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A MAGNETIC ELECTRON SPECTROMETER FOR PHOTONUCLEAR
EXPERIMENTS AT MAX

J-0 Adler, K Hansen and K R Lindgren
Department of Physics, University of Lund, Sélvegatan 14,

S$-223 62 Lund, Sweden

A magnetic electron spectrometer for tagged photon experi-
ments at the accelerator system MAX in Lund has been designed
and constr;y:*ed. A small magnet of the inclined plane pole
faces ty . vith opening angle + 8° was choosen resulting in a
time dif . '+ nce between different electron trajectories of
less ther 'ns. The focal properties of the spectrometer were
investip -“ed by ray-tracings in the measured field showing
that fc - an angular acceptance of IOV!§_4° and {GH!§_8° the
astigmat c and aberrational effects will contribute less than

10% to t e energy resolution of the focal plane detector array.




1 INTRODUCTION

The future in nuclear physics research with electromagnetic probes
lies highly in the development of electron accelerator systems with
high duty factor. Such a system is presently being built in Lund.
The system, called MAX, consists of a 100 MeV racetrack microtron

1)

connected to a pulse stretcher ring. The system is described in ~.

With continuous electron beams new areas of coincidence experi-
ments are opened in nuclear physics. The most competitive experi-
ments that will be possible at MAX uare experiments with monoener-
getic photons. Due to the high duty factor the so called photon
tagging technique can be used. This technique, which is illustra-
ted in fig. 1, gives at present the best resolved monoenergetic

photon source with continuously variable energy.

Electrons with energy E_ are allowed to hit a thin radiator gi-
ving rise to a continuous bremsstrahlung spectrum with maximum
energy E . If the radiator is thin and Eo high enough (> 10 MeV)
the interacting electron will give rise to a y-quantum with energy

where E. is the energy of the scattered electron that emerges
from the radiator. Most of the electrons will, however, pass
through the radiator without interaction. The post-bremsstrahl-
ung electrons dre energy analyzed in a magnetic spectrometer.

The bremsstrahlung photons proceed to a reaction target where
different types of nuclear rcactions may take place. The reac-
tion product (p, n, a, y etc) of interest in the actual experi-
ment is detected and coin-idences between pulses {rom the pro-
duct and clectron detectors determine the pnoton energy. The pho-




ton energy resolution, AEY’ is mainly determined by the resolu-
tion of the magnetic¢ spectrometer and the width of the focal pla-
ne detectors. By using a broad range spectrometer and many detec-
tors in the focal plane a large part of the photon spectrum can
be covered in a single run.

In this paper we describe the magnetic spectrometer, which has

been constructed for this type of experiments in Lund. Theoreti-
cal calculations for the construction, field measurements and ray
tracing to determine the focal plane properties are described.

This paper will be followed by further papers concerning the detec-
tor cquipnent and the behavior of the spectrometer in actual ex-

periments.

2 TYPE OF SPECTROMETER

When choosing type of electron spectrometcr the need for large
solid angle and broad energy range has been decisive. Fig. 2 shows
the calculated angular distribution of electrons from a thin ra-
diator after radiating a y-quantum in the giant resonance region
(EO = 25 Mev, EY = 22 MeV)i)The distribution has been calculated
with a Monte Carlo program™, Maximum photon angle in the cal-
culation was 0.04 rad. As shown in the figure the angular distri-
bution becomes broad and high detection efficiency for post-brems-
strahlung electrons in this energy range means a spectrometer with
large solid angle. This can he achieved in a simple way by using

a magnet with inclined plane pole faces. This type of spectrometer,
which combines iarge solid angle with double focusing, was first

3)

described by Richardson and has later on been used for tagging

experiment at the University of Il]inois4’5).

Our spectromecter has an effective opening angle of +8° (deter-
mined by the vacuum chamber) corresponding to a solid angle of
0.03 sr and, as will be shown later, a momentum bite of 40% of

the mean focal plane momentum.

The number of electrons entering the spectrometer after having
radiated & photon depends on the ratio Ey/Eo' The larger this




value the smaller the spectrometer capture efficiency ptagg'
However, for a given value of EY/EO the efficiency increases
with EO as both bremsstrahlung and electrons are emitted at
smaller angles. Fig. 3 shows P__ as a function of E  for two

different values of Ey/Eo'

3 THE IDEAL MAGNET

For an ideal magnet with inclined plane pole faces the field in-
side the gap is given by

where r is the distance to the intersection line between the pole
faces. Outside the magnet the field is zero. In fig. 4 the magnet
has been positioned in a coordinate system and certain angles

and distances defined. For the magnet in question h = 21 mm.

Calculation of electron orbits in such an ideal magnet has been

made bv O'Conne114). Solution of the equations of motion results

in a first order focus given by

(98]
i}

22 (KPI(K,n/2)-1)

<
f

22 KI(K,7/2)

where K is a momentum-dependent constant and I(K,n/2) is given
by
0

I = f cos(8)e
w/2

Kcos? de

The angle 5 is defined as the angle between the tangent to the
particle orbit and the X-axis and Zo is the distance between the
X-axis and the front pole edge. By varying K for iy = 113 mm the
position of the focal points in the hoarizontal plane has been cal-
culated. Their location is given by the dot-dashed curve in fig. 5.
In the horiznntal planec the spread in the focal width (aX = as-




tigmatic width) is given by the opening angle = o4 between the
rays from a point source. For the ideal magnet the relative width

is given by
2 Ce e ay oy~ 1 2
AX/X = 1/2{K" - (I(K,n/2)) }(SH)

with the same notations as above. The horizontal focal width is

thus a quadratic function of the horizontal angular divergence oy -

With oy = ¢ 8° and appropriate values for K and I the horizontal
focal width 2X was calculated along the focal plane (1). The result
is shown in the lower part of fig. 6. As shown in the figure we

get a minimum (AX=0) at the intersection line between the pole
faces.

4 THE REAL MAGNET

4.1 Calculations of magnetic field and:raywtracigg

In order to dimension and investigate the focusing properties of

a real magnet with fringe fields a two-dimensional magnetic field
map was calculated with the computer program MAGNET®? . With this
program the field in the iron and air can be determined. The iron
air profile (Y-Z plane in fig. 4) was divided into a quadratic
network. In the nodes of this network the field was calculated.
The field distribution obtained is given in fig. 7. Due to the
limited computer memory capacity the length of the sides of the
squares could not be chosen to be less than 5 mm, which gave

an insufficient accuracy in the ray-tracing.-Hence a division of
the field in the direction of the Z-axis was done as follows. In
the region of about : 3h around the {ront pole edge, where the
greatest field variations appear, the field calculated with a
square size of 5x5 mm was transformed into a square size of 1x1 mm
with the aid of a spline function. Further inside the magnet the
field was assumed to follow the theoretically expected B = Bo/r
dependence (r defined according to fig. 4a). The constant B0 was
determined to get overlar with the fiecld in the neighbouring
regions. The field values obtained from this function deviated less




than 1% from these calculated with the computer program MAGNET.
Outside the front edge of the magnet (>3h) a polynomial of sixth
order was fitted to the fringe field caiculated with MAGNET. This
fit included a region 300 mm awav from the front edge. For all
calculated points the deviation {rom the fitted curve was less

than 0.5%. Outside this region a linear {it could be used.

To get an estimate of the horisontal focusing properties of the
magnet, ray-tracing in the field distribution described above

was carried out. A computer program to calculate electron orbits
from the bremsstrahlung target position to the focal plane was
written. The field components along the coordinate axes were
determined and changes in the electron trajectories were calcu-
lated in small steps. In the calculations the primary electron
beam was supposed to hit the radiator perpendicular. The radiator
was placed on the line of intersection of the extended polefaces
i.e. 113 mm from the front pole cdge, in the point X = 10 mm,

Y = Z = 0. The secondary electrons were emitted with an angle

8y = 0° and : 8% with respect to the primary beam direction

(see fig. 4b). Calcutations were first done for a magnet with a
depth of 50 c¢m and a width of 1060 cm. However, with such a large
magnet the path difference between the shortest and longest tra-
jectory for electrons of the same energy was too large, which

ment that the desired time resolution could not be achieved.

The magnet size was therefor reduced by a factor of two, which

led to a time difference at focus of less than 1 ns for electrons
emitted in + 8° and - 8". The position of the horizontal focus
calculated with the theoretical field is given by the dashed

curve in fig. 8. A comparison with the result for the ideal magnet
{see also fig. 5) shows that the focal plane is moved out from

the front edge, which is an c¢ffect of the fringe field. The change
in position is between 4 and 10 cm. This is advantegous since
focus for the low energy electrons now appear outside the pole gap
of the magnet. In a second approach the primary electron beam

was supposed to enter the radiator with an angle less than 90°.
However, no improvements of the {ocusing properties compared to

perpendicular entrance could be achieved.

4.2 Measurements of magnetic field and ray-tracin
-

After the magrnct had becn manufacturced (sce section 4.3} the fielil




was measured in the median plane inside and outside the pole gap
with the aid of a culibrated tlall-probe. A detailed description

of calibration and measurement procedures are given in Appendix A.
The field distribution at a current of 40A is shown in fig. 7.

In this figure the values vbtained with the program MAGNET are also
given. Normalization to the measured values was done at the peak
field. A very good agreement between the two distributions is ob-
tained, except in the hack pnole-gap, where the true field is smal-
ler due to field leakage. Also for the front fringe field the cal-
culated and measurcd values differ somewhat.

One would expect the form of the field distribution to be inde-~
pendent of the current through the coils. Ry calculating the dif-
ference between the field measured for different currents it could
be checked that no systematic crrors affect the measurements. Such
a check is shown in fig. 10, where the difference (AB) between

the fields measured at 40 and 150 A after normalization at the
peak fields has been plotted. As seen in the figure the points
scatter randomly about zero and the deviation is always less

than ¢ 3 Gauss.

With the length of the magnet (along the X-axis) the field should
not vary. Close to the coils, however, one could expect some
deviation. In order to check this the peak field {(9mm into the
magnet measured from the front edge) was measured for different

X coordinates. The results are shown in fig. 11. Within the range
which will be used the relative deviations from the mid-magnet
values are always less thun 4 o/00.

Using the measured fields new ray~-tracing were carried out, In
fig.5 the horizontal focus obtained from the field measured at a
current of 40A is shown. The outermost orbit (Er = 4.6 MeV) which
will be possible to detect will pass 16 cm into the magnet, i.e.
always in the 1/r dependent field. The innermost orbit which will
be detectcd corresponds to Er = 3.0 MeV. This means that the ener-
gy range of the spectrometer will be about 40% of the average
electron energy.

In order to investigate the homcgeneity of the field measurements,




ray-tracings with the fields obtained at three different cur-

rents were also done. As seen in fig. 8 the position of the focal
plane is independent of the absolute magnitude of the field. In

this figure 1s alse shown the change in focal plane position when
the tracing is done with measured and calculated fields respec-
tively. The observed displacement is explained by the fact that

the true fringe field is larger thin the calculated one (see fig.7}.

Ray-tracings were also done with the field shielded,i.e. Bfringe
suppressed to simulate a magnetic shield, outside the front edge

of the magnet. The focus obtained is shown in fig. 9. The differen-
ce observed compared with fig. 8 is that the focal points for small
orbits are moved somewhat closer to the front edge, which means
that the focal plane make a somewhat larger angle with respect

to this edge.

From the ray-tracings the image width AX is obtained. This quantity
is defined as the minimum distance between the electron trajec-
tories for 09 and ¢ 8- The width along the focal plane (astigma-
tic broadening) calculated with the true field is given in the
upper part of fig. 6. As seen in this figure, no aX = 0 is ob-
tained, but the width displays a weak minimum for small orbits.
It should also be observed that the width in this case is overall
smaller compared to the result for the ideal magnet. As is clear
from the formula for the ideal magnet one should theoretically
expect the image width in the horizontal plane to increase as the
square of the initial opening angle between the electron orbits.
Calculations shows that this is also the case for the true mag-
netic field. This is shown in fig. 12 where AX is plotted as a
function of half the opening angle. The results for three diffe-
rent electron energic¢s are given,

We have also investigated how the horizontal resolution depends
on the distance between the bremsstrahlung target and the front
pole edge (Zt). Ray-tracing in the measured field was done for
four different opening angles (eH) and the results are given in
fig. 13. For all angles a strong minimum is obtained when the
radiator is placed about 50 mm from the pole edge. These results

can be compared with similar investigations by Knowles et aISJ




showing great resemblances. The position of the focal plane
is of course determined by the position of the radiator with

respect to the front pole edge. The horizontal focus is parallel-
ly moved in the Z-direction as much as the radiator is moved in
the same direction, see fig. 14.

Finally we have studied the aberrational broadening of the focal
point by ray-tracings out of the horizontal plane, By £ 0. To

be able to do this the magnetic field outside the median plane

was calculated using a Taylors expansion. In the coordinate system

7)

shown in fig. 4 the different field components may be written

By (Y,2) = 0
By(Y,2) = By - By + ...
B,(Y,Z) = By - B, +

where

21 gn) oy yn
Bn = n!B (Z2)Y

n
) d"By (0,2

-n
dZ

These series converge rapidly and only terms B with n < 3 need to
be included. The derivatives g{m) have to be calculated numeri-
cally from the measured BY(D,ZJ see Appendix B.

The result of the ray-tracing is shown in fig. 15 for electrons

with Er 8 MeV and for four different horizontal opening angles
i.e. oy 120, 140, +6° and +8°. Four different vertical angles

%y were used. The figure shows the X, Y-coordinates of the electrons
at Z = 46 mm corresponding to the focus in the median plane. As

can be seen the horizontal opening angle now causes both a hori-

f

zontal and a vertical defocusing of the beam.

Ray-tracings were extended to two more energies Er and in fig. 16
the focal widths, i.e. the horizontal widths, caused by the
astigmatic broadening and vertical defocusing, have been plotted
as horizontal lines at the proper <Y>-value. The plot has been
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made 1n the horizontal focal plane for four different angles 6

NS
For each setting (ev, Er) the focal widths for the four different
horizontal opening angles (see above) are shown. (For 8, = 0 the

\'
overall width for feyi< 8% is shown.)

Both figure 15 and 16 show that together with this width there

is also a horizontal displacement of the focal points which contri-
bute to the overall horizontal width, i.e. to the energy resolu-
tion. Table 1 shows this overall focal width at three different
parts of the focal plane and for different limitations on oy and
6 As can be secn the focal width is most sensitive to restric-
tions on 9y -

TABLE 1
levk | By Overall focal width {mm) at
(degrees) (degrees) low energy centre high energy
< 6 < 9.0 5.4 3.2
< < 7.7 4.4 2.6
< < 4.3 2.9 2.8

The focal plane detector array will consist of plastic scintilla-
tors with a width in the X-direction of Axdet = 10 mm. This means
that for an angular acceptance of |[&,} < 6° and !eHi < 8° the
astigmatic and aberrational effects will contribute about 35% to
the energy resolution at the low energy end of the focal plane and
about 5% at the high energy end. For ‘evi'ﬁ 4° and IeHi < 8° the
corresponding figures are 9% and 4% respectively.

For the ideal magnet, with B~1/r inside the magnet and no fringe
field, the vertical focus lies in the plane Z = 0 (see Fig. 4).
At the intersection between this plane and the focal plane the
ideal magnet thus should be double focusing. This corresponds to
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E, = 9 MeV in fig. 16 and as can be seen the real magnet has no
vertical focus at this point. This is due to the fringe field

and the field the first few centimeters inside the pole gap in

the real magnet, which are not proportional to 1/r (see fig. 7}
and thus have a component which deflects the beam out of the pla-
ne of motion (ev = const.). The influence on the vertical focusing
depends on 8y and becomes relatively less important for larger
values on 8y which can be seen in fig. 17. This is the reason for
the shift in order between the focal lines for different ev-values

along the focal plane seen in fig. 16.

4.3 Mechanical design

A schematic drawing of the magnet is shown in fig. 18. All parts
of the magnet were manufactured from carbon-iron and the dimen-
sions were determined from the earlier described calculations

with the program MAGNET (e.g. the thickness of the iron) and
ray-tracings. Between the coils there is an area (Z5x60 cm) where
a vacuum chamber will be placed. The height of the pole-gap opening
in the front edge is 2h = 4.2 cm and half the opening angle is
10.4° (see also fig. 4). Due to the vacuum chamber this angle

will be reduced to effectively 8°.

The two coils consist of copper wire, each wired 125 turns. The
wire has a square cross section (6.6x6.6 mm) and is hollow

(9 = 4 mm) to make water cooling possible. The effective cross
section is 31 mmz. The two coils are coupled in series and con-
stitute a total resistans of about 0.2 ohms. To achieve effective
water cooling each coil was divided into five subcoils, which

are supplied with water in parallell.

The maximum magnetic field (9mm inside the magnet measured from
the front edge) which can be obtained is 6.5 kGauss. This is
achieved at a current of 300 A. With this field it is possible

to analyse electrons with a kinetic energy of 24 MeV. However, al-
ready at 4.5 kGauss the iron starts to be saturated (see fig. 19).
At this field up to 15 MeV electrons can be analysed, which is
sufficient for most applications.
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FIGURE CAPTIONS

Fig. 1 Schematic representation of the tagged-bremsstrahlung
technique.

Fig. 2 Calculated angular distributon of electrons from a thin
radiator, after radiating a 22 MeV y-quantum. The inci-
dent electron energy is 25 MeV and the maximum photon
angle 0.04 rad.

Fig. 3 The capture efficiency, P for the spectrometer

tagg’
(effective opening angle + 8°) as a function of E,

for diffe: »nt maximum photon angles. The solid curve
0.88 and the dot-dashed

curve the result for EY/EO = 0.63.

shows the result for Ey/Eo

Fig. 4 The spectrometer magnet a) in the (Y,Z) plane and b) in
the (X,Z) plane. Certain distances and angles are defi-
ned.

Fig. 5 Result of rav-tracings in the measured field. The ki~
netic energy of the electrons are shown together with
the position of the focal plane. The opening angle
used 1is by = ¢ 8°.The dot-dashed curve shows the posi-
tion of the focal plane for the ideal magnet. The direc-
tion of the main beam (dashed curve) and its diver-
gence for an opening angle of * 19 is also shown for two
different values of n(=EY/EO).

Fig. 6 Focal width in the horizontal, (X,Z)-,plane along the
focal plane (1) for the ideal magnet (lower part) and
in the measured field (upper part).

Fig. 7 A comparison between the magnetic field along the Z-axis
calculated with the program MAGNET and measured at a
current of 40A in the coils. The values are normalized
at the peak field.

Fig. 8 Horizontal focus calculated from measured field values
for three different currents in the coils. The dashed
curve is obtained from the theoretically calculated
field. Opening angle between the orbits was By = * 2°,
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Same as fig.8 but with suppressed field outside the
front edge.

Field difference {AB) along the Z-axis between fields
measured at 40 and 150 A currents. The differences were
calculated after normalization of the 40 A peak field to
that for 150 A.

The relative variation of the peak field in the horizeon-
tal plane determined from mecasurements along the X-axis.
The measurements starts in the middle of the magnet. The
resolution in the measurements 1is 1 gauss corresponding
to 0.9 o/oo.

The square-root of the horizontal image width as a func-
tion of the opening angle (eH) between the electron or-
bits. In the calculations measured fields were used and
values for three different electron energies are given.

Horizontal resolution as a funetion of the distance
(Zt) betwcen bremsstrahlung target and the front pole-
edge. Calculations are made with four different values
of 61y

Position of the horizontal focus for five different
distances (50, 70, 90, 110 and 130 mm) between radiator
and front polec-edge.

Result of ray-tracings out of the horizontal plane. The .
X, Y-coordinates for rays with given values on By and

oy (+8H or -OH) are plotted at the Z-value given, which
corresponds to the focus in the median plane for electrons

with E. = 8 MeV (low energy end of the focal plane, see

also fig. 16).

Result of ray-tracings out of the horizontal plane. The
focal width for rays with a given ev-value and within

a certain horizontal opening angle 6, is plotted as a

H
horizontal linc at the mean Y-value, <Y>, for a range

of eV- and BH

All the data are given in the focal plane (the correspon-

-values and for three different encrgies E..
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17
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ding Z-coordinates are given at the top of the figure).
The length of the horizontal line; give the focal width
for each setting and the number adjacent to each line
the 8,;-value in degrees. For 8y = 0 the overall width
for 19H] < 8° is shown.

Electreon orbits in the spectrometer projected on the
(Y,Z)-plane. At the choosen energy, E. = 9 Mev, the fo-
cal plane falls at Z = 0.

A schematic drawing showing the mechanical design of
the magnet.

The peak field as a function of the current in the coils.
The solid curve is the result of measurements and the
dashed curve shows the ideal case with no saturation.
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APPENDIX A. MAGNETIC FIELD MEASUREMENTS

In this appendix the calibration of a Hall-probe and the proce-
dure for measuring the magnetic field in the spectrometer magnet
are described. The strong variation of the field inside and out-
side the pole-gap made it necessary to use a Hall-probe for these
measurements. The probe was temperature stabilized and it was
connected to an automatic measurement system consisting of a
step-motor controller and an ADC for reading measurement values
via CAMAC into a computer. In order to do absolute measurements
the Hall-probe had to be calibrated. This was done against a
NMR-probe (B > 1 kGauss) and a flip-coil (B < 1.5 kGauss) in a
homogeneous field. The calibration values for beth field direc-
tions are given in tables A1 - A4, and are plotted in figures

Al - Ad. As is clear from fig. A4 the overlap between the results
for the flip-coil and the NMR-probe is not complete in this
direction. There is a systematic deviation of 4 Gauss. This devia-
tion was adjusted by fitting the values obtained by the flip-
coil to those obtained by NMR. By doing so the straight line
combining the points passed exactly through the origin of coor-
dinates.

In our case the field points only in one direction and therefor
only the +ADC values in tables A2 and A4 were used for the cali-
bration. To all calibration points a polynomial of sixth order
(B = f(+ADC) was fitted. The result of this fit is given in tab-
le AS, where the regression coefficients, input data and values
calculated with the polynomial are presented. As also can be
seen in table A5 the difference between input and calculated
values is always less than 2.3 Gauss.

When measuring the spectrometer magnet field the probe was atta-
ched to a motor-driven sleigh movable in a grider. The grider
rested on two blocks which could be moved sideways on a plane
plate of glass. The magnet position was adjusted with the aid of
a water-level (accuracy 0.04 mm/m)} so that the front edge and
gables were vertical. Then the symmetry plane of the polegap was
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supposed to be horizontal. The glass plate was then horizontal-
ly adgusted with an accuracy better than 0.2 mm/m. The parallel-
lism of the glass plate in the horizontal plane with respect to
the magnet was checked by moving the probe sideways. The paral-
lellism could be checked with an accuracy of 1 mm/m. The vertical
position of the probe with respect to the magnet was deter-
mined by measuring the magnetic field. Since the field lines
inside the magnet are circular the Hall-voltage has a maxi-

mum when the probe lies in the median plane as the field lines
than are perpendicular to the probe. Thus the maximum field
defines the median plane.

The field measurements were carried out automatically with
the aid of a step-motor. Measurements were done with three
different currents in the coils and the step-length was 2 mm.
The measured fields in the median plane at 40, 100 and 150 A
current are given in tables A6-A8. The field in the X-direc-
tion was also measured, see fig. 11,



TABLE

Table

Table

Table

Table
Table

Table

Table

Table

3¢

CAPTIONS (Appendix A)

Al

A2

A3

Ad
AS

A6

A7

A8

Fields measured with NMR probes and -ADC values genera-
ted by the Hall-probe at three different amplifications.
The magnetization current 1is also given. The values
marked with a star indicate ADC overflow.

Same as table Al but for reversed magnetic field di-
rection,

Fields measured with a flip-coil and -ADC values ge-
nerated by the Hall-probe.

Same as table A3 but for reversed field direction.

Regression coefficients obtained from the fit of a
polynomial of sixth order to the calibration values
given in tables A2 and A4. The input field values,
field values calculated with the polynomial and the
difference between these two are also given.

The field in the median plane of the spectrometer
magnet measured with the Hali-probe at 40A current
in the coils. The first value correspond to a posi-
tion 178 mm inside the front edge. Steplength 2 mm.

Same as table A6 but at 100 current. The first value
correspond to a position 178 mm inside the front edge.

Same as table A6 but at 150 A current. The first value
correspond to a position 311 mm outside the front edge.



TABL: A4

Probe I (A) B(Gauss) -ADC (HALL)
NMR x 1 x 3 x 10
2 60.0 1047.7 386 1162 3870
65.0 1128.7 416 1252 4173
70.0 1208.6 446 1342 4474
75.0 1293.1 478 1438 4793
85.0 1465.1 544 1634 5445
90.1 1554.4 578 1738 5786
100.0 1722.7 642 1930 6431
150.2 2590.5 984 2954 8202*
3 150.3 2592.3 985 2956
200.0 3454 .1 1340 4018
250.0 4320.7 1708 5122
300.0 5191.3 2090 62873
4 300.1 5192.4 2096 6286
350.0 6058 .0 2488 7460
400.0 6926.0 2888 8201*
449.8 7789.0 3292
500.1 8663.0 3704
550.1 9549.0 4126
600.1 10383.0 4524
5 600.0 10408.0 4536
650.1 11236.0 4932
700.0 12063.0 5330
750.0 12874.0 5718
800.0 13642.0 6088
850.0 14340.0 6418
900.0 14963.0 6713
950.0 15516.0 6976
1000.0 16023.0 7214




TABLE AZ

»
[

Probe I (A) B(Gauss) ADC (HALL)
NMR x 1 x 3 x 10
2 55.0 987.9 366 1095 3650
60.0 1067.4 395 1182 3946
70.0 1231.9 456 1368 4562
80.0 1400.9 520 1558 5180
90.0 1566.0 584 1748 5827
100.0 1734.6 648 19472 6471
150.0 2592.2 584 2950 8178*
3 150.0 2592.0 984 2950
200.0 3457.1 1340 4014
250.0 4321.2 1708 5117
300.0 5191.,7 2090 6262
4 299.9 5191.4 2090 6262
350.0 6054.1 2478 7428
400.0 6925.0 2878 8182*
450.0 7787.7 3278
500.0 8660.2 5688
550.0 9516.3 4088
600.0 10378.5 4499
) 600.0 10378.2 4499
650.0 11228.6 4903
700.0 12063.8 5300
750.0 12883.2 5688
800.0 13652.5 6053
850.0 14338.1 6276
900.0 14963, 2 6670
950.0 15518.0 6931
999,2 16014.0 7160



TABLE A3

BCoil (Gauss) - ADC (x 3)
241 24
54.3 56
86.6 90

118.5 126
150.7 161
183.2 197
213.8 232
245.5 266
277.4 300
309.3 336
340.6 370
494.,5 540
582.9 638
642.8 704
707.5 776
770.1 845
822.3 904
895.3 0g4
964 .1 1064
1015.8 1120
1126.3 1244
1209.4 1338
1340.5 1486
1482.1 1648

O-level corresponds to ADC = 8184
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TABLE Al

Bcoil (Gauss}) ADC (x 3)
23.5 28
72.7 §2

134.5 150
207.4 230
273.6 302
324.9 360
398.4 449
454.4 502
511.4 564
568.5 628
642.3 710
709.3 784
766.3 847
828.9 916
896.3 992
953.9 1056
1C21.4 1132
1089.8 1208
1184.3 1314
1282.9 1424
1377.5 1532
1479.5 1648

O-level corresponds to ADC = 8184




TABLE

AS

INTERCEPT AND REGRESSION COEFFICIENTS

-1.8487E-01
7.3148E-13

9.1139E-01
-3.3748E-17

-1.

5950E-06

S —— . P Igar Aime ers

-5.1015E-09

INPUT Y-VALUES AND FITTED POLYNOM AND DIFFERENCE

6.0541E+03
5.1914E+03
4,3212E+03
3.4571E+03
2.5920E+03
1.7346E+03
1.5660E+03
1.4009E+03
1.2319E+03
1.0674E+03
9.8790E+02
1.4795E+03
1.3775E+03
1.2829E+03
1.1843E+03
1.0898E+03
1.0214E+03
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377

493

623
648
674

1184

526

293

157

108

79

57

.424
410.
440.
468.

089
922
112

475
515.
539.
560.
580.
602.

204
638
4490
330
016

.691
.964
.220
703.
731.
766.
802.
839.
884.
932.
986,
1047.
1113,

064
886
081
041
756
600
959
603
281
166

.215
1246.
1256.
1130.
893.
677.

228
843
946
561
827

. 065
420.
348.

973
372

.864
253.
221.
195,
173.

862
118
641
798

412
142.
130.
118,
. 240
100.
92.
85.

845
097
258

042
755
468

.091
74.
69.
64.
60.

536
980
514
870

.225
53.
49.
48.
46.
42.
40.

581
936
114
291
646
824

383.
416.
d40.

474

498.

522

544.
564.
585.
605.

630

652.

679
708

739.
773.
809.
849.
895.

943

§97.
1059.
1125.

1196
1255

1244.
1088.
846.

643

500.

404

336.
282.
246.
216.
192.
170.
153.
137.

126

115.
107.
99.

91

84.

79

71.
68.
64.
60.
57.
53.
49,
48.
44.
42.

40

777
439
301
.454
908
.445
161
0c”
752
629
.011
573
.630
.4790
088
276
228
627
561
.636
320
757
613
630
. 959
458
255
836
.550
719
.647
566
957
587
569
001
157
771
382
-454
526
329
131
.844
557
.091
8§03
158
514
870
225
581
936
114
469
646
.824

390.
422.
452,
478,
504.
526.
547 .
569.
590,
611.
634.
659.
685.
713.
745
778.
816.
857.
902.
953.

1009.

1072.

1139,

1210.

1260.

1224.

1040.
800 .
609.
478,
399.
324.
275.
239,
210.
186.
166.
151.
137,
iz4.
114,
104,

97.
90
R2.
77.
71
68 .
63.
5
55,
49.
49
46.
44,
42.

39,

130
787
706
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341
065
779
482
271
049
524
790
039
875

.388

671
414
701
520
534
818
229
831
810
381
983
149
243
242
983
130
758
684
311
200
540
516
039
382
633
615
596
309

.022

735
269

. 803

158
603

.047

403
936

.936

291
169
640
G2

397.
428.
457.
484.
507.
529.
551.
573.
564.
616.
638.
663.
688.
721.

751
785

824.
866.

911

564.
1022.
1086.
.042

1154

1224.
1263.
1200.
992.
757.
580.
457.
375,
312.
.411
.854
205.
181.
163.
148.
133.
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233

122
111

103.

95

88.
82.
76.
71.
.336

66
62

57.
55.

49

49,
46.
42.

4]
39

388
228
237
418
962
685
397
068
788
467
135
398
645
080
.687
. 864
496
670
.476
263
311
475

983
918
175
855
086
330
237
609
038

651
080
785
308
739
.811
.883
685
.488
200
735
358
803

.692
225
403
.936
936
291
646
.735
.007

402.832
435.482
463.581
489.852
513.394
535.114
556.823
576.714
598.402
620.079
643.550
668.810
695.855
726.484
758.885
794.852
832.576
875.636
918.638
975.882
1033.015
1099.824
1168.246
1235.607
1260.381
1168.246
943.696
716.577
551.397
439.109
361.084
304.769
261.137
224.757
201.2101
179.259
159.233
144.6660
131.918
120.990
108.240
100.953
93.666
86.378
79.091
75.447
69.980
64.514
60.870
57.225
54.492
49.936
48.114
40.291
42.646
40.824
39.002
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PARLY AT
1490.997 1502.382 1512.761 1524.261 1536.504
1546.993 1559.2.3 1566.702 1582.793 1595.877
1607.210 1618,537 1652.471 1545.526 1658.573
1670.743 1681.634 1668.536 1712.420 1726.294
1740.16¢0 1754.017 1769.595 1784.298 1798.991
1814.537 1830.0871 1816.457 18362.830 1878.329
1895.5357 1912.732 1928.912 1948.754 1966.802
1984.794 2003.627 2022.442 2039.532 2063.434
2083.900 2104.345 2124.770 2146 .873 2168.953
2191.009 2213.041% 21236.741 2262.103 2284 .058
2311.046 2336.315 2361 2 2588.437 2415.286
2143.773 2472.220 2502.297 2531.494 2562.314
2592.256 2625.472 2657 .805 2690.086 2724.793
2757.791 2790.736 2826.913 2862.206 2895.801
2933.427 2967.721 3000.330 3032.887 3062.144
3088.117 3110.81¢ 3125.396 3132.682 3128.634
3114.057 3083.249 3037.766 2974.247 2895.801
2800.609 2695,048 2578.954 2455.838 2336.315
2214.735 2094.125 1983.081 1374.886 1774.786
1680.301 . 1592.38¢ 1512, 1436.622 1366.278
1302.794 1242.68¢8 1187.763 1136.278 1088.255
1043.715 1003.570 965.157 928.485 893.561
861.289 832.576 §03.837 778.671 753.487
730.085 706.0668 ©86.842 666.104 645.354
629.108 611.049 554.788 578.522 564.057
549.588 535.114 522.445 509.773 497,097
486.230 473.454 463.581 455.012 442,735
433.669 424.601 413.718 406.461 398.296
390.130 581.054 373.793 366.531 359.269
352.005 346.556 339.291 333.841 326.575
321.124 315.073 310.221 304.769 297.499
293.864 288.410 282.957 279.320 274.775
268.411 264.774 261,137 257.500 252.953
248.406 244.768 259,311 237.492 233.854
230.215 224,757 222.938 219.249 216,569
213.840 210.20v 216 .501 202.921 201.101
198.371 198,641 1982.001 190.181 187.451
184.720 181.080 180.169 177.439 173.798
172.888 170.157 166.516 166.516 164.695
161.964 159..33 137.412 155.591 151.950
151.950 150.129 148.308 146.487 144.666
142.845 141.024 137.382 137.382 135.560
133.739 132.829 130.097 130.097 128.275
126.454 125.543 122.811 122.811 120.990
119.169 118.25¢% 115.526 115.526 113.704
113.704 111.883 108.240 108.240 180.240
107.329 106.418 164,596 103.685 102.775
100.953 160.953 99.131 97.309 97.309
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APPENDIX B. TAYLOR EXPANSTON OF MEDIAN PLANE FIELD

In this appendix the Taylor expansion of the measured field map
in the median plan into a two-dimcnsional field-map out of this
plan will be described. Tf a coordinate system is introduced as
in fig. 4 one can Taylor expand the field components as;

BX{ sL1 = 0
(n BY(Y,Z) = BO - R2 + higher order terms
BZ(Y,Z) = B1 - B. + higher order terms
where
(2) B o= '™ (oyey/n
and
B = atcg, 1)/a2”
B(n) can be calculated numerically from the measured values,

B,(0,Z). These derivatives can be expressed as;
Y ’

(1) £t n o 2 .2y
B (Zp) = (V/2R)* (B, 2. - (0,2 ) -~ (d5-3d7,)*1/6 +
0 1 -1 T -1
4 4 .y . )
+ (d1~d~lj*1/"o + higher order terms
where

h = distance between measured points.

B(0,21J = measured value in the point Z0 + h

B(0,Z_4) = measured value in the poirt Z, - h

df = second difference of the measured values in the

point Z0 + h

dfj = fourth difference of the measured values in the
. _—
point Z, h.




With the sume notation as above the higher derivatives of B(ZO)
can be written;

B(2Y (3 = (1mlieia L . , .
(Zg) = Q/R7)=idy - dp/12 + dy/90 + higher order terms |

[l 6]

where

2
da = the second difference in the point Z

0
and
B 5 ,
80 2y = crzantirrcat-at sy - ateat e s
0 1 -1 1T -1
+ (d?- ?‘}*7/120 + higher order terms

The values of the even differences dz, d4 and d6 will all be
situated at the grid points of the measured B-field, while the
odd differences will be in-between the points. By making a pro-
gram  which calculates the successive differences between each
grid-point and its neighbours in the mecasured field-map of the
median plane in the magnct, one can thus find the values of the
derivatives B(nJ(ZO).

From these derivatives one can, according to (2), get the terms
in the Taylor-expansion of the components BY and BZ of the mag-
netic field given by (1i. The k-tfield can be calculated for any
values of Y and Z but for the purpose of ray-tracing 1t is most
convenient to obtain the values for the two-dimensional field-
map with a square grid. Because of the loss of significance of
the numbers as onc goes to higher order differences, only terms
up to the fourth difference, d4, were included in the calcula-
tions, Even with this restriction on the Taylor-expansion we
found that the differences between the values of the measured
field were too small, so that higher order derivatives fluctua-
ted in an un-physical way. To get rid of this problem we chose
to use only every fifth measured value in the median-plane, and
got a grid mesh of 10 mm in the resulting field-map. These cal-

culated values out of the median-plane of the magnet was compared




i
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with the results obtained with the program MACNET, and it

was found that they agveed to better than 1% for both the B

and Bz~component of the wmagnetic tield.
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