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Bipolar programmable current supply for superconducting nuclear
magnetic resonance magnets

Jaakko Koivuniemi,?’ Reeta Luusalo, and Pertti Hakonen
Low Temperature Laboratory, Helsinki University of Technology, P.O. Box 2200, FIN-02015 HUT, Finland

(Received 27 January 1998; accepted for publication 15 June) 1998

In high resolution continuous-wave nuclear magnetic reson@ib&R) work well-reproducible,

linear sweeps of current are needed. We have developed a microcontroller based programmable
current supply, tested with superconducting magnets with inductance of 10 mH and 10 H. We
achieved a resolution and noise of 4 ppm. The supply has an internal sweep with programmable
ramping rate and a possibility for remote operation from a computer with either GPIB or RS232
interface. It is based on an 18-bit D/A converter. The maximum output current @A, the sweep

rate can be set betweernu®/s—140 mA/s, and the maximum output voltaget®.5 V. In work at
ultralow temperatures, especially in superconducting quantum interference device NMR, all rf
interference to the experiment should be avoided. One of the sources of this kind of unwanted input
is the digital switching noise of fast logic devices. We discuss this problem in the context of our
design. ©1998 American Institute of PhysidS0034-67488)01509-3

I. INTRODUCTION the resistors match each other. The parasitic thermal feed-
back may also degrade its linearity.

A conducting sample or a metallic part of the cryostat at ~ The transistor switches in the ladder network of a D/A
ultralow temperature will heat up if a rapidly changing mag-converter have to be driven individually in such a way that a
netic field induces eddy currents in it. To minimize this heatjinear ramp is seen at the output. This is done using a binary
leak, only slow field sweeps are used in ordinary nucleagounter. By changing the period of the clock signal for this
magnetic resonancgNMR) experiments. Such slowly counter it is possible to change the sweep rate. The clock
changing currents can be created either with a digital or anasignal is at low frequency, between 10 mHz and 2 kHz. One
log integrator. The current is never a perfect direct current: ihossibility to generate it would be to use a programmable
contains noise, ripple from rectifiers, and possibly rf interfer-jogic circuit with a low frequency time bagelnstead, we
ence. All of these will produce heating and may interferegecided to use a simple and fairly slow microcontroller unit
with the Operation of a sensitive IOW-temperatUre ampllfler(MCU) Operating at 2 MHz code execution Cyc]e_ The main
such as a dc superconducting quantum interference deviceadvantage of this choice is that much of the system complex-

A linear analog current supply has only small randomity can be moved from the hardware side to the software.
fluctuations in its output due to operational amplifiers, feed-Thus, the number of components is minimized. The basic
back resistors, and the reference voltage sohﬁn_e power  complementary metal-oxide semiconductor logic gate takes
is usually taken from the ac mains. This will give rise 10 power only when switching from 0 to 1 or vice versa as there
ripple in the current and the supply cannot be considered g momentarily a path from the supply voltage to the ground.
be an independent and isolated device anymore. Hence, thfence a low operation frequency reduces greatly the electro-
requirement of low rf interference to the surroundings |ead$nagnetic interferencg EMI) produced by these current
to a I’athel’ Old fashioned, |ineal’ deSign Compared Wlth th%p"(es The MCU can also turn off its clock and go to a
modern switching power supplies of high efficiency. More- “sjeep” mode when the sweep is stopped and the clock sig-
over, the analog circuits suffer from nonlinearitiesg., volt-  nal is not needed for the digital integrator.
age dependent capacitancesid thermal drifts as well as The current has to be sensed in some manner to be able
(i-e., it is problematic to set again exactly the same value ofhe current through a precision resistor and to measure the
curren). With digital design many of the problems of analog yoltage across the resistor. However, if the current is high, it
devices can be avoided. In a digital integrator the temperay;i|| heat up the resistor producing uncertainty in the mea-
ture stability depends on a reference voltage, generated wi)rement. It is possible to sense the current inductively, like
a temperature compensated integrated circuit, and a resistgf the panfysik high precision supplies for 50—10 000 A
Iadder network in which the temperature coefficients of thesrrents In their design the magnetic flux inside a core ma-
resistors track each other. Both_ Qf these are stak_)le ON PPRRrial is kept zero by compensating it with an opposite, but
level at normal operation conditions. The' linearity of the ,uch smaller current. This small compensation current is
ladder type D/A converter depends essentially on how wellyeasured using a precision resistor. At the very weak current
end, counting of single electrons can be employed, although
¥Electronic mail: jaakko@boojum.hut.fi a current standard based on single-electron transi€3&$9
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FIG. 1. Block diagram of the current supply. Digitan the lef} and analog
parts are separated from each other with optocouplers. The output current [9G. 2. The constant current source. Only the NPN power trangistéact
produced by the bipolar current source, which is controlled with the digitala Darlington paiy is shown for clarity. In the actual bipolar circuit a PNP
integrator. The clock pulses from MCU are used to create linear sweeps gbarlington is present for negative currents.is the current from the D/A
the output current. The comparators and the state machine are used to SW'@anerter.los andV,, are the offset current and voltage of the operational
off the output transistors and to shunt the magnet if the output voltageymplifier producing drift to the output current. The input impedance of the
exceeds the value set by the MCU. The output current is monitored by @perational amplifier is represented wiR,. Also, thermal voltages
20-bit A/D converter. Vinr: Vi, andVy,, due to temperature gradients may become important.
The noise seen in the output current comes from the thermal Johnson noises

is still under developmeﬁ‘t.The electron pumps based on enR(?iandean and from the operational amplifier input noise genera#gs
SETs have already produced a metrological & €esolution i
for currents in the pA range. In the region of our supply
—10—-+10A, a resistor provides the best solution for reli- temperature. The D/A converter DAC729 from Burr—Brown
able operation. alone would have a linearity better than0.0015% of full

We start by describing the different functional blocks of scale. The bipolar current source is actually a current-in/
our design in Sec. Il. The nonidealities and expected noisgurrent-out amplifier. The feedback signal to the operational
behavior of the current source are evaluated in Sec. Il Thgmp“ﬂer comes from the reference resig{b&_ The thermal
digital controller of the supply is described in Sec. IV. A drift of R, determines in practice the overall drift of the
brief description on how to program such a microcontrolleroutput currentS1 is an optical relay to switch off the output
is given in Sec. V. The mechanical design of the supply isransistors andS2 is a power metal-oxide semiconductor
outlined in Sec. VI. Section VII summarizes the measuredie|d-effect transistor switch to shunt the magnet. These are
noise and stability performance of our supply. The stabilityautomatically controlled by a logic circuit forming a simple
was tested with a low temperature NMR experiment. Also arstate machinésee Sec. IV E The purpose of the state ma-
electromagnetic interference measurement is presented ghine is to guarantee a smooth connection of the current

this section. supply output to the magnet. The high gain current source
might otherwise momentarily try to push current through the
Il. BLOCK DIAGRAM magnet and cause a quench when the magnet wires are just

being connected. Also, in the case of overvoltage the magnet

The current supply can be divided into separate block$s shunted immediately with the quickly acting rel&p.
as illustrated in Fig. 1. The digital electronics is isolatedSubsequently the output transistors are switched ofSby
from the low noise analog circuitry with seven optocouplers.The current measurement is done using the sBpgehat is
The MCU does all the “intellectual” work needed. Its quartz employed to control the current. The A/D converter timing
crystal gives an accurate time base for sweeping the magomes from a separate 32.768 kHz clock crystal.
netic field. The interrupt handling capability makes it pos-
sible to do several things simultaneously. For example the
current sweep can operate as a “background process” while
the user is setting new parameter values from the front paneflj,. CURRENT SOURCE
Computer interface with RS232 or GPIB is also straightfor-
ward to implement.

The analog and mixedan analog device with digital The operational amplifiefOPA) (see Fig. 2in the con-
control of operatiopsignal functions ar€l) digital integra-  stant current source tries to keep its inputs at the same volt-
tor, (2) bipolar current source3) overvoltage(or quench  age. It forces a current, = Vi,/R to flow through the
protection, and4) current measurement. The digital integra- resistorR,.; to compensate the voltage created by the D/A
tor is made from an 18-bit binary up/down counter and aconverter output ofiR,. The output of the D/A converter is
D/A converter. It has better stability, reproducibility, and lin- taken as a currerit, to make the control more immune to
earity than any of the conventional analog integrators madéhermal or induced voltages. Since the full scale output is
from a capacitor, resistor, and an operational amplifier. Lin-only +1 mA, the step size is very small: 2 mAf27.6 nA.
earity can, however, be deteriorated by thermal feedback effhus, well-planned layout is crucial and leakage currents
fects: A change in the output current gives rise to a change ishould be kept well below this value. The current source,

A. Operation



3420 Rev. Sci. Instrum., Vol. 69, No. 9, September 1998 Koivuniemi, Luusalo, and Hakonen

viewed as a current amplifier, has then a gamR,/Rs A typical noise index of-20 dB gives 0.1uV noise(per one
=10* using R,=100Q andR¢~=0.01Q). volt drop) over one decade of frequency. Since the voltage
The real physical OPA can be modeled with an ideal oneover R, and R, is at most 0.1 V we get for the bandwidth
with external voltage and current sources to account for it9.1-10 Hz a value of 15 n¥s. The current noise from
drift and noise. These are marked &y, i, Vos, @andl ggin DAC729 is probably dominated by fLhoise from its inter-
Fig. 2. The offset voltage and current are mainly deterioratnal voltage reference. Thé&,,=0.6 nA,, transforms into
ing the stability, otherwise they could be neglected. We aré0 nV,, at the operational amplifier input. Thus we get an
not concerned on the absolute accuracy. The lowest noisestimate for the output noise curreify,=6 uAy,. The
can be obtained with an operational amplifier optimized foroise from the other sources,f, ina; €nrp: ande,rqin Fig.
low input impedances. We selected Linear Technology?) gives 2.7uA,s or 16 uA,,. The total noise current is
LT1028, which hase,;=1.0 nV/\/Hz at 10 Hz, i,, then 17uA,. Since the absolute value of the noise and the
=5pA/\yHz at 10 Hz, AV, J/AT=0.2uV/°C, and maximum output current depend on the selectiofRgf, it
Al,/AT=0.1nA/°C. The resistors cause also noise ands better to express these noises as ppm of the full scale
may produce thermal voltages due to a temperature differoutput. We get a peak-to-peak value of less than 1 ppm.
ence between two dissimilar metal joints. A dominant pole  The thermal drift of the current is due to a change in
compensation R,=1000 and C,n=22 nF) was used to offset voltageV,s, in D/A converter output,, in the resis-
guarantee the stability of the circuit. This limits the operationtance ofR;,, Ry, andR, and in thermal EMF¥r, Vinp,
bandwidth of the current source to 70 kHz. Susceptibility toand Vi,q. A small change in input offset currehgs is not
oscillations in the frequency range of 100—300 kHz was ob-<rucial if both of the operational amplifier inputs see the
served even with the compensation described. same impedance. The D/A converter contributes 2 ppm/°C to
The rejection of ripple or noise voltaggp,e from the  the drift. The drift due tAAVsis 1 ppm/°C. TheR;, andR,
voltage sourcé/pc of the current regulator is governed by are Welwyn precision wire wound resistors and have a tem-
the common mode rejection ratio of the operational ampli-perature coefficient of 15 ppm/°C. THe,; is made from a
fier. At low frequencies up to 200 Hz this is typically 126 dB thin Constantan platésee Sec. Vjl and has a typical tem-
for LT1028. Thus, the output current ripple igpme  Perature coefficient of 50 ppm/°C. The thermal voltages can
=vippie/ (RrerX CMRR). The voltageVpc could be taken be of order of 1uV/°C giving rise to 5 ppm/°C drift. Thus
from a battery to eliminate any ripple and noise in the rawthe total thermal stability of the output current is in the worst
supply. In practice it was made using a voltage regulator andase 100 ppm/°C, mainly determined by Rg;. The tem-
rectified, filtered ac voltage. For a filter capacitér the  perature of the critical components should be kept constant
ripple voltage can be estimated to #g,,.=1/f <X C. Herel within 1 °C. Temperature gradients giving rise to differences
is the loading current anfithe ripple frequency100 Hz for  in thermal voltages should be eliminated as well.
full wave rectifie). In our case we used a large capacitr
=0.1F givingu jppie=1Vp, at 10 A current. From this we |v. DIGITAL DESIGN
can estimate fluctuations in output currép,e=50 uAp,
without any voltage preregulation. In practice the operationaf"
amplifier does not see the same common-mode voltages at The heart of the digital electronics is a microcontroller
both of its inputs and the ripple is larger. Thus, a voltageMC68HC711KA4® The internal 24 kbytes of erasable pro-

Microcontroller and its parallel ports

regulator was used in front of the current source. grammable read-only memoEPROM for program and
768 bytes of RAM for variables are quite sufficient for our
B. Output noise and drift small controller application. The microcontroller has several

] o ) ways to control the operation of external devices and to read

Calculation of the output noise is straightforward on theqata from them. These devices can be mapped to the MCUs
basis of the model in Fig. 2. The most essential noise SOUrc&Remory, so that the CPU can communicate with them using
are at the input of the high gain operational amplifier. We getjmple read and write operations. In our case, however, we

for the output noise wanted to avoid this in order to keep all fast signals inside
2 4i2p2,3202,:2 02, o2 2 the microcontroller chip to reduce switching noise. There are
. el s R Hin RIS R eis TR p g
i2 =t e qu L L A eight built-in parallel port§PA—PH,® which can be used to
ref pass data. Some of their pins can alternatively be used for

The noise in 0.1-10 Hz band is the most important for aother, more sophisticated control or communication opera-
dc magnetic field. Higher frequencies are usually rejected byions. The serial peripheral interface moves data between the
the inductance of the magnet or are not sensed by the avekdCU and an external device as a stream of clocked bits. The
aging lock-in amplifier used for cw NMR detection. At  timing functions of the microcontroller can be configured to
< 0.1 Hz the overall system stability andf Xioise determine have an external input or output.
the fluctuations. These questions are addressed in the context Most of the needed digital functions are already imple-
of stability (see Sec. VI Typical equivalent input noise mented in MCUs architecture. The user just has to take care
voltage e, and currenti,,, sources for LT1028 are 6 ny;  of a few registers in short, interrupt-driven code segments to
and 100 pAys in this frequency range. The latter produces amaster the different control operations for external devices.
voltage of 10nV,,,soverR,,. The thermal noise frorR, and  For example, the MCU has a complete interrupt-driven asyn-
R, is small compared to their excess noise at low frequéncy.chronous serial interface built in. Only one external inte-
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grated circuit LT1180 from Linear Technology is necessary

to translate the TTL-logic levels to the RS232 standard. The
external |IEEE488-bus controller chip NAT9914s con-

trolled via two of the MCUs 8-bit parallel ports: PCO-PC7  MCU
for data and PFO—PF5 for address and read/write signals

This is acceptable since there is no need for fast transfer o

data over the GPIB bus. It also eliminates any external chips MOSI [l ! CS5506

Clk i
ispLSI12032 !
18-bit counter |

and state machine

that would otherwise be needed, e.g., for address decodinzIM

A10x hc595

If the controller chip has received a byte or needs service, i Data in} MISO ~SCIk SCIk SCIk SCIk SC

generates an IRQ interrupt to MCU. There are also other gci L. , .
interrupts from external sources. The nonmaskable interrup Latch 1 D5 . :
(XIRQ) is used in the case of an overvoltage across the mag Latch 2 7pg7
! I
: —}4—«_ H

net, which is detected by the voltage comparators. An inte-
grated circuit Maxim MAX690 keeps the RESET signal of HDSP
the MCU low until the 5 V power supply is stable. The same  =----e---- Display board-------- -
circuit feeds also current to MCUs internal RAM from a .3 Th Al verioheral interface. The mi roller " perion
P . .o € serial peripheral Interrace. € microcontrolier “sees” peripn-
lithium battery when power is IO_St' Thus, the set values 01,;ral devices through the “Data out” and “Data in” registers in its address
current and sweep rate are kept in the memory even after th@ace. The two latch signals are connected to parallel port outputs PD5 and
device has been switched off. PH1. In the upper part of the figure there are the devices connected to SPI
on an optlca y 1SO ated current control board. The lower part escribes the
There are several parametdesg., the sweep ratehat onea b- C'} isolated | board. The | describes th
. . ra.

have to be set from the front panel. An optical encoder is iSpidy ot

used for such a numerical input. Upon rotation it produces

two = 90° phase shifted square wave signals. The sign of thcurrent control board to measure output current or voltage.

phase shift depends on the sense of rotation. One of the twﬁlhe 12-bit D/A converteMaxim MAX538) and a hc595

. . ) 2 bit serial-in-parallel-out register are connected in series on
signals is used to generate an interrupt pulse accumulat

) . %fe current control board. The first sets the maximum output

input edge(PAI). The program increases or decreases the .

X ) . voltage sensed by the comparators. The hc595 is used to

value of a variable in the memory depending whether the o R S

. Select the direction of counting in the digital integrator, for
other input was O or 1.

The output current is always displayed in the seven se controlling the operation of the A/D converter and to reset

ment numeric displays. They are individually controlled b)?the state machingsee Fig. 4 on power-up or after overvolt-

an 8-bit serial-in-parallel-out register hc595 instead of being &
.dr|ven.|n ;equencémultlplexeq by thg MCU. The swnch— C. Time based interrupts
ing noise is small, since the display is updated only twice a o o . .
second. The internal control registers of HDSP2503 alphanu- Al the timing activities are done with the internal
meric display from Hewlett-Packard are accessed with twgounters of the MCU. The he%rt of these functions is a free
hc595 registers. It has a typical display refresh rate of 256 H#unning 16-bit counte(TCNT).” It was set to the slowest
and takes 0.2—0.4 A of current. To reduce digital noise the
alphanumeric display can be kept blank when the parameters 1—D gt_.- s1

>RQ

are not set. MCU INI

RESET S2
B. Use of the serial peripheral interface OVR1
Many of the new A/D and D/A converters can be oper- OVR2
ated with synchronous serial interface. Only three lines 51 St
(clock, data in, and data guare needed to move arbitrarily 52 —> @
many bits of data. Thus the printed circuit bodRCB) can A. initial B. start
be made smaller and it is easier to design. For isolation be- T S1 S1 l
. . quench
tween the digital and analog subsystems only four optoisola- 2 «—
tors are necessary. Although the serial interface is used at a
relatively high speed500 kbits/$ the data transfer happens D. overvoltage gb::artlgﬂ

only at intervals of 64 ms when the A/D converter is read.
Thus the switching noise power is reduced to theseu80 FIG. 4. The state machine drives the switcB&sandS2 in order to turn on
Iong bursts a current to a magnet smoothly or to disconnect the supply when a high

. voltage is detected. After a system RESET, the state machine is in its initial
The MCU controls both the dISpIay and the current CON-gateA. The supply is disconnected and there is a shunt across the magnet.

trol circuit via the same serial peripheral interface lifEg.  The MCU INI signal is driven low and the machine goes to the sBate
3). The distinction between these two is made with a separatéfter MCU INI goes high again, the normal operati(@) is reached. Now

; ; ; ; e shunt is disconnected and the output transistors drive current to the
latch S|gnal, which loads the sent data either to the dlsplay Otﬁagnet. An overvoltage drives one of the OVRs to 1 and the shunt is closed.

to the current control board. Reading is done Only from thernen the comparator does not see the high voltage anymore and OVR goes
A/D converter(Crystal CS5506 20-biEA converte) in the  to 0. The initial stateA is reached.
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TABLE I. List of the interrupts.

Interrupt Function
Timer output compare ZTOC2 Clock signal for Integrator
Interrupt requestiRQ) GPIB controller service
Non-maskable interrugiXIRQ) Overvoltage
Real time interrupfRTI) Read A/D converter and update display
Serial communication interfad&Cl) RS232 communication
Pulse accumulataiPAl) Edge detected on optical encoder
Clock monitor fail CPU clock loosing cycles
Computer operating properly failure Program jammed
lllegal operation code trap Program mixed up

operation of 8us/count. A variable time delay interrupt can MCU INI is generated by the microcontroller to allow for the
be achieved by comparing the TCNT to one of the five com-connection of the supply to the magnet. OVR1 and OVR2
parator registers TOC1-TOCS. If these two match, an intereome from two voltage comparators which test the negative
rupt is generated and the corresponding digital output OC1-and positive limits of the output voltage. The MCU can also
OC5 changes its state if programmed to do so. The moddisconnect the supply from the magnet by setting the maxi-
important use of this mechanism is to generate a variablenum output voltage seen by these comparators to zero. This
period clock signal for the digital integrator. The up/down will produce an overvoltage and the state machine will go to
counter of the integrator is increased or decreased with thigs initial state.

rising edge of OC2. If the OC2 output is about to make a

count in the digital integrator, the upper and lower limits of v, PROGRAMMING THE MICROCONTROLLER

the current have to be checked. Depending on the function

(“Move” or “Sweep” ) the integrator may have to be The microcontroller can be started in a special bootstrap
stopped or its motion reversed. mode® In this mode a short 256 byte long program is loaded

A real time interrupt is used to read the A/D converter© itS memory from an external computer using the RS232

output at 64 ms intervals. Eight readings are averaged arfgPnnection. The PCBugiIunning on a PC can check the
manipulated before the measured current is displayed. THPeration of the MCU using this program as well as load
MCU has an internal RC timer to check that its clock is SMall test programs to the memory. Programming of the

operating without lost cycles and a software watch dog td=" ROM is possible with the PCBug11. The program for the

make sure that the program has not been jammed to an infACU was written both in C and assembler in a Linux envi-

nite loop. These are the last three interrupts in Table . ~ fonment. The C compiler was Imagecraft icc11 v. 2.0. The
code debugging was done with PcBug11.

_ _ The MCU program starts with the initialization of vari-
D. Up/down counter with programmable logic ables together with setting all the 1/0 pins to a well defined

The synchronous 18-bit up/down counter was imple-State. The digital integrator is set to zero current. The alpha-
mented with a programmable logic circuit ispLSI2032 from numeric display, the A/D converter, the D/A converter, and
Lattice Semiconductors. It has eight generic logic blocksthe byte on the current control board are all initialized. The
(GLB). Each of them has four macrocells producing one outXIRQ interrupt is originally masked after RESET by X-bit in
put. The 18 input signals of the GLB and the outputs of thethe CPU status register. This mask is cleared with assembly
macrocells can be interconnected in a global routing poolcommand “tap” in microcontroller. After this the mask can-
The GLB has the usual sum-of-products structure Wifir, ~ not be set again. The state machine oufifs connected to
or J-K type output registers. The circuit can be easily pro-XIRQ input. Thus the XIRQ interrupt will be generated im-
grammed with logic equations. A slow output slew rate canmediately. The program has a flag to distinguish the initial
be programmed into the logic circuit. This helps in minimiz- XIRQ from the overvoltage condition. Now the program
ing the switching noise although it is not very serious prob-moves to the “con magn” state. The magnet can be con-
lem due to the low clocking frequency. nected to the output terminals safely in this state. The user
can run a test, which drives a small slowly increasing
<10 mA current through the magnet. If the output voltage
stays low enough the test is passed. This is useful in check-

A simple digital state machine was designed to switching the wiring to the magnet and that the superconducting
on the output transistors and to close the shunt switch acrogmrts are at a low enough temperature for stable operation.
the magnet. Since this is an essential safety feature it is not After the output has been connected to the magnet, the
wise to rely too much on the proper operation of the complexprogram enters the main loop. It will stay forever in this loop
MCU. An independent logic circuit is used instead. The op-checking for different flags. If one of them is set, it will
erating principle of the state machine can be seen in Fig. 4. kxecute the corresponding service routine. Also the parallel
was implemented in one of the GLBs of ispLSI2032. It hasport E inputs are checked to see if any of the keys has been
four inputs: MCU INI, RESET, OVR1, and OVR2. The reset pressed. The most important interrupt is the time comparator
is the global system RESET, which also drives the MCU.TOC2, which creates the field sweep. The “Stop/Restart”

E. State machine for magnet protection
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NICU FIG. 6. The front panel of the current supply. The small seven segment

display shows always the measured current. The upper alphanumeric display
‘ is used to check and change parameters. The optical encoder is used to give
. Current numerical input for destination current, lower and upper bounds of the

output sweep, sweep rate, maximum output voltage, and GPIB address of the unit.
3 It is also employed to select the desired parameter from a menu. The panel
w- meter measures the voltage at the output.

il % resistorR,s Of the current source was made of Constantan
i : resistance alloyCu55/Ni45 from Goodfellows Ltd. The 0.1
! mm thick plate (14 mnx30 mm) was soldered directly on
the bottom side of the PCB. The resistivity of the alloy has a
small temperature coefficient, typically less than 50 ppm/°C.
A Peltier heat pumgMelcor CP1.4-35-06Lis fixed in direct
Fr']G- 5. %:J"Em rcé’””?('owﬁ; 'eftt Zotmeftﬁ”? f’_‘iﬁfocgggogef %‘I)afdshf’irs , contact withR. It is used to regulate the temperature of
Eez\:]VT'émO?/edo?or Sél:jlri?yf:oAIso(_:‘(ihee ct?r%gntecovr\ﬂroliolardois Z?]ietléae\l:/j \I/Sith aﬁns rESIStO_r and the rest of the current control board.
separate aluminum box in normal operation. The display board is hidden ~ The third board accommodates the microcontroller, the
behind the front panel on the rigfit is below the aluminum frame optoisolators, and all the voltage or current regulators, and
transistors. The last ones have to be kept separate from the
button or command from GPIB or RS232 sets or clears theurrent controlling board since their heating would result in a
mask bit of this interrupt. The real time interrupt serving thelarge drift of the set current. A ground plane is used system-
A/D converter sets a flag telling the main program to updateatically everywhere to reduce the impedance seen by the
the display. The GPIB or RS232 computer interface is takemyround return currents. To guarantee error-free operation of
care of if an IRQ or SCI interrupt has occurred. This subrouthe controller a high quality board with solder masks was
tine reads characters into the input buffer or sends the nesbund to be necessary.
character to the external computer. After the routine finds an The standard voltage regulators Motorola 7805, 7905,
end-of-command charactérarriage return 0x0D or new line 7815, and 7915 were laid horizontally. They were fixed with
0x0A) the command is interpreted and the correspondingylon screws and silicone insulating washers to the heat sink
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code is executed in the main program. after soldering their pins to the PCB. The two power Dar-
lington transistors BDX67 and BDX66 in TO3 case for con-
VI. MECHANICAL DESIGN trolling the current were fixed on a niche milled on the other

Several things have to be kept in mind in the design Oiside of the heat sink. The screws were fitted to holes in the
an overall layout of the actual current supply. First, the twoprinted circuit board. One of the screws couples the transistor

regulator transistors in seridene for voltage and one for collecto_r to the board. Thel_r emitter and ba_lse could be sol-
current regulationpare operated in full linear mode, and thesedered directly to the PCB via the holes on It .
dissipate 6 W10 A=60 W of power at maximum. This _ The current_ supply was as_sembled into EIma 19 in. alu-
amount of heat has to be carried away by a relatively Iarg(@Inum .ragk, Fig. 6. Two cooling fans guarantee a proper
heat sink with a thermal resistance of 0.33 °C/W to ambienf’"rﬂow inside the closed case.
air. Three PCBs were used as seen in Fig. 5. The first one
contains all the front panel circuits: the alphanumeric dis-v||. CURRENT SUPPLY PERFORMANCE
play, the seven segment displays, light-emitting diodesA Noise measurements
(LEDs), and the keys. The display board was mounted be-"
hind the aluminum plate of the front panel. The noise of the current supply was measured by con-
The most sensitive part of the supply is the current connecting a 0.1 resistor to the output terminals and amplify-
trolling network. It is placed on a separate PCB, which ising the ac-coupled voltage using a Stanford Research SR560
closed inside a metallic enclosure. This decouples the boangreamplifier. The measurement was made differentially with
from electric interferences and also makes it possible to corthe guard shield connected to the ground of SR560. The
trol the temperature of the circuits. Thus, thermal drifts genbandwidth was set to 0.1-10 Hz. A chart recorder Goerz
erated in the D/A converter, the operational amplifier, andSE120 was used to measure the peak-to-peak noise as
the reference resistor can be minimized with respect to thdlustrated in Fig. 7. When the supply was off, a noise of
varying dissipation in the power transistors. The referenc® uA,, was measured in the 0.1-10 Hz band; this is
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FIG. 7. Noise measurement of the current supply. The output current was 3
A. The peak-to-peak value is roughly six times the root mean square of a
Gaussian distributed noise.

the background noise of SR560. The measurement time was
limited to 10 s to cut off frequencies lower than 0.1 Hz. The -1200 30 100
peak-to-peak value of the noise was measured at output cur-
rents 0, 1, 2, and 3 A. The corresponding noises were 32, 23,
27, and 23uA,. These numbers include also the noise of dBm
SR560. They agree quite well with the calculated values and
show that the noise is determined by the input equivalent
noise of the operational amplifier. -80+

150 f(MHz) 200

B. Stability

The stability was tested with a cw NMR signal from
liquid *He. The current was kept essentially constant and
only a small ramp was produced to measure the sharp NMR _, 5, ‘ , ‘
line. Thus, the temperature &, was almost constant even 0 50 100 150 f(MHz) 200
without a separate temperature control loop. Each field o
took 5 min. The si | itud tank ci FIG. 9. Top: The spectrum of electromagnetic interference produced by the

sweep (oo . min. € sigha magnl ude acros_s a an_ .CII’CU%CU. The trace was measured Wia 3 cmdiameter loop probe fa field
was read using a cold preamplifieand a lock-in amplifier  (vodel 902 from EMCO 7405 near-field probe sdt was 3 cm above the
PARC 5302. After each NMR reading also the programmed8 pin PLCC package of the microcontroller. The spectrum analyzer was
current was read from the supply. The resulting NMR |ineSHewIett-P_ackard HP 8562E. Wldeband switching noise is visible. The peaks

h in Fig. 8. Th L in the lock-i lif decay quite fast when the probe is moved away from the MCU. They are
are shown In Fig. o. e mm'mum In the lock-In amp| 1€ que to a nonpropagatin_g reactive near field. The highest peak at 30 MHz
output corresponds to the maximum NMR absorption. Theorresponds to ZQV/\/HZ induced to the loop taking into account the 18
value of the current at the maximum absorption is tabulatedB gain of the probe amplifieBottom: The interference spectrum when a
in the figure for five sweeps. The fluctuation in the current jscurrent é 5 A is driven to a 10 mH superconducting magnet inside a liquid

. . “He storage dewa” 4 cm coax loop was placed 8 cm from the magnet. As
+
*70 MA which CorrESponds to the resolution of the Currentcan be seen, the interference inside the cryostat is small. In fact, the peaks

supply (i.e., 20 A/28=76 uA). above the noise level remained even when the current supply was switched
The frequency stability of the oscillator used for the ex-off.

citation can be assumed to be much better than the stability
of the current supply. Also the resonance frequency of thehe frequency are inside the cryostat in front of the cryogenic
tank circuit stays constant since the components determininGaAs metal-semiconductor field-effect transistor amplifier.

5000 : : : C. Electromagnetic interference
Lock-in The heat produced by electromagnetic interference
(aw) (EMI) is usually due to resistive losses. These can arise from
direct conduction of current in a resistive medigeng., car-
4000 bon resistor for temperature measurememtfrom induced
eddy currents. The heat leak due to eddy currents is propor-
1.22160 A tional to the frequency squared. An alternating magnetic field
a2 122160 A of 7 pT at 1 MHz gives rise to a W heat leak to a typical
3000 e 3 122153 A copper nuclear stag8.Thus, high frequencies are the most
o4 1.22167A problematic in low temperature experiments. The interfer-
.5 122167A L. ence can arise either by capapitive, i.nductive, or _radiative
2000 : ‘ i _couplmg. The most direct way is coupling via the wires go-
1.210 1.215 1.220 1.225 1(A) ing to the magnet. The best test of such a heat leak is of

course the low temperature experiment itself, where even

FIG. 8. Five cw NMR signals measured on 0.4 bar ligi at 90 mK. The  y\/ heat leaks can be detected. We used our current supply
traces are plotted on top of each other. The insert gives the location of the

peak minimum for each sweep. The deviation corresponds to the least sigVith @ miniature “dipstick” dilution cryostat with a base
nificant bit of the D/A converter. temperature of 50 mK. No extra heat leak due to the opera-
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tion of the supply was observed. Thus the heat leak has to e cables leaving the cabinet. These include the main power
<1 uW, if the cooling power of the dilution unit is taken cord, the computer interface and the current wires to the
into account. magnet. The last one is, of course, the most crucial since it
A less sensitive method is to use a spectrum analyzer igoes directly to the low temperature experiment. In our sup-
order to look for possible local electric or magnetic rf fields. ply we have tried to keep all the possible sources of interfer-
A simple probe for magnetic fields can be made of a smalkence far away from the current output. The microcontroller is
loop of coaxial cablé! The measured spurious magnetic optoisolated from it. The A/D converter is operating at a low
fields are shown in Fig. 9. The switching noise from thefrequency of 32.768 kHz. Thus, we believe that we are close
microcontroller extends to very wide band of frequencies. Byto the practical minimum of interference in this kind of a
moving the probe the maximum interference was confirmediesign.
to come from the MCU. The aluminum cover of the supply  The integrated circuits employed are relatively new and
reduced the measured level by 20 dB. To observe the interepresent the state-of-art at the moment of writing. The sta-
ference level in a typical experimental situation the supplybility was measured to be: 70 uA, i.e., the least significant
was connected to a small superconducting magnet inside kit of the D/A converter. This is the inherent uncertainty of
storage dewar. Measured Wit 4 cmcoax loop, there was such a digital device. The low frequency noise in 0.1-10 Hz
no visible interference from the current suppee the lower band was only 3@A,,. Thus these numbers indicate that

frame in Fig. 9. the overall accuracy is as good as can be expected for such
an 18-bit D/A converter. The 18 bits mea 4 ppm resolu-
VIII. DISCUSSION tion of the full scale. We want to emphasize that the compo-

The 18-bit resolution used in our design is at the leadin
edge of the present semiconductor technology. Great care

necessary to retain this kind of resolution in the actual outpu on. M fth bl ted with the hiah outout
current. The imperfections are caused either by digital error lon. Vany of the problems connected wi € figh outpu

or by analog voltages and currents. For example, the 18-bﬁurtre|?tdbscfmi eatS|e|r| to ha:jn?le. A rflt'tehr hteat pumtp wa.?
up/down counter can see a false input at the clock signal angstafied but not actually used fo reguiate the temperature o

make one wrong count. After this the whole scale has beeh'ef Its use may become necessary if the.output current is
shifted by one bit. The programmable logic circuit turned Outstepped by large amount; and th? change n 'the temperature
to be quite sensitive to such digital noise during the testing:j)f Rrer CaUses a substantial error in the linearity.

with the cover open. The high input impedance of the
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ssible. If a smaller current is sufficient, it is a good idea to

d;;nts were selected to make operation up-tb0 A current
caleR,¢; accordingly to achieve the 4 ppm full-scale reso-



