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Abstract

The matching of particle beams to a
sclid state spectrometer as well as to a
magnet spectrometer is investigated and the
appropriate design procedures are described.
In the case of a solid state spectrometer
experimental and ray tracing results show,
that after matching the width in the reac-
tion angle distribution depends almost only
on the acceptance angle of the detector.
The matching of the Jlilich cyclotron beam
to the spectrograph "Big Karl" is studied
for full transmission between cyclotron and
target, for 5 msr solid angle of the spec-
trograph and for K-values of up to 0.3. Un-
der these conditions a momentum resolving
power of 6300 still should be available.

1. Introduction

Cyclotron accelerator installations
often provide both, beams and detection
systems of high resolving power. However,
in nuclear reaction experiments the resol-
ving power is deteriorated and the trans-
mission is affected by the kinematics.

This effect is especially large in the case
of horizontal cyclotron emittances of typi-
cally several 10 mm:mrad and beam energy
spreads of often several parts in 1000. This
situation can be remarkably improved by a
careful matching of the beam to the par-
ticle spectrometer.

2. General Theory

The transfer optics between the acce-
lerator and the detection plane of the
spectrometer is a function of the particle
transfer through the beam line to the tar-
get, described by the transfer matrix B, as
well as a function of the target transfor-
mation TT and the particle transport from
the target to the detection plane, des-
cribed by the transfer matrix S. The formu-
lation of the transfer matrices B and S,
including second order effects, is avai-
lable for instance in the ion optics code
TRANSPORT1) . The target transformation TT
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describes the change of the spatial coordi-
nates x, 6, y, ¢ as well as the change of
the momentum deviation § due to the kinema-
tics at the target. & represents the longi-
tudinal beam extent.

First order expressions for the target
transformation are given in the following.
The nominal reaction angle o (see fig. 1),
which is the angle of rotation between the

Figure 1: Convention of coordinates in the
horizontal plane at the target

optical axis of the beam line zq and that of
the spectrometer z,, as well as the target
rotation angle y are measured clockwise,
whereas the particle angles 61 and 6, are
measured counter clockwise with respect to
their optical axes z1 and z;. The horizon-
tal position x5 of a particle just leaving
the target is to first order only dependent
on the position xq of a particle just hit-
ting the target

xp = T-xq, T = cos(a~y)/cosy. (2)

The angle 63 of a reaction particle is a
new variable at the target, its range being
defined by the horizontal acceptance of the
spectrometer. To first order in the verti-
cal plane

Yo = Y4 (3)
and ¢, is also a new variable, its range be-
ing defined by the vertical acceptance of
the spectrometer. The momentum deviation &,
after the target due to kinematics is to
first order given by

62 = K(85-64) + Cég4 (4)

where K = (1/p3)3p,/8a and C = (p,/Py)3p,/9p,-
Complete exvressions for the target trans-
formation in the form

X2=X2(C‘IYIX119']162)

Y2=Y2 (aIYIX1Ie1I621y1I¢1,¢2) and
§2=83(a,y,r,81,02,61,02) have been
derived and inserted into the ray tracing
program TURTLE2) . In this case the parame-
ter r describes the kinematics of the reac-
tion. This modified program TURTLE calcu-

Proc. 7th Int. Conf. on Cyclotrons and their Applications (Birkh#user, Basel, 1975), p. 235-239

235



Proceedings of the 7th International Conference on Cyclotrons and their Applications, Ziirich, Switzerland

lates particle trajectories to second order
with respect to the local effects of the
elements in the beam line and the spectro-
meter and to higher order with respect to
the global effects of lumped elements and
the target transformation.

3. Matching the Beam to a
Solid State Spectrometer

The most common spectrometer in nuc-
lear reaction experiments today is a set-
up equipped with solid state detectors. In
this case the beam matching results in a
minimization of the spread of the reaction
angle Aa (FWHM), which in turn means a re-
duction of the kinematic contribution to
the particle energy resolution. This, of
course, only makes sense, if the beam is
prepared by a magnetic beam analysing sys-
tem of adequate resolving power.

3.1 Geometrical Consideration and First
Order Optics

Assuming a point focus and a point de-
tector, Ao (FWHM) vanishes, if the focus F
(see fig. 2), the detector D as well as the
target are located on a circle, which is
well known as the Rowland circle. If TF=Lp

g

Figure 2: Rowland circle as matching loca-
tion for point focus F, point
detector D and target, shown for
forward and backward scattering
angles

and TD=Lp, the radius p of this circle and
the rotation angle y of the tangent to this
circle at the target position T are given
in the following expression

1

_ 2 2
0 = 55ira VQF -2LpLycosa+Ly (5)

3

ctgy = —LF-sina/(LF-cosa—LD) (6)

If LF=LD, vy has to be equal to a/2.
In the case of common cyclotron emit-

tances one has to deal with some first or-
der beam optics to fulfill the condition

da = (65-04) = O (7)
In case of a point detector we have
8, = —XZ/LD=‘TX1/LD (8)

The matching condition in equation (7) can
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be expressed in the following form: Using
as a calculation aid for the required beam
matching a matrix M with my1=T/Lp,
mg1=TK/Lp, mg2=K and mgg=C, all other mj4
corresponding to the unity matrix, and con-
sidering the matrix product R=S#M»B, R de-
termines Ao and 87 as the second and sixth
element of the particle coordinate vector
in the correct form. The matching condition
is then equivalent to the vanishing of the
matrix coefficients R2q1, Rpp and Rpg. This
consideration is helpful to the users of _
the code TRANSPORT, since one can insert M
as an arbitrary matrix and fit the quadru-
pole settings in the beam line for the con-
straints R21=Ry5=R2=0.

3.2 Experimental Results

Spectra of elastically scattered par-
ticles from 1H(p,p)— and 12¢C(u,a)~reactions
at 44.1 and 155.5 MeV incident beam energy,
respectively, have been taken for different
distances Ly. The reaction angle o and the
target rotation angle y were set to 15° and
7.50, respectively. The experiments were
performed with a high purity germanium de-
tector in an experimental set-up described
in3). The beam was analysed by a double
monochromator system operated in disper-
sive mode to cut down the energy spread of
the cyclotron beam to AE (FWHM) /E~1074.

To extract the angular spread Aa (FWHM)
from the spectra, the assumption was made
that the overall energy resolution is ob-
tained by the quadratic sum of the diffe-
rent contributions. Therefore

Ao (FWHM) = (1/2EK) [AE (C;H) 2-4E (Au) 2
-8Egpg (C;H) 2+AEgpg (Au) 2] 1/2.

AE(C;H) and AE(Au) are the experimental
line widths (FWHM) obtained for the reac-
tions on C; H and Au, respectively. Since
for the scattering on Au practically no ki-
nematic contribution but all the others
(detector, electronics, beam) are present,
only the energy loss straggling in the tar-
get AEgTR(C:;H) and AEgrpg(Au) had to be ta-
ken into account, calculated from the known
target thicknesses. Fig. 3 shows the expe-
rimental results for the two reactions
(points) in comparison with ray tracing re-
sults using the modified TURTLE code. The
calculation was based on the actual quadru-
pole settings and the typical Jiilich beam
qualities (see table 1). In the 12¢(a,a)-
experiment the beam at the target was blown
up in divergence to show the effect of
matching more drastically. Note, that a
broad minimum in Ao (FWHM) occures at Ly=Lp
amounting to approximately 3 and 2 mrad,
respectively. The main fraction of these
values is due to the horizontal acceptance
angle of the detector of 2 mrad. Fig. 4
shows particle spectra for each reaction
experiment with and without beam matching.

(9)
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Figure 3: Spread of reaction angle Aa (FWHM)
versus the focus shift Ly
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Figure 4: Particle spectra with and without
beam matching

4. Matching the Beam to a
Magnet Spectrometer

A magnet spectrometer has a feature,
the dispersion,which was not available in
the previous case. The dispersion can be
used to match the beam for more beam inten-
sity at the target and at the same time for
a good momentum resolving power at the de-
tecting plane. Therefore a magnetic analy-
sing system is needed in the beam line to
produce the appropriate dispersion to be
matched with the dispersion of the spectro~

meter.

4.1 First Order Design Procedure

We display equation (1) for the hori-
zontal displacement x for trajectories at
the detection plane of the spectrometer

X = X, (sqq byy T = 546 byy K)
* 05 (899 gy T = s44 byy K) (10)
+ 92 (512 + S16 K)
+ 8 (s b T - b K + s c)

o ‘¥11 P12 S16 Y26 16

To optimize the combined system consis-
ting of beam line and spectrometer, the
coefficients at 8o, 62 and 8, should be
zeroed. A way to eliminate the factors at
8, and 8, is the kinematic displacement of
the focus at the target and at the detec-
tion plane of the sgpectrometer, respective-
ly. The elimination of the coefficient at
SIS is done by dispersion matching. If the
coefficients at 86, 6> and §o vanish, we
call the coefficient at x, the overall mag-
nification Msy - The momentum resolving
power of the combined system is to first
order then given by

Ry = 546/2Moy - Xo- (11)

Before we again apply a calculation aid ma-
trix M, we make sure that the coefficient
at 6, is zeroed. If the dispersion at the
detection plane shall not be changed and
the vertical imaging in the spectrometer
shall not be deteriorated, a pair of quadru-
poles in front of the bending magnets of
the spectrometer should be available. If
after this the matrix M is inserted with
mq1=T, my5=0, mgpy=-K and mg =C, all other
mj 5§ corresponding to the unity matrix, the
vanishing of the coefficients at 6, and ¢
is equivalent to the vanishing of the
coefficient Ry and Rqg in the product ma-
trix R.

o

4.2 Matching Design at JULIC

The beam line to the spectrometer in-
cludes a double monochromatord) (see fig.5).
To fulfill the condition of high transmis-
sion between cyclotron and target, only its
preferable single achromatic mode operation
is considered. The spectrograph "Big Karl"?),
a high despersion, large solid angle magne-
tic spectrometer of the type QQDDQ is in
progress. The specifications of the cyclo-
tron and the spectrograph, important for
the matching design, are summarized in ta-
ble 1.

Table 1: Important specifications of
cyclotron and spectrograph

CYCLOTRON EX = ey = 20 mm mrad

SFWwHM = 1.5/1000

S1 = 17 cm/% Q@ = 5 msr
—20€6,€20 mrad, -60%¢$,%£60 mrad

SPECTRO-
GRAPH
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Lay out of beam line and spec-
trograph at JULIC

Limits in the design, especially due to the
present cyclotron beam qualities, arose
from the fact, that the horizontal beam
size at the end of the beam line and at the
target becomes larger for larger K-values.
A large horizontal beam size requires cost-
ly large quadrupole apertures, restricts
the scattering at forward and backward
angles and makes the higher order correc-
tion more difficult. Fig. 6 shows a chart
of beam envelopes for K-values up to 0.3,
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Figure 6: Chart of beam envelopes for K-val-
ues up to 0.3
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the target being positioned either for
transmission (T=1) or reflection (T=-1) of
the outgoing particles. K=0.3 corresponds
for instance to reactions like 12C(a,a)12c
at 90° or 7Li(d,a)%He at 450. In the Jiilich
case the overall magnification stays at

Mgy = 1.57, independent of the K-value. The
first order resolving power is therefore
given by Ry = 17000/3.14 x4 for all K-val-
ues. The present horizontal cyclotron emit-
tance only allows a waist image at the slit
AS11 of x5 = 1 mm, which in turn determines
the momentum resolving power of the combined
system for 100 % transmission between cyclo-
tron and target.

Ray tracing calculations have been
performed with the modified program TURTLE,
and appropriate second and third order cor-
rection has been investigated for several
K-values. The results of the optimized line
widths (s. fig. 7) stayed the same for

©

10 mm

Figure 7: Line forms at the detection plane
applying no, second and up to
third order correction for K=0.1,
respectively
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different K-values. Therefore the curve in
figure 8, calculated for K = 0.1, repre-
sents the resolving power versus the trans-
mission for all considered K-values.
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Figure 8: Momentum resolving power versus
transmission calculated for
K=0.1, the dotted line represen-
ting Rq of equation (11)

5. Conclusion

Since from the previous chapter it is
clear, that an improvement of the cyclotron
beam quality directly will pay off with
respect to the performance of the combined
system beam line/spectrograph, an appro-
priate program is in preparation. A remar-
kable change of the beam quality is espe-
cially expected from the modification of
the center region at JULIC, which is des-
cribed in another paper of this confe~
renceb
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