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Abstract 

This analysis shows that radiation measurements 
conbined witi; a sophisticated simulation provides a 
simple but powerful tool for estimating beam 
temperat,dre in intense pulsed annular electron-beam 
accelerators. Specifically, the mean angle of 
incidence of R 60 kA, 7 MeV annular electron-beam at 
the beam stop of the MABE accelerator and the 
transverse beam temperature are determined. The 
angle is extracted by comparing dose profiles 
measured dowr.stream of the stop with that expected 
from a sim,dlation of the electron/photon transport in 
the stop. By calculating and removing the effect or. 
the trajectories due to the change in electric field 
near the stop, the beam temperature is determined. 
Such measurements help give insignt to beam 
generation and propagation within the accelerator. 

[Adler Miller) model.5 Comparison of the mean polar- 
angle inferred from the radiation measurements with 
that expected for the P/R effect enables us t3 set a 
limit on the mean transverse-velocity of the beam at 
the targer;. Such motion imparts cyclotron rotation 
on the beam elec’,rons, which also alters their angle. 
This type of motion may be introduced at Lhe diode 
injector or in the downstream accelerating gaps. 

Ir.troduct ion - 

FABE (Megamp Accelerator and Beam Experiment), 
shown schematically in Fig. 1, is a multistage linear 
electron accelera’or. MABE uses a foilless diode 
immersed in a 20 kG magnetic field to generat? a 
pulsed 50 kA annular electron-beam that is then 

accelerated to energies of 7 MeV. 1,2 At the end of 
the last accelera:ion stage, the electron beam is 
stopped by a graphite or Ta/graphite targe:, 
producLng a radiation pulse of width 17 ns (“WHY). 
The radiation pat%ern downstream of this target is a 
sensitive function of tbe incident electron angle. 
Understanding the origin of this angle and how to 
control it is needed in order to design a target 
configuration that will produce the desired radiation 
pattern. 
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FIGURE 1 MABE And ,airge, momq 

Ir. support of tnis goal, we have made extensive 
TLD (thermal luminescent detector! measurements of 
zhe dose downstream of ‘,he target. In this paper, 
Zhese measurements are compared to those expected for 
different electron trajectories and KE (kinetic 
energies) at the target, using the Monte Carlo 

electron-photon transport code CYLTRAN. 3 From this 
comparison, the mean polar-angle of the incident 
electrons is extracted. Non-normal incidence is 
expected, because as the beam impinges on the target, 
its radial electric-fio;d, 5: r, is shorted (Fig. 2), 

causing the beam to self-pinch radially inward. As 
it pinches, the beam experienses an azimuthal 
rotation, due to the vr Xxz force, generated by the 

strong axial-field, B . z Thus, the angle of the 

electrons incident on the target, and hence the 
?adia:ion pattern downstream of the target, are 
altered. Tr. this paper, the magnitude of this P/R 
(pinch/rotation) effect is also evaluated using both 
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F,G”RE 2 Radla, E,ec!rlc Field Near MABE Target Located At locm 

The paper is divided into four sections. In the 
first, the beam and target parameters are defined; in 
the second, the meas,z-eaent of the incident angle is 
discussed; in the third, the P/R effect is evaluated; 
and il the fourth, a limit on the mean transverse- 
velocity of the beam is estimated. 

I. Bean and 3eam Stop 

The radiation measurements were made 
parasitically with the development of the 
accelerator. Under these conditions, the annular 
beam had a peak current of 60 kA and was accelerated 
typically to a peak KE of 7 YeV. The average current 
and KE were 45 f 15 kA and 4 + 0.8 MeV, respectively. 
Additionally, measurements were made downstream of an 
added bending section located at the exit of the 
accelerator. Under these conditions, the average 
current dropped to 23 + 8 kA at the exit of the 
bending section. The outer radius of the annulus was 
roughly 2 cm and had a width of 2 mm at the cathode. 
The axial guiding magnetic-field ‘was nominally 20 kG. 
However, 10 cm upstream of the target, the field was 
measured to increase 25% from 20 kC to 25 kG just 
upstream of the target, falling rapidly to 23 t 3 kG 
at the target. The targets used ‘were :ypically 
either graphite blocks of 2.5 cm thickness or a Ta 
plate of thickness 0.15 cm placed just upstream of 
the graphite. The thickness of graphite was 
sufficient to range-out the electrons and the Ta ‘was 

used to optimize the radiation output. 
6 

II. Yean An3;e of Incidence _----- 

Forster and colleagues7 have pointed out the 
utility of measuring the radiation field to,determine 
mean electron angles. Ocr analysis shows that indeed 
the dose at one position on the Z axis relative to 
the dose at another on the axis is sensitive to the 
angle of incidence at the target. l'ariation in 
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incident KE over the range 3 to 8 MeV, on the other 

hand, produces iittle variation in this dose ratio. 
8 

As shall be shown, the P/R effect also shows little 
sensitivity to KE over this KE range. Accordingly, a 
measurement of the relative dose-profile along the Z 
axis can be used to cetermine the mean electron-angle 
just upst.-earn of the target, independent of knowing 
the exact KE. For a given angle, an the other hand, 
the absolute scale of the dcse profile is sensitive 
to the KE of the beam. The on-axis dose scales 

rollghly as the KE raised to the 2.7 pouer. 7 Knowing 
the relative KE spectrum from the V and I waveforms: 
for example, the absolute KE scale can be checked. 
This technique confirmed that the peak KE as measured 
by the voltage monitor agreed with that estimated by 
:he radiation measurements to about 20%. 

For the simulation, the electrons were assumed 
to be uniformly distributed over an annulus with the 
parameters just quoted (Fig. 3). The electrons were 
assumed to have a KE obtained from the measured V and 
I waveforms. In the simulation, two types of 
electron-angle models were explored and compared with 
the radiation data: (1) a Pi3 model where the 
azimutnal angle, I$, equals 135”, and (2) a uniform 6 
model jihere @ is randomly distributed between 0 and 
27. The P/R model was motivated by the AM model, 
which predicts that 8r (the pinch angle) is 

approxinately ec.ual to 8$ (the rotation angle) for 

FIGURE 3 Electron Simulation At Target. 

0Llr beam parameters. The uniform @ model was 
motivated by noting that the random c trajectory is 
identical to that arising from cyclotron motion 
indiiced by a transverse kick in a distributed KE 
beam. For both models and all of the measurements 
taken, the radiation pattern is best described by a 8 
of about 15O z 2O. See, for example, Fig. 4. 
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Figure 4. Comparison of Yeasured Axial Dose Profile 
with that Simulated as a Function of the 
Polar Angle in the P/R :?odel. 

At 15”, the P/R and uniform c models give identical Z 
prof iies. 

T 
III. P/R Effect --- 

Before a limit on the mean transverse velocity 
of the beam can be set, the effect of the P/R needs 
to be unfolded from the angle measurement. The 
effect on the polar angle was calculated to be 
6.8” * 2” using a MAGIC simulation of our beam 
conditions at 45 + 15 kA, and 4.1° + 1.4O at 
23 f 8 kA. The error arises f rom our uncertainty in 
knowing the current and magnetic field at the target. 
The uncertainty was WalJiated by exploring the 
sensitivity of the calculation to beam parameters 
that bracketed the measured ones. The results of the 
simulation are shown in Table 1 and Fig. 5 for the 
60 kA simulation at 5.4 MeV. 

rable 1. TheOreLical Target Parameters as a Functlo” of 3ifrrre”t 
I”CldtwL Beam Parameters. 

Beam Parameters Target Parameters 

I KE 3z *r BP B 0 
eP/P 

(k.4) (MY) :*31 (mm) (de31 (deg: (deal 

70 5.4 20 1 .3 5.0 5.5 1.4 
30 5.4 20 0.16 2.4 3.11 4.2 
60 3.4 20 * 25' 3.3 4.1 5.2 9.2 
60 5.4 20 * 25 4.0 4.3 9.6 9.h 
60 9.4 20 * 25 3.e 8.2 5.5 9.9 
60" 5.4 al - 25 4.4 -12.: Iti. l-P.9 

T described I" text. 

*'Electrons given 100 transverse kick ar InJectlo". 
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Figure 5. Radial Beam ?rofile Near the Target for an 
Incident 60 kA Beam in the Nonuniform 
Guiding Field Described in the Text. The 
Target is Located at 10 cm and the KE of 
the Beam is 5.4 MeV. 

Basically, the effect scales roughly with I, is 
insensitive to KS over the range 3 to 9 MeV, and er 

has roughly the same magnitude as e 
Q 

for uniform B z 
fields. These results can be intuitively understood 
by using the AM model to estimate the contraction in 
the outer radius of the beam at the target (Fig. 5) 
due to shorting Er 

21a2 Ar = or 1 (1) 
A c 

the following linear approximation to estimate Br 

3/F’ (2) 
and the conservation of canonical angular-momentum 
relation to estimate 8 

0 



Ir: the ec,uations the SllbsCript c refers to the Values 
at the cathode, c is t3e speed of iight, Y is the 
relativ:stic factor, I A is Ihe .Alfven current, G iS 

the cyclotron ar.gular frequency, and “,s” 
characterizes the distance over which Er decreases to 

zero at the target (yip. 2). 3quations (111 and (3) 
give results that agree with the MAGIC caiculations 
to typIcally better than 20% and give corfidence in 
the nli”lerical ar.alysis. 

IV. Mean Transverse Velocity 

The MAGLZ calculation shows that the P/R effect 
accoilnts only for a small fraction of the 15” angle 
measured. The differer.ce can be explained Sy the 
mean transverse-Velccity that the beam acquires in 

the diode a?d accelerating ~aps.~ SLiCh a Velocity 
imparts cyclotron motion to the beam electrons. For 
example, 1usir.g MAGIC, Fig. 6 shows the effect on the 
beam if all the electrons are given an initial kick, 

“T’ of 100 transverse to the beam axIs. Fron this 

simtilation, the electrons are observed to spiral 
nround the trajectory they would have had ,without the 
kick. 
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?i;ure 6. Raclial 3enm ?roflle Near the Target 
Corresponding to the Same Conditions as for 
Figure 5, Except. ttat the :nci.z!ent Beam iS 
Injected at 10” with Respect t3 the Beam 
Axis. 

Cer.eralizing, the total perpendicular velocity 
that the electrons acquire at the target plane is 
thus a combination of ttat received from the P/R 
effect plus the transverse kick received from the 
cyclotron osz;llaLions due to the diode and gaps. 
The phase at the target of the cyclotron oscillation 
depends on the distance between the cathode and 
target, :he 3 z field, and the KE of t3e beam 

electrons. Because the electrons of the actual beam 
are net monoenergetic, blut have a spread of energies, 
and because the distance from the cathode to target 
is 1or.g relative co the cyclotron wavelength, the 
phases of the beam electrons become mixed. The 
average magnitude cf the total perpencicular velocity 
or oc.uivalently the m2gnit,Jde of the overall polar 

angle P is thus simply obtained by taking the P/R 
angle in quadrature with a mean transverse-kick 

angle, eT, 
8 

Using this equation, the measured value of 4, and 
that expected from the P/R effect, the da:a thus 
suggests that the beam has recei.ded a mean tr’<‘lsverse 
kick of ebout 14O + 3” upstrean of the target. This 
angle, which dominates the P/R effect for either beam 
condition, corresponds to a mean transverse velocity 
of 0.23 c. Such inferred transverse notion is indeed 
characteristic of that possibly given the beam af 
injection or in subsequent acceleratiny ,gaps, as 

shown by separate MAGIC simulations. 3,s 

Summary 

A measure of the relative dose along the Z-axis 
is used to determine :he mean electron-angle of an 
inter.se annular-bean incident on a target. The 
measurement i, :i,,sically independent of the exact 
beam KE over the range 3 to 8 Melr. The absolute 
dose, on the other hand, is sensitive to the total 
beam-energy and angle. Its measure can be used to 
check the KE scale if the relative spectrum and angle 
are known. A by-product of Lhe analysis shows that 
the AM model describes the P/R process to 20% or 
better when compared to tte MAZIC sim,Jl?tion. 
Lastly, this analysis shows that radiation 
measurements combined with a sophisticated CYLTskS 
simulation provides a simple but powerful tool fo,- 
estimating electron angles and correspocding beam 
temperature. Such measurements tel? give insight to 
beam generation and propagatioc within the 
accelerator. 
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