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1, - INTRODUCTION, -

Almost all of the magnets proposed up to now for experimentation with storage
rings can be put into two classes: magnets with the magnetic field perpendicular to the
axis of the beam (z axis) (see Fig, 1a){2,3,4,7,9,10)51q magnets with the magnetic
field parallel to the axis of the beam (see Fig. 1b){1.5,6,7, 8, 11.13) In particular for
Adone a magnet of the first class (transversal solenoid and zero integral of the field
at the axis of the beam) is already in an advanced stage of realization (now noted with
the name MEA), and a magnet of the second class (non compensated longitudinal sole
noid) has been recently proposed a bit in detail (with the conventional name MAL),

e
~ 7 e~ ’ e+/'
A~ -
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FIG. 1 - Transversal (a) and longitudinal (b) magnetic field,

For magnets of the first class it is necessary to cancel the magnetic field (or
at least its integral) at the beam axis; the nec essary compensator§and the obstructions
that they create right next to the beam pipe severely limit the solid angle accepted,

This compensation can be unnecessary for magnets of the second class if the
value of the magnetic field is not too high; it is therefore possible to recover most of
the solid angle, However, the fact that particles travel along paths curved in pla-
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nes intersecting the axis of the beam destroys the most useful geometric aspect of
reactions in storage rings, which is that the projection in a plane (x,y) perpendicular
to the beam axis of the trajectories of all events becomes a certain number of straight
lines emerging from a unique point well defined and easily reconstructed (see Fig, 2),

(a) (b) ! %
(c)

(d)

FIG. 2 - Geometrical configuration of projection in a plane perpendicular to the
beam axis of some events in Adone. (a) - two complanar charged prongs; (b) two
non complanar charged prongs; (c) four charged prongs; (d) two charged prongs
and two converted y rays,

This fact translates itself into a severe limitation to momentum band accepted since
the realization of a trigger general enough and flexible enough becomes problematical,

Finally, the magnets of both classes have the magnetic field flux return com-
pletely external to the coil and reguire, therefore, a large mass of iron to contain it,
The weight of this iron (and its cost) are much higher than that of the coil itself, In
the case of Adone, for MEA and MAL, the weight of the iron are respectively 19 and
11 times that of the coil, and the price 8 and 5 times,Besides this large quantity of
iron weighgs heavily also on the dimension and price of the mechanical support, and
these constitute an obstacle to the eventual external extension of the apparatus,

Probably this is the more significant inconvenience, because it prevents nearly
completely the recognition of the nature of the particles,by some external device, and
indeed precludes a wide range of possible experiments,

The necessity of the external enclosure of the field flux imposes a limit also
on the value of the field, since the volume of iron need to collect the return flux de-
pends more than lineanly on it. This -amoung other things renders improbable or at
least inconvenient the solution with magnets with superconducting coils, or, in any
case, with magnets with a very high magnetic field,

Finally the encumbrance due to the iron needed to return the flux severely li-
mits the solid angle utilizable for the detection of particles and the measurement of
their momentum, This is very serious for the reactions with many final produets for
which it is very important to have a good probability to detect and possibly measure
(possibly roughly) all of the particles produced, than to reconstruct the existence of
lost particles from a precise measurement of momentum of those detected(x). For
Adone in the most favorable case (the magnet MAL) this solid angle is 66% of the
total, and the probability of missing one of the particles in an event with 4, 6 or 8
particles produced is very high, ~ 81 %, 91 % and 96 % respectively (see Fig, 3).

(x) - In effect lossing a particle we loss information of two quantities (the 8 and @
angles), while an improvement in momentum measurement improves the knowledge
of only one quantity (the modulus of the momentum),
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2. - THE MAGNET WITH TOROIDAL FIELD (MAT), -

To overcome the difficulties explained.above (the magnetic and mechanical
linking with the beams, the loss of the simple geometry of thetev»ent, the return of
the field flux, the limits to the maximum value of the field and the solid angle accep
ted) a type of magnet with no external flux and with no field or derivative of the field
at the axis of the beam is needed, giving up eventually the uniformity of the field in-
side the coils., Such a uniformity is of little importance provided that the dependence

of the field on the spatial coordinates will be regular and not too strong.

A good solution is offered by a magnet of toroidal form as can be realized ac
cording to the following idea, A rectangular coil C with sides 1 and L lying in a plane
= containing the beams with its side L parallel to it at a distance R; (see Fig. 4);
the direction of the magnetic field when the coil carries a current is normal to the
plane w, If now we rotate the plane = about the axis of the beams, the coil describes
a toroidal surface with the appearance indicated in Fig, 5. If one consider this sur-




face as a coil through which the current flows along the two cylindrical surfaces (with
the direction of the internal surface opposite to that of the external surface - see aga
in' Fig, 5) the lines of flux of the field are circles centered on the axis of the beams
and in planes perpendicular to them; hence the field is completely contained within the
toroidal surface (that is, the coil), Its value is the same at every point on a cylindri-
cal surface coaxial to the beams and is a function only of the radius R according to
B(R) = (Ri/R) B(Rj), where Re 2 R =z R;, with R and R; radii of the cylindrical sur-
faces external and internal to the torus. For R <R; and R > R, the magnetic field

is zero (see Fig, 6).

The resulting magnetic field therefore is always perpendicular to every semi
plane emerging from the axis of the beams, Thus the direction of exit of all partidles
produced belongs to one of these semiplanes, The particle is deflected in it, that is it
is deflected only in zenith {8) and not in azimuth (@) (see Fig. 7). It is then possible
to realize a very simple logic for the trigger, accepting simultaneously all the possi
ble final states of each reaction (excluding possibly the reactions with all neutral
products),

FIG, 7

In the paragraphs which follow a possible solution for Adone with toroidal
field produced by a alumihium coil (MAT1) will be discussed, and another possible
solution utilizing a coil realized with superconducting wires (MAT2) will be only men
tioned, Finally different systems for the detection of trajectory curvature will be con
sidered: these systems bring about some simplifications in the above solutions,

3. - EVALUATION OF A "TOROIDAL" MAGNETIC FIELD FOR ADONE PRODUCED
BY A ALLUMINIUM COIL {MAT1), -

If it us desired to utilize a very simple coil that fully exploits the capabilities
of the power-supply(x) without however reaching in the aluminium currents near the
limits of technical possibility, it is necessary that the thickness s (Ri) of the internal
cylinder be somewhat high, a few cm for B(R;) » 5 KGauss. Then the principle geo-

(x) - The power-supply which is expected to be used is that acquired for MEA, with
the usable power of 1, 8 MW and with a current of 5000 A at 400 Volts,
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metrical parameters become nearly determined by the scattering {(whether coulomb
or nuclear) which the particles undergo in traversing this thickness, This scattering
in fact imposes two conditions : a) constraining the measurement of the direction ofithe
particle for R < R; (that is outside the volume encloset by the ¢oil), fiking the mini
mum value possible for R; ( % 25 cm); b) fixing the maximum thickness 8; = s (Ry)
aceeptable for not loging too many particles, and hence fixing the maximum value ob
tainable for the field (see Fig, 8). The percentage momentum resolution is roughly
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FIG. 8

inversely proportional to BLY {where L is the length of the path of the particle in the
magnetic field,and B is the average magnetic field along L, and @ = 1,5:2,0) up to
L ~100:200 cm, after which the dependence on L gets less (@ % 1. 5) for the main er-
ror is due to scattering of the particle by material in the measurement apparatus and
by the air : for this reason (besides considerations of weight and cost) it is not conve-
nient to.make L too long - agsuming an average L of - 100 cmona A® = 40°-1500
we obtain Ry~ 80 cm + R;.

With By and Re so fixed and with a reasonable use of the space at disposal in
a gtraight section of Adone the resulting geometrical situation is that {llustrated in
Fig. 9. The corresponding curves for the magnetic field produced, the curreént den-
sity in the coil and its weight as functions of thickness s(R;) are reported in Fig. 8a).
To chinose now the value of B(R;) it is necessary to make a compromise between the
thickness s(R;) acceptable for the irajectory and Ap/p desired keeping the maximum
possible power fixed to 1. 8 MW (see note of page 4),

Supposing that the sagitta: of the trajectory can be measured to 10,3 mm one
has for Ap/p the values reported in Fig., 10 as a function of p and for a few values
of B(R;) and 0. The parameters reported in Table I, &) refer to the geometrical con-
ditions of Fig. 9 with s(R;) = 30 mm of aluminium (~1/3 A,,q and ~1/10 3 copy).
An enlargement of the conductor in the outer cylinder of the torus can reduce the po-
wer dissipated there and indeed increase the magnetic field, s(R;) being the same,
If we choose for the outer cylinder the same thickness as for the inner one we get a
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TABLE I - Characteristics of MAT 1 magnet,
a) b)
Material of the coil alluminium | alluminium
Length of the coil {(cm) 240 240
R; = radius of the inner cylinder (cm) 28 28
R, = radius of the outer cylinder (cm) 112 112
Average thickness of material of the inner cylinder (min) 30 30
Average thickness of material of the outer cylinder (1nm) 7.5 30
Current density in the inner cylinder (A/mmz) 14,1 19,7
Current density in the outer cylinder (A/mmz) 14,1 4.9
Section of the conductor : inner cylinder (mmz) 350 350
: outer cylinder (mmz) 350 1450
Magnetic field at R = Ry (KGauss) 5 7
Magnetic field at R = Rg (KGauss) 1.25 1,75
Weight of the coil (tons) 0. 87 2,42
Estimate of the price of the coil ()X 5 10 220

(x) - ML = 10° Italian Lire & 1700 § U.s.
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field a factor < 1,4 higher (B(Ri) = 7 KGauss ; see Fig, 8b), that shall be payed for
by a factor ~ 2 in the weight of material (W =2, 3 tons ; see again Fig, 8b) and in a
serious difficulty of construction, since it is a question of winding a conductor with

a variable section., For example the parameters concerning this solution are repor-
ted in Table I, ),

In Fig. 11 is presented in a longitudinal section the scheme of an experimen
tal apparatus(x), that can possibly be realized by a completely digitized system of
coaxial cylindrical wire chambers: a core of 2 or 3 cylinders of proportional wire

l gquadru pql

FIG, 11

chambers to measure the direction and to construct the trigger(o) and at least 4 cy-
linders of magnetostrictive and/or proportional wire chambers for the measurement
of the curvature in the magnetic field, For the detection of photons, a scolution propo
sed in (11) can be used joining a radiator of Pb right before the most external cham
ber and possibly another wire chamber and/or a matrix of counters(t) outside and
completely around the coil, For photons with 0 5 40° the internal surface of the coil
itself furnishes a good radiator (> 0.6 A,.,4) and the radiative products-can be scen
by chambers placed within the magnetic field and treated as charged particles, In
such a manner photons can be detected up to very low energies and with a good effi-
ciency in a solid angle identical to that used for the measurement of the momentum
of the charged particles, An event contaning: both charged products and photons can
be presented with a projection inithe plane (x, y) as a type in Fig. 12,

The scheme of Fig. 11 does not indicate other possible devices (like scintil-
lation or Cerenkov counters or range telescopei) that are always possible to add out-

(x) - The coil is only indicated by dotted lines,

{o) - This core can be constructed and used indipendently from the magnet, and it is
itself an experimental apparatus nearly complete and usefull whether in experiments
for studying multi-hadron production or as central core of other experiments,

(+) - These can be used for the rejection of cosmic rays if it is desired to accept al-
s0 events with only two collinear particles in the final state,
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FIG, 12

side, all around or in a portion of solid angle, for recognizing the nature of the par-
ticles,

The solid angle available for the measurement of the direction is {for a point
source) 97.4% of the total, With this solid angle the probability of missing one of
the particles of an event with 4, 6 or 8 particles produced is about 9. 8%, 14,4 % and
18.6 % respectively (compare Fig, 3 and page 2}. The solid angle with which it is
possible to measure the momentum with a track length of at least 50 cm is 91.49% of
the total, The variation of the solid angle with the movement of the point source along
the axis of the beam is compared. in Fig, 13 with that of MEA and MAL.,
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We note, finally, that a solution of the type MAT (either this or any other)
avoids completely the problem of the mechanical linking with the machine and of the
accesibility of the experimental apparatus.

First of all the external cylinder and the two lateral circular crowns can be
realized like an open "fan" (seein Fig, M an%artistic view" of the coil) ; in this man
ner the accesibility is complete from each side and all around, while the magnetic
field is only a little distorted, and only in the region where it is weakest, indeed the
measurement of p is not affected. Moreover the coil can be realized in sectors, each

one complete for its part of the apparatus, almost constituting an experimental ap-
paratus as it stands. These are placed adjacent to eachother and electrically con-
nected for measuring and are set apart from eachother if need pel¥) A possible
mounting is shown in Fig, 15,a. In case of need some sectors canbe removed from
the apparatus, without distorting excessively the field within the sectors which re-
main (see Fig, 15,b), This result is particularly useful if it is desired to use it
for performing missing mass of inclusive experiments (see Fig. 15,c¢), or for de-
tection of the particles with optical apparatus,

(x) - It must be noted that in such an arrangement a portion of solid angle can be
lost for obstructions due to frames of chambers and for distortions of magnetic
field at the junctions between the sectors of the coil,
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As examples two schemes of use of an optical apparatus inside a MAT ma-
gnet are shown in Figs, 15,d and 15, e: the loss of solid angle are 20% and 10%
respectively,

However an optical apparatus can be used inside a MAT magnet without any
special mounting of the coil, but simply using its "open fan" structure, as indicated
in Fig. 16; the loss of solid angle for this case is 9, 8%,

4, - TOROIDAL MAGNET WITH SUPERCONDUCTING COIL (MAT 2), -

As already has been said above the absence of flux external to the coil and of
magnetic linking with the beam renders itipossible:to think about.the use of high va-
lues of the field and hence to coils of superconducting wires, For the same Ap/p
obtainable with the same precision of 0, 3 mm in the "sagitta" of the trajectory
would come a very large reduction in the external dimension of the magnet, allow-
ing a maximum radius Rg ~ 60-65 cm provided that we can obtain a field B(R;) ¥
% 1520 KGauss, The superconducting wires are immersed in a packet of copper
and this is cooled from the outside by liquid helium in ~ 2 mm of steel, A coil so
realized can exceed a current density of ~ 150 A/rnm2 provided it does not reach
a field too high for which the maximum current density diminishes, In practice, if
one accepts a thickness for trajectories of 1 cm of copper (~1/12 A, ; and
~2/3 )‘rad) one obtains B(R;) = 18, 75 KGauss with a current density of 150 A/mm2:
That means that with the geometry of Fig, 17 one obtains A p/p equivalent to that of
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MAT 1 (see Fig. 10) measuring the sagitta X to 0. 63 mm, The price of the coil
itself is acceptable (~25 ML), and can be diminuished substantially by some re-
duction in the geometry of Fig, 17, The power supply must have the capacity to
give high currents (~ 103 Ampere) at a few tens of volts, and hence the power

supply of MEA becomes wasted for this use, It is indeed convenient to acquire a

proper power supply (price S 5 ML),

The main expenditure will be for the installation for the cooling of the coil

with liquid helium of the order of 50 ML or more,

These parameters plus other characteristics of the MAT 2 solution are re-

ported in Table II,

TABLE II - Characteristics of MAT 2 magnet,

Material of the coil

Length of the coil

R; = radius of the inner cylinder

R, = radius of the outer cylinder

Average thickness of material (Cu) of the inner cyl,
Average thickness of material (Cu) of the outer cyl.
T'hickness of material (F'e) for the circuit of liquid He
Current density

Magnetic field at R = Ry

Magnetic field at R = R

Estimate of the price of the superconducting wire
Estimate of the price of the power supply

Estimate of the price of the circuit for He

Estimate of the price of the dewar for He

(em)
{cm)
(cm)
(mm)
(mm)
(mm)
(A/mmz)
(KGauss)
{KGauss)
(ML)
(ML)
(ML)

(ML)

NiTi wires in Cu
240
28
84
10
3.3
2
150
18,75
6,25
e 25
£ 5

Z60

~15
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Table III reports a comparison between the characteristics of the various
magnets proposed for experimentation with Adone,

TABLE III - Comparison between the characteristics of the
various magnets proposed for experimentation with Adone,

Solid angle for momentum analysis, A_Q.c

Solid angle for detection of photons, AL ¢

‘A—pE for pions at 1 GeV /e

(assuming an error of ¥0, 3 mm in sagitta)

Energy threshold for trigger (pions at @ = 90°)

Energy threshold for momentum measurement
(pions at 8 = 90°)

Material before trigger counters gr‘/cm2

lcoll

MEA MAL MAT 1 MAT 2
0,43 x 4w 0, 66x4n 0. 91 x4nw 0.91x4w
0.27x4r | 0.71x4n | 0. 91x4n (62 0,4) | 0. 91x4m (s 0.4)
0.71x4n (¢ 20.7).| 0.80x4n (s % 0.7)
0.20() o045 | 0,063 (0 = 90°) 0.030 (8 = 90°)
0.-044 (0 = 45%) 0.021 (9 = 45°)
110 MeV | 65 MeV <10 MeV <10 MeV
110 MeV 85 MeV 54 MeV 49 MeV
22 0.6 0.6
0.14 0.024 0.024

5, - DIFFERENT SYSTEMS OF TRAJECTORY CURVATURE DETECTION AND THE
CONSEQUENT SIMPLIFICATIONS IN MAT1 AND MAT2 SOLUTIONS, -

FIG, 18

e —— - Y,

The schemes of the apparatus for the
above mentioned solutions MAT1 and MAT?2
(and consequently also the choices for the
characteristics of magnets themselves) are
the result of considering the momentum
measurement through the measurement of
the sagitta X of the trajectory.

However, since magnets
of MAT type are free from the ingombrance
due to iron needed to return the flux we can
try 2 momentum determination through the
measurement of the angular deflection (bH0)
of the trajectory or of its initial (H;) or fi-
nal (Hg) displacement in the magnetic field
region (see Fig, 18)(X). The quantities A0,
H. and H, are compared in Fig, 19,a and
18,b with the sagitta X in the case of the
MAT1 and MAT2 solutions ; the explicit
computations of these quantities are repor
ted in the Appendix. The percentage error
on these quantities due to coulomb scatter-

(o) - Assuming an error of ¥ 0, 15 mm on each point measured on the track,
(x) - For initial (final) displacement we mean the distance of the entrance (exit)
point of the particle in (from) the magnetic field from the tangent to its exit

(entrance) point,
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ing of the particle in the coil is approximatively independent of the momentum ; it is
reported in Figs. 20,a and 20,b as a function of the angle 0 of emission of the par
ticle,

In the following we will examine the simplifications that come to the apparati
for the MAT1 and MAT2 magnets using some of these quantities for the momentum
measurement,

Case (a) : MAT] - It is clear that in the case of MATI1 a measurement of A9 or H;
must be done with chambers outside and around the magnet, excessively large in
dimensions if we wish to cover a large solid angle, considering also that the reque-
sted angular resolution must be good (~ * 0. 5°) (see Fig. 21)(X) On the contrary it
is sufficiently easy to measure Hg (see Fig, 22)'%/) but the Coulomb scattering in
coil material creates a too large an error (2 T 199%) in the momentum,

However we can obtain a fairly good measurement of Hj using the fact that the inten
sity of magnetic field decreases by a factor of 4 from R = R; to R = R = 4R;; in
fact the variation ¢8 of the angle 8; of the tangent to the trajectory near the exit
of the particle from the magnetic field is much smaller than the total deflection A @
and furthermore it is possible to correct A9 "a posteriori", when the momentum
is roughly determined. For example, using for measurement of the angle 8; two
points at R = 3R; = Rg and R = 4R = Ry, we have in H; a systematic (and correc-
table) error of -26% (i.e., Hy = 0.74 H;) for any momentum (see Fig, 23), If the
position at R = R; and the angle 9; can be determined respectively to *1 mm and
*¥90.2°(i.e.,~ 0.7 mm in each point), the precision in momentum is that repor-
ted in Fig, 24 as a function of momentum and for some value of 9,. Only the multi
ple scattering at R = R, contributes to the error and can be neglected if the mate-
rial'at R = R¢ is less than ~ 0,05 4 ...

Case (b) : MAT2 - In the solution MAT2 the limiting precision permitted by multiple
scattering is sufficient if we measure A0, and it is still useful if we measure either
H; or Hy,. However practicaly a measurement of AQ or H; makes the dimensions
for the external chambers problematic (but see again Fig. 21 and note (x) of this pa
ge), and indeed, from this point of view, a measurement of Hg is certainly preferi—
ble although the multiple scattering makes the resulting momentum measurement
less precise (¥ 11. 8% at any momentum and at @ = 90°; see Fig. 20,b).

Also in this case we have recourse to a measurement of H; as realized in the
case of MAT1, Using for the measurement of 0, two points at R = 2.5 Ri=R_ and
R = 3R; = R, we have Hirneas = 0. 85 H;, and we get the same precision as in ‘Ehe ca
se of MAT1 (see again Fig, 24) provided that the position at R = R; can be determi-
ned to ¥ 5 mm and the angle 0; to £0.57° (T 1 mm at each point), and the thickness
of the material interposed in trajectory inside the magnetic field is less than 0, 4

A

rad -

(x) - However we can have recourse to a measurements of the angle 0, to the exit
tangent to the trajectory through optical chambers (as indicated in Fig, 21) profit-
ing from free space around the coil, In this case the trigger is constructed by the

proportional wire chambersaround the vacuum pipe, and the trigger to the optical

chambers is given only for events that require the measurement of some momenta
for a complete reconstruction,

(o) - It is sufficient to measure 0 to ~ T 0, 80 in the directional wire chambers in-
side the.internal cylindrical surface of the torus, and the outgoing point of trajec-
tory from the magnetic field to ~ 5 mm,
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Finally, must be stressed that the aim of this work is a preliminary study of
the experimental possibilities on Adone of a MAT type magnet, Technical evaluations

and estimates of prices will be successively examined in an eventual detailed project
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APPENDIX, -

The equation for the radius of curvature p of a particle of charge q and mo
mentum p in a magnetic field B perpendicular to B, is

(A.1) 1. a5,
o] p

If P remains always perpendicular to B (plane trajectory) the differential equation
of the trajectory in ortogonal cartesian coordinates (x, y, z) is given by(12

3/2
[l+(dz)2]/ 0.

When B, (% z) is known this equation can be resolved {possibly with numerical me-
thods) furnishing the "ray tracing" corresponding to given initial conditions z(0) and

dx

In the case of a MAT magnet we can assume a reference system where x axis
is the direction of emission of the particle (x = R/sen@), y axis is parallel to the ma
gnetic field B_ = B_(R), and z axis is perpendicular to the plane (x,y) (see Fig, 25),
The motion of*the particle is in the plane (z, x).

d2

(A;2)
dx2

i

FIG. 25

For a particle with sufficiently high momentum (dz/dx) << 1 (see Fig, 25);
hence we can expand the second addend of equ. (A, 2) in a serie of (dz/dx) , stop-
ping upto the linear term:

dzz qu(R) 3 dz ]
+ e
dx2 p
and since x = R/sen0
dzz q"By(R) 3 senZQ dz 2
(A, 3) 5t 3 1+ 5 (-:Tﬁ—) = 0.
dR “ psen@ i- '
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if dz/dR < 0,2- 0,3 (what means p = 100 MeV /c for MAT1 and MAT2) we
can simplify further this equation, obtaining directly the second derivative of the
trajectory:
2

dz - q BXCR)
dR? P sen? 0

R:

In a MAT magnet By(R) = B(Ry) —R-l— and we get:
a%, . 9B®y)R;

(A. 4) L.l —t o

dR p sen“g

Integrating this equation from Ri to a arbitrary R we obtain :

aB(R:) R,
(A. 5) %I%{— = . _._..J;._..}__ 1g R
p sen“ 0 L

The "displacement™ of the trajectory (as defined in Fig. 18 and in note of
page 14) at R = R, = MR, (final displacement) is obtained from integration of eq.
(A, 5) from Ri to Re:

V]

qB(Ri) R

’H

(A. 6) H = - (MlogM-M+1),

p sen% 2]

The "displacement" of the trajectory at R = R_ = NR, from its tangent' at
R = Re = MRi is obtained from inte?raation of eq. ( ,6) from Re to Rc :

\ aB(R) R} iy
(A, 7) H.=—-————-2——-—(M--N—Nlog—N—).
: psen” 8
If Rc = R; (N=1) we get
qB(R,) R’
(A, 8) H.-‘--“—-—z—‘—" (M-1-logM).
1 psen® @

The angular deflection A® comes directly from integration of d@ = dR/p,
using for the radius of curvature p the equation (A, 1)

Ao =g/Bds.
p

In the case of a MAT magnet, with the same reference system and the same appro
ximations iniroduced for dealing eq. (A, 2), is s = x = R/sen®, and we get:

R
b
: psen @ R psen 0 °og R, psen @ EN

Ra

(with Ra = NR; and Rb = Re = MRi) , which »reduces to:
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qB(Ri)Ri
(A.10) Ag = ————= log M
o} sen? ]

for R, = Ri (N=1).
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