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A method is described for the calibration of analyzing-magnet systems of heavy-ion accelerators . It makes use of resonances in
inverse (p, ay) reactions, i.e. with heavy-ion beams on hydrogen targets. Instead of a gas target we use the very thin hydrogen-con-
taining surface layer on a gold foil, which makes the method very simple and applicable to almost any accelerator. The use of
different charge states of the heavy-ion beam for the measurement of the same resonance provides internal consistency checks and
makes it possible to cover a large energy range . The various contributions to the observed widths of the resonances used are briefly
discussed . The resulting magnet calibration factor shows a linear decrease of about 0:2`1; over the range of 10-35 MeV equivalent
proton energy. This calibration is used to determine an accurate energy, EP = (429.88f 0.14) keV, for the well known narrow
resonance in the reaction 15N(p, ay )12 C.

1. Introduction

During the last few years a remarkable revival has
taken place of the interest in the 15N(p, ai')12C reso-
nance at Ep =429 keV and its equivalent in the inverse
reaction H( N, ay)12C at E(15N) =6.4 MeV. The
latter reaction is used for hydrogen profiling of solid
materials [1-6], but also the nuclear resonance itself has
been investigated in detail [6-9]. The most remarkable
result is the new value for the resonance width. The
1982 review on the properties of A =16 nuclei [10] gives
a value equivalent to T=13 keV (without error) in the
inverse reaction, but at least three independent recent
experiments yield values almost an order of magnitude
smaller: T= (1 .9 ± 0.2) keV [6], (1 .8 ± 0.5) keV [7], and
(1.55 f 0.17) keV [8] . The last of these values is adopted
in the most recent review [11] . This small width makes
the resonance suitable for the investigation of other
quantities such as the beam energy resolution and the
contribution of the Doppler effect to the observed total
width [9,12,13].

This paper discusses some of these effects, but con-
centrates on an accurate measurement of the resonance
energy and on a simple but precise calibration method
for analyzing-magnet systems of heavy-ion accelerators .
The resonance energy is quoted in both the old and the
new review with a relatively large error (EP = (429 ± 1)
keV) and has received very little attention in the recent
work mentioned above.

Accelerator energy calibration based on nuclear res-
onances has been described before [14-16]. For proton
energies above 4 MeV (p, n) threshold measurements
are most frequently used [15,17-19] . Our method, which
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uses this narrow ( 15 N + 1 H) and similar resonances,
each with different charge states of the heavy-ion beam,
and a very thin hydrocarbon contamination layer, well
known from the profiling applications, as target, covers
a wide energy range and is powerful because it provides
internal consistency checks.

In sect . 2 some attention is paid to the conversion
from the "classical" proton-capture reaction to the in-
verse reaction with a heavy-ion beam on a hydrogen
target . Because of the high precision that can be achieved
in this type of measurements the conversion should be
handled with some care . Sect . 3 describes the experi-
mental method, and sect . 4 presents the results on the
resonance parameters and a discussion of the calibra-
tion method .

2. The inverse reaction

In laboratory situations A and B (see fig. 1) the
energies available in the center of mass, ECA. and E.B.
are relativistically given by
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Fig. 1 . The classical proton-beam system and the inverse
reaction .

The condition Em = Em=Edm leads to the relation
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where S and ri are defined by

(1 -
S)
= Mton + mH

	

(4a)

(1+~)- 1 +Edm/(2(Mtó .+ +mH)c2)
(4b)

1 +Edm/(2(Mat+mp)c 2 )

Neglect of the binding energies of the stripped electrons
gives mp = m H - me and Mon =Mat - qm e with me
the electron mass . Eqs. (4a) and (4b) then result in

The nonrestrictive limitations M,on > 4 amu, q < 10,
and EP < 5 MeV result in S < 10-3 and q < 0.5 X 10 -6 .
The relativistic correction rl is therefore negligible and,
assuming q = 0, the ratio E,on/Ep is calculated from eq .
(4) with an accuracy better than 1 ppm. This ratio
depends via S very weakly on the charge state of the
moving ion.

3. Experiment

3.1 . Setup

Beams of 15 N and 19F with E=6-17 MeV and
charge states 2 +-5 + were obtained with a gas stripper
from the Utrecht EN tandem. This accelerator has a
double-focussing 90 ° analyzing magnet with a radius of
curvature p= 1 m. For the measurements described
here the slits at the object and image points of the
magnet were set at a width s =1 mm each and the slit
currents were used as input to the stabilization system
[20] . The well known formula for the resolution of an
analyzing magnet, AE = Es/(2 p), then leads to a beam
energy spread limited to 0.05% . From the observed
relation between the beam current and the slit width the
actual beam energy spread was found to be (75 ± 15)%
of this limiting value.
A schematic view of the target setup is given in fig .

2. The hydrogen-containing target was built up in-beam
on a flat, 25 p.m thick, Au foil, positioned in the small
target chamber at an angle 0 =45 ° to the beam direc-
tion . To avoid disturbance of the measurement of the
accumulated beam charge by secondary electrons, the
beam current was integrated both at the target and at
the surrounding insulated chamber.

Beam currents varied, depending on the beam ion
and its charge state, from 20 to 100 nA (electrical)
during the scans of the resonances and up to 230 nA
during the buildup of the target (see sect . 3 .2) .
Two diaphragms were included in the setup. The

first (with a diameter of 2 mm) collimated the beam .
The second (diameter 2.5 mm) stopped beam ions
scattered from the first diaphragm and, since it was
kept at a constant potential of -170 V, formed a
barrier for secondary electrons to enter or leave the
target chamber, which would have disturbed the beam
current measurement.
A liquid-nitrogen cooling trap was included just

before the diaphragms, reducing the pressure in the
target chamber to about 10 -4 Pa (7 X 10-7 Torr).

The emitted y-rays were detected in a 12 .7 cm diam-
eter Nal detector positioned at an angle 0 = 90 ° to the

Fig. 2 . Schematic view of the target setup.



beam direction at a distance D = 2 cm from the target
spot . The NaI detector was shielded from the target
with a 2 mm Pb foil to suppress X-rays and low-energy
y-rays .

3.2 . Measuring procedure

3.2 .1 . Target stability
The target used was the hydrogen-containing con-

tamination layer formed under beam impact on a clean
Au foil in a 10 -4 Pa vacuum . The stability of this layer
is illustrated in fig. 3, which shows the 6.13-8.87 MeV
-y-ray yield from the reaction 1H( 19F, ay)160 at the
resonance energy E( 19F) = 16.44 MeV as a function of
the accumulated dose of 19 F ions . This measurement
was performed with a beam current of 230 nA 19 F3 +

which means that the horizontal range displayed in fig.
3 corresponds to about one hour measuring time .

The very fast decrease at low dose is ascribed to the
escape of water, the slow buildup to deposition of
hydrocarbons originating from oil out of the vacuum
pumps. From fig. 3 it is clear that already after a short
time the layer becomes sufficiently stable to be used as
a thin hydrogen target . The thickness at which the layer
stabilizes has been reported to depend on the vacuum
conditions [21] .

3.2 .2 . Target thickness
The total observed width of a resonance yield curve

is the quadratic sum of the intrinsic resonance width,
the target thickness, the Doppler contribution due to
the motion of the target atoms, and the energy resolu-
tion of the beam . This statement is strictly valid only if
the various contributions to the observed width are all
of Gaussian form. The Doppler contribution is indeed a
Gaussian, the beam profile has a form between a Gaus-
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Fig. 3 . Buildup of the hydrogen-containing surface layer as a
function of the accumulated dose of 19F ions.
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sian and a block, the target is assumed to have a block
profile, and the resonance itself has a Lorentz shape.
Hence care should be taken at this point. For amixture
of Gaussian and block profiles, the quadratic sum is a
good approximation, provided that the total width of
the block-form contribution is smaller than the sum of
the widths of the Gaussian components. This condition
is fulfilled for the measurements described here . How-
ever, for curves of Lorentzian shape a linear addition
should be used . Whiting has reported a solution for the
mixed case of a Gaussian and a Lorentzian contribution
[22] :

_

	

\z
FLorentz - robserved - Mauss) /robserved -

Fig. 4 displays two measurements of the 'IN reso-
nance at E( 15N2+)= 6.4 MeV where the angle between
the beam direction and the target surfaces was 90 ° and
(22 ± 4)° respectively . The only difference between
these two measurements is a factor cos 68 ° in the target
thickness. This measurement provided two values for
the target thickness : d=(2.5 f 0.8) keV from the shift
in the energy with maximum yield, and d= (3 .7 ± 0.9)
keV from the difference in observed width, according to
the quadratic addition mentioned above. The adopted
weighted average, d=(3 .0 ±0.6) keV, leads to an actual
contribution of rtarget = (4.3 ±0.8) keV in the further
measurements, where the target was placed at an angle
of 45° . With Ziegler's stopping powers [23] and the
assumption that the composition of the layer is (CH,),,
this value corresponds to a thickness of almost 0.4
l, g/cmz.

3.2.3. Resonance curves
Resonance curves were taken by measuring the yield
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Fig. 4. Yield curves for the 1H(15N, ay)12C resonance at
E( 15 N2+ ) =6.4 MeV that were used for the determination of
the thickness of the surface layer . The angle between the beam
direction and the target surface was 90' (x) and 22* (0)

respectively.
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Fig. 5 . Yield curves for the 1 H( 15N, ay) 12C resonance at
E( 15N3+ ) = 6.4 MeV, measured with increasing (black dots)

and decreasing (open circles) magnetic field strength .

of the 4.43 MeV (for the 15N resonances) and 6.13-8.87
MeV (for 19F) y-rays versus the field strength of the
analyzing magnet. The magnetic field is determined
with a nuclear magnetic resonance (NMR) probe and
hence is given in terms of the NMR frequency f.

The resonance curves used for the determination of
the resonance parameters were measured twice: once
with increasing magnetic field strength (and hence in-
creasing energy) and directly afterwards once again with
decreasing field. This method provided a way to control
effects of hysteresis and a second check on the stability
of the target layer during the actual measurement.
Examples of the measured resonance curves are dis-
played in figs . 5 and 6. The two frequencies thus ob-
tained were generally found to agree within the errors
and the weighted average was used .

0

4

E( 19 F 3 ')=6 .4 MeV

1 H( 19 F,aY)160

22 .0 22 .1 22 .2 22 .3 22 .4

NMR - Frequency of Analyzing Magnet [MHz]

Fig. 6 . Yield curves for the 1 H( 19 F, ay) 16 0 resonance at
E( 19F3+ )= 6 .4 MeV, measured with increasing (black dots)

and decreasing (open circles) magnetic field strength .
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The complete final series of measurements used for
the calibration was performed within one week . Several
of the resonances, especially the narrow one at E(15N)
= 6.4 MeV, however, were measured repeatedly with
consistent results .

4. Results and discussion

4.1 . Resonance widths

The different contributions to the widths of the
observed resonances are presented in table 1. All num-
bers are full widths at half maximum (fwhm). The
observed widths are the weighted averages of the values
obtained for each charge state used (see table 2) . As
described in sect . 3 .2.2, the width due to the target
thickness was measured for the narrow E(15N) = 6.4
MeV resonance; the values for the other resonances
were calculated from this value with Ziegler's stopping
powers [23] under the assumption that the composition
of the layer is (CHz)� . Since only ratios of two stopping
power values are used in this calculation, the results are
fairly independent of the absolute values given by Zie-
gler . Changing the target composition into (CH4) � would
affect the calculated values of the target thickness by
less than 5%, whereas the experimental error is 20% .
The energy resolution of the beam is calculated as
described in sect. 3.1 . The Doppler contributions are
calculated from the fit to the experimental results given
by Zinke-Allmang and Kalbitzer [13] .

For all contributions except the intrinsic width,
quadratic addition was used, as described in sect. 3.2 .2 .
The intrinsic Lorentz widths were calculated with eq .
(7) . To enable comparison with the literature values
[10,11,24], they were converted to the widths in the
proton-beam system .

Although the present measurement did not primarily
aim at accurate values for the resonance widths, the
accuracy obtained warrants a comparison with litera-
ture data . The last two columns of table 1 indicate good
agreement, except for the E(p) = 897 keV resonance,
where the present result is somewhat smaller. For the
E(p) = 429 keV resonance one could hardly expect good
accuracy from the present method, since the intrinsic
width is only a very small fraction of the observed
width.

4.2. Energy calibration

The resonances used in the energy calibration are
shown in table 2. The proton resonance energies are
from Ajzenberg's reviews [10,11,24] . The heavy-ion reso-
nance energies were calculated from these data with eq .
(4)-(6) (see sect . 2) and the atomic masses from Wapstra
and Audi [25] . Half of the target width was added to the

4 1H (15 NIaY)12C

T 1500 E( 15 N 3 ')=6 4 MeV
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Table 1
Contributions to the observed widths of the four resonances a)

a) All energies and widths are in keV.

	

b) From refs . [11,24].

heavy-ion resonance energies to find the observed en-
ergies with maximum y-ray yield . It should be noted
that the other contributions to the observed width (as
discussed in sect . 4.1) do not influence the calibration .

The results of the calibration of the analyzing mag-
net are displayed in fig. 7, which shows the calibration
factor k as a function of the so-called "equivalent
proton energy" EP". These quantities are defined by
the relation

Q
kf2 =M,on

+
Eion

	

1 +

	

ttií4

E,.

Cj
2

	

(	2 ton C2

(1

	

Eeqw

=mpEp'+ p 2
1` 2mpc

The equivalent proton energy Ep°`, the energy a
proton should have to follow the same track through the
magnet as the heavy ion, is independent of the charge
state and mass of the heavy ion and is thus a direct
measure for the magnetic field. The range EPui = 10-35

Table 2
Data on the resonances used in the magnet calibration

p induced

	

H.I . induced
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MeV displayed in fig. 7 corresponds to a magnetic field
range of about 0.45-0.85 T.

The line drawn in fig . 7 is a fit to the seven points
with small errors . The two points from the E(15N) = 6.4
MeV resonance were not included . These points would
anyhow hardly influence the fit because of their large
errors, which are caused by the large error in the proton
resonance energy (see table 2) . The line is described by

k[keV amu/MHz2 ]

	

= (27 .5906 ±0 .0031)

-(2.40±0.12) X 10-3Ee°'[MeV] .

The points are very well described by this line (X2
=

0.2), but are clearly inconsistent with a constant magnet
calibration factor (X2 = 13).

4.3. Energy of the narrow resonance in 1sN + 1H

From the measured NMR frequencies at maximum
y-ray yield and the relation between the equivalent
proton energy and the magnet calibration factor, new
accurate values were calculated for the energy of the

95

E_ a)
[keV]

19WH, ay)16o

Charge state

IH(19F, ay)16o

E_
[keV]

Shift due to
target thickness
[keV]

Frequency at
maximum y-ray
yield [kHz]

"Equivalent
proton energy" b)
[MeV]

872.11±0.20 3 16439.2±3.8 2.6+0.5 35528.7±1 .3 34.46
4 16438.7± 3 .8 26628 .7 ±0.6 19.38
5 16438.2± 3.8 21295.1±1.0 12.40

340.46 ±0.04 2 6417 .8 ± 0.8 2.9± 0.6 33293 .3 ± 1 .0 30.28
3 6417.6 ±0.8 22179.8±1 .1 13 .46

15N(1H ay)12C 1H(15N, ay)
12C

897.37±0.29 3 13355 .2 4 .3 1.8±0.4 28437.0± 0.7 22.10
4 13354 .8 ± 4.3 21319.6±0.5 12 .43

429 ± 1 2 6385 ± 15 2.1±0.4 29521.9± 0.6 23.78
3 6385 + 15 19676.2+ 0.3 10.57

a) From refs. [11,24]. b) See text .

Tpoppter (H.L) rmtnnsic(H.I.) rmtri_c(P)
present

rmtnns.(P)
literature b)

21.7+0.3 87.2±3 .0 4.63±0.16 4.7 ±0.2
13.6±0.2 48.8±2 .8 2.59±0.15 2.4 ±0.2
17.4±0.3 21.0±1 .3 1.41±0.09 1 .70 ±0.l5
12.0±0.2 1.1±1 .3 0.07±0.09 0.103±0.011

Ion E«, (p) b robservul(H . L) rta,et(H.I.) rb~(H.L)

19 17 872 .11 93.0± 2.8 5.2±1.0 6 .2 ±1.2
19 17 340 .46 53.0±2.6 5.8±1.2 2.4±0 .5
15 N 897 .37 31.7±0.9 3.6±0.7 5.0±1 .0
15 N 429 13.5±0.6 4.2±0.8 2.4±0 .5
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Fig. 7 . Results for the magnet calibration factor (see text).

Table 3
Energy of the narrow t5N resonance (in keV)
15N(IH, ay)12C

	

'H(1-5N, ay) 12c
ref. [111

	

present

	

calculated from present result

429 ± 1

	

429.88 ±0.14

	

6398.0 f 2.1 for charge state 2 +
6397 .8 f 2.1 for charge state 3 +

EP= 429 keV [111 resonance in 15N(p, ay )12C. The
weighted average, calculated after conversion to the
proton beam system, and the resulting resonance en-
ergies with a 15N beam (for two charge states) are given
in table 3.

To check the dependence of these values on the
measured value of the target width, the calculation of
the fit for the magnet calibration factor k as a function
of the equivalent proton energy and the subsequent
calculation of the resonance energies were repeated
assuming the target width to be zero and twice the
adopted value as described in sect . 3.2 .2 . The deviations
thus found in the final value for the resonance energy
were less than 209 of the error in this value. Hence, this
result is not sensitive to the somewhat uncertain esti-
mate of the target thickness .

5. Conclusion

A simple, fast, and accurate method is described for
the calibration of analyzing-magnet systems of heavy-ion
accelerators over a large energy range. It uses a mere
gold foil as target and a standard Nal detector . The
whole procedure can be accomplished within a few
days, and the precision is limited mainly by the accu-
racy of the resonance energies used . Moreover, the
method provides internal checks, since measurements of
the same resonance with different charge states should
yield consistent results .

E.J. Evers et al. / Energy calibration of heavy-ion beams

The use of the accurate energy calibration in the
determination of resonance energies is illustrated .
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