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Abstract. The s-rayv pinhole camera i5 used at the ADPS SI0mage ring to measure the beam
emuttacee, The measured dat are archived dummp user operation. Al | Hz bundwidth, we have
achieved better than 1 ym stability in the measured horizonral beam size, typically of 143 pm,
corresponding to & nmyrad, During user nans, heam size varatoens up 1o 2.3 pm wers
leorresponding to emittince varations of 0.4 omered), which were
attributed 1o the vanation of elecmon coergy loss in the insertion dav
user-iinated insertion devize gap chanpes
varmlions during (ser runs.
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INTRODUCTION

Pinhole cameras have been successfully used for measurements of accelerator
Deam sizes in the past several vears [1-4]. The short and long-term stability of the
measurements iz affected by many instrumental and environmental factors, In this
work, we present our progress in stabilizing the performance of the x-ray pinhole
camera at the Advanced Photon Source (APS) storage ring, At high resoluton
(o, = 22 um) and good stability (within T um over weeks), we show that the insertion
device gap change by the users is the dominant factar for emittance variations during
USET TInsS,

EXPERIMENT

The basic components of the pinhole camera are listed m Table 1. A water-cooied
small aperture is used first 1o limit the power load on the pnbole. Two sets of umgsten
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slits. in horizontal and vertical directions, form the imagng pinhole. A thin YAG
scintillator screen is used to convert the x-ray image inio 2 visible one at peak
wavelength of 530 nm. A pair of achromat lenses produces a 1:2 magnified image at a
SONY XC-75 CCD camera. An aperturs wheel is inserted between the two lenses for
intensity control. The intensity, focus and the %, v position of the image can be
remotely adjusted

The video signal is transporied through a combination of copper and optical fiber
cables and digitized by a VME image grabber Datacube MV-200. The images arc
converted to integrated x- and y-profiles, averaged over a specified time interval, and
fitted to Gaussian functions. The fitted peak parameters are then archived at ome-
minute intervals by the APS data-logger system.

TABLE 1. Parameters of the Pinhole Camera.

[ Component ; Location | Motes |
7 Small gpermure | £.7 m from the source Water-cooled, 0.5 mum diameter hole |
‘ Pinkole slits | 8.867 m from the source Water-cooled, 0 - 100 pm adjusiable |
Y AG screen [ 16.713 m from the source | 80 pm thick |

‘ Lens Mo, 1 | 200 mm from YAG screen | Achromat with 200 mm focal length il
Aperture wheel Berween 2 lenses | Aperture of 12, 20, 25, 32, and 50 mm ]

| Lens Mo. 2 330 mm from Lens No 1 Achromat with 400 mm focal length ]
|

|__ Camera 300 mm from Lens No, 2 | SONY XC-75 1/27 CCD camer

Optimization of the Pinhole Camera

To reduce the effect of small-angle scattering from the vacuum windows and to
maintain chemical stability of the pinhole slits, it is necessary to maintain a vacuum
optical path. The slits are made of 6 mm thick tungsten (99.5% pure), and its optical
edge is made of cylindrical surfaces of 50 mm radii. The cylindrical surface makes the
optical thickness vary with the transverse coordinate into the blade (Figure 1). It can
be seen that the edge is defined to better than 1 pm for x-ray energies most useful to
us. The cylindrical shape allows for up to +2° misalignment of the blades, which
greatly simplifies their accuracy requirements for design, fabrication and positioning.

* The independent blades allow for accurate setting of slit width. First the total x-ray
flux through the slits is measured as we scan the slit width. Below 2 pm, the leakage
through blade defects and multiple scattering backgrounds are important, the flux
curve is not a linear function of the slit setting. Above 2 pm, the curve is a straight line
and the effective zero-slits offset can be obtained by extrapolating it to zero-flux
(Figure 1B). It is important to note that the normal slits setting of 20 pum is well above

the nonlinear portion of the curve.
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This design also makes the slit width sensinve to the blade temperatures. When the
blades are cooled by airflow, the temperawrs nses more than 10° C for 100 maA of
electron beam and the thermal expansion of the components reduces the slit width by
several micrometers. A strong evidence of the slits closing 15 shown by the decrease in
obsérved peak counts per mA-current at high current (Figure 2A) We used water
cooling 1o stabilize the temperature of the slit components, stabilizing the beam size
measurernent (o within G4 um over a 23 minute interval (Figure 2B). Further upgrade
of the temperamire control system i 1999 brought the
within =0.05° C (Figure

further.

Waler temperature TEE"’_'I.liHlCI'I'I Lo
Zf.".J. and [fh measured beam size fluctuavon decreased

The x-ray image of the pinhole camera was copverted mto a visible light image
with an ultrathin Y AG scintillator (B0 um thick), used o reduce image-blurring due to
multiple scattering mnd depth-of-source effect. The imaping optics used rwo achromat
' <, each focused at infinity (infinite conjugarte), In this arrangement, the intensity
control apertures / filiers can be cooveniently inserted with mimmum effect on the
focusing distance, Neutral density filiers were used 1n_it'-*ll" bus

were found to be less
than satisfactory: some filters have cvlindrically curved surfaces, causing the ¥ and v
foeus o differ more than one expects from beam size asymmetry; some filiers have a

tapered thickness. shifung the beam spot about when intensity adjustments are made.

Fixed apertures were found to be more reliable than the commercial quality ND filters.
The calibration of camera scales wa

s performed with a back-illuminated gnid of
pinholes 1n close contact with the transiucent Y AG screen, Duning the calibration, a
CGraussian fit vields the center coordinates of the pinhole with an estimated accuracy of

0.3 mxels or better. The enure grid, normally comainng 6 to 9 pinholes n the wvideo




» screen, is fitted to the periodic lattice to obtain the x- and y- calibration, as well as the
tilt angle. The rms deviation of the measured centroid coordinates was found to be less

/ than 0.5% of the grid spacing. .
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tuati ) gglatlon to FIGURE 2. Measured vertical beam sizes show significant correlation with the slits temperature. (A:
tuation decreased Upper) air-cooled slits in AM-line, the top curve, note that the decaying beam current, and the size /

current ratio are also shown. (B: Lower-leff) Water-cooled slits in BM-line, temperature regulated to
40.25°C; (C: Lower-tight) ‘Water-cooled slits, temperature regulated to +0.05° C. Note different
vertical scales of the lower plots.

7isible light image
ige-blurring due to

ased two achromat o i e
ment, the intensity To obtain good stability, a low-noise video transport and digitization, as well as a
num effect on the robust data processing algorithm is crucial. At the time of writing, averaging over
re found to be less fifteen consecutive frames of video data (approximately 0.5 seconds) is still necessary
ausing the x and y to achieve good signal-to-noise ratio. To save storage space, the average of the profiles
some filters have a are performed with the following algorithm,
1stments are made. -

. -1 1
qua‘htyND ﬁltcrs [F (x)]NEW = W [F (x)]o._) +W[F (x)]Single_FMME’ (1)

jlluminated grid of
g the calibration, a
timated accuracy of
nholes in the video

where W is the number of frames to average.
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Several approaches of backeround removal
manufacturers recommend setting the digitizer offset 1o be slightly newative to reduce
the background noise. This approach underestimates the photon Aux and has two
detrimental consequences: The measured beam size is systematical Ly smaller than the
actual one and changes with light intensity, i.¢., with beam current or light attenuators,
Smee the video data is alwavs positive, subtracting a background video frame (taken
without x-ray beam) has a subtle effect similar to a negative offset. To avoid these
problems, we actually set the digitizer offset to

fluctuations of the analog backeround do not ma
background is caleulated from the ave
then subtracted w

were lested. Some frame-grabher

be slightly positive, so that {he
ke the digitizer cross zero. The
raged profile data far away from the peak and
ith a straight-line interpolation {Fig. ).
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FIGURE 3. Niustration of the abgerithm for backeround removal and selection of the core data, [n this
example, only data powmts above 15% of the maximum vaioe are used for caleulating peak width and
ared.

To make sure that the VME processor

(IOC) processes the data at the full video
rate, we chose to use linear

algonthms and only apply them to the core of the heam.
namely. only to the data points abave 2 @iven threshoid,

Y. ] (2}
f.‘(.FJ— l(r'f:l!_-"-'ﬂ.".... J' L
where 1, 15 the maximum value of the profile data /{ and @ is the threshold ratio.
usually chosen o be higher than the noise level under normal operating conditions,

In the first approach (mms caleulation), the total area A’ and ms width o' are first
calculated from the subset defined by Eg. (2). The width of an equivalent Gaussian

peak is obtained by multiplving o' by a correction factor,

(3)




» frame-grabber
gative to reduce
1x and has two
smaller than the
ight attenuators.
eo frame (taken
To avoid these
ve, so that the
cross zero. The
m the peak and

£ core data. In this
ng peak width and

at the full video
re of the beam,

(2)
threshold ratio,

3 conditions.
vidth ¢’ are first

valent Gaussian

©))

For a Gaussian pealk, this correction would recover the true rms width, making it

independent of the threshold ratio a. The area of the E(||.1]‘-”l]f:II.I Gaussian peak can be
obtained similarly by multiplying 4" by the correction factor,

~2ima | X .
Cy= i (4)
I |_--\.'—'I||| |

In the second approach, the logarithm of the profile in the subset data is fitted to a
quadratic form to obtain the equivalent Gaussian peak parameters,

2
mF@}+mP-Qlﬁi- )

2¢?
Using these fast algorithms, the IOC runs at half frame rate (15 frames/second) for
a full screen data, or at full frame rate (30 frame/second) for a smaller region of
interest. Figure 4 shows an example of calculated peak width from these two different

algorithms. They are very similar under normal operating conditions. The peak width
derived from the fit appears to be slightly more stable.
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FIGURE 4. A random sample of peak width from the APS data logger over a 12 hour period. Top
(xSigmaStat): horizontal beam size derived from the mms calculations. Bottom (xSigmaFit): the
horizontal beam size derived from the Gaussian fit.
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PERFORMANCE

Ihe resolution of the Pinhole camera is derjved from the lifetime dependence on
the beam size. We assume that the measured vertical beam size is the quadrature sym
of the camera resolution and the true beam size.

- 2 2 -
Sexp =OR +05. ()

The rate of the beam Joss In the ring can be written as the sum of two processes.
electrong scattering with the gas moleenles and with each other ( Touschel; scatlering),

2

It i 4 - ’

.;f|.-' + R e — 2 1 e (N
ounch  volume =g,

where A and A2 are proportional constants, The second step used the fact that the
bunch length is proportional to M, and Touschek loss dominates at high bunch
current. We measured the beam lifetime and beam size for hiph-lanch current,
2.5 mA, while varving the vertieal coupling, Afrer fiting the data to the above
expressions (Figure 5), the zero-lifetime limit gives the total resolution g of 22

22 um,
This value agress with that estimated by 2 broadband Fresnel diffraction model [4]
within (1%,
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Figure 6 shows the archijved beam size data over a three wapk period. The high-
frequency variations of the measured beam size are less than T um (width af the darf:
band), at 1 Hz bandwidih, During vuser runs. the beam size can Vary up to 2.3 um. To
Examiine the ongin of thege variations, we zoom in the first two weeks and then in the
first two days, F igure 7 plots the horizontal emittance and the rotal energy loss in all
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APS insertion devices and shows strong (anti) correlation between the two quantities.
A quantitative analysis yields a correlation coefficient of -0.74 + 0.01 for the two
quantities over these periods. We thus conclude that beam size variation in the APS
beam (1.4% in BM, 3% in ID) is,largely due to the insertion device gap changes
initiated by the users.

CONCLUSION

Significant effort has been made to improve the stability and reliability of the APS
pinhole camera for emittance measurements. At 1 Hz bandwidth, we have achieved
better than 1 pm stability in the measured horizontal beam size, typically of 143 pm.
During user runs, the APS storage ring horizontal beam size at the bending magnet is
normally stable within a 2 pm range (1.4%), equivalent to a 3% beam size change at
the insertion devices. The variations of horizontal beam size and emittance are
induced mainly by insertion device gap changes initiated by users. Current upgrade

efforts for the system are concentrated on reducing the video noise and broadening the
bandwidth of measurements.

Time starting Maon Aug 30 22:31:24 7999

S L O SRt Aot | Tl

FIGURE 6. The rms horizontal beam size (measured at 1 Hz bandwidth, recorded at 1 minute interval)

during September 1999 recorded by the APS data logger. Significant variations can be seen during
machine studies on September 1, 7, 14-15, and 21.
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FIGURE 7. The horzontal beam emittance tn the first owo weeks (A and firse two days () during
September | 999 recnrded by the APS data logger The 1o enerEy loss in the APS insertion devices (s
al=o ploned (thin lines)
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Abstraet, The x-ray pinhole camera is used at the APS storape ring o measure the beam
emiftance. The messured date are archived during user operation. At 1 Hz handwidth, we have
achieved beuer than | pm stability o the measured honizontal beam size, typically of 143 pm,
corresponding to & nmerad. Dunng user nims, beam size variations up to 1.5 pm were observed
{comesponding 10 emittance vanations of 0.4 nmerad), which were strongly correiated and
attributed o the variation of electron enerey loss in the inseron devices, In other words, the
pser-initiated insertdon device gap changes are the major factor in observed beam emittance
varations during user mins.

INTRODUCTION

Pinhole cameras have been successfully used for messurements of accelerator
beam sizes in the past several years [1-4]. The short and long-term stability of the
measurements 12 affected by many instrumental and environmental factors, In this
worle, we present our progress in stabilizing the performance of the x-ray pinhole
camerz at the Advanced Photon Source (APS) storage ring. At high resolution
(7. = 22 pm) and good stability (within 1 pm over weeks), we show that the insertion
device gap change by the userz 15 the dominant factor for emittance varations during
USEr TUnS.

EXPERIMENT

The basic components of the pinhole camera are listed in Table 1. 4 water-cooled
small aperture is used first to limit the power load on the pinhole. Two sets of mngsien
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