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Abstract Using the particle-in-cell (PICyode MERLIN, we can
comparethe RMS radius calculatedrom Eq. 1 with a
We have evaluated the usefulness and limitation of a Nnogyde-calculateddefinition of R given by Eq. 2 to
intrusive beanradius diagnostic which i®ased on the gyantitatively evaluate the accuracy of Nexsen's diagnostic
measurement of the magnetic moment dfigh-current  for the ITS beam. Some cautioas warranted iusing
electron beam in an axisymmetric focusing magnetigs diagnostic. Nexsen's analysis is applicable to a
field, and relates the bearnot-mean-square (RMS) radius steady-state electron bedrarn in afield-free region and
to the change inmagnetic flux through aliamagnetic injectedinto an axisymmetric magnetfield in a region
loop encircling the beam. An analytic formula that givegyith no boundaries. In applying this diagnostic to the ITS
the RMS radius ofthe electron beam at a giveaxial peam, we seek to use Nexsen's formula fopirehed
position and agiven time isderived and comparedith  peam with a finite risetime propagating a_drift tube.
results from a 2-D particle-in-cetiode. Our study has Thjs diagnostic should be applieonly after the beam
established criteria  for its validityand optimal  cyrrent is fully risen to its peak (steady state) vaine it
applications. cannot beused to measurthe RMS radius of a beam
immersed in a constant external magnetic field.

1. INTRODUCTION Equation 1 applies to unbounded systems, however, in the
In radiography, the x-rayare generated by an electronrealistic (bounded)problem, the magnetic fluxliffusion
beam impacting a target of optimum thickness. Th&éme is nonzero across boundanyaterials. On the time
spot size of the electron beabefore impact is an scales set by the ITS beam, flux displaced fromirtiteal
importantfactor in the resolution ofradiography. It is configuration (external magnetiteld only), due to the
therefore highly desirable to use a non-intrusaehnique presence othe propagating beam, cannmtnetrate the
to measurehe radius of the electron beam during its drift tube wall. That is, for a beam propagating inside a
transport to obtain valuable information about theam drift tube and in an external solenoidal field, the total flux

size on target. within the drift tube is conserved.For a diamagnetic
beam, the total magnetfeld inside the beandecreases
2. CRITERIA OF APPLICABILITY below the value of the external fieldand this is

For the electron beam in the Integrated Test Stand (ITS)@MpPensated by an increasethe field in the vacuum

Los Alamos National Laboratory, we haeealuated the €gion betweenthe beamand the drift tube wall. The
usefulnessand accuracy ofhe non-intrusive beamadius ~ complex dynamics of the beam propagating in the
diagnostic proposed by W.E. NexseThis diagnostic is external and self fieldmay alsoproduceregions inspace
based orthe measurement of the magnetic moment of wherethe field inside the beanexceedshe externalfield

high current electron beam in an axisymmetric focusinglere. so that the beam is non-diamagnetic. In either case,
magnetic field,and relates the beantoot-mean-square the total flux isconservedwithin the drift tube. The
(RMS) radius tothe change inmagnetic flux through a presenceof the flux-conserving wall modifies the flux
diamagnetidoop thatencirclesthe beam. Thdormula change AP in Eqg. 1, which is applicable to an
that gives the RMSadius R at ajiven axial position z unboundedsystem. To use Nexsen's diagnostic in the

and a given time tis case of ébeam propagating insidedaift tube, we must
dlz adjust the code-calculatedflux change for abounded

— DC|ACD| 0 ) system inorder to use Eq. 1. By inserting &ux-

%Z(oﬂ |Z| 0 adjustment-factor (FAF) that depends on the lang drift

tube radii, weincreasethe magnetic fluxAd| change to
where A® = O(t) -~ ®(0), P(t) is the axialmagnetic correspond to that which is appropriate to an
flux through the loop at timet, B, (0) is theexternal unbounded system. Thifactor can be approximately
axial magnetic field at the z position of the lobpjs the derived’ to be

axial particle current at and t, and C = 4nfly/y.e is a _ 5- A(loop D_llz
constant in MKS units. The RMS radius R is defined by FAF =-——-n ©)
T 0 A(drift)
Rl = I r’di, ©)

where A(loop) is thearea ofthe diamagneticloop and
A(drift) is the area of thalrift tube. This geometriflux-
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adjustment-factor (Eq. 3) must be applied to Eq. drifer  In summary, Nexsen's analysis is based ateadystate,
to use the diagnostic for a beam propagating idrifa  unboundedsystem,andthe formula in Eq. 1 must be
tube. The flux changd&® in Eq. 1 varies with thexial applied to a boundedjux-conserving experimenfand
location of the loop in the external magnetic field. Whesimulation). To accomplish this withreasonable
the loop is located in a region of small external field (sayonfidence in the diagnostic, the loop shouldplaeed far
near the ends of the solenoidal coils), the valuA@f is from the pinch, in a region of maximunexternal
a small number (being thdifference oftwo nearlyequal magnetic field, and should use a diamagnletp that is
numbers). Thecode-calculatedlux is noisy, and the within a couple of centimeters of the beaadius (and
noise reduction procedure used taalculatea value for encircles the entire beam)Becausethe location of the
d(t) is somewhat arbitraryand may therefore pinch is a priori unknown and depends on the intiEam

produce non-unique values foA®. Such values of radiusand orthe initial angle of the beam envelope, the
A® couldtherefore be uncertain by 25% or more, angimulations can play a crucial role in evaluating the
this fact will introduceuncertainties in the RMSadius accuracy ofthe diagnostic data. Moreover, since the
calculated from Eq. 1.Locating the diamagnetic loop in €xperimentalist is limited to locating the diagnostic loop
a region of peak external magnetifield ensures close to thedrift tube wall, inorder to ensurethat the
larger flux and flux changd®, often larger by arorder 100p surrounds the entire beam, tbedecan serve as an
of magnitude or more. These largevalues reduce the essential benchmarking tool torrelatethe RMS radius
uncertainty in thecalculated RN® radius. Therefore, the determined from the (experimental) large-radasp with
diamagnetic loop should beplaced in aregion of that determinedfrom simulation loops whoseadii are
maximum external magnetic field. The flahangeA®  closer to the beam radius.

in Eq. 1 also varies with loop radius, being largelsén

the loopradius approachehe beam radius.Because of 3. MERLIN SIMULATIONS

the arbitrarinesanduncertainty introduced in calculating The ITS beam wamodeledusing the 2-1/2-dimensional
A® as the small difference of two nearly equal numberfIC code MERLIN. The typical geometryused in the
better accuracy for R is ensured for larger valued\@.  simulations, assumedaxisymmetric, isdepicted in the
In the limit that the loopadius approaches$e drift tube  Fig. 1.

radius, the fluxchange is zero becauske total flux

enclosed bysuch a loop ixonserved. Furthermore, the 7.50 . | ! .

FAF is a maximum (namely, infinity) as\(loop) gif; ]
approaches A(drift),but is a minimum asA(loop) T ss

approaches its minimumallowed value of A(beam), 0% +0. s0- 120. 150
where A(beam) ighe cross-sectionarea ofthe beam at
the axial location of the loop. The nature of t&F is
that of a back-of-the-envelope calculation, in that time ar &
space variations of the fields and the partpmsitions are
not taken into account. Hence, situatiavizerethe FAF

is a minimum (i.e., theadjustment necessary to apply
code-calculatedquantities to Nexsen's formula for an o2

—=2.909

unboundedsystem is a minimumpare nore appropriate.  __'; | |

|
120, 160,

For a givendiamagnetidoop, thedifferencebetween the - - 208
loop radius and the beam radius is largest at the pinch, andFigure 1. Configuration and phase space plots of a
the corresponding A® will be small and highly typical simulation at 16.7ns.

uncertain. In addition, the strongljwo-dimensional

behavior of the pinched electron beam casts doubt on thbe drift tube radius is 7.5 cm, and the axial extent is 160
validity of Eq. 1 in this region. Therefore, the diamagneticm. A solenoid of length 13.125 incheseisergized to
loop radius should be close to (lmreaterthan) thebeam produce apeak axial magnetifield of approximately 1
radius. The diagnostic irot suited for measuring the KG. This field was generatedvith the code BFIELD,
RMS radius at or near the pinch. which links to MERLIN, by specifying 38urrentloops
The simulations described in the following section help tapproximately uniformlydistributed between z #5.33
quantify the term "close" for the ITS beamiccuracy to cm and z =78.67 cm. positions. The magnefield
within a few percent can be achieved whenltugp radius  varies slightly with r in the vicinity of the maximum

is within a couple of centimeters ¢dndlargerthan) the field, which is the location of diagnostic probes in both
beam radius. When the losadius ismore than aouple simulation and experiment. This small variation violates
of centimeterdargerthan the beam radius, suchwisen the assumption in the previous analysid may
the loop is located close to the drift tube wall, tleeors  introduce slight errors.

may be greater than 10%.
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The electron beam has uniform initidénsity for r< r,,
the beam radius. The peaiurrent isabout 3 kA, with a
3-ns risetimeand aflat top: the functionaldependence
used in MERLIN is I(t) =I, [1-exp(-0.5(tf)?] where T is
the 3-ns risetime. The electrons' initial kinetiwergy is
5.31 Mev, which corresponds toyaf 11.39. In ITS, a
metal annular sleeve of thickness about 1 cmtiffistly
into the drift tubeandholds thediamagnetidoop, which

is embedded irplastic. Thissleeve is simulated as a 1- =

cm-thick conductorthat extendsfrom the position of
maximum external magnetic field (z €1.8 cm) to the
downstream boundary at z = 160 cm as shown in Fig.
The numerical probes in the simulationsctdculate the
RMS radius are located alie z-position of maximum
external field and at two differemadial positions, 4.0 and
6.0 cm. Tworadial locations were chosen,because the
larger radius corresponds tbe experimentnd because
the smaller-radiusloop will allow us to quantify the

agreement is obtained whéme closer to

the beam radius.

Znl%a T T T

loop radius is
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Figure 2. Example of magnetic flux, as a function of
time, through a 4.0-cm loop located at the axial position
of peak external magnetic field.

improved accuracy of the calculated RMS radisulting
from the loop radius being closer to the beam radius.

We set up our simulationsccording to experimental Table 1 _
observation that theange ofinitial beamradius is2.5 - ro(cm)B(mrad) | RMSRadius (cm)
4.0 cm, and the range of initial angle of the beam Definition | 4.0 6.0
envelope(dr/dz) is + 60 milliradians. In addition, we cm cm
imposed an arbitrary initial Gaussian scatter of 1 loop loop
milliradian on the beam for all cases. 3.5 1.46 1.46 1.46
Application of Eq. lrequiresthe difference in magnetic 3.5/-60 1.18 1.21 1.35
flux at two times, t = and some t > 0 at which t.he 3.5/63 4.00 a 312
RMS radius of the beam is being calculated. Even in the

: . . 4.0/0 1.80 1.79 1.68
region of maximum external magnetic field, the flux 2510 0.79 0.90 110
difference is a small number, typically for ITig&arameters : : : =
only afraction of a percent of the absolute value of the 4.0/-69 1.21 1.22 1.34
flux. Although the flux at t = 0 can be determined exactly | 2:5/-42 1.11 118 | 1.30
from the simulations, the flux at t > 0 is manacertain 4.0/71 4.66 b b
and must becarefully processed tminimize numerical 2.5/45 2.58 2.52 2.16

flux noise resulting from the simulations. Figure 2 is an
example of the magnetic flux in one of the simulations.
Table 1 summarizes the results of nine simulations with

4. CONCLUSIONS

various initial beam radii and angles of the injected beafR our study, we find that the accuracy of the RKéSius
envelope. It compares the RMS radius using Eq. (1) apgope increases when the diamagnetic lodgarigrom the

the definition Eqg. (2) for the ninsimulations. The
probes werglaced atthe axial positioncorresponding to
maximum external magnetic field (z = 61.8 camd radial

positions r = 4.0 cm(smaller diamagneticloop to

demonstratancreased accuracy) and r &0 cm (larger

diamagneticloop typically used in experiments). The
RMS radius is calculated d16.2 ns, which is in the
steady-state regime.

Except incases wher¢he particles' largeadial positions

renderthe diagnostic meaningless dadb), we calculate

three values of the RM&diusfor eachsimulation: the
definition andthe Nexsen values at r = 4ahd 6.0 cm.

Error bars for the Nexsen RM&dii in Table 1 are
certainly nonzero, but cannot beccurately quantified

becausehe errors associatedith the calculation of the
flux change canonly be roughly estimatedBetter

metal wall (close to the beam radius). A convenrala-
of-thumb, based on this limited set of data, is that placing
the diamagnetic loop within a couple of centimeters of the
beam radius is sufficient to ensure reasonable accuracy.
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