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A description is given of the methods and techniques employed for the
calibration of the 90° analyzing magnet coupled to the tandem Pelletron

accelerator of the University of S&o Paulo.

€ dada uma descricdo dos métodos e técnicas utilizados para a calibra-

gao do ima analisador de 90° acoplado ao acelerador tandem Pelletron da

Universidade de Sao Paulo.

1. INTRODUCTION

The installation of the University of Sao Paulo Pelletron accelera-
ter' was completed in 1972. This article describes the calibration pro-
cedures for the 90° analyzing magnet® (ME-200), which defines and con-

trols the energy of the accelerator beam (Fig.1).

As in most laboratories, the facilities at the University of Sdo Paulo
do not include a system for the absolute measurement of the beam energy,
and the normal procedure is to rely on the parameters associated with

the analyzing magnet itself.

t Postal address: Caixa Postal 20516, 01000-Sdo Paulo SP.

* Constructed by Varian Corporation, USA .

413



ION

SOURCE '\ELOC!TY SELECTOR

|"STRIPPER"
CORONA 1
-V tv
v 8-UD
~
h ~
~ - ~ -
~ 1
~

~

~ |

~ |

~

~_

N

g ME -200 !

EXPERIMENTAL 30" W runrarinin !
AREA } oROB {
A S o 0 o |
CONCRETE SHIELD iCONTROL , FLUXMETER
SLITS \ }

AR A i

AN \A i

e D A e e e N

i

MASTER
CONTROL

Fig.1 - Schernatics of the University of Sac Paulo Pelletron accelerator

systern. A layout of the bearn energy control system is also
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2. CALIBRATION PROCEDURE

The energy of an ion of mass M, charge state Z traversing a uniform

magnetic field, is given by the relativistic expression

E = Mc? [ﬁ | 2% )]/2- 1 ] (1

(Mc?)

where the calibration constant, k, depends essentially on the magnet
geometry and type of apparatus used for measuring the magnetic field.
The field strength is directly proportional to the frequency, T, of the
nuclear magnetic resonance (NMR) induced in a sample of protons (0.5cm®
of water) positioned well inside the pole edges, close to the trajecto-

ry traversed by the beam.

The constant K can, in principle, be calculated for the given magnet
geometry, but due to the progressive saturation of the pole pieces, a
small dependence with the applied field is observed, which cannot be
taken into account in the calculations. A good calibration procedure
requires direct measurements of the constant k in the largest possible
domain of magnet operation. This is acomplished by reproducing some
strongly energy dependent feature of a nuclear reaction, such as the
threshold for a (p,n) reaction, which is known to occur at a well esta-
blished energy. This feature will be observed at its characteristic
NMR frequency and the calibration constant can be calculated from

= —M-Et—h 1+ -E—t—h—- ) (2)

2252 2Me?

k

where Eth is its energy standard.

Neutron thresholds are favored as energy standards for calibration due
to the high accuracy with which threshold energies can be measured, re-
lative ease of reproduction and analysis of data. The observed yield
of the reaction, near threshold, is proportional to (E_Eth)3/2 (Ref.2),
and hence a plot of (yield-background)2/3vs. energy of the beam is a

straight line which intersects the energy axis at threshold.
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8. ENERGY STANDARDS

A compilation of the most reliable energy standards for calibration is
given by J. B. Mariond. However, the experience of the past decade has
shown that many of these standards have to be updated in ordertoobtain
the desired coherence in the resulting calibration curves. The following

set was adopted in our laboratory:

a) '°F(p,n)'°Ne - The energy standard is By = 4 2343 * .8 keV (Ref.3),
an average of two independent and absolute measurements performed with

magnetic spectrographs®’>,

b) '2C(a,n)'%0 - The value E, = 11 346.3 B 1.7 keV (Ref.3) was based
on the 1964 mass tables®. Recently, the mass of 150 has been remeasured
by Shamu et.al.? by means of the *°N(p,n)?50 reaction, resulting in the
new energy standard of Eth = 11 340.8 £ .9 keV.

c) 27A1(p,n)27Si - Marion recommends an average of two independent mea-

surements /

5 7945 m 2.4 keV absolute® ,

5 8029 m 3.8 keV relative to ThCa (Ref.9).

In spite of its relative nature, it was found that the latter value is

10511

more consistent with other standards This has been verified also

in the present work.

d) D(1®0,n)!7F - No absolute measurement of the threshold energy for
this reaction exists. It can be calculated from an absolute measurement
for the threshold for the *®0(d,n)'7F reaction, 1 829.2 *.6 keV (Ref.12):

M -g/20%
E h(“*o,n) = (189.2+ .6) | 2——— | = 14521 + 5 keV ,
t Md—Q/202

where Mo, Md are the atomic masses of oxygen and deuterium and Q is the

Q-value for the D(*®0,n)17F reaction?®.
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When the reaction is initiated with a particular charge state of the 16g
ion, the electrons attached to the nucleus will carry a significant
amount of kinetic energy. Therefore, the energies defined by the magnet,
at threshold, will be different for different charge states. They are

calculated from

11ry=l
E,, (magnet) = (14 521 ¢ 5) (1 7) keV,

where m is the electron mass, and n the number of electrons carried by

the nucleus. The results are shown in Table |I.

TABLE |
CHARGE STATE THRESHOLD ENERGY ELECTRON SHARE
(keV) (keV)
y* 14 523.0 £ 5 2.0
+
14 523.5 £ & 2.5

4. (i) CHAMBER AND TARGETS

Figure 2 shows the scattering chamber used with solid targets. The beam
enters from the right after being focused by a quadrupole lens and it
is colimated by two slits placed 23cm apart. The target is positioned
at left. Secondary electrons are kept in this region by the combined
effect of a voltage bias and a magnetic supressor. The system is pumped
by a turbo-molecular unit and pressures of the order of 1077 torr were

attained during experiments.

Slight modifications were introduced in order to make feasible the cons-
truction of ice targets for the D(I,GO,n)”F reactions (Fig.3). A needle
valve was installed, through which a small quantity of heavy water (DZO)
is introduced in the chamber and vaporized in a heated metallic surface.
The vapor is allowed to diffuse throughout the chamber while the pum-

ping speed is reduced by partially closing the valve which connects the
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Fig.2 = Scattering chamber used for rneasuring the neutron yield frorn

solid targets.
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Fig.4 - Top view of slow neutron counter. The paraffin moderator defi-
nes the maximum energy above threshold useful for the search of the

threshold frequencies.
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Fig.3 - Modified scattering charnber and long counter geometry for the
D(1%0,n) 7F reactions: Heavy water {D,0) is introduced through the
valve and vaporizes on a copper surface heated by the soldering rod. It

condenses on a copper surface cooled by a liquid nitrogen circulator.
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Fig.5 - Half angle opening of the neutron cone as a function of incident

energy for the '*F(p,n)!%Ne reaction.
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Fig.6 - Least squares fit to the experimental points as a function of

NMR frequency (two-thirds power retation) for the *°F(p,n)*°Ne reaction.
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chamber to the turbo-molecular pump. All metallic parts are heated to
avoid condensation, except the copper surface at left which is maintai-
ned at liquid nitrogen temperature. Ice layers of an estimated thick-

ness of 1 mm were obtained by this procedure.

4. (ii) DETECTORS

Neutrons were detected with two standard BF3 gas filled proportional
counters. The counter ratio method'* was used to locate the thresholds.
However, due to the relatively low yield of fast neutrons, in (p,n) and
(a,n) reactions, the fast neutron detector was used only as a monitor
during the actual measurements. The slow neutron yields, after subtrac-
tion of the background contributions, were fitted to the two-thirds
power law with the aid of a least squares fitting program to obtain the
threshold frequencies. in the case of 16y induced reactions, the slow
neutron detector served the purpose of a monitor and the threshold fre-

quencies were obtained from the fast detector data.

Figure 4 presents the top view of the slow counter. To enhance the
sensitivity of this detector to the slow (keV) neutrons produced near
threshold, the BF, counter was surrounded with a thin (1/2 inch) pa-
raffin cylinder. This geometry , however, limits the energy range in
which the two-thirds power law is applicable. Neutrons produced near
threshold are contained in the interior of a cone of half-angle given
by

8 =sin”

1 MzMu . E - E¢p ]1/2

T = (3)

Figure 5 shows this angle, as a function of incident energy, for the
19F(p,n)1°Ne reaction. The sensitive region was estimated to subtend a
half angle of § = 40° at the target, and Eq.3 determines that only ex-
perimental points, up to 5 keV above threshold, can be expected to obey
the two-thirds power law. in the case of the b(!%0,n)!7F reaction, due
to the fact that the energy of the center of mass motion is large, ex-

pression 3 results in a slow opening of the cone as a function of inci-
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Fig.7 - The same as Fig. 6 for the *’Al(p,n)27Si reaction.
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Fig.8 - The same as Fig. 6 for the '2C(a,n)'%0 reaction.

422

t(MHZ)




(Y_ BG)Z/S

1O D('0,n) F {

4+chcrge state /

/I
S i
3
O 18400 18450 18500
f(kHz)

Fig.9 - The same as Fig. 6 for the D(¢0*™,n)17F reaction.

t p(*éo,n) TF
o oacb 3¥CHARGE STA-
5.0 //} TE
%
I/
I/
}/

o L/ .

24550 24600 f(kHz)

Fig.10 - The same as Fig. 6 fo’the D(*¢0%*,n)17F reaction.
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dent energy. At 100 keV above threshold, theopening is only 14° and

the extrapolation range was not limited by the detector geometry.

5. RESULTS

Figures 6 to 10 show the least-squares fits to the experimental points
on the 2/3 power plot. The threshold frequencies thus obtained and the
energy standards are shown in Table 2 along with the calibration cons~
tants calculated from Eq. 2. Figure 11 shows the values of K as func-
tion of NVR frequency (proportional to the magnetic field), where the
expected dependence of the calibration constant on the applied field is

clearly observed.

This dependence may be explained as follows: as soon as current is
supplied to the coils, the entrance and exit faces of the magnet begin
to saturate due to the sharp field boundaries. As the current is in-
creased, the saturated region extends inward and it is necessary to
maintain a higher field in the center, to obtain the necessary average
field along the particle trajectory for the particular energy. The NWR
probe is positioned at the center of the beam trajectory, and therefore
measures this higher field. This results in higher threshold frequen-
cies and, as can be seen from Egq. 2, smaller calibration constants. The
design of contoured pole edgesls, as in our magnet, has minimized but

not completely eliminated this effect.

The dependence of k, on the NMR frequency, could be represented by the

linear relationship.

k = (43.042-0.0104 £) x 1072 MeV u/MHz2.
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