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Abstract
When the FXR machine was first tuned on the 1980's, a minimal amount of diagnostics was
nsisted mostly of power monitors. During the recent accelerator upgrade,

available and co gt els
additional beam diagnostics were added. The sensor upgrades included beam bugs (resrstrve

wall beam motren sensors) and high-frequency B-dot. Even with this suite of measurement tools,
tuning was difficult.

For the current Double-Pulse Upgrade, beam transport i is a more complex problem—the
heam characteristics must be measured better Streak and framing cameras Whlch measure

beam size and motions, are being added. Characterization of the beam along the entire
accelerator is expected and other techniques will be evaluated also.

Each sensor has limitations and only provides a prece of the puzzle. Besides providing more
heam data, the set of diagnostics u

validated. Results will also be compared to theoretical a!culatlons and computer models, and
successes and difficulties will be reported.

ntrodu i
{ awrence Livermore National Laboratory's Flash X-Ray machine (FXR) is a tool to radiograph
mockups of imploding primary stages of nuclear devices. FXRis an induction linear accelerator

L ki ¥
specifically designed for diagnosing
hydrodynamtc tests. An injector
mtroduces an electron beam |nto tne

passing +hrm|gh +hn nrrnlnrnfnr the

beam enters a drift section that dlrects it
toward a 1-millimeter-thick strip of
tantalum, called a target As the high-

energy eiectrons pass through the target,

|.he e!ectﬂc f;nh"l ﬂrnnfnd h\l the qiahnnar\r

charged particles of the heavv tantalum
nucier causes the electrons to decelerate
and radiate some of their energy in the
form of x-rays. The recently completed

upgrade to the FXR ,mprnunrl the mmli‘hl

of the beam. In the near future, LLNL wul!
be adding a double-pulse feature to the
FXR to prov:de two radlographs ofa

ey |

srngie exprosron- impiosion separated by

anrnnrc =i
E

110 S microseconds. igure 1. Picture of injector end of the FXR
linear induction accelerator.
Work performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore Nationat

aboratory under Contract W-7405-Eng-48.



This paper provides an overview of the current and evolving FXR beam diagnostics and their
relationship to accelerator design and tuning. The objective of the diagnostics is to gather information for
improving the quality of the beam. LLNL's figure of merit is x-ray dose divided by spot diameter squared.

Beam Diagnostics

Beam characteristics that =1 & =
affect dose include current, g g g s‘é g H
duration, and energy. (See Figure a g5 o g 53
2.) Spot size is determined by Beam z | & Eg ég g2 £ 3%
energy, position, motion, and Characteristics | § | & § g4 |3t 4% | § 12
beam size. The diagnostic Current | yes | yes
requirements for a production é Duration t yos | yes
accelerator is different from an
experimental machine. The Energy v yes
sensors must be compact and “‘% TPoERGR — X,y yes T yer
non-intrusive. It is unattractive to -
disassemble the accelerator to add §- Motion % sow, fat ol
or move diagnostics. The types of Beam Size r,dr yes | yes | yes 23

diagnostics are listed across the
top of the figure. Every cell has a
voltage monitor. There are 16
Beam Bug (resistive wall) stations
and 4 B-dot stations.? These non-
intrusive sensors report the first four
beam characteristics.

Figure 2. Overview of FXR beam diagnostics.
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However, measuring the beam
size has been more difficult. We are
working on two approaches. First, I, Bz
the diamagnetic loop is being Deslan Tuning
evaluated. It has limitations in a
tuning situation where the beam is g - e
not well behaved. Secopd, we plan © Modeling& 7 Modeling&
to insert kapton targets into the “-... Dlagnostics . -, Diagnostics .-
accelerator cells and record the light I
produced by the beam striking the . . ) ) o .
targets. We have both high-speed Figure 3. Relationship between diagnostics, design, and tuning.

streak and framing cameras.

The role of beam diagnostics is to provide feedback and insight for accelerator design and tuning to
optimize the figure of merit. (See Figure 3.) Rather than give performance specifications for the sensors,
we will instead explain how the diagnostic information was used to improve the performance of the
accelerator. We will focus on the problems of Beam Breakup instability (BBU) and corkscrew. BBU is a
crucial problem that had to be overcome with design changes and tuning to achieve better beam
performance.

Beam Breakup Instability

When the beam passes the acceleration gap, it can interact with resonance modes in the cell
cavities.? (See Figure 4.) This generates transverse motions in the beam that grows along the accelerator.
If shots are poorly tuned, the BBU can expand too much and scrape the beam pipe resulting in current
lost. The top plot is a B-dot measurement made at the end of the accelerator. The peak beam centroid
motion is about 5 cm, which is large considering the beam pipe radius is 7.3 cm. The measured dominant
frequency is 820 MHz. For a series of 4 tunes, the effect of BBU on the x-ray source spot size can be
seen on the left plot. The spot size is determined by analyzing a shadow image on exposed radiographic
film. If we could eliminate all cavity induced beam motion, the spot size would still be 1.6 mm. The right
plot provides some insight about the uncertainty of the diagnostics. The tune was fixed and




a number of film spot sizes were 5 B-dot data from
measured. The connection between - : end of accelerator
beam motions and cavity resonances 3 K
is demonstrated in the lower plot. The § 73 oo Time ns) | upad” shot
spectral content of a well tuned shot 0 50 100_| 820 MHz osclilations
is shown along with a cavity For A
measurement. The transverse z 3 [Shots 92718 - 21 7 Tuning — 3T Shots 93214 - 20
impedance was taken with a network | € 2 A Series E 2 s,
analyzer on a single cell. Higher R ya g 1 A
resistance generally translates to ; 0b—: f&z — s, s
rer:?%reM ?—IBZU growth. Note the match at B Fien Spot Size (. - mm) (g::rTg:ro) B o spot Size e, - o)
- _ | + Beam motion

BBU growth along the accelerator H 2 820 MHz —y-ormy 8 5 from a good shoot
is documented in Figure 5. The beam | § 688 | (time->irequency)
motion is measured at three locations | § ° N ‘g‘g " Cbtwork anaivzer |
and transformed into the frequency § 28 (frequency)
domain. The 820 MHz component is a 05 05 70 Frequency (GHZ) 2;0 &

extremely small at the beginning of
the accelerator and can only be seen  Figure 4. Beam Breakup Instability adversely affects x-ray spot size.
in the spectral plot. The vertical scale

is difficult to interpret and should be

read as relative units. ST — — = "
The major design and 000 14 A 000 1“‘*4(','
operating parameters that effect f ! b
BBU is predicted by the following 24.00 Lo -t00d
Time 100ns Time 100ns

simplified equation: *

g g klZnIBz
m m—l

where £, is the average BBU
amplitude at a frequency. ltis
determined by the motion (Em-1) in
the previous cell section, the beam
current (i), the average transverse
resistance (Zt), the number of cells
(n) in a section, and the solenoidal
transport field (Bz). The values
predicted by the formula and Figure 5. BBU grows along the accelerator.
measurements are shown in

2GHz

Freq 2GHz

Freq

Figure 6. The constant (k) was
determined with the base line 10
tune. The increased current and L Base Line
field tunes produced BBU 2 1 Bgz’
results that are close to the Se =~ "L~ messurements
predicted values. % 01 High Curent _ ~ /:, - - & (3shotaverage)
g% St Sy oA
o <2 7 - igh Bz
3 ? 0.01 Py i (+10%)
-
EZ 2?“ trom formula
g oo oZ R
+WM—W
Injector J K L
Location
Growth/cell 1.6 119 115

Figure 6. BBU growth is effected by beam current and the focusing field.
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Computer Modeling and Cell Measurements to Suppress BBU
A number of cell modifications are being

considered to reduce the transverse impedance

changes ona smgle_(je_n“ rather tna'n the who Feedline < Insulator RF Absorber
accelerator. Hence, impedance regucing -

techniques were g n\laillﬂfnd ona PP" Wlth both L"‘I [L- ; [J o

computer models and impedance measurements. | R | le  embeated
Figure 7a shows a cross-section of the cell with 1 .S e
the modifications. Flgure 7h gwes an exampie of H .

the results A iarge ferrite toroid was &n mbedded in |
the end plate that forms a part of the acceleration . . . |
gap. The first type of ferrlte we tested had low ... Y
Ioss and although it lowered the resonant . e '
frequency and ‘Q' by drspersron it did not absorb c_ L
much of the energy. Lossler ypes a7 beltg | eam Propagation —
considered. Figure /¢ SNOV odification

being considered using a thin sheet of RF — =
absorber inside the vacuum housing. Figure 7a. Cross-seciic
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e Fetrite o dll : T ~- Standard Cell
—— Embedded Ferrite (Mzasure: H J—
25000 Ervedded Ferrite (Computedil f 3 W 2500} Catl w/ Absorber ;
g 1 [=4
! 2000
1500} h

n

soof li‘ .’\ /\/ \u/v \

Transverse Resistance (Ohms./m)

OS5 55 04 05 06 07 08 0.9 1.0 1 0553 05 G& 07 08 09 1@ LI
Frequency (GHz) Frequency {GHZ)
wtimm il bl A Anll
) Y — T . R
Figure 7h. Computer simuiation ana cen Figure 7¢. peuanuc measurement of
measu;emem of embedded ferrite. absorhing material
Rk B b

Controiiing Beam Corkscrew Motion
Corkscrew motion is caused by
misafignment of the magnetic focusing —5 fmem) T S{mm)

field and beam energy variation. ltis ¥

of lower frequency than BBU. In order ™.
to transport the beam and produce a 1,
small spot size at the target Iammsy
corkscrew motion must be minimized. J£

I
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EXR has pairs ¢ of steering coils

associated with most of focusmg ;
magnets which are used to alignthe | Wl |

N R be

f : |
|
i

After steerin

beam. Beam centroid motion is Before steering

measured at these frequencies with

resistive wall sensors, commonly

known at LLNL as beam bugs®. “The
beam bugs also measure the beam

current. There are fewer of these
sensors than steering coils.

Average corkschrew motion

CD

. The beam is steered to minimize corkscrew

S o

The steering tune process begins motion as measured by Beam Bugs.
at the injector. In turn, each steeting '



coit current is varied and the beam moition is recorded by a downstream beam bug The corkscrew
motion is averaged over the beam duration. This time average corkscrew motion becomes a metric

bm blanm avitinm EYI:I hafara
Lall =

which we strive to mlmmlzeb Flgure 8 shows the IOW frequency moition of the beam exiting ¢

and after tunlng Also shown is the typical relationship between a steering coil current and corkscrew

ately do\nrnc ream of the cn,!_
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Optical Beam Size Diagnostic Development
The one beam characteristic that is not easily determined is beam size. We currently have a
diagnostic cross with viewing ports in the draft section at the end of the accelerator.

A thin piece of kapton at 45° is inserted in the electron beamto generate optical transition radiation.
This radiation allows the beam to be imaged optically. Hamamatsu streak camera (C1587HR) is

focused on the kapton to view the beam size (in one dimension) as a function of time. The camera has a

576 X 384 CCD output, however the data in this paper is from d|g|t|zed pnotos of a video conversion of
manv fartnre

the CCD. (See Figure 9.) The tempora1 and spatial resolution of the camera depe: nds on many factors

such as: slit width, sweep time, CCD pixels, magnification, focus and video resolution. For this data the

cmamldinn ie actimatad to be about 1 mm and 2 ns. The data is taken at a location after the accelerator

resoiution 1s esumaied o

4
modules, but before the beam is brought to a final focus.
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Figure 9. Image of FXR electron beam from steak camera.

A lineout of the data in the spatial direction (an average of around 5 ns at the peak signat}, gives a
beam diameter at this location of about 1 cm FWHM. in the time direction {horizontal in the photograph) it

is obvious that the signai is oscillating. A lineout in the temporal d direction (a spatial average of about 3

middle of the beam) illustrates this more clearly. An FFT indicates that the frequency of

imim Ill lhl:; migtie O U

oscillation is about 44 MHz. Th|s oscillation could be due to a corkscrew motion or periodic tilting of the
beam, and needs further investigation.

A series of photographs were taken with tuning parameters varied (steering and focusing magnets).
The data is available within seconds of the shot, which illustrates that this di agnostlc should facilitate rapld
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Because of the 820 MHz BBU, a fast 1 ns shutter speed framing camera is also being prepared. The
long-term objective is to measure the beam size at many locations along the accelerator. However, there
is insufficient room to easily insert a diagnostic window near accelerator cells. We are designing a target

probe that can be inserted into the acceleration gap.

Summary
Beam diagnostics is necessary for tuning the FXR. More importantly, it provides crucial insight for
improving the design of the accelerator. While evaluations of single cell design modifications are
necessary, only measurement of the accelerated beam produces a complete picture of the improvement.
Our suite of diagnostic tools is fairly complete, though, we must still finish development of an optical probe

to determine beam size.
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