
Magnetic
Spectrographs
Magnetic analysis continues to be an unusually
effective technique for nuclear-structure studies. Improved
spectrograph designs combine high resolution with the
rapid collection of very large amounts of data.

by Harald A. Enge
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MAGNETS HAVE BEEN TJSED as experi-

mental aids in nuclear physics since
the earliest days of radioactivity
studies. From the first crude devices
used 60 years ago to the modern
charged-particle spectrographs used
today, there has been a tremendous in-
crease in complexity and utility of
these instruments and, of course, an
accompanying increase in weight and
cost—sometimes by as much as a factor
of 105.

Basically a magnetic spectrograph is
used for determining momenta of
charged particles emitted from ra-
dioactive nuclei or in nuclear reactions
or scattering processes. If the identity
of the particle is also known (that is,
its rest mass), then the energy can be
calculated. In nuclear-structure phys-
ics, where the energies of the particles
detected are of the order of MeV's,

the magnetic spectrograph has always
faced competition from various detec-
tors that can be used for energy deter-
minations: for instance, the ioniza-
tion chamber, the scintillation counter
and the solid-state counter. Competi-
tion from the solid-state counter has
been the strongest. This is an ex-
tremely effective instrument; it is
simple and inexpensive, has good in-
herent resolving power and can be
combined with a dE/dx detector so
that not only the energy but also the
identity of the particle is recorded.

In nuclear-physics research there is
an ever-increasing demand for higher
resolving power, higher accuracy and
better signal-to-background ratio. The
solid-state counter has inherent limita-
tions in these areas whereas, practi-
cally speaking, no such limitation exists
for the magnetic spectrograph. There-

fore, in spite of strong competition
from the solid-state counter, the mag-
netic spectrograph has not decreased
in popularity. Quite the contrary, an
increasing number of nuclear-physics
laboratories have acquired or recently
ordered such instruments.

In elementary-particle research, the
most popular detectors are spark
chambers and bubble chambers.
Both of these instruments use huge
magnets, so that momenta of recorded
particles can be studied by direct mea-
surements of track curvatures. This
use of the magnetic field is basically
the same as in a spectrograph. How-
ever, in the usual terminology, a spec-
trograph is a device that focuses sec-
ondary particles of identical momen-
tum to a point or a line on a detector
and disperses particles of differ-
ent momenta. Magnets that deflect,
focus, and momentum-analyze ion
beams from accelerators (primary par-
ticles) may be identical in design with
magnetic spectrographs, but somehow
they fail to be recognized as members
of this elite class. Rather, they are
called "deflecting magnets" or "ana-
lyzing magnets" and are part of the
beam-handling system or the beam
switchyard.

The complexity of events in most
high-energy research requires bubble
chambers and spark chambers so that
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MAGNET sectioned at symmetry (median) plane and showing the shape
of the lower pole piece. In the field the orbit is circular. —FIG. 1

the tracks of the reacting particles can
be followed in detail. An exception is
elastic or inelastic scattering of elec-
trons, which is an important area of re-
search on linear accelerators, nota-
bly the Stanford two-mile accelerator.
Three huge spectrographs partly for
electron-scattering studies were men-
tioned in a paper by Joseph Ballam in
the April issue of PHYSICS TODAY.1

Deflection and focusing

In all magnetic spectrographs dis-
cussed here the magnetic field is es-
sentially perpendicular to the direction
of motion of the particles. The orbits
are therefore substantially circular.
In some beta spectrographs, Which are
not discussed here, a large component
of the velocity vector is in the direc-
tion of the magnetic field. The orbits
are then helixes.

For the circular orbit of a particle of
mass m, charge q and velocity v, the
radius R is given by

2/i? = qvB (1)

(B is the magnetic induction). We
define the magnetic rigidity of a parti-
cle as the product BR. From equation
1 we obtain

BR = rnv/q (2)
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For particles of the same charge q =
ze the orbit radius in a homogeneous
field is proportional to the momentum.
Equations 1 and 2 are relativistically
correct.

In high-energy physics, the conven-
tion is to measure the momentum of a
particle in MeV/c or GeV/c. For
highly relativistic particles, this is nu-
merically equal to the total energy
of the particle in MeV or GeV. For
low-energy particles this is not a con-
venient unit. Instead the mass-energy
product is used and is defined as ME/
z~ with M in atomic mass units (u)
and the kinetic energy E in MeV. For
nonrelativistic particles, we can write

E « / /2m = (BRqY/2m

In appropriate units we get

BR = 144(Af£A2)1/2kilogauss-cm (3)

Geometric focusing. In principle,
the orbit radius for a particle in a mag-
netic field can be measured by deter-
mining three points on the orbit, for
instance, by using three slit systems or
two slit systems and a photographic
plate or other position-sensitive detec-
tor. In practice, this is not a desirable
method because of the very limited
solid angle of acceptance that such an
instrument has. Particles emitted in
nuclear reactions or scattering pro-
cesses or from a nuclear decay general-
ly are emitted in all directions. To
get a reasonable counting rate, one
must construct the instrument to ac-
cept particles over a larger solid angle.
This design creates a need for focusing
action by the instrument. For instru-
ments with two-directional focusing,
particles of identical momenta emitted
from a point on the source into the ac-

ceptance aperture of the instrument
ideally will converge after deflection
towards a point on the detector. Par-
ticles of different momenta will come
to a focus at a different point on the
detector.

Figure 1 is a section at the symme-
try plane (median plane) of a magnet
and shows the shape of the lower pole
piece. The pole surfaces of this mag-
net are assumed to be plane and paral-
lel so that inside the pole gap, except
close to the boundaries, the field is uni-
form. The orbit is then a circular arc.
In the fringing field close to and out-
side the edges of the pole pieces, the
field decreases rapidly with distance
from the magnet, and the radius of
curvature of the orbit increases corre-
spondingly. In simple calculations,
the fringing field is accounted for, in
practice, by assuming that the mag-
netic field extends with its full value
to a virtual field boundary (figure 1)
and then abruptly drops to zero. The
distance from the actual pole-piece
boundary to the virtual field boundary
is from 0.6 to 0.9 times the air gap, de-
pending upon the size and location of
the magnetizing coils.

To find the image point outside
the magnet of figure 1 now requires
simple geometry. Each of the orbits
1, 2, and 3 consists of a straight line, a
circular arc and a straight line, and the
reason why 1 and 3 converge toward 2
in the exit space is that the particle
following orbit 3 moves a longer dis-
tance through the magnetic field and
is therefore deflected by a larger
angle. Particle 1 moves a shorter dis-
tance through the magnetic field and
is therefore deflected by a smaller
angle. It is not immediately clear, of
course, that all three orbits will inter-
sect at one point, and in fact if the vir-
tual field boundaries are straight as in-
dicated, they do not. The resulting
aberration of the image increases rap-
idly with the angle y. Since a sharp
image, that is, clear separation of par-
ticles with different momenta, is the
objective, the aberration limits the
angle of acceptance, which in turn
•limits the counting rate.

Transverse focusing. In a homoge-
neous field, there are no transverse
forces on the particle to focus in the
direction perpendicular to the median
plane. However, such forces can be
produced in the fringing-field region
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of the magnet. Figure 2 shows how a
field line curves from the bottom pole
piece to the top pole piece. Except in
the median plane, the magnetic induc-
tion B has a horizontal component. In
particular, above the median plane,
the magnetic field has a component
directed in towards the pole edge.
This component is called B, in the
vector diagram of figure 2. If the par-
ticle above the median plane passes
through the fringing field in a direc-
tion different from the normal to the
field boundary, it has a y component
of velocity, which, combined with the
x component of the field produces a z
component of the force. In the case
shown, this force is directed towards
the median plane and is therefore a fo-
cusing force. It can easily be shown
that, in a first approximation, the fo-
cusing impulse that the particle gets in
the fringing field is independent of the
geometrical shape of the pole corner
and the size of the gap. In fact, we
find that the fringing field acts on the
transverse motion as a lens of focal
length

/ . = R/t&n a (4)

where R is the orbit radius in the ho-
mogeneous field and the entrance
angle a is illustrated in figure 2. A
similar focusing action takes place in
the exit fringing field. Equation 4 is
reasonably accurate for magnets in
which the fringing field drops to a
small value in a distance small com-
pared to the radius R. This is the case
when the air gap is small compared to
the radius; that is, d/R « 1. The fo-
cusing forces in the transverse direc-
tion are then strong but of short dura-
tion. The theory behind equation 4 is
therefore called the impulse approxi-
mation. In the next higher approxi-
mation, one finds

(5)
f «(1 + sin2 a)l

R/fz = tan \a -
|_ R cos a J

/ is an integral that varies from 0.4 to
0.7 depending on the shapes of the
pole corners and the proximity of the
coils.

Median-plane focusing in spectro-
graphs is vital because it separates
particles of different momenta and
produces a sharp momentum spectrum
on the recorder. Transverse focusing
is desirable because it increases the
collecting power of the instrument.

Also it helps to reduce the spot size on
the detector; then a smaller detector
can be used with ensuing improve-
ment of signal-to-background ratio.

Inhomogeneous fields. Transverse
focusing can also be produced if the
field in the median plane tapers off
with increasing distance from the cen-
ter of curvature. In particular, a beta-
tron-type field, which varies with the
distance from the center as

B = JBo(roA)1/2

produces two-directional focusing with
the same focusing strength in both
planes. In other words, a sector
magnet with normal entrance and exit
and with the field varying according
to equation 6 is stigmatic; that is, a
point object produces a point image.
Because of distortions in the fringing
field, this statement does not quite
hold in practice unless d « R. By ap-
propriate choice of entrance and exit
angles (a in figure 2), the transverse
focusing action in the fringing field of
a homogeneous-iield magnet can be
made just as strong as the continuous
transverse focusing in the inhomo-
geneous-field magnet; in fact, the two
types of magnets can be made to have
almost exactly identical focusing and
dispersing properties.

Spectrograph parameters

The usefulness of a spectrograph de-
pends upon such properties as its dis-
persion, resolution and solid angle of
acceptance.

Dispersion. The ability of the mag-
net to separate particles with different
momenta is expressed by the disper-
sion, defined as

R &p
(7)

Here Ap is the change in momentum
p that produces a displacement Ay of
the central ray (ray 2 in figure 1) as
measured at the image.

Resolving power. In the absence
of aberration, the resolving power is
determined by the size of the source
(object). Assume that the object has
uniform luminosity and that its width
is o, as measured in the median plane
perpendicular to the central ray. At
the detector, an image is formed with
Ay = oM, where M is the median-
plane magnification of the instrument.
From equation 7 we find that the re-

The impulse
approximation

FRINGING-FIELD lines can produce
transverse focusing. —FIG. 2

solving power, defined as R.P.=
is given by

M o (8)

Most often, the maximum orbit ra-
dius R is determined by the spectro-
graph designer by considerations of
the maximum momentum to be
handled and the maximum tolerable
field strength B. For maximum re-
solving power the object size o should,
according to equation 8 be as small as
possible. For a nuclear-reaction in-
strument, there is a limit to the inten-
sity that the target can stand; it is also
difficult to keep the target-spot posi-
tion stable. Thus there is a practical
lower limit for o of the order of half a
millimeter. It is thus clear that to ob-
tain a high resolving power the spec-
trograph should be designed to have a
maximum possible D/M ratio.

Aberrations and solid angle. From
the discussion of geometrical focusing
above, it is quite obvious that one can
design a magnet to bring particles of a
given momentum, that is, with a given
orbit radius R, to a crossover at exactly
the same point even if the opening
angle 2y is very large. One can, for
instance, keep the entrance boundary
straight and find the appropriate
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NUCLEAR REACTION emits protons
to be analyzed magnetically. —FIG. 3

shape of the exit boundary by a simple
geometrical construction. That the
field in reality does not drop off
abruptly as assumed in the construc-
tion is in practice of little conse-
quence.

For particles with higher or lower
momenta, however, the focus will in
general no longer be perfect; there
will be aberrations. Also, if one con-
siders particles moving off the median
plane, the situation becomes more
complex, and it proves to be impossi-
ble to design an instrument with exact
point-to-point focusing or even point-
to-line focusing unless it has an infini-
tesimal solid angle of acceptance. For
a high-precision spectrograph, the solid
angle (that is, the counting rate) is
therefore always limited by the aberra-
tions and their effects on the resolving
power.

It is customary to express the aber-
rations as a power series in the en-
trance half angle y (figure 1) and
the corresponding angle -q in the
transverse direction. Thus, the aber-
ration in the dispersive plane can be

• • • ( 9 )

Because of symmetry about the medi-
an plane, only even-order terms of -q
appear. The position of the detector
can be adjusted so that the first-order
term disappears (a10 = 0). This is
what is meant by first-order focusing.
By appropriate design, the coefficients
a20 and a02 can be made to disappear
or to be small at the detector position.
The instrument is then second-order
focusing in the y direction. Most
often one need not be concerned
about the quality of focus in the
transverse direction since this does not
affect momentum resolution. For the
SLAC electron spectrographs, men-
tioned earlier in this article, this state-
ment does not hold.

Nuclear-reaction spectrographs

Figure 3 shows as an example the
nuclear reaction Ni62(d,p)Ni63. A
deuteron beam of relatively well de-
fined momentum and direction strikes
a target containing Ni62 atoms. In
the example illustrated, the deuteron
breaks up near the surface of the nu-
cleus; the neutron is absorbed by the
nucleus; and the proton leaves the col-
lision region at an angle 0 with the
incident beam. Nuclear-reaction spec-
troscopy concerns itself with the
energy spectrum of the emitted par-
ticles and the angular distributions of
the energy groups of these particles.
The spectrum reflects the energy levels
of the residual nucleus Ni63, and the
angular distributions and intensities of

Nuclear-Reaction Spectrograph Parameters

Type
MIT annular

Angle <p
Degrees

180

Cal Tech, n = y 2 180
MIT broad-range

and multiple gap 90
Green's 90
Elbek's 105
Split pole 114

msr (approx)
"normal" max.

0.4

2.5

0.4
5
1

2

0.6

6

1
10
4
8

range
Pmax/Pmin

1.05
Small

1.5
2.2
2.5
2.7

D/M
(approx)

2

4

2
3
3
6

Transverse
focusing

No

Yes

No
Approx
Some
Yes

Focusing
corrections^

None
None

a20 «0

» In most cases these numbers can be increased by increasing the gap.
b Attained resolving power is not quoted because it is a strong function of the solid angle

and of extraneous factors. Using full width at half maximum of a peak for Ap, resolving
powers exceeding p/Ap = 5000 have been measured.

0 This coefficient (from equation 9) is zero at one point in the spectrum only.

the various groups yield more specific
spectroscopic information about these
levels.

There are several features desirable
for a magnetic spectrograph used to
study particles emitted in nuclear
reactions: high resolving power, high
intensity (solid angle), high accuracy,
high signal-to-background ratio, large
angular range (0 to 180 deg ideally),
large energy range and provision for
Doppler (kinematic) correction. The
resolving power has been discussed
above with regard to the contribution
from the spectrograph itself. The
final resolving power achieved in the
experiment also depends on the energy
homogeneity of the incident beam and
the effects of collision with electrons
in the target.

The intensity or counting rate, as
discussed above, is tied intimately to
the resolving power. Presently oper-
ating instruments have maximum solid
angles of acceptance in the range 0.4
to 10 millisteradians (msr).

The accuracy to which the energy
of the emitted particles can be mea-
sured is mostly a function of the care
with which the spectrograph has been
calibrated and ultimately is limited by
hysteresis effects in the iron. In a so-
called "homogeneous-field" magnet,
the field is of course not completely
homogeneous but varies typically by
about 0.1% from one area of the air
gap to another. These variations are
caused by inhomogeneities in the air-
gap dimensions and are also results of
the reluctance of the iron in the pole
pieces and yokes. The magnetic
properties of iron are such that a given
field distribution once measured will
never be exactly reproduced. Highest
accuracy is, of course, attained with
magnets of high-permeability iron.

In nuclear-reaction spectroscopy,
the background counts caused by cos-
mic rays or neutrons hitting the re-
corder directly are usually very small.
The most bothersome background de-
tected takes the shape of a tail on the
low-energy side of any intense peak in
the spectrum. There are two princi-
pal sources for this background: one
is lower energy particles in the beam
arising partly from scattering off the
beam-defining slit edges; the second is
scattering from exposed surfaces be-
tween the target and the detector.
The first source can be minimized by

68 • JULY 1967 • PHYSICS TODAY



proper beam cleaning. Transverse fo-
cusing in the spectrograph can sub-
stantially reduce the second contribu-
tion, particularly if the strongest focus-
ing takes place in the beginning of the
spectrograph. The particles will then
converge towards the detector through
the rest of the magnet gap, and there
is very little chance for scattering off
the large surfaces of the pole pieces or
from the edges of diaphragms placed
between the pole pieces.

A single-gap spectrograph is usually
designed so that it can be rotated
about a vertical axis through the tar-
get. For mechanical reasons, it is dif-
ficult with such an instrument to reach
the back angles (close to 8 = 180
deg). The multiple-gap spectrograph
described below, however, covers an-
gles up to 172.5 deg, and for some
reactions these back angles are quite
important.

It is generally desirable that the
spectrograph admit in one exposure
the full momentum range of the par-
ticles to be studied from one bombard-
ment. This may often include more
than one type of particle. Not only is
the large range important for speed in
data collection, but the simultaneous
collection of the whole spectrum guar-
antees that conditions are exactly
identical for each energy group.
Then changes in target composition,
incident energy and so forth will not
cause one side of the spectrum to be
recorded under different conditions
than the other.

In a nuclear reaction, as pictured in
figure 3 for instance, the recoil kinetic
energy imparted to the residual nucle-
us depends upon the reaction angle 0.
Therefore when the residual nucle-
us is left in a given energy state, the
energy of the emitted particle depends

ANNULAR
magnet at MIT

was the
first magnetic
spectrograph

used (1948) to
detect charged

particles
emitted from

nuclear reactions.
—FIG. 4

slightly upon $• Since the spectro-
graph accepts particles emitted with
reaction angles varying over a range
(determined by the entrance aper-
ture), a broadening of the peaks in
the particle spectrum results. This
has been called "kinematic broaden-
ing" or "Doppler broadening." Since
there is a correlation between the par-
ticle energy and the angle through
which it enters the spectrograph, it is
relatively easy to correct for Doppler
broadening. In particular, if the me-
dian plane of the spectrograph coin-
cides with the reaction plane, the
Doppler effect changes the coefficient
c10 in equation 9 and can be correct-
ed by displacing the detector in or out
along the central ray.

Let me now describe some spectro-
graphs that have been built and tested
and, in general, have lived up to
expectations. The most important
properties of these instruments are list-
ed in the table. Most of these spec-
trographs exist in several versions and
sizes. In particular, the MIT broad-
range spectrograph has been adopted
in a number of laboratories throughout
the world. The newest addition to
the list, the split-pole spectrograph,
has been built or is being built for
about a dozen laboratories.

The MIT annular magnet was the
first magnetic spectrograph2 to be
used for the detection of charged par-
ticles emitted in nuclear reactions
(1948). The Cal Tech instrument,
described below, was, however, being
tested simultaneously. The annular
magnet is a homogeneous-field mag-
net utilizing 180-deg focusing. That
is, in principle, it is a 180-deg sector,
for which the object and image dis-
tances become zero. The target and
detector (nuclear-track plate) were
inside the field. The beam entered
through a slot in the pole parallel to
the field lines and was therefore not
deflected. With this arrangement, the
reaction angle was fixed at 90 deg.
The annular magnet was used for a
long series of nuclear-reaction studies
in conjunction with the large MIT air-
insulated 2-Me-V Van de Graaff accel-
erator (figure 4) and later with the
8-MeV MIT-ONR generator. It was
retired in 1954. The median plane
optics of the annular magnet are
shown in figure 5a.
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The nuclear-emulsion technique was
developed and used for direct studies
of cosmic-ray and other nuclear events
at about the time the MIT annular
magnet was constructed. The MIT
group adopted nuclear-track plates
as the detector for the spectrograph,
and it is remarkable that this tech-
nique after 20 years is virtually un-
changed and is still the principal
method of detection in spectrograph
work at these energies. Since the par-
ticles were already momentum ana-
lyzed and oriented by the magnet, the
plates were merely used as position in-
dicators. They were scanned in half-
millimeter strips, and different kinds
of particles could be distinguished by
their track lengths. The range cov-
ered by the nuclear-track plate in the
annular magnet was quite small pm&j
pmin R; 1.05, limited by the narrow
annular region of usable field. The
corresponding length of a plate was of
the order of 4 cm, and scanning over
0.5-mm strips therefore yielded about
80 data points. The resolution of the
instrument was limited by the spot
size of the beam on the target; a maxi-
mum of p/Ap = 1600 was recorded.

The 180-deg Cal Tech instrument.
The inhomogeneous betatron-type
field mentioned earlier was first used
in a beta spectrograph by Nils Svar-
tholm and Kai Siegbahn and is, inci-
dentally, also used in modern ironless
beta spectrographs of outstanding pre-
cision. In this type of instrument
both the source and the detector are
inside the magnetic field and focus is
achieved after a deflection of 254 deg.
The same type of field was first used
for a nuclear-particle spectrograph at
Cal Tech.3 In the Cal Tech instru-
ment, the deflecting angle is 180 deg,
and the source and image are both
outside the field. The detector was
originally a slit-and-counter arrange-
ment, but nuclear-track plates have
also been used. Similar instruments
have been built at a number of insti-
tutes, both for analyzing charged par-
ticles emitted in nuclear reactions and
for studies of electron scattering. Fig-
ure 5b shows the optical layout of the
original Caltech instrument.

MIT broad-range spectrograph.
Figure 5c illustrates the focusing prin-
ciples of the MIT broad-range spectro-
graph magnet.4 It is actually a sector
magnet but with curved entrance

and exit surfaces as suggested by
Kenneth Bainbridge.5 The curvature
produces second-order correction (a2o
= 0, equation 9) for particles that are
deflected by 90 deg, but the magnet
has substantial second-order aberration
for particles of higher and lower mo-
menta. The spectrograph is used with
three 2 X 10-inch nuclear-track plates
as detectors. The total momentum
range used is pmax/pmin ^ 1.5. Half-
millimeter strips are scanned across
the nuclear-track plates, and therefore
about 1500 data points are obtained
per exposure.

The solid angle of acceptance for
the MIT broad-range spectrograph, as
normally operated, is 0.4 msr, which is
quite small if the instrument is to be
used with a single counter as detector,
for instance, in coincidence work. A
modification of the broad-range spec-
trograph has a quadrupo'le lens be-
tween the target and the spectrograph
entrance.6 When the lens is turned
off, the spectrograph works as a
conventional broad-range instrument.
When the lens is turned on, the angle
of acceptance in the transverse direc-
tion is increased by a factor of approx-
imately 10, while the angle of accep-
tance in the median plane decreases by
a factor of 2. The net gain in solid
angle is therefore approximately 5.
The first instrument of this kind was

built for the Chalk River Laboratories
and has a total solid angle of 8 msr.
When used in conjunction with the
quadrupole lens, the median plane of
the instrument is horizontal; that is, it
coincides with the reaction plane.
Doppler correction can then be
achieved, as described above, by mov-
ing the detector in towards the mag-
net.

The MIT multiple-gap spectro-
graph. Imagine a doughnut with a
cross section like the magnet of figure
5c. Slice up two quadrants of it in
7.5-deg sectors to produce air gaps.
Drill a hole for the beam and put a
target in the center of the doughnut.
This is the idea of the multiple-gap
spectrograph.7 The instrument is 25
broad-range spectrographs with a com-
mon magnetic circuit operating all
at once. The reaction angles covered
are 0 to 172.5 deg in 7.5-deg steps.
There are two 90-deg gaps, and the
zero-degree gap is not normally us-
able. Counting 1500 data points at 23
different angles, one then gets a total
of 34 500 data points per exposure.
Figure 6 is a photo of the MIT
multiple-gap spectrograph. The com-
plete instrument is in a large vacuum
tank. In the photograph, the top sec-
tion of the tank has been removed.

Alex E. S. Green's spectrograph8

built at Florida State University has

MIT MULTIPLE-
GAP spectrograph
set in large vacuum
tank. —FIG. 6
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NEW...Standard,90°Analyzing Magnet Systems
. . . For particles with a range of
mass-energy products from 1-120
for 90° deflection

You can now profit by Varian's ex-
perience in designing special sys-
tems for a wide variety of beam
handling requirements. Make your
choice from the new Varian line of
standard analyzing magnets, each
with its own vacuum chamber, sup-
port base, cables, and leads.
Many of the design features have
been proven over several years in
custom installations. As a result, you
will have a full two year warranty on
each standard magnet.
Significant advances of importance
to the researcher include constancy
of equivalent length, no corner sat-
uration, and increased field uniform-
ity over wider ranges of induction.
Many other parameters were also
given special attention, to provide
the latest advances in the state-of-
the-art.

Varian will modify standard units, or
design new systems, for specific
experimental needs. Capabilities in-
clude switching magnets, quadru-
pole lenses, slit assembles, slit feed-
back electronics, spectrometers,
spectrographs, power supplies, and
complete beam handling systems.
For magnet specifications, or for as-
sistance with any momentum analyz-
ing problem, call or write:

varian
radiation division

Spectromagnetics plant/25377 huntwood/hayward
/calif. 94544/U.S.A./(415) 782-1300
Eastern office/290 livingston ave./livingston/ new
jersey/U.S.A./(201) 994-0066
European office/skyyteholmsvagen 7D/solna/
Sweden/tel. 08-82 00 30/telex 10 403
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an entrance angle (a, figure 2) of
35 deg, a deflection angle of 90 deg
for a central momentum, and an exit
angle of approximately zero degrees
(figure 5d). The entrance bounda-
ry is curved to produce second-order
correction. For a central momentum,
the transverse focus is at infinity. A
point source, therefore, produces a
line focus on the detector. Since the
spectrograph is mounted with the me-
dian plane vertical, that is, perpendic-
ular to the reaction plane, the Doppler
effect results in a twisting of the
image line rather than a broadening of
the image. The momentum range of
Green's spectrograph is pmax/pmin =
2.2, and the maximum solid angle is
about 10 msr.

Elbek's spectrograph. Figure 5e
shows the layout of a broad-range
spectrograph devised by Bent Elbek"
and built for the Danish tandem accel-
erator facility. The entrance angle a
is 35 deg, but since the object distance
is shorter than in Green's spectrograph,
a real transverse image is not pro-
duced. However, the focusing effect
of the entrance fringing field produces
some enhancement of the collecting
power of the spectrograph.

The most remarkable property of
Elbek's spectrograph is the almost
complete absence of second-order ab-
erration over the full momentum
range, pnmx/pmin = 2.5. Another
important feature is that
nification in the median plane
approximately V2. This is impor-
tant for attaining high
power (equation 8), and also for high
accuracy because of the difficulty, in
nuclear-reaction work, of maintaining
an exact position of the beam spot on
the target. The smaller the magnifi-
cation, the less is the resultant motion
of the image point. Two large spec-
trographs of Elbek's type have been
built in this country, one for the Los
Alamos Scientific Laboratory and one
for Oak Ridge National Laboratory.

The split-pole spectrograph (figure
5f) has the same advantages as
Elbek's spectrograph, and it goes a
step further in that it has point-to-
point focusing or approximately that
for the full momentum range. This
has been accomplished by splitting the
pole pieces in two pairs and by shap-
ing the split between them in such a
fashion that high-momentum parti-

mag-
is

cles, qualitatively speaking, experience
strong focusing forces twice in the
fringing fields and low-momentum
particles only once. In the split-pole
spectrograph, as well as in Elbek's
spectrograph, Doppler correction is
achieved by detector displacement.
The split-pole has the highest D/M
ratio of spectrographs in the table
mainly because the median-plane mag-
nification is small: M «0 .3 .

Split-pole spectrographs have been
in operation for some time at the Uni-
versity of Pittsburgh and at the Uni-
versity of Rochester, both in conjunc-
tion with Tandem Van de Graaff ac-
celerators. Figure 7 shows a small
part of a spectrum obtained on the
Rochester split pole with a position-
sensitive solid-state detector as record-
er. The process is Tblr'9(d,d')Tb1B9

at a reaction angle of 6 = 40 deg
and with an incident energy of 18
MeV. The spectrum shows the elastic
peak and two inelastic peaks corre-
sponding to excited states in Tb159 at
58 and 137 keV. Two small peaks re-
sulting from contaminants are also
seen. Figure 8 is a photograph of the
Rochester spectrograph.

Detectors for spectrographs

Most of the instruments mentioned
above have been designed primarily
for use with nuclear-track plates as re-
corders. These simple devices are un-
beatable for reliability and simplicity
and do not in any way impair the in-
herent resolving power of the rest of
the instrumentation. The plates ob-
viously can not be used for coinci-
dence work or be a part of an on-line
system, and data extraction is rather
slow and tedious. Scanning 0.5 mm
strips approximately 1 cm long, a plate
scanner covers about 2 to 3 cm2 of
plate per hour, less if the intensity is
high.

Many attempts have been made to
develop detectors that can replace the
nuclear-track plates. Position-sensi-
tive solid-state detectors are being
used with good results, but they are
very limited in range. Sonic spark
chambers are being tested. In one
type the particle goes through a flat
proportional counter and then through
a flat spark chamber. A signal from
the proportional counter triggers the
high voltage on the spark chamber, a
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PART OF A SPECTRUM taken with a split-pole spectrograph from the
Tb™(d,d')Tblra reaction with 10-keV resolution. —FIG. 7
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spark develops along the path of ions
left by the particle, and the position of
the spark is detected by measuring
the time the sound of the spark takes
to travel to a transducer at one end
of the detector. Finally, wire spark
chambers, which have been very suc-
cessfully used in high-energy work
(See Winslow Baker's article p. 41,
this issue), are now being tested as de-
tectors for low-energy spectrographs.
The chamber has a flat high-voltage
electrode facing an array of closely
spaced wires. Each wire is connected
to a magnetic-core memory, and the
current from a spark sets up the mem-
ory. After the event the system reads
out which core has been set up, and
hence the position of the spark can be
determined. The high voltage is trig-
gered by a scintillation counter behind
the spark chamber. The signal from
the scintillation counter can be used
for particle identification.

Cost of low-energy spectrographs

There are now a number of compe-
tent manufacturers of magnetic spec-
trographs for low-energy work. Any
of the instruments discussed above can
be made to order, complete with tar-
get chamber, power supply, fluxmeter,
vacuum system, detector housing, ro-
tating mount, etc. For a given maxi-
mum orbit radius R and maximum in-
duction B, the cost of the magnet itself
may differ somewhat from one type to
another. The cost of the auxiliary
equipment, however, varies very little,
and this, of course, reduces the per-
centage difference in the total cost.
As a first guess, the following formu-
las can be used for the total cost in the
United States of a spectrograph with a
maximum radius ranging from R =
0.5 to R = 1.2 meters and maximum
induction B ~ 15 kilogauss:

single-gap « (50R + 120R2) ($103)
multiple-gap ~ (150R + 300R2)($103)

Most manufacturers use special low-
carbon steel in the pole pieces and less
expensive steel, for example, C1010,
in the yokes. The above costs are
based on the assumption that this cus-
tom is followed.

Spectrograph trends

The trend in modern spectrograph de-
sign is definitely towards a larger

SPLIT-POLE spectrograph installed at the University of Rochester for use
in conjunction with their Emperor Tandem Van de Graaff. —FIG. 8

number of adjustable parameters. A
single deflecting magnet with straight
boundaries, has three adjustable pa-
rameters: The entrance and exit an-
gles a and fi (also called shim
angles), and the deflecting angle <£.
The effect of a change in the entrance
or exit angle is exactly the same as if a
quadrupole lens were placed at the
entrance or exit. The three param-
eters of the deflecting magnet are
therefore really equivalent to two qua-
drupole magnets and a deflector with
normal entrance and exit (dipole). If
both of the pole boundaries at en-
trance and exit of the deflecting mag-
net are made curved and the radii of
curvature regarded as adjustable pa-
rameters (at least they are adjustable
in the design stage), the deflecting
magnet becomes a five-parameter
magnet. The curvatures are exactly
equivalent to hexapole lenses (also
called sextupoles). They have three
north poles alternated with three south
poles around the axis. For the
split-pole spectrograph, mentioned
above, eight parameters were varied
in the design, and in a newer low-in-
tensity, high-resolution version of the
same instrument, ten parameters are
varied. The two new parameters are
third-order curvatures on two of the
pole boundaries (octupoles).

A second trend is certainly one
toward larger instruments, demanded
of course mainly by the higher ener-
gies attained on modern accelerators.
Thirdly, concentrated efforts are being
made to integrate, or match, the spec-
trographs with the beam-handling sys-
tems of these modern accelerators.

Finally, more attention is being, and
will continue to be, directed toward
background suppression. In nuclear-
structure physics some very interesting
experiments can be performed if reac-
tion products can be studied at 0 —
0. This is a formidable task even if
the magnetic rigidities of the particles
are well separated, since the beam in-
tensity may be 1013 particles per sec-
ond compared to maybe 102-103 par-
ticles per second of reaction products.
We are working on new type devices
for the purposes described here.
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