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Abstract 

The energy calibration of the 14UD Pclletron accelerator 

at the Australian National University has been determined, with 

an accuracy better than 0.1%, up to 64 MeV equivalent proton 

energy using a simple alpha-particle back-scattering technique. 

From the observed width of the 14.2 MeV resonance in the 
, 2C(p,o ) 9B reaction, the energy spread AE/E of the anlaysed 

beam was measured as (1.7 ± 0.3) * lO"* at a terminal 

potential of 7.1 MV. 
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1. INTRODUCTION 

The A.N.U. 14UD I'clletron accelerator has been described in detail 

by Ophcl ct al. . The beam from the accelerator is analysed by a 

product-200 doubic-focusing 90* magnet with radius of curvature 1270 nun. 

This rcj)ort describes the energy calibration of the analysing magnet, 

measurements of its differential hysteresis, and measurements of the energy 

spread of the analysed beam. 

The most commonly used technique for the energy calibration of tandem 

Van dc Craaff accelerators is the measurement J neutron threshold energies. 

2) 
Shamu ct al. ' have used this rethod up to 44 McV equivalent proton energy 

by means of the l 2C(a,n-) , 50 reaction. Calibration points up to 59 MeV 

equivalent proton energy may be obtained using the 2ll(''*0pi)I7F reaction 

and oxygen ions in various charge states; however, as discussed by Shamu 

21 

ct al. , the use of this reaction involves a number of experimental diffi

culties. In the present work the analysing magnet has been calibrated up to 

64 McV equivalent proton energy, corresponding to the most magnetic»! ly rigid beams 

presently envisaged in the experimental program for the 14UD accelerator. 

The method adopted for calibration at high analysing magnet fields consists 

simply of comparing tï»c energies of alpha particles from a radioactive source 

with the energies of ''He projectiles hack-scattered into an annular counter 

by thin carbon and aluminium foils. 

2. ENERGY CALIBRATION 

The field of the 90" magnet is measured with a NMR fluxmetcr. The 

rclativistic relationship between the energy E of the particle analysed 

and the magnetic field B is given by the expression 

E - K B * (Z*/M) (l * - i ^ ) 



where Z is the effective charge of the particle, M is its »ass, and 

(I*:/̂ r ) is the ratio of its kinetic energy to rest mass energy. In 

the present work E is in McV, Z is in units of the electronic charge, and 

B is in Tcsla(T). "ihc »ass M, expressed in nuclidic mass units, is 

obtained by sjbtracting the mass of the appropriate numbci of electrons 

from the atomic mass, neglecting the electron binding energies. The 

"magnet constant" K nay be a weak function of the magnetic field because 

of saturation and fringing field effects. 

The magnet constant has been determined at fields corresponding to 

mass-energy products MÏ-/Z2 of 14.23, 32.86 and 63.72 (B » 0.4~>, 0.65 and 

0.90 T. respectively). The object and image slits were both set at full 

apertures of 0.76 mm in the dispersive plane. To minimize effects of 

differential hysteresis, the magnetic field vas recycled according to the 

following procedure before taking measurements. The magnet current was 

increased smoothly from zero to 200 A and then reduced to zero; this was 

done three times and then the field was increased to the required value 

without overshooting. All data were taken in the direction of increasing 

energy; if it was necessary to reduce energy, the field was recycled. 

Data were taken on two separate occasions: in November 1975 and in July 

1976. 

2.1 Calibration at ME/Z 2 » 14.23 (B = 0.43 T) 

This calibration point uses the resonance in , 2 C • p corresponding 

to the lowest T • 3/2 state in , 3N. The resonance energy is 14.23075 j 0.00020 

McV 4' 5 ), and the width of the resonance is 1.2 ± 0.2 kcV 6'. 

2.1.1 , 2C(p,p 0)
, 2C 

The resonance was measured at backward angles using a 1000 vm thick 

annular counter locûvcd at 51 mm from the target nt n mean angle of 



F **• t^ffifäß**- l 
172.6*. The target was a self-supporting carbon foil of thickness 

IS ug en , corresponding to about 0.5 kcV for 14.2 MeV protons. 

Results obtained arc shown in fig. 1.- The resonant field i s taken as 

0.45003 i 0.00001 T, Khicb^rcrrcsponds to K = 78.104 • 0.004. The error 

quoted corresponds only to the uncertainty in assessing the resonant 

field fro» the data shown. 

2.1.2 , 2 C(p,c 0 )9B 

It has been shown that at 40* this resonance has an approximately 

Brcit-Kigncr shape . Alpha particles were detected at 40* with i 40 urn 

surface-barrier detector. Targets consisted of thin self-supporting carbon 

foils («v IS pf. cm ) with a thin layer of gold (-» 1 ug cm ) évapora. ?d 

onto one surface. The carbon thickness was determined by comparing the 

energies of , 6 0 ions (beam energy typically 42.5 McV) scattered into an 

annular counter from the gold layer when the gold was successively upstream 

and downstream, the gain stability of the electronics being monitoreJ with 

a precision puiser. The excitation functions and the resulting values of 

the magnet constant K arc shown in fig. 2. 

2.2 Calibration at MI-/Z2 » 32.86 (B » 0.65 T) 

This calibration point was obtained by comparing the energies of *Mlc 

ions scattered from 1 2 C with the energies of alpha particles from 

n thin 2 1 2 P b radioactive source deposited on a polished stainless steel 

backing. Particles were detected in a 200 um thick annular counter which 

was located 51 mm from the target at a mean detection angle of 172.6* 

relative to the beam direction. The beam energy (approximately 32.86 McV) 

was adjusted so that the alpha particles populating the 4.439 MeV state 

of 1 2 C had approximately the same energy as the 6.06 McV doublet from the 

* m- J 
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source. Targets consisted of thin scIf-supporting carton foils of 

thickness about 15 iig cm" ; again a thin layer of gold was evaporated 

onto one surface and used in conjunction with the scattering of , 6 0 

ions to determine the thickness of the carbon. A series of spectra was 

taken alternating between beam and source, and gains were continuously 

monitored with a puiser. The beam current was held below SO nA to reduce 

gain shifts due to changes in count rate. Because the cross section for 

population of the 4.439 MeV state is high, the corresponding peak dominrtc* 

the spectrum (fig. 5), and data of adequate statistical accuracy could 

be o'taincd in runs of a few minutes duration. The source spectra took 

considerably longer (typically 20 minutes each). The energy of tne 

scattered alpha particles was determined from the diffcrcncejbetwcen the 

ccntroids of the scattered group and the source line. The mean energy of 

the doublet was taken as 6060.6 ±0.7 keV, calculated from the well known 

energies and relative intensities of its members (6.0496 MeV and 6.0839 
8) MeV with intensity ratio of 2.57 • 0.01 ). The dispersion of the spectrum 

was deduced from the separation between the doublet and the 8.7850 t 0.0008 
81 MeV group . Appropriate corrections were made for energy loss of particles 

in the target. The energy of scattered alpha particles thus determined was 

used to calculate the energy of the incident beam, which was then used in 

conjunction with the reading of the NMR fluxmctcr to calculate K. Values 

obtained were 78.06 + 0.03 (November 1975) and 78.09 t 0.03 (July 1976). 

The errors quoted allow for uncertainties in ccntroid dcterminations, in 

corrections for energy loss in the targets, and in reference energies, each 

of which contributes less than 1 keV uncertainty in the energy of the 

scattered particles. The effect of uncertainty in the scattering angle is 

also included; it should be noted that at the backward angles used, a very 

precise determination of scattering angle is not required, since the variation 

üf scattered particle energy with angle is small (in the present case, about 

10 keV per degree). Due to the axial symmetry of the detector about the 
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bcaa direction, the mean scattering angle i» relatively insensitive tu 

variations in the beam trajectory and to the position of the beam spot 

on the target. 

2.3 Calibration at MK/Z 2 « 63.72 (B * 0.90 T) 

The procedure used for this calibration point Mas similar to that of 

section 2.2, except that *IIc ions of about IS.9 MeV were scattered fron 
2 7 A 1 and the energy of clastically scattered particles w»s compared with 

the 8.785 McV group from 2 , 2 P b . Spectra are shown in fig. 4. In order to 

achieve an adequate singly-charged ''lie beim (y 50 nA), gas stripping was 

used in the accelerator terminal instead of the usual foil stripping; 

analysed beams of up to 200 nA can be obtained in this way when required. 

The targets consisted of Al (approximately 12 ug cm' 2) with a thin layer 

of 5 8Ni (approximately 1 ug cm" 2) evaporated onto one surface; the Al 

thickness was determined in a manner similar to that described for C in 

section 2.2 by scattering 42.5 McV , 6 0 ions from the Ni layer. In this 

case Ni was used rather than Au because of the well known tendency of 

Au to diffuse into Al, thus producing a poorly defined Au layer. The 

value obtained for K was 78.10 ± 0.03 (July 1976). 

2.4. Summary of K values 

The values obtained for K are summarised in {'.„. 5. There is no 

definite evidence for any variation in K as function of field up to 0.9 T, 
(about 0.06".) 

or as a function of time; the energy shifts of about + 0.05 in K/which 

are apparent in the 1 2C(p,o 0) 9B data (iig. 2) are therefore ascribed 

large y to variations in beam trajectory through the analysing magnet 

system. The mean of the K values shown in fig. 5 is 78.07 with a standard 



deviation of 0.04. 

3 . DIMIHtNTIAI. IIYSTI.Kl.Slfc— 

The differential hysteresis of the analysing magnet - W W system 

»cas checked several tines. A typical measurement was Made in the course 

of the calibration measurements with **C(a,a,),*C described in section 2.2. 

The bean energy used during these measurements was determined to be 

52,861 ± 4 kcV, where the quoted error corresponds to the peak centro'd 

uncertainties only. The analysing magnet current was then increased to 200 A 

and returned directly to the value corresponding to the same fluxmotcr 

reading as used during the calibration. The beam energy was then determined 

by comparison with alpha particles from the 2 , 2 P b source (as in section 

2.2} and found to be 32,805 • 4 kcV. This corresponds to a shift in energy 

of 56 kcV, or 0.17». The magnet was then recycled in the usual way, and the 

beam energy determined to be 32,863 ± 4 kcV, in good agreement with the 

original value. We conclude that if the 90" analysing magnet is not 

recycled before taking data, beam energies deduced Trout the NMR fluxmclcr 

reading may be in error by t 0.2%. The recycling procedure described in 

«cet ion 2 appears to be adc't.iatc. 

4. ENERGY SPRP.AD OP ANALYSED BEAM 

The beam energy spread was deduced from the , 2C(p,a ) 9B resonance 

data shown in fig. 2. The natural width of the resonance was assumed to 

be 1.2 • 0.2 kcV in the laboratory system '. Por data set A (November 

1975), the target thickness was 0.6 kcV, and the full width at half maximum 

of the resonance curve was estimated as 2.7 t 0.3 kcV; subtracting in 

quadrature gives a beam energy spread of 2.4 i 0.5 kcV. For data set B 



r~. 
(July 1976), the target thickness was 0.4 kcV, ant! the width of the curve 

was estinutted as 2.8 - 0.3 kcV, givirg a beam energy spread of 2.5 • 0.5 

kcV. Unfoi twiately, the accelerator performance was not particularly 

stable during either measurement, due in part to the relatively low 

terminal voltage used (7.1 MY), and it is conceivable that a measurement 

of the beam energy spread under more stable conditions n.ight give a 

smaller result. Nevertheless, the values obtained from the two measure

ments arc in good agreement. They correspond to a beam energy spread 

/l./L of (1.7 f 0.3) > lO-1' for M.2 MeV protons. 

5. CONCLUSION 

The backscattering technique described in this paper provides a 

relatively simple method for calibration of accelerators such as the 14IID 

I'el letron; the results obtained are consistent with those based on the 

T = 3/2 resonance in 1 ? C + p reactions. Although not described here, 

backscattering measurements on the A.N.U. model EN tandem give results 

consistent with (p,n) and (lfe0,n) threshold measurements. The calibration 

obtained for the 14UD Pelletron determines analysed beam energies to 

better than CI**, provided the analysing slits arc set sufficiently 

narrow and the magnet is recycled to minimise differential hysteresis. 

The calibration is linear for fields up to at least 0.9 T. The energy 

spread Al./l of the analysed beam was measured as (1.7 + 0.3) * lO"1' at 

a terminal potential of 7.1 MV. 
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FIGURE CAPTIONS 

Fig. 1. Resonance in 1 2C(p,p 0) 1 2C at 14.231 McV. The full curve is 

merely a guide to the eye. Data were taken in November 1975. 

Fig. 2. Resonance in I 2C(p,a 0) 9B at 14.231 McV. The full curves arc 

merely guides to the eye. 

Fig. 3 (a) Spectrum o** "Mlo particles backscattcrcd from a thin carbon 

target, 

(b) Spectrum of ""He particles from a 2 1 2 P b radioactive source, 

at the same gain as spectrim. (a). 

Fig. 4 (a) Spectrum of "Mlc particles backscattcrcd from a thin aluminium 

target, 

(b) Spectrum of **IIc particles from a 2 1 2 P b radioactive source, 

at the same gain as spectrum (n). 

Fig. S Summary of magnet constant determinations. 
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