Cryogen-Free Superconducting Magnet System
for Multifrequency EPR up to 12.1 Tesla/340 GHz

magnetic field. It is also important to calibrate these scans so the positions of the resonance lines and,
thus, g-factors and other magnetic parameters could be measured with a great accuracy.

Finally, there are other considerations to make such a magnet system convenient in EPR studies. For
example, homogeneity of the magnetic field should be sufficient for the line width studied. The magnet
should be also designed to accommodate an EPR probe-head and to provide an easy access to the EPR
probe and the sample. Finally, but not least, such a magnet should be economical to operate and easy
to maintain.

Typically, a magnet system for HF EPR consists of cryogen-cooled superconducting magnets in order to
generate magnetic fields above 2-2.5 T. For scanning of magnetic fields two modes of operation are
usually employed. For large scans the field is controlled by ramping the current through the main
solenoid. During the field ramping, the head load of the magnet increases with the current due to joule
heating in the resistive parts. This load adds to the heat transferred through the connected leads and
causes extensive liquid Helium boil-off. Fortunately, not all EPR spin systems require large — several
Tesla — magpnetic field scans. Therefore, a secondary coil (superconducting or a water-cooled) could be
employed to generate smaller scans with a greater accuracy and with lesser heat load for the main
cryostat.

Here we describe and characterize a versatile magnet system for HF EPR up to 12.1T/340 GHz that is
suitable for ramping the magnetic field over the entire range, precision scans around the target field,
and/or holding the field at the target value. An important feature of the system is that it is virtually
maintenance-free because it is based on a cryogen-free technology which does not require any liquid
cryogens (liquid Helium or Nitrogen) for operation. The cooling for the magnet is provided by a two-
stage Sumitomo RDK-408D cryocooler with the base temperature of the second stage of ca. 3.5 K.
Because no cryogens are stored in the cryostat, the whole system is of a rather small size (0.75 m in
diameter and ca. 1.22 m in height) for a wide room-temperature bore magnet.

2. ESSENTIAL SPECIFICATIONS
a) Cryostat

Vertical room temperature bore diameter 89 mm
Cryostat height (exc. Cryocooler) 817 mm
Cryostat height (inc. Cryocooler) 1220 mm
Cryostat diameter 750 mm
b) 12 T Magnet

Time to cool from room temperature to 4 K ca.70 hrs
Measured magnet homogeneity 8.6 ppm in 10 mm DSV
Maximum tested field 121T
Recommended ramp time from 0 to 12.1 T 67 min

) Supeconducting sweep coil

Maximum range tested +/-1200 G

Measured magnet homogeneity with magnet at

12T and coil at +/-600 G 9.8 ppm in 10 mm DSV

cryocooler can be switched on and
after three days of maintenance-
free cooling the magnet is ready
for operation. The graph below
shows experimental temperatures
recorded at different points of the
system during the cool down
started on July 2, 2004. Prior to
cooling down, the magnet was at
room temperature for about a
month.

5. FAST FIELD RAMPING

When the magnetic field is
charged both on sweeping the
field up and down, considerable
heat is generated by flux flow in
the superconductor. This heat
must be removed. For fast ramps
the heat load can exceed the
cooling power of the
cryogenerator.  The  patented
thermal reservoir is used to extract
this heat from the magnet. The
graph below shows a typical
temperature log file for testing the
magnet from1to 7 T.

6. HEAT LOAD IN NON-
PERSISTENT MODE

It is worthwhile noting here that
operation of the magnet in a non-
persistent mode with the heater
switch “on” has little effect on the
temperature of the inner and the
outer coils as well as other parts of
the system (see the Graph on
right).  Thus, in non-persistent
mode an increase in the magnet
heat load due to the switch heater
is rather insignificant.
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In general, in order to obtain high-resolution scans of magnetic field to record precise line
shape of sharp EPR lines, a secondary coil is employed. One reason for using such a coil
is to decrease the heat load to the magnet- this we have mentioned earlier. Also, it is
difficult to change the current in the main solenoid quickly because of its rather high
inductance. Finally, a greater precision of magnetic field ramps can be achieved this way.
Indeed, if the accuracy/re-setability of a power supply is , say, 100 ppm, this would limit
the resolution to about 10 G if this supply is used to ramp the field of a 10 T magnet.
However, if the magnet is put in persistent mode and the same power supply is employed
to ramp the current through a small inductance auxiliary solenoid, the resolution will be
significantly improved. For example, for a 0.05 T coil, the steps will be as small as 50 mG
and this is sufficient for many experiments.

In practice, however, the mutual inductance affects the linearity of such scans and
decreases the magnitude of achievable scans because of the coupling effects of the main
coil which is in persistent mode. The mutual inductance is especially a problem for a
superconducting sweep coil because of the close proximity to the main solenoid. In the 12

T system Cryogenic Ltd. employs a proprietary design which minimizes the mutual
i effect.

We have carried extensive tests of our magnet system in order to characterize the
behavior of the sweep coil. The Figure below shows the results of such a test when the
magnet was put into persistent mode at 5.2 T and the sweep current was ramped
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from +10 A to -10 A at the rate 0.0308 A/s. The maximum tested current
through the sweep coil was 55 A with the rate up to 0.142 A/s so the entire range could
be scanned within 13 min. In the tests we utilize smaller maximum currents and rates to
allow for an automatic field tracking by the Metrolab Gaussmeter.

For +10 A the sweep width was 555 G. 523
It was also noticed that for the same

current values the field readings were o
slightly different depending on the % °2'7
direction of the ramp. These deviations &£ 520 -

are easier to characterize when we plot £ 510 -

the deviation from the linear scan. £ sre
This hysteresis-like behavior has been 5174
noticed previously for a water-cooled 16 .

sweep coil developed at the Univ. of
Illinois for the W-band spectrometer.
While the exact physical origin of this
effect is unknown, it is attributable to
the magnetization of the super-
conductor wire. The hysteresis loops
are repeatable, and, in principle, the
scans can be corrected for such a non-
linearity. Some scatter in the data is
caused by the limited tracking ability of
the Metrolab Gaussmeter.
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demonstrate this we have collected magnetic field data upon stepping the current
through the sweep coil from 0 to 10 A at the maximum tested rate of 0.142 A/s when

the magnet was
demonstrate that wi

persistent and non-persistent mode.
ile for the magnet in persistent mode the field was stabilized in

The Figures below

less than 0.5 min (this was the time interval between the data points), oscillations of
the magnetic field in non-persistent mode occur at least for a 12 min. period.
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