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ABSTRACT:

The objectives of these calculations are to study the influence
of an external magnetic field on the photon detection efficiency '
of the Hamamatsu R1408 PHT and to design current coils to cancel
earth's magnetic field in the Heavy Water Cerenkov Detector
cavity such that the capital cost of installing the coils can be
recovered by reducing the 1loss in photon detection efficiency.

This can be achieved by using 14 horizontal coils 1listed in the
following table.

SPECIFICATIONS OF MAGNETIC FIELD COMPENSATION CCOILS

Coil B Elevation (m) Radius (m) Lmp-Turns

' 12 11.9 9.3 320

1B 12.1 9.3 320

2 9.6 9.8 : 422

3 7.2 10.3 402

4 4.8 10.8 354

5 2.4 11.0 354 .

-6 0.0 " 11.0 : 354

7 -2.4 11.0 : 378

8a -4.7 10.59 275

BB -4.9 10.9 275

9A -9.5 5.8 365

9B -9.7 5.8 365
10 -11.1 7.0 300 X

11 -11.1 6.0 293

In normal operation, the amp-turns in each coil vill be 2/3 of
the value listed in the above table. The maximum residual field
in the PMT region 1is 19uT, and the average photon detection
efficiency is more than 97.5% of zero field efficiency for 195am
projected photocathode diameter. '

The amp-turns specified for each coil is a factor of 1.5 highert
than its normal operating value. This spare current capacity is
needed to satisfy the requirement that {f any single coil should
fall, the current in other coils can be adjust to maintain the
high photon detection efficlency.

The elevations of the of the «centroid of each coil can vary by
$10cm. If installation cost can be reduced substantially by
relaxing this tolerance, this specification can be relaxed. Coils
#1, #8 and #9 contain twvo closely spaced coils (colil A and coll
B) each. Coll A and coll B should be physically separated so that
it is extremely unlikely to destroy both coils in an accldent.




The Hamamatsu R1408 PMT has a large dynode acceptance apsrture
and the photocathode to first dynode potential difference |is
typically at 800V; hence the photon detection efficiency of this
PMT is not expected to be strongly affected by an external
“magnetic field. However, the efficlency does decrease slightly
with external magnetic field strength. Monte Carlo simulations of
"~ the photoelectron trajectories performed at Hamamatsu Photonics
and Queen's University show that magnetic flelds along the PHT
axis (Ba) has 2 negligikle effect on the PMT performance while a
50pT magnetic fleld perpendicular to the PHT axis (B«, the
magnetic field aleng the directions of the vanes in the first
dynode, and B,, the magnestic field perpendicular to the direction
of the wvanes in the first dynode) may decrease the efficiency by
about 14%. The influence of B« and By, have been measured on a
number of PMTs. The PMTs have different sensitivities to macnetic
field strengths and directions. The different behaviour |is
probably caused by miszlignments o©f the dynode structurz. The
average relative efficlencies of two PMTs are listed in table 1.
The effects of Bx and B, are assumed to be equal and at each
field strength, the 4 efificiencies measured at 28, and 22, for
each PMT were averaged. The results of Monte Carlo simulztions
are also listed in table 1.

TABLE 1. EFFECTE OF HMAGHETIC FIELD ON PHT

Ba B v Relative Efficiency (%)
(uT) {pT) Hznznatsu Queen's Experimsnt
0 0 100 " 100 100
10 0 100 100 /
40 0 100 100 /
0 10 56 98.5 98.6%0.5
0 20 / 96.5: 97.0+0.5
0 30 / 93.4 94.720.5
0 40 52 S0.0 90.840.5
0 50 / - 86.3 8§5.70.5

It should be noted that the Hamamatsu and Queen's calculations
have very different PMT parameters and 1Initial photoelectron
momenta. Hamamatsu used a 26nm dlameter circular dynode
‘acceptance aperture and full photocathode illumination. Queen's
used a 26mm square aperture with round off corners (dimensions
measured from dynodes of broken PMT) and the photocathode s
collimated by a 190mm diameter aperture, the size of the
collimator used ‘iIn our measurenents. The agreement betveen
Queen's calculated results and data can be deceiving. 2 small
misalignment of the dyncde structure will increase the magnetic
fleld sensitivity of the PMT, and the efficiencles may be higher
or lower than those expected from a PMT with a perfectly aligned
dynode structure (which the calculatlion assumed) depending on the
magnetic fleld directlione. The averaging may or may not =nmooth
out sSuch varlations. It 1s very difficult to calculate the
influence of magnetic £field on the efficiency of a PMT wvith a



tilted dynocde structure. Most electron trajectory calculations
assume a cylindrically symmetric electric field inside the PHMT.

The earth's magnetic field in the Sudbury region is about 57uT, a
combination of 55uT wvertical field and 15pT horizontal field.
However, there . are substantial variations and a 60pT field |is
assumed in calculating the average reduction in the photon
detection efficiency in the SNO detector. The PMTs are assumed to
be evenly distributed on the surface of a sphere. The weighted
average efficiency is 87.2% of the zero field efficiency if 195mm
diameter projected photocathode is wused. The weighted average
efficiency is 88.0% c¢f the zero field efficiency if 1S8am
diameter projected photocathode area is used. Calculations shovw
that electrons emitted in the region corresponding to a projscted
diameter of 170mm have a higher probability of missing the dynode
acceptance aperture than electrons emitted from regions closz=r to
the edge .of the photocathode. This is confirmsd by photocathode
scan measurements. Hence it is quite reasonable that the
~efficiency at 195mm diameter projected photocathode is less than
the efficiency at 198mm diameter projected photocathede.

The '12% to 13% loss in photon detection efficiency is too high.
The capital cost of the PMT system is about C$10.3M and & 12%
reduction 1in photon detection efficiency is equivalent to a loss
cf C$1.2M which is much more than the capital cost of instzlling

magnetic field cancellation coils. 1In the design critesria
document, we recommended that currsnt coils be used to cazncel the
earth's magnetic field in the cavity to reduce the loss tc ean
acceptable value. The average effjciencies at 10pT to 30uT
external magnetic fields for 193mm projected phoktocathodes

diameter are shown in table 2. The efficiencies for 193mm

projected diameter at corresponding external fields are expscted
to be slightly higherz.

TABLE 2. AVERAGED BELATIVE PMT EFF. (100% AT B=0uT)

‘B Averaged efficiency (%)
(BT) ‘ 195mm

0 100.0 (noxzmalized)
10 99.1

15 98.3

20 97.4

25 - 6.3

30 94.9

The calculations shov that if the residual magnetic field within
the PMT region can be kept to less than 204T, the loss in the
average photon detection efficiency will be less than 2.3%, a
value deemed to be acceptable. :

The horizontal component of the earth's magnetic field |is
approximately 15uT. Because of the <chape of the cavity, it |is




difficult and expensive to construct wvertical coils to cancel
this component. At 15uT external f£field, the calculated photon
detection efficiency is about 98%, 1% more than that at an
external field of 20uT. The capital cost for installing the
vertical «ceils will be substantially more than €s5100k. Hence in
the in the design criteria document, ve recommended that vertical
ccils should not be used, and the confiquration ¢f the horizontal

" colls should be designed to cancel the vertical component of
‘earth's magnetic field so that the total external magnetic field

is less than 20uT. Calculations using 6 and 12 heorizontal coils
indicate that roughly the same number of total amp-turns is
needed in order to reduce the total magnetic field to an
acceptable level; hence there is no saving in material cost in
using fewer coils. There may be a small saving in installation
cost. However, with only 6 coils, if one coil should fail, it is
not possible to adjust the current in the other coils to keer the
residuval magnetic £field within acceptable wvalue. Hencsz we
recommended a 12 horizontal coils design. The characteristics of
the coils are listed in 3. To allov for the possibility that 1
coil may be destroyed, it was recommended that the anmp-turns
capacity of each coil should be a factor of:2 larger than the
values 1listed in the table. It was polnted out by Mr. E.X.
Willmott (Monenco consultant) that the factor of 2 might not be
sufficient in some cases. :

TABLE 3. NORMAL OPERATING AMP-TURHS IN CURRENT COILS.

Coll # Elevation (m) Radius (m) Amp-Turns .
1 12.0 5.3 478
2 9.6 9.8 231
3 7.2 10.3 268
4 4.8 10.9 236
5 2.4 11.¢0 236
6 0.0 11.0 236
7 -2.4 11.0 236
8 -4.8 10.9 236
9 -7.2 10.3 272

10 -9.6 9.8 389
11 -11.1 7.0 165
12 -11.1 €.0 165

Mr. R.K. Willlmot also pointed out that the 1lower ramp opening
extends from elevation -8.73m to -4.77m. This will force coll #9
to bend around the zramp opening, producing a large horizontal

. field. Thus coll #9 ls removed and nev calculations were carried

out using 11 coils. The amp-turns for each coll was calculated by
a least-squares-fit program (Datanal by Dr. J.L. Ouellette) that
centred the vertical component of the magnetic field generated by
the current colls at -55uT. There are some constraints to keep
the capltal cost dowvn and these are discussed later. The 11 ccoils
conflquration and the amp-turns are listed in table 4.



TABLE 4. GEOMETRY AND AMP-TURNS OF THE 11 COILS CONFIGURATION

Coil & Elevation (m) Radius (m) Amp-Turns
1 12.0 5.3 427
2 9.6 9.8 281
3 7.2 10.3 . 268
4 4.8 10.9 236
5 2.4 11.0 236
6 0.0 11.0 236
7 ~2.4 11.0 250
8 -4.8 10.9 366
9 -9.6 9.8 487

10 -11.1 7.0 200
11 -11.1 6.0 195

The amp-turns in coils #1, #8 and ¥9 are more than 330 amp-turns.
If any of these coils should fail, the current in neighbouring
coils will have to be increased by large factors in ozier to
compensate for the failed coll; thus increase the rcapitzl cost
because of the spare capacities required. It is more cost
effective to replace each of these coils by two separate coils,
each carries half the designed zap-turns. The two coils should
not be in close contact so that the chance of damaging both ceoils

in an accident is minimazl. The recommended design has 14 coils -

and the normal amp-turns are listed in table 5.

TABLE 5. GEOMETRY AND AMP-TURNS OF THE 14 COILS CONFIGURATION

oall

"~ Coil & Elevaticn (m) Radius (m) Anp-Turns
1a 11.9 9.3 213
1B 12.1 9.3 213
2 9.6 9.8 281
3 7.2 10.3 268
4 4.8 10.9 236
5 2.4 11.0 236
-6 0.0 11.0 236
7 -2.4 11.0 250
8A -4.17 10.9 183
8B -4.9 10.9 183
9A -9.5 9.8 243
9B -9.7 . 9.8 243

10 -11.1 7.0 200
11 -11.1 6.0 195

The separations between coil A &nd coil B should be as emsll as

possible; the specified separation between such pairs of colls
are not critical, the only requirement being that the elesvation
of coil #1 should be close to 12m, colil k8 close to ~-4.8%a and
coil #9 close to -9.6m.




With the amp-turns listed in table 5, the magnetic flelds in the

region of the photocathode surface are shown in figures la and
1b. In figure 1, the x-sxis are points on the semi-circle vhere
the PMTs are located. The semi-circle is divided into 126 points,
vith point 0 being at the top (polar angle 0°} and point 126
being at the bottom (polar angle 180°). The large fields near the
top and bottom are not real. They zre artificial effects produced
by the calculations. Cylindrical symmetry is assumed irn the
calculation. The residual field is the vector sum of the field
from the <current coils and ezrth's magnetic field (vertical
component is 55uT and horizontal component is 15uT). The angle
between the horizontal components of the magnetic field frem the
current coils and earth's magnetic field 1is the azimuthal angle
of the PMT location. The maximun residual field {is about 19uT
vhich is mainly a horizontal £ield at polar angles around 135°,
This may seem large. Howsver, such large field exists only cvar a

-3
small region; azimuthal angle frcm 330° to 30° and polar zangle
from 125 to 1602, The PMT &axes 1in this region ars at
approximately 45 to the horizontzl; hence the maximum magnetic
field perpendicular to the FMT axis 1is only about 14p7 (the
vertical fields have been taken into account in this estimate
With the current in the coils listed in table 5, The average
photon detection efficiency should be approximately 98.2% o the
zero magnetic field efiiciency for z 155mm projected photecczthode
diameter and slightly higher for & 188mm projected phectoczihode
diameter. . : :

There is a remote possibility that one of the colils may fzil, and
the current in the other coils wlll have to be adjusted to
partially compensate for this loss. An arbitrary conditicn that
the amp-turns of any ccil must be kept to be less than 150% of
the wvalues 1listed in tzble 5 is imposed in the optimizztion
process. To study the effects of lesing one coil, the currzent in
one of the 14 coils was set to zzro and the amp-turns in other
coils were <calculated by a least-squares-fit procedure. I the
calculated amp-turns of some coils were more than 150% of the
values listed in table 5, the amp-turzns of these colls were £ixed
at 150% of the values 1listed in table 5 and the fitting vas
repeated. The results of this investigation shov that, with the
design specifications that are a factor of 1.5 highexr thzn the
amp-turns listed in table 5, it is possible to compensate for the
loss of any single coil by suitable adjustments in the current in
the other coils so that the average photon detecticn efficiency
is not less than 98% of the zero field value. The calculztions
show that the most critical coil Les coil #7. 1f thls coll £falls,
the maximum horizontal magnetic £field from the current coils |is
about 9uT. Fortunately, such larce £field exists around the polar
angles of 90° where the horizontal field from the coils aze along
the PMT axes. Thus even the maxinun residuval fleld is about 25uT,
most of the field will be alenz the PMT axes and has little
effect on the PHMT. The maximum 1reslidual field perpendicular to
the PMT axis is about 16uT and ls wvithin our acceptable limit.
The magnetic fields for one failed colls are shown in figures 2



to 11, where fiqures labelled by a

are vertical flelds and .
figures labelled b are horlzontal flelds. The large horlzontal
fields at polar angles 0° and 180°

are artifacts produced by
-computer round off errors.




CONCLUSION

Photoelectren trajectory calculations show that at an external
magnetic field of 15uT, the photon detection efficlency {s about
98% of the zero fleld efficiency; and is about 1% more than the
efficiency at an external magnetic field of 20uT. The horizental
component of earth's field Iin the Sudbury region is about 15pT.
To construct vertical coils to cancel this horizontal field would
be much more than 1% of the PMT system capital - cost (about
C$10.2M). Hence it was recommended that wvertical coils should not
be wused. The horizontal coils should be designed@ to cancel the
vertical component of <earth's field so that the total external

field 1is less than 20QT anywhere over the region vhere the PMTs
are located.

With 14 current coils zt 11 elevations, it is possible to cancel
earth's magnetic f£ield such that, over the region of interest,
the residual magnetic field is 1less than 20pT. With this coil
-design, only a small fraction of the PMTs will be situated in the
region where the residuval field is as high as 19pT. Thus the
average photon detection efficiency should be more than 97.5% of
the =zero magnetic field efficiency for a 195mm projectad
photocathode diameter and slightly higher for a 198mm projected
photocathode diameter.

By splitting the high amp-turns coils into twvo physically
separated coils, it is possible to allowv for the destruction of
any single coil with a spare current capacity of 50% for each
ceoil, substantially less than the 100% recommended in the design

criteria document submitted earlier. The recommended coil
specifications are

SPECIFICATIONS OF MAGNETIC FIELD COMPENSATION COILS

Coil # Elevation (m) Radius (m) Amp-Turns
12 11.9 9.3 320
1B 12.1 9.3 320
2 - 8.6 S.8 422
3 7.2 10.3 402
4 4.8 10.9 354
5 2.4 11.0 354
6 0.0 11.0 354
7 -2.4 11.0 375
82 -4.7 10.9 275
8B -4.9 10.9 275
9A -9.5 9.8 365
9B -9.7 9.8 365

10 -11.1 7.0 300
11 -11.1 £.0 293



The elevations of the colls should be within 40.1m of the wvalues
specified, a tolerance that can readily be achleved in standard
constxuction. If this causes substantial cost escalation, it can
be modified to an acceptable level. The diameters of the coils
should be within £0.5m of the values specified if this can be
achieved easily. To a&avoid excessive back filling, the coil
diameters can be increased. Deviations from true circle should be

within 20.1m. Again if this «causes large cost escalation, this
specification can be relaxed. :

The amp-turns specified for each coil 1is a factor of 1.5 higher
than its normal operating values. This spare current capacity is
needed because the current in neichbouring coils will have to be
increased to compensate for the cdestruction of any single coil.
The separations of <coils 3 and B. are not <critical, the only
requirement being that the averaged elevation of coil #1 is 12nm,

of coil #8 is -4.8m and of coil #9 is -9.6m. Ceoil A and coil B
should be physically separated so that it is extremely unlikely
that both coil A and coil B can be destroyed by the an accidsant.

It should be pointed ouvt that the amp-turns specified for the
coils are estimates only. The ezarth's magnetic rfield 1in the
detector cavity nmnay differ from the £field used in thecse
calculations. When the cavity is excavated, the magnetic field in
the cavity should be surveyed. 2Also, the dimensions and locations
of the installed coils will 1likely to be different from those
listed in the table of specifications; in fact, the coils may not
be circular. As soon as the macnetic field and coil geometries
are known, calculations should be repeated to optimize the
current in each coil. The factor of 1.5 reserve in the current
capacity will 1likely to be suificient to cover unforesesn
problems. Eventually, the current In each ¢oil may have to be
adjusted in-situ to produce the =mallest residual field.
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