOESY spectrum of the same sample as thatin Fig. 13, acquired with both probe air supply stabilized and the temperatures o
units within the spectrometer console regulated as for Figs. 11 and 12.

not a problem in a laboratory kept within a narrow temperatuthke spectrometer in its normal configuration, with no regulatior
range by air conditioning. The performance obtained was excelther of the console or of the probe temperature. The effec
lent, with temperature regulation approaching one hundredth affroom temperature oscillations caused by air conditioning ar
degree. Contributions to temperature sensitivity originating froatearly visible as a series of satellite signald-ineither side of
coaxial cables both inside and outside the spectrometer conghieF; = F, diagonal. A pure sinusoidal variation in room tem-
were minimized by insulating them with polythene bubble wragperature would give rise to small index phase modulation an
All critical components of the spectrometer were thus held ehuse two satellite signals equally spaced either side of the c
fixed temperatures using the standard laboratory compressedgmnal; the more complex patterns seen reflect deviations fro
supply, and with only a few tens of watts of added power dissipsimple sinusoidal behavior.
tion. The principal disadvantages of the improvisatory methodsRegulating the probe temperature reduces the artifacts su
used were hindered access to the instrument and a marked degjemtially, as can be seen in Fig. 14. In particular, the average
dation in its appearance. Figure 11 shows the time coursesignal from the water and OH protons can now be seen to giv
RF phase deviation of a synthetic signal and temperature at §se to two cross peaks, attributable to NOEs between the ethar
lected points. The RF boards monitored all show greatly reduc@®tH and methylene resonances and the methanol OH and meth
temperature excursions, and the oscillations in leaked siga#though weak sidebands remain visible. Regulating the entil
phase caused by the air conditioning have been reduced to atsmetctrometer, as for Fig. 12, yields a further improvement. I
0.01° peak-to-peak, an improvement of a factor of 20. Fig. 15 the effects of room temperature oscillation have finally
Experiments using synthetic signals are powerful diagnostieen reduced to the threshold of visibility for this particular
tools, but the critical test is the reproducibility of real NMR sigspectrometer and experiment.
nals. Figure 12 shows the results of a series of measurements of
the phase of a chloroform proton NMR signal similar to the series CONCLUSIONS
used for Figs. 2 and 3, but with the probe temperature stabilized
using the passive heat exchanger described and the console elethe experiments described here serve to characterize the te
tronics stabilized as for Fig. 11. Once again a very substantisrature sensitivity of a typical modern NMR spectrometer an
improvement is obtained, the peak-to-peak NMR signal phademonstrate the practicality of adapting spectrometer designs
excursion being about@3°, again abouta 20-fold improvement.reduce vulnerability to temperature-induced instability. While
The practical implications of the instrumental modificationthe temperature coefficients reported here are specific to th
described are illustrated by a series of NOESY spectra ofirstrument and test configuration, both the generic methods usi
mixture of TMS, ethanol, acetone, methanol, and chloroform and the general pattern of temperature sensitivity are likely t
deuteriochloroform. This sample was chosen for a number lodé applicable to most modern NMR instruments. In particular
reasons. The sharp singlet signals show few, if any, cross peake,distribution of sources of temperature sensitivity throughot
allowing unequivocal identification of artifactual signals, whilehe spectrometer accounts for the relative failure of earlier a
the ethanol OH signal shows a strongly temperature-dependgmhpts to compensate for phase and amplitude variations by a
chemical shift and hence is a sensitive indicator of probe teiplying temperature-controlled phase and amplitude correctior
perature regulation. The spectrum of Fig. 13 was recorded withthe incoming NMR signal®). The degree of improvement
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in instrument stability obtained here with relatively modest (ihduced movement of the magnet solenoid with respect to th

unesthetic) means is gratifying and suggests that a more pposbe. A second source of similar problems, not responsible i

fessional approach would pay dividends. It is perhaps usefulttos particular case, is the presence of large ferrous metal ol

reflectthatthe bestresults reported here only succeed in redugaas, for example, girders, roof beams, or steel reinforcing rod:s

temperature-induced phase and amplitude modulation artifasfthin the magnet fringing field.

to the level of thet;-noise, itself frequently a significant limi-

ting factor in multidimensional NMR. Recent advances in the

sensitivity of spectrometers, and the considerable further im-

provements to be expected from cooled probe coil teChniquethis work was generously supported by the EPSRC (Grants GR/K4461

will place a further premium on the correction of artifacts suckhd GR/M16863) and by Pfizer Central Research (studentship to PJB). Tt

as those described here. important contribution made by Dr. Tim Horne to the early stages of this project
There is a further class of artifacts caused by room tempef@gratefully acknowledged.

ture oscillations which has not been considered here. As well as

phase and amplitude variation, and the temperature dependence REFERENCES

of chemical shift noted in Fig. 12, some spectrometers show a
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